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Abstract

Carbon is a ubiquitous element on earth, with 6 protons, electrons, and neutrons.

It is tetravalent, with a range of hybridised bonding configurations, it can form

materials with superlative and varied properties. These materials range from soft

and conductive sp2 bonded allotropes like graphite and carbon nanotubes, to the

insulating and hardest natural material on earth, sp3 bonded diamond.

The first half of this thesis presents an investigation of the properties of a

promising novel carbon nanomaterial, CNS, and its application to ultracapacitor

electrodes for the first time. High surface area conductive carbon nanomaterials

are capable of high power and long service life energy storage in ultracapacitors, a

critical green technology. The development of this technology to increase energy

density to compete with chemical batteries could accelerate a transition to sustain-

able energy infrastructure. CNS/polymer composite electrodes were assembled into

electrodes using a conductive diamond collector substrate, then characterised using

electrochemical techniques to measure capacitative performance.

The second half of this thesis concerns the development of amperometric dis-

solved oxygen sensors for extreme environments. Diamonds controllable electronic

properties, corrosion resistance, wide electrochemical window, and resistance to

fouling make it an ideal potential material for this application. Conductive boron-

doped diamond electrodes were functionalised with platinum nanoparticles. A pho-

tolithography process was used to produce an array of microdisc electrodes using an

SU-8 photoresist mask, for the first time in this application and material system. A

custom electrochemical call was designed and built to provide a new electrochemi-

cal capability to the lab at approximately 1/10th the cost of a commercial solution;

the project will be made open source. The microdisc array was tested as an oxygen

sensor using the cell; calibration standards were produced by controlling the flow of

oxygen and nitrogen gasses through the cell. A control measurement was provided

for by a calibrated oxygen gauge incorporated into the test cell.
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In recent decades, a large variety of carbon allotropes have been identified and stud-

ied for application in many fields. These materials show enormous potential for

technological innovation, particularly for sustainable development issues such as

energy storage and environmental monitoring. Having a good knowledge of the

permutations and forms of nanocarbon materials gives researchers the tools needed

to choose a suitable material system appropriate to a given engineering challenge. In

this work a novel carbon nanomaterial, CNS, has been physically characterised for

the first time, improving the collective understanding of nanomaterials in the field.

Additionally, an application study on CNS for energy storage devices has been con-

ducted, utilising CNS as electrode material in ultracapacitors. It has good potential

in this application with further development and is a candidate for compositing with

other nanomaterials in designing application-optimised material systems.

Diamond as a research material has matured significantly, particularly over the

last decade, as the quality and availability of synthetic lab-grown diamond has im-

proved. Potential applications for diamond electronic materials are numerous and

some very close to fruition. One of those applications is sensing in extreme envi-

ronments. Oxygen sensing, valuable in oceanography and monitoring the climate,

can be expensive and impractical to perform on a large scale in a procedural and

automated manner. Problems with sensor durability, simplicity, and longevity can

be approached with the use of microstructured diamond electrodes. One approach

is discussed in this work, and another potentially all-carbon solution is suggested

for future study.

The diamond sensor work required the design and fabrication of a custom elec-
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trochemical cell assembly. The resulting design is low cost, built with standard

CAM processes, and suitable for modification to meet specific application require-

ments. The design is ideal for adding electrochemical measurements capability to

laboratories with an existing electrical engineering background, but limited expe-

rience with electrochemistry, as was the case with the laboratory where this work

was performed. There has been further work utilising the new capability in other

projects, which are now having an impact in the environmentally critical fields of

mercury and BaP (Electrochemical oil pollution marker) detection, having attracted

support from Schlumberger Ltd (a multi-national oil industry services company).

Commercially, demonstration of work in the field of diamond sensors has con-

tributed to the award of further projects with a significant industrial partner, BAE

Systems Maritime Ltd. Initially a preliminary design study for their specific appli-

cation based-upon aspects of this thesis work was carried out, which ultimately led

to the award of a 24-month £842,000 project titled “Diamond sensors for harsh envi-

ronments: BoltSens”, to develop the work within this thesis further (A project upon

which this author is currently employed). As such, the work presented has been inte-

gral to the development of sensors for a safety critical role within the cooling water

system of nuclear power systems. The diamond-based oxygen sensors reported

here have therefore led to considerable impact. A patent, (WO2017149323A1)

“Diamond-based sensor device for use in hostile environments” has been filed in-

ternationally.
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Previous presentations of work

I presented a poster at the International Materials Research Congress in Cancun,

Mexico on initial physical characterisation results of CNS, Figure 1. The presenta-

tion prompted useful discussion with research students and academics from a vari-

ety of fields, which was very valuable at the early stage of my doctoral work.

I also gave an oral presentation at the New Diamond and Nano Carbons con-

ference in 2016 (NDNC 2016) in Xi’an, China. The presentation, ”Nano struc-

tured carbon materials for super-capacitors” detailed initial electrochemical capaci-

tance measurements made on CNS electrodes. In the talk I presented my hypothesis

that the relatively low specific capacitance of CNS suggests a heavily multi walled

nano tube structure with numerous obfuscated surfaces.
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Figure 1: A poster of preliminary results presented at IMRC in 2014.



Chapter 1

Introduction: diamond for green

energy applications

Carbon, a ubiquitous element on earth, is found in a vast variety of compounds and

forms. It is one of the primary drivers of climate change. This is due to our depen-

dence on the energy stored in carbon sequestered in fossil fuels, and the greenhouse

effect of its oxidised form, CO2, produced when we extract that energy. It is an

ironic, and unsurprising turn, that carbon also has the potential to enable a green

energy revolution which may yet help humans prevent the worst effects of climate

change.

Carbon is capable of forming a diverse range of structures, which can have

extraordinary and varied properties. Pure carbon compounds can be the hardest, or

softest, most conductive, or most resistive materials. Additionally, excellent physi-

cal, thermal, and radiation resilience are exhibited by carbon materials.

Carbon can exhibit sp2 hybridised bonding, which it does in graphite, and other

forms of carbon which are conductive, flexible, and soft. There are an entire family

of sp2 carbon nano structured materials which have properties of excellent surface

area to volume ratio, and good conductivity. And in the case of carbon nanotubes,

superlative tensile strength. A recent and novel sp2 carbon nanomaterial, “Carbon

Nano-structures”, with high surface area, low cost, and low weight, is provided by

an industrial partner for physical characterisation and application study.



26 Chapter 1. Introduction: diamond for green energy applications

sp3 hybridised carbon forms diamond. Naturally formed in extreme conditions

in the earth’s mantle, and brought nearer to the surface by volcanic activity. Pure

diamond is a wide band gap material with a large breakdown field, excellent thermal

conductivity and radiation hardness. It is the hardest material which exists on earth

in practical quantities and is not consigned only to simulation or theory. In recent

decades, the science of synthesising diamond has advanced significantly, and today,

diamond is an active research material for many potential applications. The tetrahe-

dral bonding structure of diamond allows substitutional doping with other elements

which can modify the band gap of the material, to produce tuned semiconductor

performance of metal-like conductivity. The stability of strength of diamond and

dopants, makes it a candidate for patterning of features with photolithography and

related processes, and localised doping. The properties of diamond can therefore

change within a single monolithic piece of the material to produce micromechan-

ical and electrical devices. Additionally, diamond is biocompatible and resist bio-

fouling, and has a wide electrochemical solvent window. Diamond technology may

result in a new paradigm of electronic devices and replace silicon in certain high-

performance applications, those in extreme environmental conditions, or in medical

implants and devices.

This thesis focuses on two potential applications for carbon materials:

Ultracapacitors

Electric double layer capacitors (ultracapacitors), currently fill a niche between bat-

teries and capacitors. The working principles of the ultracapacitor are much the

same as the classic parallel plate capacitor: energy is stored by charge separation

across a dielectric. However, in an ultracapacitor, the charge separation distance

is minimised, and surface area maximised, by utilising the electric charge double

layer effect of an electrolyte next to a polarised high surface area conductor. This

mechanism results in extraordinary functional lifetime and power density, ultraca-

pacitors are an important technology in a diverse range of applications and fields

thanks to these properties. Energy storage is arguably the most significant barrier

to mass adoption of renewable energy generation and the necessary complete shut-
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down of fossil fuel power generation. Solar and wind energy must be stored so

it can be used when there is no sunlight or wind. Storage with batteries is costly

both in terms of environmental impact, due to the mining of the required rare earth

metals, and financially, due to the limited lifetime of batteries. Carbon nanomate-

rials, with high surface area and good conductivity, have the potential to improve

the performance of ultracapacitor technology. Additionally, some of these materi-

als can increasingly be produced at low cost with a low environmental impact, as

carbon is common in all organic materials, including food waste, and there is no

need for rare earth compounds. It is even possible that in the future, carbon nano-

materials could be manufactured from atmospheric carbon. We could re-sequester

greenhouse emissions in energy storage devices.

Oxygen sensors

Oxygen sensors are used everywhere, from the automotive, energy, and chemical

industries, to environmental monitoring. The decline of the oxygen content in the

oceans is of significant concern to oceanographers. It represents declining biodiver-

sity, as certain species cannot survive as the oxygen levels decrease. Plankton and

algal activity can also be correlated with oxygen variation, with causation in both

directions, which are also affected by fluctuations in solar output. Ocean dynamics

of temperature, oxygen levels, acidity and numerous other factors, are incredibly

complex. High-resolution oxygen sensing, both spatially and temporally, would be

a valuable tool in understanding and responding to changing conditions, which are

so essential to life on earth. It is currently difficult and limited due to complexity,

fragility, and short lifetime of oxygen sensing devices. This is only exacerbated by

the harsh conditions of salt water, and extreme pressures of the ocean depths. There

are many other examples of extreme environments where oxygen concentration is

an important metric, steam turbines, nuclear reactors, and potentially future space

exploration. Robust sensor technologies should be developed to improve our sens-

ing capabilities, for oxygen, and other analytes. Diamond, which can be physically

and electrically patterned, has a wide solvent window and is corrosion resistant, is

ideal for many of these applications.
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1.0.1 Chapters

2: Background and review on carbon materials

This chapter discusses the electron orbital hybridisation in carbon, and the resulting

materials and properties. The structure and bonding of diamond, the conditions for

its natural formation, and a brief history of synthetic diamond growth are reviewed,

As well as the properties of sp2 carbon allotropes, and the history of their discovery

and fabrication as research materials.

3: Background and review: capacitors

The case for capacitors being a critical technology is presented, as a requirement for

revolutionising our energy infrastructure through efficient and affordable storage. A

review of the invention and history of the capacitor is presented, which is closely

related to the invention of electrochemistry and the discovery of the nature of elec-

tricity. The operating principles of the ultracapacitor are introduced, and the ideal

electrical characteristics derived. A review of carbon nanomaterials in capacitor

research is presented, and the experimental materials of this study are detailed.

4: Background and review: oxygen sensors

This chapter explains the importance of oxygen sensing in advancing the capabil-

ity of oceanography, and in turn, understanding better the effects of climate change

and pollution. Other industrial use cases for robust sensors are briefly discussed.

The sensing principles behind several commercial and experimental oxygen sen-

sors are described. The oxygen reduction reaction, key to many sensors, and the

effect of electrode geometry and micro-scale electrodes on sensor characteristics

are discussed. A review of diamond sensing research is presented.

5: Experimental methods

The experimental methods and equipment used in the study are described. De-

scriptions of the basic operating principles are given, including derivation where

necessary for interpretation of results. Notably, a description of the typical hard-

ware used for electrochemical measurements, and an explanation of the functions
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of counter and reference electrodes. Potential step and sweep amperometric meth-

ods are discussed.

6: Results: CNS material characterisation

This chapter presents a study on the novel carbon nanomaterial, “Carbon Nano-

Structure” (CNS), and its physical characterisation for the first time in publica-

tion. Scanning and tunnelling electron microscopy was performed to understand

the physical morphology of the material, as well as thermogravimetric analysis to

probe composition. Brunauer–Emmett–Teller analysis allows for the calculation

of the surface area and was used to compare CNS to related materials. The re-

sults presented demonstrate that “Carbon Nano-Structure” is primarily comprised

of multi-wall carbon nanotubes, which are bundled into larger fibres, which branch

and interconnect with each other. The material tends to naturally matt into macro

scale electrodes, with good connectivity on visual inspection. The fibre properties

are comparable to other materials used in ultracapacitor research, combined with

the low cost and excellent self-assembly properties, make CNS is an ideal candi-

date material for application in this area.

7: Results: CNS ultracapacitor electrodes

CNS ultracapacitor electrodes were assembled with a Nafion polymer binder.

Highly boron-doped diamond electrodes were used as collector electrode substrates,

as a precursor to future work on all-carbon ultracapacitor electrodes for robust de-

vices. Boron-doped diamond is an ideal collector electrode material, compatible

with almost any ultracapacitor electrolyte, and with a wide solvent window which

will not limit capacitor charging voltage. Capacitor electrodes were characterised

in a three electrode cell using 1 M H2SO4 as the electrolyte. Calculations of spe-

cific capacitance were made and compared to results on related materials. There

are certain advantages and disadvantages to CNS which are discussed, as well as

possible strategies for material optimisation. CNS has good EDLC performance,

with no evidence of faradaic contributions contributing to capacitance currents, and

good performance demonstrated at a range of scan rates.
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8: Results: CNO material fabrication and characterisation

Results are presented on the synthesis of Carbon nano-onions (CNO), by thermal

annealing of detonation nanodiamonds. CNO/Nafion polymer electrodes were fab-

ricated and tested as ultracapacitor electrodes in a three electrode cell, with 1 M

H2SO4 electrolyte. Calculations of specific capacitance were made and compared

to results on related materials. CNOs offer a radically different aspect ratio to the

carbon nanotube family of materials, with a small spherical shape. The study on

CNOs is a precursor to hybrid nano-carbon material mixes, consisting of CNOs

blended with CNS or other high aspect ratio nanomaterials. This approach hopes to

prevent some of the interfacial contact in bundled and highly compressible materials

like CNS, improving the electric double layer surface area and specific performance.

9: Results: diamond oxygen sensors

A diamond/platinum nanoparticle 8 µm microdisc array was created for the mea-

surement of dissolved oxygen. After functionalising the diamond with Pt nanopar-

ticles through thermal dewetting, an SU-8 passivation layer is used to create the

microdisc features. The device is an amperometric sensor, measuring the reduction

current of oxygen as a result of an applied potential step. The size of the electrodes

was chosen to take advantage of the steady state current property of microelec-

trodes. This can be desirable in chemical sensor design due to simplification of

the applied driving signal to a potential step, and simplification of the sensor re-

sponse to a constant current. A calibration curve was produced. Sensor sensitivity

of 4.71 nAmg−1 L, with an accuracy better than ± 3% for oxygen concentrations

above 6 mgL−1. Cottrell analysis provides evidence for some effects which con-

tribute to sensor inaccuracy and drift in the calibration over time.

10: Conclusions and future work

The final chapter summarises the conclusions of the results chapters and discusses

them in the context of future planned or recommended work. Notably, a successor

project on diamond sensor technologies for extreme environments is introduced, in

partnership with BAE systems Maritime Ltd. A patent for the technology for the
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project has been co-authored and filed, which builds on the sensor work conducted

in this thesis. The sensor design and implementation are discussed.





Chapter 2

Background and review: carbon

materials

Carbon is a highly important element, regarded as a “building-block” element for

good reason. It appears in a large variety of forms and a diverse range of molecules

and structures. From the code that describes all life on our planet in DNA, to the

physical structural materials of living organisms, and some of the most extreme ma-

terials on the planet. The ubiquity of carbon in these different important roles, with

often completely different properties, is due to the variety of bonding configurations

that carbon exhibits, shown in table 2.1. Carbon has 6 protons and 6 electrons, with

6 neutrons in its most abundant isotope, 12C.

2.1 Diamond

Diamonds optical properties give it an extraordinary brilliance. It effectively dis-

perses and reflects light, so that when cut a certain way diamond gemstones give off

a characteristic sparkle. Due to the appearance and incredible hardness of diamond,

it has long been desirable as a material for jewellery and adornments. Diamond

has also been used as a tooling material for thousands of years, used to cut other

gemstones into useful tools. Diamonds physical characteristics are extraordinary;

it is among the hardest and least compressible materials, has exceptionally high

thermal conductivity, and has excellent optical transmittance over a wide range of
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Table 2.1: The orbital hybridisations of Carbon

Name Electron configuration
Bonding
geometry

Ground state 1s 2s 2px 2py 2pz

sp 1s 2s 2sp 2py 2pz C

sp2 1s 2sp22sp22sp2 2pz
C

sp3 1s 2sp32sp32sp32sp3

C

wavelengths.

2.1.1 Structure and bonding of diamond

Carbon is a tetravalent element which forms many different allotropes, one of which

is diamond, a giant covalent crystal structure. The electron configuration of a car-

bon atom in the ground state is as follows:

1s 2s 2px 2py 2pz

When bonding, carbon exhibits orbital hybridisation. The 2s, and the three 2p shells

can form four hybrid sp3 orbitals, with electron configuration:

1s 2sp32sp32sp32sp3

In diamond, carbon forms a covalent bond with each of its sp3 orbitals, with match-

ing sp3 orbitals of 4 neighbouring carbon atoms. These sp3 to sp3 covalent bonds

are σ bonds, where there is axial alignment between the bonded orbitals. Energy
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minimisation causes the 4 bonds to be as far away from each other as possible, this

results in a symmetrical, tetrahedral shape to the 4 carbon-carbon bonds, with a

bond angle of 109.5O, schematically shown here:

C

C

C
C

C

σ bonds are extremely strong, and the tetrahedral configuration of carbon packs the

highest number of atoms into the smallest volume(number density) of all known

materials, this gives diamond its extraordinary physical properties.

2.1.2 Formation of diamond

The extremely high bond energy and dense structure of diamond requires equally

extreme conditions for natural formation. Diamond can form in the earth’s mantle

at depths of over 150 km, where temperatures can exceed 1000 ◦C, and pressures

are measured in GPa [1]. The phase diagram for carbon, figure 2.1, shows the

temperatures and pressure of formations of carbon phases.

Naturally formed diamond can incorporate various impurities and dopants present

during formation; this gives natural diamonds a large variety of qualities, colours

and clarities. This variability and the high cost of natural diamonds makes them

ill-suited for most industrial and research purposes.

In 1952 William G. Eversole, achieved low-pressure diamond synthesis by

chemical vapour deposition (CVD). In CVD growth, a carbon radical containing gas

is exposed to a substrate which is seeded with very small diamonds(Nano-diamonds,

NDs). The NDs nucleate the growth of further diamond as the carbon vapour is

exposed to the substrate and the diamond phase seeds. In his work, a variety of

carbon gas phase sources were tested, attempting to grow diamond from diamond

seed crystals. Initially, the growth rate of diamond using low-pressure processes

was very low, and there was also uncertainty and doubt over initial results. Some

believed that while CVD was theoretically possible, it would never be viable as
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Figure 2.1: Phase diagram for carbon, showing the considerable temperature and pressure
for stable diamond formation [2]

a production method due to the thermodynamic improbability of the low-pressure

nucleation of diamond.

A competing process, high temperature/high pressure(HPHT), had much

greater success after a breakthrough in the 1950s in the USA and Soviet Union

[3][4], and low-pressure diamond growth stagnated. The HPHT method does not

recreate conditions as extreme as the natural formation of diamond in the earth.

The temperature and pressure threshold for the conversion of graphitic carbon to

diamond is lowered with the addition of a metal solvent catalyst process. Graphitic

carbon can be dissolved in a transition metal to break carbon-carbon bonds, the re-

sulting carbon radicals can then diffuse to the growth surface where they nucleate a

diamond under the elevated temperature and pressure conditions, typically 1600 K

and 55 kbar[5]. HPHT diamond growth is used today in the production of large

diamonds for the gem trade. While the growth rates of HPHT are excellent, it is

difficult to grow very pure diamond, with the HPHT materials frequently including

large amounts of nitrogen and other impurities; this makes HPHT diamond unsuit-
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able for many electronics applications.

A key insight achieved in the initial era of CVD diamond growth was the role

of hydrogen in the growth gas. The hydrogen suppresses the competing nucleation

process of sp2 carbon by etching the relatively fragile graphite as it forms, the robust

sp3 diamond resists the hydrogen etching, and so the sp3 nucleation can be allowed

to continue. A simplified schematic of the CVD diamond growth mechanism is

presented in figure 2.2.

Figure 2.2: Standard simplified model for diamond growth, showing the removal of H
terminations on the diamond growth surface by H radicals, after which methane radicals

can fill the dangling bond site [6].

A further development of the CVD process was achieved in the 1980s by S. Mat-

sumoto at the National Institute for Research in Inorganic Materials (NIRIM). The

NIRIM type reactor used a methane (CH4) hydrogen (H2) gas mixture, ionised into

a plasma by a hot filament [7], and eventually a microwave reactor [8]. The new

design, much smaller and simpler than an HPHT reactor, advanced the field of low-
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pressure diamond growth significantly and made the material much more attractive

in research. For a more detailed review of the history of CVD diamond growth refer

to: [9][10].

2.1.3 Properties of diamond

The dense sp3 Sigma bonding in diamond gives the material extraordinary physical

properties of hardness, temperature and pressure tolerance, and imparts superlative

electronic and thermal properties, presented in table 2.2.

Thermal conductivity 21.9 Wcm−1 K−1

Coefficient of thermal expansion 1×10−6 K−1

Hole mobility (TOF) 3800 cm2 V−1 s−1

Hole mobility (HALL) 1650 cm2 V−1 s−1

Electron mobility (TOF) 4500 cm2 V−1 s−1

Electron mobility (HALL) 600 cm2 V−1 s−1

Band gap 5.47 eV

Breakdown field strength 10 MVcm−2 to 20 MVcm−2

Table 2.2: Electronic and thermal Properties of homoepitaxial CVD diamond, mobilities
calculated from time of flight (“TOF”), and Hall effect (“HALL”) measurements.) [11]

Another important factor in classifying diamond, is the size and number of

crystal grains in the material. This can also have a significant effect on properties.

Single crystal diamond (SCD), is formed of a large continuous crystal formed by

only one nucleation. This is generally the material with the most extreme proper-

ties. CVD processes are capable of single crystal diamond growth, given optimum

conditions and substrates. Often a smaller single crystal slice of a gemstone is used

as a starting point for SCD diamond growth. Poly-crystalline material (PCD), is

characterised by several nucleation sites forming smaller diamond crystals which

are joined together at grain boundaries. The grain boundaries typically degrade the

properties of the material through additional phonon scattering and the presence

of non-diamond carbon impurities. Micro-crystalline and nano-crystalline materi-

als have successively smaller and more numerous individual diamond grains, with
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sizes from >0.1 µm to 5 nm. In general, a compromise exists between the growth

rate of diamond, and nucleation density, with SCD material taking the longest time

to grow [12].

2.1.4 Doping

sp3 hybridised bonding results in a crystal structure with no free charge carriers

and large activation energy of over 5 eV, resulting in a highly insulating material.

However, the properties of diamond can be altered by including “dopants” in the

diamond lattice, replacing individual carbon atoms and changing the properties of

the bulk material. One of the advantages of CVD diamond growth processes is the

ability to include doping gasses in the growth gas mixture. One key doping element

is boron. Boron is trivalent, with electron band structure:

1s 2s 2px 2py 2pz

At the site of a boron substitution in the diamond lattice, there is 1 less electron,

and an acceptor hole charge carrier is created. This is called p-type conduction.

The effect of an increasing number of boron dopants in diamond is shown in figure

2.3b. As the boron concentration increases, the activation energy increases, and the

resistance of the material decreases. If there is a sufficient concentration of p-type

carriers in the diamond, at high boron concentration, it will undergo a transition and

exhibit bulk room temperature conductivity. This is known as the Mott transition,

and occurs for boron doped diamond at an approximate boron concentration of

4×1020 cm−3 [13].

Boron-doped diamond can be produced by including boron-containing gasses

in the CVD growth mixture like diborane (B2H6) or trimethyleboron (B(CH3)3)

[15]. Heavily boron doped materials exhibit much lower carrier mobilities than in-

trinsic or lightly doped materials, as the conduction mechanism shifts to an entirely

hopping/metallic conduction regime [16].
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(a) Activation energy vs Boron
concentration for a range of boron doped

diamond materials tested by various
authors.

(b) Resistivity vs Boron concentration,
with dominant conduction regime

delimated on the plot.

Figure 2.3: Plots showing the effect of increasing boron concentration on electronic
material properties in a review on boron diamond material studies [14].

2.2 sp2 carbon

2.2.1 Structure and bonding of sp2 carbon

Carbon has a variety of orbital hybridisations resulting in a range of bonding con-

figurations which can form many other allotropes of carbon, with dramatically

different properties to sp3 diamond carbon. Graphite, an sp2 diamond material,

structure shown in figure 2.4 b, is soft and conductive where diamond is hard and

insulating. The sp2 orbital hybridisation of the carbon in graphite and other related

materials is as follows:

1s sp2 sp2 sp2 2pz

sp2 hybridisation results in 3 sigma bonds with a 2d planar geometry, and 120°

bond angle, shown schematically:

C C

C

C
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The leftover 2p orbital provides easily excited π electrons above and below the

carbon plane. These π electrons result in generally good conductivity due to over-

lapping orbitals in bulk material, opacity, and also the weak inter-planar bonding of

the layers in graphite.

Figure 2.4: Allotropes of carbon: a) Diamond b) Graphite c) Lonsdaleite d) C60
(Buckminsterfullerene) e) C540 f) C70 g) Amorphous carbon h) single-walled carbon

nanotube [17].

2.2.2 A brief history of some significant sp2 carbon allotropes

Many sp2 carbon nanomaterials have been theorised and discovered since the 1950s,

and have seen very active research in several fields.

One of the earliest carbon nanomaterials was the carbon nanotube (CNT),

shown in figure 2.4 h. The first clear image of a CNT has been fairly recently

attributed to Radushkevich and Lukyanovich, who in 1952 took TEM images of
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carbon fibres made by decomposing carbon monoxide on an iron substrate. Their

TEM image is shown in figure 2.5 [18]. In 1955, a similar result was reproduced

by Hofer, Sterling, and McCartney, on iron, and also cobalt and nickel [19]. These

two results where early examples of rudimentary chemical vapour metal catalyst

CNT growth. In 1960, another synthesis process was demonstrated by R, Bacon,

who produced “carbon whiskers” using a dc arc plasma sparked between graphite

electrodes [20]. This work produced concentric nested CNTs, known as multi-

wall carbon nanotubes (MWCNT). A clear example of separate single wall carbon

nano-tubes was achieved by two research teams independently in 1993, Iijima and

Ichihashi at the Nippon Electric Company [21], and Bethune et al. at IBM [22].

Graphene, a 1 atom thick, two dimensional sheet of carbon, was first theoret-

ically treated in 1947 by P. R. Wallace in order to understand graphites electronic

properties [23]. In 1975, small quantities of graphene grown on a substrate was first

achieved by Van Bommel et al.[24]. The isolation of small freestanding flakes of

graphene in 2004 by Geim and Novoselov caused significant interest and a boom of

research on the material [25].

In 1985 the discovery of another key nanomaterial, Buckminsterfullerene, was

made by H. W. Kroto et al., work for which he was later awarded the Nobel prize

[26]. Buckminsterfullerene, or C60, structure shown in figure 2.4 d, was discovered

in an experiment, in which vaporisation of graphite using laser ablation, resulting in

a carbon plasma which condensed to form a stable “truncated isohedral” structure.

These carbon nano-materials, related in that they all have some dimensionality

on the nano-scale, are being actively researched in a wide variety of fields. CNTs

have the highest tensile strength of nearly any theoretical material, with a superlative

strength to weight ratio. These 2d crystal materials also have extraordinary electri-

cal and thermal properties. They can also be revolutionary simply for their useful

shapes on the nano-scale, enabling engineering of structures at a previously impos-

sible scale. From drug delivery in the biosciences, energy storage and conversion,

electronics for extreme environments and high performance, composite materials

in buildings, vehicles, sports equipment and prosthetics, environmental and chem-
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ical sensing; the variety of extreme properties and forms of carbon nano-materials

means they will eventually touch every aspect of our engineered world [27].

Figure 2.5: A set of tunneling electron microscope images of a carbon nanotube taken in
1952 by Radushkevich and Lukyanovich [18].

2.2.3 Synthesising carbon nanotubes

CNTs which are closely related to a material used in this work, have historically

been manufactured using methods that tend to fall roughly into three categories.

The first ever process used was probably the CVD on iron carried out by

Radushkevich and Lukyanovich. The current CVD process allows careful control of

growth parameters and the production of well-aligned CNT “forests” on substrates

seeded with nano-particle catalysts. The process is carried out by seeding a sub-

strate with metal nanoparticles; commonly, nickel is used for this process. Seeding
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with nanoparticles can be performed in several ways: sputtering, thermal dewetting

of metal films, dip coating and others. A carbon source gas is then ionised in the

growth environment, by microwaves, DC or AC electrical fields, or thermally. The

deposition of the carbon atoms is catalysed on the metal nanoparticle surface, with

the right parameters, a CNT will grow under or out of, the metal nano-particle. With

the result being a metal nanoparticle terminated carbon nanotube, with the tube di-

ameter close to the metal particle size. The metal is then commonly removed by

etching processes if pure CNTs are required, and the CNTs can be removed from

the substrate by etching to produce free-standing CNTs[28]. Catalytic CVD has

been used to produce CNTs and MWCNTs [22][29]. An example of catalytic CVD

grown CNT forest material is shown in figure 2.6.

Figure 2.6: Vertically aligned single wall carbon nano-tubes on nano crystalline diamond
grown by catalytic chemical vapour deposition on nickel nanoparticles [30].

CNTs have also been produced using electrical arc discharge, for example in

the 1955 work by Hofer, Sterling, and McCartney. Graphite electrodes are placed

close to each other in a reaction chamber containing an inert gas, sometimes with

some hydrogen, with a separation on the order of 1 mm. The graphite electrodes

may also be seeded with metal catalyst particles to enhance CNT formation. A

voltage causes an arc between the carbon electrodes which creates a carbon plasma.



2.2. sp2 carbon 45

In the right conditions, generally higher temperatures above 1700 ◦C, condensation

of the plasma into CNTs occurs.

Laser ablation, used by Kroto et al. to produce C60 in 1985, would eventually

be used by Gau et al. in 1995 to produce CNTs [31]. The process uses a laser to

ionise a carbon plasma on some solid carbon source with metal nanoparticles, often

graphite and nickel as in the 1995 experiment, condensation results in CNTs and

MWCNTs depending on pressure, temperature, and source parameters [28].





Chapter 3

Background and review: capacitors

Capacitors are energy storage devices which have the potential to be transformative

for energy infrastructure. sp2 carbon nano-materials are already playing a role in

advancing capacitor technology, and this application is an active area of research.

Understanding a wide range of nanomaterials will be vital in pushing the bounds of

capacitor performance. The history of the capacitor, dating back to the 18th century,

is fascinating. It is tied closely to the discovery of the nature of electricity, lightning,

and the science of electrochemistry.

3.1 Why capacitors are a key technology

The necessity for a renewable energy revolution

The US Energy Information Administration (EIA) predicts an increase in energy

demand of over 28% by 2040, compared to 2015. While increases in renewable

energy are projected to make up a significant part of this requirement, it is only

enough to keep energy related CO2 emissions roughly constant at current levels in

the worst case, and decrease emissions by approximately 10% in the best case. The

Intergovernmental Panel on Climate Change (IPCC) has recently outlined the con-

sequences of allowing average global temperature warming to exceed 1.5 ◦C, and

emphasised the importance of staying below this value. However, mitigation path-

ways which reliably limit global warming to 1.5 ◦C result in a reduction of CO2

emissions of 100% by 2050. One of the requirements for this mitigation pathway
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is significant electrification of energy end use, and increases in efficiency of gener-

ation. It is striking how deeply incompatible the EIA predictions for energy usage

and emissions are with the IPCC reports suggested courses of action for mitigating

the worst effects of climate change. The IPCC report outlines the escalating diffi-

culty and cost of late action, with more and more drastic steps being required with

every passing year that emissions are not drastically cut [32]. Green energy tech-

nologies that can enable and accelerate the adoption of renewable energy worldwide

are critical.

Power infrastructure: the requirement for energy storage to en-

able a renewable energy revolution.

In energy infrastructure, the capacity, output and quality of supplied electrical en-

ergy to the grid is important. The total of all power output must produce enough

power to satisfy peak demand. Also, the output power must carefully match demand

at any given time, rising and falling with the natural cycles of power usage. The

voltage and frequency of that power must also be consistent, as all our infrastruc-

ture usage is designed around a specific voltage and frequency. Current base-load

energy sources like coal, gas, and nuclear produce large power output with very re-

liable quality. They perform continuously and do not fluctuate with the time of day,

year, or the weather. Energy requirements, however, do fluctuate significantly with

the time of day, and large power plants have trouble quickly increasing or decreas-

ing their production to match demand. Fluctuating power requirements are handled

by predicting consumption ahead of time, importing and exporting power, and also

using stored energy like from pumped hydroelectric generators, which can be turned

on relatively quickly. In some cases, when demand is much less than output, power

may even be wasted as heat. There are various causes of power demand fluctuation,

one of which, “TV pickup” is illustrated in figure 3.1, where the key moments of

a Wimbledon tennis final can be seen to significantly influence power demand as

more or fewer people are watching the television.

There is also an interesting phenomenon of new renewable power capac-
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Figure 3.1: Power demand versus time in the UK, during the 2013 Wimbledon final, Andy
Murray versus Novak Djokovic [33].

ity pressuring existing power infrastructure, which demonstrates the shortcomings

present in both systems. Figure 3.2, is the “duck curve”, as it is referred to by the

power grid operators who have to compensate for the effect. Highlighted on the

graph is the future risk of over generation of solar output in the middle of the day,

which would require the switching off of some fraction of solar panels, wasting po-

tential power. Then, the power output of the solar panels drops to zero as the sun

sets, and the demand is met by fossil fuel power generation. It is not enough to

increase the peak output capacity of solar power so that it could theoretically meet

peak demand. Solar power must be produced at a significant excess and stored,

somehow, in order to supply demand through the night. The problem is somewhat

lessened by using a more diverse renewable energy mix, including wind, solar, and

potentially tidal and wave power in those regions which can access it. It does not

eliminate it however, and those sources also have significant fluctuations in power

output, both predictable and unpredictable, which have to be compensated. In addi-

tion, as power generation becomes more renewable, power infrastructure may also

shift to be more granular and more local. There are many advantages to this kind
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Figure 3.2: The “net load” on the power grid which must be met with baseload power
generation. Year on year, solar power output capacity has increased, which reads as a

decrease in net load to the independent service operator at times of peak solar output[34].

of smaller scale power grid, but the issue of fluctuation in supply and demand are

exacerbated [35]. Traditional batteries can be used to perform the task of buffering

power output for high-quality power [36]. However, with a limited cycle life time

on the order of 1000s of cycles, battery grid storage could be costly and resource

intensive to implement on the necessary scale.

Capacitors for energy storage

An old electronic and electrical component, the capacitor, has the potential to en-

able a significant transition to renewable energy, and electrification of energy end

use. Capacitors store electrical energy through the movement and concentration

of electric charge. There is no energy stored through chemistry, like in a battery,

this is the fundamental working principle which defines a capacitor. Because of
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this mechanism, capacitors charge and discharge very quickly, and can do so an

extremely large number of times, having a very high “cycle life”. In recent years,

significant developments in so-called “ultracapacitor” technology have positioned

capacitors as a potential solution to many renewable energy problems.

There is some inconsistency in terms when defining the specific subtype of capacitor, for

clarity some relevant terms are defined here for this document:

Capacitor

A device used to store an electric charge, consisting of one or more pairs of conduc-

tors separated by an insulator.

Ultracapacitor

A capacitor which employs an electrolyte, and the energy is stored in electrochemical

electric double layer capacitance on some high surface area material.

Psuedo-capacitor

A capacitor which incorporates chemically reactive electrodes and electrolyte in or-

der to store energy through faradaic charge transfer as well as the electrochemical

double layer, i.e., capacitors with battery-like characteristics.

Supercapacitor

An umbrella term which refers in general to the two categories of enhanced capacitor,

ultracapacitors and Psuedo-capacitors.

Ultracapacitors have properties that make them very suitable for fulfilling this

requirement, with much higher power capabilities than chemical batteries and much

longer functional lifetime. A high power density enables large fluctuations in pro-

duction or demand to be compensated. An ultracapacitor bank could have a service

life of many years, making it suitable for grid power storage where systems need

to run continuously with minimal maintenance for a long time [37][38][39]. Ultra-

capacitors can also be used in tandem with chemical battery storage with excellent

synergy. In certain applications where the relatively small energy density of ultra-

capacitors limits their utility, chemical batteries are still required. This is true for
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electric vehicles and medium to long term energy storage. In these applications,

ultracapacitors can be used to provide high peak currents short and severe demand

spikes, which are very detrimental to battery chemistry and accelerate the ageing of

batteries. The service life of chemical batteries supported in this way by superca-

pacitors can be increased by over 50% [40]. A practical experiment carried out in

2006 demonstrated the potential of an ultracapacitor enhanced electric vehicle. A

light utility vehicle was converted to use an electric drive train with a lead-acid bat-

tery. By employing an auxiliary ultracapacitor bank, and a neural network “energy

management system” trained to maximise efficiency, vehicle range was increased

by 8.9% [41]. The tests were carried out in real-world driving conditions. It is

possible that similar work with more modern battery chemistry might not see such

significant gains, but it is a significant achievement nonetheless. Another hybrid

vehicle system, employing a hydrogen fuel cell and an ultracapacitor bank, showed

promising results in simulations in 2010. Researchers noted the limitation of a fuel-

cell in responding to rapid changes and spikes in power requirement. A cell large

enough to satisfy transient loads would be expensive and unnecessarily large for

the baseload power requirement. Hybridisation with an ultracapacitor allowed for

a reduction in fuel cell size, as well as higher overall power efficiency and range.

They also showed that the requirements of their system were difficult to satisfy with

battery hybridisation, with power draw on the battery reaching degrading levels

[42]. 2017 simulation work, focusing on regenerative braking in lithium-ion vehi-

cles, demonstrated a range increase of 5.4%. They also cite the degrading effect of

regenerative breaking on battery chemistry without hybridised storage. While they

don’t demonstrate or quantify the effect, the calculated peak power on the capaci-

tor is over an order of magnitude larger than the stable 2kW of the battery, so the

argument is compelling [43].

These applications have diverse requirements. In some applications, often mil-

itary, high power density is the key specification. In transportation, specific power,

and energy density are the most important. Devices designed for grid-scale energy

storage do not necessarily need to be lightweight and compact, but service life and
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reliability must be excellent, and they must be low cost. For this reason, under-

standing a range of suitable materials that may have uses in a variety of applications

is valuable.

Commercial ultracapacitors use activated carbon and sometimes other forms

of nano-structured carbon as electrode material. Carbon materials are suitable as

they exist in many different forms with high surface area and excellent electrical

conductivity. By changing the processes used to synthesise carbon nanomaterials,

the properties of the product can be changed. Additionally, processes for producing

activated carbon are cheap and have a low impact on the environment. A wide range

of nano-carbon materials have shown promise as ultracapacitor electrode materials

in research, exceeding the performance of activated carbon devices [44][45][46].

3.2 A history of the discovery of the capacitor

The “Leyden jar”

The first documented example of a capacitor was in 1745. Ewald Georg von Kleist,

a German physicist, assembled a device consisting of a metal wire leading into

a jar containing water. When connected to an electrostatic machine, with the jar

held in hand, he noted that the shocks produced after charging were much stronger

than produced by the electrostatic machine by itself. He concluded correctly that

his device was storing electrical energy. Independently to Ewald Georg von Kleist,

Pieter van Musschenbroek of the Leyden University, invented the Leyden Jar, a near

identical device.

Although not understood at the time, these are the essential components of a

capacitor, conductive electrodes insulated from each other by a dielectric medium.

The hand holding the jar acted as one conductive electrode, the water (and ionic

contaminants) formed the other. With the glass dielectric insulating the hand from

the water, the electrodes can polarise. The electrical charge was incorrectly believed

to be stored in the liquid in the jar. It took some time for researchers to understand

the significance of the hand holding the jar, and the nature of the stored charge.

Constructed as it was, the charge was stored in a layer of ions on the boundary of
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the water with the jar, and a corresponding charged layer in the hand holding the

jar. In 1746 William Watson, an English physicist and fellow of the royal society,

demonstrated that the Leyden Jar would store more electrical charge if the inside

and outside of the jar were coated with metal. Eventually, the liquid contact inside

the jar was replaced with a metallic contact directly to the metal surface. A cross-

sectional diagram of this developed version of the Leyden jar is shown in figure

3.3. William Watson also developed the theory of electrical charge. He recognized

that positive and negative charges were created by a surplus or deficit of the same

“electrical ether”. Watson’s model, while falling short of recognising the quantized

nature of charge as it is understood today, has significant merit and insight into the

bulk behaviour of electrical charge and polarised electrodes.

Figure 3.3: A cross sectional diagram showing the structure of a Leyden Jar [47].
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The assembly of the Leyden jar is derived from the original experiment de-

signed to store electricity in the liquid of an apothecary vial. The structure of

the capacitor emerged serendipitously due to the form imposed by the insulating

walls of the jar or vial, and the two conductive electrodes on either side. Benjamin

Franklin, physicist, inventor, founding father of the USA, showed that “plate capac-

itors” formed of foils pressed onto glass plates, functioned in the same way as the

Leyden Jar. Franklin developed a theory of electricity very similar to Watson’s, that

electricity arises from a “common stock”, a single liquid responsible for negative

and positive charge. This liquid or commodity tends to seek equilibrium, with ma-

terials having a “normal” quantity of charge when neutral. One of history’s most

famous science experiments, Franklin flying a kite in an electrical storm, utilised a

Leyden jar. By showing that a Leyden jar could be charged with a lightning strike,

Franklin demonstrated that lightning was an electrical phenomenon [48].

Alessandro Volta, an Italian physicist and pioneer in the field, devised tech-

niques measuring both voltage and charge independently. The Volta electrometer

measured the charge stored on an electrode by the deflection of 2 suspended metal

wires away from each other when charged. The angle of deflection was proportional

to the charge. Volta’s device allowed accurate relative comparison of quantities of

charge, which was an improvement over the gold leaf type electrometers developed

by his peers, which provided sensitive but non-linear measurements. By making

careful measurements of the charge stored at different potentials of various capaci-

tors, Volta concluded that the charge stored was proportional to the potential. It is

known today as the law of capacitance, shown in equation 3.1 [49][50].

C ∝
q
V

(3.1)

Michael Faraday, an English physicist and chemist, investigated the effect of

the insulating material between the electrodes of a capacitor. He found that a ca-

pacitor stored more charge at a given potential when he replaced the air of his test

capacitors with other insulating materials like waxes, oils or shellac. The interven-
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ing materials increased the capacitance of his experimental devices. He theorised

that various materials had a “specific inductive capacitance” that we know now is

the effect of the dielectric constant of the materials. For his groundbreaking work in

the field, the unit of capacitance, 1 coulomb of charge stored by 1 volt of potential

difference, is 1 Farad. A simple demonstration device shown in figure 3.4 allows

a researcher to test the effect of varying plate separation, and allows the insertion

of sheets of different dielectric materials to demonstrate the effect of the dielectric

constant on capacitance [51].

Figure 3.4: An apparatus for demonstrating the principles of capacitance, featuring
parellel plates with adjustable seperation and an air gap [52].

Modern traditional capacitors

Capacitors have evolved considerably and are an essential technology in numerous

fields. As critical electronic components in analogue and digital systems, power

conditioning, pulsed high power applications and numerous others. The most de-

veloped form of a traditional capacitor, using two electrodes and a dielectric, is the

electrolytic capacitor. In an electrolytic capacitor, the dielectric is a thin oxide layer

on a metallic electrode, with the other electrode formed by a layer of electrolyte

coating the dielectric surface. The oxide layer dielectric is considerably thinner



3.2. A history of the discovery of the capacitor 57

than previous dielectric layers, resulting in much higher capacitance for electrolytic

capacitors than symmetrical ones. Due to their method of operation, electrolytic

capacitors are polarised [53].

The first ultracapacitor

In 1954 General Electric submitted a patent for a “Low voltage electrolytic capac-

itor” invented by Howard I Becker. A cutaway diagram of one device embodying

the patent is shown in figure 3.5.

Figure 3.5: Howard Becker’s “Low voltage electrolytic capacitor”. The original labels, 10,
11 and 12, referring to the container, electrolyte, and porous carbon electrodes

respectively[54].

The device consists of 2 identical electrodes made of a porous carbon in an

electrolyte. Becker’s capacitor does not contain a dielectric in the traditional sense.

The device was symmetrical, with the advantage of being non-polarised, unlike the

next best performing electrolytic capacitors. In his patent Becker wrote “It is not

positively known exactly what takes place when the devices illustrated are used as

energy storing devices” [54]. Today it is well understood that the components as-

sembled in this way form an electric double layer capacitor (EDLC), also known as
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an ultracapacitor. Ultracapacitors store energy via charge separation in an electric

double layer (EDL). A detailed description of the EDL mechanism is found in sec-

tion 3.3. The first widely commercial EDLC capacitor was manufactured by Nippon

Electric Company in 1978. Currently, ultracapacitors are manufactured globally on

a large scale with capacities as large as 5000F and energy densities of around 4 Wh

kg−1 [55].

Some specialised hermetically sealed devices are designed to operate at ex-

tremes of temperature, which typically cause problems for chemical batteries. De-

vices manufactured by FastCAP systems operate on satellites and in oil and gas

drilling environments [56].

In the transportation sector, ultracapacitors are starting to be used in conjunc-

tion with lithium batteries in hybrid and electric vehicles. The high power density

of ultracapacitor allows the recapturing of kinetic energy as electrical energy during

deceleration. There are many other applications for short-term high power in cars

and vehicles, including rapid acceleration, catalytic converter pre-heaters, and the

startup of combustion engines.

A market predicted to have significant growth in ultracapacitor demand is rail-

ways. Trains develop an enormous power under deceleration which is wasted as

heat and sound. While storing this power in batteries would be inefficient and re-

quire a large number of parallel cells, ultracapacitors could store this energy ex-

tremely efficiently. Trains can come to a stop using regenerative braking to charge

ultracapacitor banks installed in stations, then consume this power accelerating.

In renewable energy generation, wind turbines are now utilising ultracapacitors

for powering blade pitch control motors. They are replacing battery operated or

hydraulic actuators in this role, both of which have proved expensive to build and

maintain. In many cases, these devices have now operated for over 10 years with

excellent reliability [57].
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3.3 The operating principle of an ultracapacitor

An ultracapacitor has two electrodes composed of a conductive, high surface area

material. Materials such as Activated carbons, Carbon nanotubes, and graphene

have all had significant investigation as ultracapacitor electrode materials [45]. An

electrolyte connects both terminals of the capacitor but is insulating to electrons.

An ideal ultracapacitor has no faradaic charge exchange between electrolyte and

electrodes.

3.3.1 Electrode solution interface

Understanding the nature of the interface between the electrode and the electrolyte

is necessary for understanding the behaviour of ultra capacitance. Helmholtz pro-

posed a model to describe this interface in 1853, while the model is naive in some

respects, it is a very good approximation. In the Helmholtz model, it is assumed

that no faradaic reactions take place at the interface of electrode and electrolyte.

He proposed that for a charge, negative or positive, qe built up on the electrode

is counteracted by a build-up of an opposite charge qs in the solution at the inter-

face. Thereby maintaining charge neutrality. The charge qe results from a surplus or

deficit of electrons in the electrode, assumed in the Helmholtz model to be metallic.

The corresponding qs results from the collection of ions or rearrangement of dipoles

in the solution. Ions in a solution have a solvation shell of oriented molecules

around them. When the solvent is water H2O molecules orient around the ions

due to charge-dipole interaction, and is known as the hydration shell. The distance

between the electrode surface and the ion layer is the solvation shell radius of the

ions. The ions get as close to the electrode as they can, the layer at this distance

of closest approach is known as the outer Helmholtz plane (OHP). The potential

drops from the electrode interface out to the OHP linearly. Helmholtz referred to

the interface as the “charge double layer”. This arrangement of parallel planes of

charge arranged with a fixed separation and constant potential gradient is equivalent

to a parallel plate capacitor.

Equation 3.2 describes the capacitance for parallel plates of surface area A
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separated by distance d.

C =
ε0εrA

d
(3.2)

By rearranging and substituting d for the solvated ion radius, a calculation can be

made of the capacitance per unit area of a Helmholtz double layer, as equation 3.3.

C
A
=

ε0εr

r
(3.3)

For the commonly used analytical electrolyte H2SO4, the average hydrated ion ra-

dius is 0.29 nm [58] [59]. The relative dielectric coefficient of water is approxi-

mately 78.5 [60]. However in the presence of very strong electric fields, on the

order of 10×105 Vcm−1, this can decrease significantly due to molecular ordering

and alignment with the field [61]. In the electric double layer, the very small sepa-

ration distance results in a strong electric field on the order of 10×106 Vcm−1 or

more. The thin layer of water in the region between the IHP and the electrode has

a dielectric constant of approximately 6 [62]. For aqueous H2SO4 electrolyte, the

double layer capacitance should be 0.18 Fm−2 according to the Helmholtz model.

Gouy and Chapman independently proposed similar refinements to the

Helmholtz model. They considered that the ions forming the OHP would have

some tendency to disperse by Brownian motion in the solution. The result of this

consideration is that the charge in the solution forms a diffuse layer as opposed

to a single plane, with a higher concentration of charges closer to the electrode

where the OHP is situated in the Helmholtz model. The potential in this layer

decreases faster close to the electrode surface, and slower with distance away from

the electrode into the diffuse layer.

Stern considered that the key components of the Helmholtz and Gouy Chap-

man models both had to be true. There exists a layer of ions at the OHP distance
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of closest approach with a linear potential drop off, and also a diffuse layer past the

OHP with gradual potential drop off.

Grahame added to Sterns interpretation by proposing the direct adsorption of

ions or uncharged species on to the electrode surface. He concluded it would be pos-

sible for some species under certain conditions could lose their solvation shell and

contact the electrode directly through “specific adsorption”. The plane of adsorbed

species was known as the “inner Helmholtz plane” [63].

Figure 3.6: A schematic of the capacitive electrical double layer formed at an
electrode-electrolyte interface[64].

3.3.2 Electrical characteristics of capacitors and ultracapacitors

Figure 3.7 shows the current response of an ideal capacitor in a circuit (b) to a

linear, or “triangular” voltage sweep (a). An ideal capacitor responds to a linearly

changing voltage with constant current, according to 3.4. An ideal ultracapacitor

would have the same response.
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Figure 3.7: (a) Linear voltage sweep and (b) the corresponding capacitor current vs.
time[65].

I =C
dV
dT

(3.4)

The charge storage mechanism arises entirely from electrostatics, in theory, a device

operating solely on these principles need never wear out or deteriorate. Electrodes

based on carbon nanotubes have been shown to retain 98% capacity after as many

1 million cycles [66]. A schematic representation of a symmetrical EDL capacitor

cell is shown in figure 3.9.

The electric charge double layer should act on every conductive surface of a

material, materials with a significant surface area density, or “specific surface area”,

should have a higher specific double layer capacitance. Because of this, high sur-

face area materials, often carbon-based, have long been candidates in ultracapacitor

and other energy storage research. Early supercapacitor research did not find a di-

rect correlation between specific surface area and specific capacitance. Figure 3.8

plots the specific capacitance against the specific surface area for several activated

carbons of different types. Qu et al. concluded that the porosity of the materials

has a very significant effect on measured specific capacitance [67]. The specific

surface area of materials is determined using Brunauer–Emmett–Teller (BET) anal-

ysis, frequently referred to as the BET surface area. BET measures the adsorption

of Nitrogen gas on to the surface of a sample of material. In general, the charge
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carriers in organic and liquid electrolytes are larger than nitrogen molecules. If a

material has a significant volume of pores of a few angstroms or less, the BET sur-

face area will be larger than the area that the electrolyte charge carriers can interact

with. For many materials, the BET measurement will overestimate the available sur-

face area for forming a Charge double layer. A new quantity, the “effective specific

surface area”(E-SSA) can be introduced, which refers to the surface of a material

that is available for EDL formation with a specific electrolyte. [68] The E-SSA will

depend on the pore size distribution and pore volume of the material, and the size

of the charge carriers in the electrolyte [69].

Figure 3.8: Specific capacitance (Fg−1) vs Specific surface area (m2 g−1) for a range of
different nano-carbon materials with comparable methodology[67].

A schematic representation of the energy storage mechanism of different kinds

of capacitors, including symmetric traditional, electrolytic, EDLC, and pseudoca-

pacitors, is shown in figure 3.9.
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3.3.3 An aside on pseudocapacitors

Another category of devices which are frequently compared to ultracapacitors, are pseu-

docapacitors. The term “supercapacitor” is frequently used to refer to Ultra and pseudo-

capacitors collectively, as devices which employ high surface area electrodes and utilise a

charge double layer. In a pseudo-capacitative electrode, faradaic charge exchange occurs

between the electrolyte and electrode material which contribute to the overall capacitance.

Pseudocapacitors are comparable to rechargeable batteries in this sense, and generally have

a superior energy density than ultracapacitors. Over some number of cycles, the charging

chemistry in a pseudocapacitor will deteriorate, as non fully reversible reactions degrade

the electrode, and the capacitance will diminish[70]. The focus of this work is on EDLC

materials and ultracapacitors; a more detailed treatment of pseudocapacitors is outside of

the scope.

Figure 3.9: A schematic representation of the different mechanisms of capacitor
operation, and plots of the potential distribution between the capacitor electrodes[71].
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3.4 Carbon-nanomaterials in capacitor technologies

3.4.1 Activated carbon: a commercial standard electrode mate-

rial

Activated carbons (AC) are a category of materials derived from various organic

sources as well as charcoal and hydrocarbons. AC precursor materials are processed

by a few different methods to turn them into AC. Different precursor materials and

activation processes result in different properties of the resulting AC, although in

general, ACs have a large surface area and porosity. AC can be produced by py-

rolyzing a precursor material by exposing it to high temperatures in an anaerobic

environment, or chemically activated with the addition of a strong acid or base.

AC has been produced since the mid 20th century, and has uses in many industries

including water and air treatment and purification, agriculture, and the chemical in-

dustry. ACs can have specific surface areas in excess of 1500m2g−1, depending on

the precursor and activation process. Commercial EDLC capacitors generally use

AC for electrode material, notably coconut shell derived active carbon. An SEM

image of a sample of coconut shell AC is shown in figure 3.10.

3.4.2 Advanced nano-structured carbons in capacitor research

At least as early as 1972, the electric double layer effect on nanostructured carbon

materials was being considered by Soffer and Folman [73]. Their work was looking

at the electric double layer on solid materials, and high surface area carbon materi-

als offered new measurements into the effect of variable porosity. In 1977, Koresh

observed the negative effect of ultra-micropores on capacitance and charging of

carbon capacitor materials [74]. It was clear that developments in carbon materials

had potential for application in capacitor research. One development in nanocarbon

materials was that of pyrolysed aerogels. By super-critically drying a cross-linked

polymer gel, a 3d structured high surface area material is produced. Pyrolyzing

of such materials can produce conductive carbon aerogels, [75]. They were soon

tested as ultracapacitor electrode materials [76]. The open structure of carbon aero-



66 Chapter 3. Background and review: capacitors

Figure 3.10: Sem microscope image of coconut shell derived active carbon[72].

gels promotes excellent ion mobility and charging performance, and can have good

specific surface area, up to 170 m2 g−1 in this study, with specific capacitance on

the order of 50 Fg−1.

CNTs have long been regarded with keen interest by researchers due to their

extraordinary physical properties. Numerous applications are proposed for CNTs in

order to leverage their extreme mechanical properties of tensile strength, flexibility,

thermal conductivity and radiation hardness, in fields such as defence, structural

engineering, and aerospace [77][78][79]. CNTs also have excellent electrical and

electronic properties [80], with a capacity for current of 630×106 Acm−2 in one

experimental composite [81] which is 100 times higher than copper [82]. CNTs can

also demonstrate superconductivity [83].

In the late 1990s, the production of CNT materials in large yields was demon-

strated. At least two groups developed catalytic arc-discharge growth in order to

produce large quantities of SWCNTs[84][85]. Development of CNT production

techniques naturally proceeded diverse application research into CNTs, including
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significant activity in ultracapacitors and energy storage.

An early experiment was carried out by C. Nui et al. in 1997. They employed

a nitric acid etch to break up aggregates and reduce micropore volume, before dry-

ing out freestanding electrodes. The specific capacitance of the final assembled

electrode material was 102 Fg−1, with a specific surface area of 430 m2 g−1 [86].

A following work, utilising polymer/CNT composite electrodes was published in

2001 by K. An. They achieved an improved capacitance of 180 Fg−1 with a surface

area of 357 m2 g−1. However, the calculation of specific capacitance was performed

in an unusual way which would result in an unrealistic absolute maximum capac-

itance. Although the authors show a range of lower capacitances under different

discharge conditions, there is not sufficient data for simple comparison with many

other studies. It is probable that if a capacitance calculation were performed with

cyclic voltammetry (which is a measurement they performed, but did not use for

specific capacitance calculations), the value would be significantly lower [87].

As mentioned in section 2.2.2, the simple synthesis of freestanding graphene

flakes caused increased interest in the material, including in capacitor research. M.

Stoller et al. published work on graphene ultracapacitors in 2008. The surface area

of their graphene material was 705 m2 g−1 They assembled graphene/polymer com-

posite electrodes which achieved 100 Fg−1 capacitance [88]. Good performance

over a range of scan rates, up to 40 mV/sec, was attributed to good material con-

ductivity; however, it also requires that the material has a well-optimised porosity

profile and ionic access, which is not addressed. This is intuitive for graphene, as

it naturally has an open structure, although care has to be taken to prevent over

agglomeration once it is in electrodes. For this reason, graphene is a natural candi-

date for mixing with other nano-carbon materials like CNTs, which may provide 3d

structure and prevent the formation of large “graphite-like” agglomerations which

would not perform well. This effect is well demonstrated in a 2010 study on a

“three-dimensional CNT/graphene sandwich” by F. Zhuangjun et al. A graphene

material (reduced graphene oxide), with a surface area of 202 m2 g−1, was aug-

mented by CNT addition in 2 ways, by direct growth on the graphene and by ul-
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trasonic mixing. The resulting material has a surface area of 612 m2 g−1, which is

comparable to the 2008 study by Stoller et al. They theorise that the CNTs, growing

perpendicular to and from the graphene surface, serve to maintain spacing between

graphene sheets, and improve conduction. Their results are consistent with this hy-

pothesis. The capacitance of 385 Fg−1 is largely pseudocapacitive in nature, from

cobalt-hydroxide redox, and so cannot be directly compared with ultracapacitor

measurements [89]. A study referring to this one reproduced a similar result, 2011,

Q. Cheng et al. CNTs blended with graphene, resulting in an increased surface area

and boosted capacitance, although the gains were not as significant as the directly

grown-on-graphene structure in the “three-dimensional CNT/graphene sandwich”.

The device has no pseudocapacitative functionalisation, and the material has a large

specific capacitance of 290 Fg−1 in a three electrode half cell measurement. In

addition, a symmetrical capacitor was constructed to show a more practical exam-

ple of use; the material performance was 201 Fg−1 in the full cell configuration.

A decrease in performance for a symmetrical cell is expected, typically caused by

asymmetry in the electrode mass and compression in electrode material reducing

ion mobility [90].

2015, Rangom et al., conducted an application study of CNT and MWCNT

ultracapacitor electrodes for filtering power at AC grid frequencies. Traditional

electrolytic capacitors are utilised in this application, but higher capacity EDLCs

with high surface area electrodes can have relatively poor high-frequency response.

The study showed that by assembling binder-free electrodes composed of SWNT

and MWNT in various combinations using filtration and pressing of membranes,

good performance at 1 kHz was achievable. The specific capacitance of the SWNT

membranes was measured as 39 F/g, the MWCNT as 33 F/g. They also note the

suppression of the faradaic pseudo-capacitance at high-frequency [66].

In a review by Stoller and Ruoff in 2010, standard specific capacitance mea-

surement techniques were reviewed. Including 2 electrode, and 3 electrode electro-

chemical techniques. They observed that the variation in measurement techniques

in different studies makes comparisons difficult, and produces a wide variation in
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reported results for similar materials. They make recommendations for how to make

calculations of specific capacitance. In order to validate their test methods, a com-

mercial ultracapacitor was measured (giving a 2 electrode measurement), then dis-

assembled and retested in 2 and 3 electrode setups for comparison [91]. Given the

range of performance values for similar materials, depending on methodology, it is

useful to consider what should be possible in theory, given a perfectly optimised

material. Lu et al., used Density functional theory modelling along with pore size

distribution measurements to calculate a predicted E-SSA value for a range of sp2

materials and different electrolyte systems. They compared the theoretical calcula-

tions to experimental data on the materials and found excellent agreement between

theory and experiment. They also derive a value for the highest theoretical SSA ob-

tainable with an sp2 carbon material of 3500-3700 m2/g. By modelling electrolyte

interaction with the material, a maximum specific capacitance of 485-514F/g is pre-

dicted. This material would be graphene flakes, as small as possible without being

unstable, suspended in such a way as to maximise packing density with minimal

occlusion of surfaces [69].

3.4.3 CNS

This study focuses on the EDLC or Ultra-capacitative capabilities of a unique pro-

prietary sp2 carbon material. Carbon NanoStructure (CNS) is produced and pro-

vided for investigation by Applied Nanostructured Solutions, a Lockheed Martin

company. CNS has been used in composite material applications, notably in adding

lightning strike protection to aircraft.
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Figure 3.11: Promotional Image of CNS material[92].

Chapter 6 of this text presents a detailed physical characterisation of CNS.

Electrochemical characterisation of CNS as an ultra-capacitative material is pre-

sented in Chapter 7.

3.4.4 Carbon nano-onions

Carbon nano-onions (CNO) or onion-like carbons are a group of carbon fullerenes

consisting of nested concentric shells of graphitic carbon. The shells can be spheri-

cal, but are commonly less regular in shape. There are a number of synthetic path-

ways for CNOs, generally physical with some chemical processes. CNOs have

been found in the soot of detonation processes. A simple synthesis process for

CNOs is by using nanodiamonds (NDs) as a precursor material. NDs can be caused

to graphitise and form CNOs by electron beam radiation, or thermal treatment at

high temperature in an anaerobic atmosphere or vacuum [93]. Like other Carbon

fullerenes, CNOs have been investigated as ultra and supercapacitor electrode ma-

terials due to their high specific surface area. Pristine CNOs have specific capac-

itance measured from 25Fg−1 to 100Fg−1, and a surface area of approximately

400m2g−1, depending on typical number of shells. [94] [95].



Chapter 4

Background and review: oxygen

sensors

Oxygen, the key to the survival and health of virtually all life on earth, has natu-

rally been of significant scientific interest for centuries. Humans have been making

measurements of oxygen for over 100 years, in the ocean, in the air, and the human

body. The quantification of oxygen is now a necessity in medicine and many indus-

tries. The necessity of measuring the oxygen in a patients blood during surgery led

to the invention of the first sophisticated oxygen measuring probe, which enabled

modern blood gas analysis. There is now an analogous necessity to understand the

changing oxygen levels in our ecosystem. Further advancements are needed to de-

velop oxygen sensing technologies which are robust and long-lived anywhere on,

and even off, the planet.

4.1 Importance of oxygen sensing

Measurement of oxygen concentration in liquids and gasses is an integral part of

many processes in a variety of industries and fields. In environmental science, at-

mospheric and oceanic oxygen have been monitored for over a century. In the early

20th century, it was found that the concentration of dissolved oxygen in water could

be used as a proxy for phytoplankton productivity, as photosynthetic plankton con-

tributes to the oxygen in oceans [96]. Measurements made at this time would have
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been by a Winkler titration, performed by a scientist on site [97] [98]. More recently,

it has been understood that oxygen concentration also acts as a proxy for a variety of

ocean health metrics, and is sensitive to various trends caused by climate change. It

is also extremely significant that phytoplankton and other photosynthetically active

species in the oceans perform approximately the same amount of carbon dioxide

fixation and oxygen production as all land plants combined [99]. There are various

institutions around the world committed to logging ocean oxygen data. Some more

modern oceanography data monitoring programs aim to provide real-time data from

numerous platforms to create a map of ocean metrics in location and depth [100].

The Argo integrated global observation strategy consists of almost 4000 profiling

platforms which float freely and gather and transmit data. The Argo program has

been running since 2000, but only recently has work started on integrating oxygen

sensors into some of the devices to enable dissolved oxygen profiling. Adding oxy-

gen sensors to the Argo floats would be considered a significant step up in capability,

and a relatively real-time ocean wide map of dissolved oxygen would constitute an

“observational quantum Leap” in ocean Biogeochemistry [101]. There are other

significant sectors where oxygen monitoring has an impact on sustainability. In the

automotive industry, oxygen sensors are used for monitoring the fuel-air mixture

in a combustion engine. This enables vehicles to burn fuel more efficiently and re-

duce the emissions of harmful and polluting combustion products. Turbine power

generation requires monitoring the oxygen content of water circuits in order to de-

tect biological fouling. These can be extreme environments, at high pressures and

temperatures, which makes many oxygen sensors ill-suited for long term use.

4.2 Functional principles of oxygen sensors

This section discusses the operating principles behind oxygen sensors, primarily

the amperometric reductive type sensor, which is the focus of this study. The effect

of electrode geometry and size is discussed, which has important implications for

sensor design and operating considerations.
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4.2.1 The oxygen reduction reaction

The oxygen reduction reaction is a very important and heavily researched process,

partly because it is also of great importance in fuel cells. The oxygen reduction

reaction is an inner electron transfer process, and generally requires a catalyst in or-

der to proceed at achievable voltages. Noble metals are commonly used as catalysts,

with platinum generally being the most effective. There is significant motivation to

find an alternative electrocatalyst for fuel cells due to the high cost and rarity of

platinum, and the large quantities needed for significant adoption of fuel cells. This

problem is not so acute in oxygen sensors, although it is still a consideration if a

large number of sensors is required, like in the ARGO oceanic monitoring applica-

tion.

The reduction of oxygen in alkaline solution usually occurs via a 4 electron

pathway:

O2 + 2H2O + 4e– −−→ 4OH–

However the presence of protons in an acidic solution provides an alternative path-

way with a different reaction potential:

O2 + 4H+ + 4e– −−→ 2H2O

Because of this, the rate of oxygen reduction is pH dependant [102][103].

4.2.2 Platinum in oxygen sensors

Platinum catalyses the oxidation and reduction of various species on its surface

[104]. There are many different uses of platinum catalysts in a diverse range of

industries, perhaps most notably in catalytic converters, which oxidise harmful ex-

haust emissions like CO in combustion engine exhaust [105]. The oxygen reduction

reaction is of particular importance in proton exchange membrane fuel cells, and so

this is an active area of study [106]. Platinum is commonly found in gas sensors

of many kinds, including the electrolytic, solid state metal oxide, and polargraphic

electrodes discussed in this chapter. In sensors and fuel cells, platinum is usually

functioning as an electrocatalyst; it is attached to an electrode or forms the electrode

itself. The platinum electrocatalyst enables the reduction of oxygen at the electrode
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when it is polarised.

4.2.3 Electrode geometry and microelectrodes: diffusion limited

and steady state currents

The size of an electrode is a factor which determines the total reaction rate of the

analyte, with a larger electrode generally able to react with analyte at a higher rate.

In an oxygen reduction current sensor, this directly correlates with sensor current.

There are also special considerations for nano-scale electrodes which have in recent

years been revolutionary for the field of electrochemistry.

If the reaction of an analyte at an electrode is sufficiently rapid, then the reac-

tion rate is limited by how fast individual analyte molecules can reach the electrode,

the reaction is described as “diffusion rate limited”. Adolph Fick defined his laws

of diffusion in 1855, and Fick’s second law, which describes how diffusion causes

concentration to change with time, is known as the diffusion equation [107]. It is

possible to solve the diffusion equation in order to derive an equation for current as

a function of time for different cases, by using boundary conditions for those cases.

4.2.3.1 The planar electrode: the Cottrell equation

The solution of the diffusion equation in the most simple case, the macro scale pla-

nar electrode results in the well known Cottrell equation, 4.1. The Cottrell equation

describes the time dependant current for a planar electrode with an applied potential

step, when the applied potential is large enough to cause diffusion limited reaction

rates [108].

i =
nFAc0

j
√

D j√
πt

(4.1)

where

i = current (A)

n = number of electrons in reaction process

F = Faraday constant (96,485.3329 C/mol)
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A = area of the (planar) electrode (cm2)

c j
0 = reducible species j concentration (mol/dm3)

D j = diffusion coefficient for species j (cm2/s)

t = time (s)

Equation 4.1 can be simplified to

i =
KA√

t
(4.2)

With a constant, K, describing all the system dependent factors. This reveals the

intuitive results that the current is initially very high and decays rapidly at low t.

The physical meaning of this result is that initially, reducible species are abundant

immediately next to the electrode, giving rise to a large transient current spike. As

species are consumed at the electrode, a concentration gradient arises, with species

in the bulk solution diffusing toward the electrode. At the instant of the potential

step, the diffusion field is very small, as time goes on, the ’reach’ of the electrode

extends into the cell, and the diffusion field grows larger. The concentration gra-

dient gets shallower, and the reaction rate and current decrease proportionally. In

practice, for a macro planar electrode, at long time scales the current will be larger

than predicted by the Cottrell equation, this is due to contributions of turbulent and

convective flows disrupting the expanding diffusion field and enhancing diffusion.

As the field gets larger, it is intuitive that it becomes more susceptible to the con-

ditions in the liquid. The consequence of this for a macro scale reductive oxygen

sensor, is that the measurement current will always be time dependent, and affected

by perturbations in the solution.

4.2.3.2 The spherical electrode

The solution to the diffusion equation for rapid reduction at a spherical electrode

is a special case, because it holds at the macro scale as well as the micro scale.

It is informative to consider it, because it is analytically solvable unlike a planar

microelectrode, like the microdisc. The same macro to micro principles hold for
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both cases. Solving the diffusion equation for spherical boundary conditions results

in equation 4.3.

i =
nFAc0

j
√

D j√
πt

+
nFAc0

jD j

r0
(4.3)

where ro is the sphere radius.

Or, simplified to equation 4.4.

i =
KA√

t
+

KAD1/2
j

r0
(4.4)

Equation 4.4 contains a constant, non-time dependent term that emerges from the

different geometric considerations of the spherical electrode. The physical meaning

of this behaviour is that the concentration gradient of reducible species to the elec-

trode is no longer changing at high t. The diffusion field for the spherical case grows

in surface area exponentially, which enables it to continue to supply the electrode

near field with reducible species despite the increasing length scales. In practice, as

with the planar condition, the steady state time independent condition is unattain-

able. At the limit where the diffusion field is large enough for the current to be

dominated by the time-independent term, it is disrupted by turbulence, convection,

and vibration which will enhance diffusion to the electrode and result in increased

and unstable current.

4.2.3.3 The spherical microelectrode

By substituting for the surface area A = 4πr2
0 into equation 4.4, as in equation 4.5,

the microelectrode case for the sphere can be understood.

i = K4π

[
r2

0√
t
+D1/2

j r0

]
(4.5)

The time-dependent term r2
0√
t , scales with r2

0, whilst the time-independent term

D1/2
j r0 scales with r0. For small t and small r0, the current is practically the same
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as the Cottrell equation, with the current dominated by the first term. As time

increases, the steady state current (iss) given by the time-independent second term

dominates, shown with all variables in equation 4.6[108].

iss = 4πnFD jC0
j r0 (4.6)

In the case of the microelectrode, the physical meaning is that the size of the

diffusion field can readily grow to several factors of r0 on experimental time scales,

and the gradient of diffusion to the electrode becomes practically constant, resulting

in a constant reaction rate and constant current.

4.2.3.4 Disc microelectrode

The comparison of the spherical macro-electrode to the microelectrode is informa-

tive because the main insight is valid for other microelectrode geometries that are

more complicated to model; that by changing the scaling relationship between the

diffusion field and the electrode geometry, the limited diffusion of analyte to the

electrode is overcome by drawing it from a proportionally larger volume for a given

electrode surface area.

For the disc microelectrode, the planar case defined above does not apply. This

is because as the electrode gets smaller, the contribution of radial diffusion at the

edge of the disc, or, edge effect, gets more and more significant as the circumfer-

ence to area ratio increases. There is not an exact relationship between current and

microdisc derived analytically, but the problem has been approached by Aoki and

Osteryoung, and Shoup and Szabo [109][110]. Their findings were that in the short

time limit, wherein the diffusion layer thickness is much less than r0, the radial

diffusion component is not significant compared to the planar case, so the result-

ing current is practically equivalent to the Cottrell equation,4.1. In the longer time

domain, the diffusion field grows significantly larger than r0 and the edge effects

dominate. The steady state current for the microdisc is shown in equation 4.7. It is

of a similar form to the spherical steady-state current in equation 4.6, lesser by a fac-
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tor of 1
π

than a sphere of the same radius. This factor is notable because it deviates

from the difference in surface area from the disc to the sphere, which is a factor of 1
4 .

This is because linear diffusion holds for the spherical electrode, the concentration

gradient of analyte is even across the surface, but for the microdisc, the diffusion is

variable, with a maximum at the edge where radial diffusion contributes.

iss = 4nFD jC0
j r0 (4.7)

The diffusion field is sufficiently compact that convection and other perturba-

tions do not necessarily disrupt it, and empirically derived equations such as 4.7 for

the steady state at microelectrodes can be used predictively with good accuracy to

experimental results [111].

4.3 Sensor types
This section discusses a selection of oxygen sensor types and their application con-

siderations. There are a multitude of different approaches to electrochemically mea-

suring oxygen, and different devices are used depending on the application and re-

quirements. It is common to find that sensors are designed to have a steady state,

time-independent response measuring a given analyte concentration. There are var-

ious advantages to this, but primarily, sensor design can be more straightforward,

with less dependence on accuracy and time dependence of applied potential or mea-

sured current. Measuring a constant current or potential is more accurate than trying

to sense rapid transient signals accurately.

4.3.1 Solid state electrolytic

These devices consist of a solid, oxygen ion conducting material acting as an elec-

trolyte. Equilibrium sensors tend to operate only at higher temperatures, where the

oxide conductivity of the electrolyte materials is good. The devices have a layered

structure, with a layer of electrolyte material separating two porous electrodes, usu-

ally platinum. One electrode is exposed to the measured environment (analyte), and
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the other is exposed to ambient air or some control gas reference. The difference in

oxygen concentration in the analyte vs the reference environment results in a flow

of oxide ions through the electrolyte. A potential arises which can be described by

the Nernst equation [112]. Potentiometric sensors have an important application in

combustion engines. By monitoring the oxygen concentration in exhaust gasses,

the air-fuel ratio can be known and optimised.

Solid state electrolytic devices can also be amperometric, constant current, sen-

sors. With an applied potential, oxygen will be pumped from one side of the device

to the other. The current resulting from a given applied potential will depend on

the oxygen concentration. Species have a limited diffusion rate when in a gaseous

state or solution, at a sufficient potential, the current through the device is limited

by the oxygen concentration. This is well demonstrated in figure 4.1. For gas sen-

sors operating on this principle, the diffusion rate is often artificially limited by the

inclusion of some physical barrier or geometry to promote measurement stability

and cause the reaction kinetics to be very fast compared to the diffusion rate.

4.3.2 Solid state metal oxide

The electrical properties of most semiconducting metal oxide materials are modu-

lated by interaction with gas species in the atmosphere at the surface. Oxide semi-

conductors contain oxygen defects and associated free charge carriers. Oxygen gas

in contact with the surface can be adsorbed and reduced by the free charge carriers,

reducing the electrical conductivity [112]. This relationship can be used to measure

oxygen concentration in the environment. Metal oxide sensors, like electrolytic sen-

sors, generally work only in higher temperature applications, due to the temperature

dependence of the charge carrying mechanisms in both cases.

4.3.3 Polargraphic/amperometric electrodes

The focus of this study is on this type of oxygen sensing electrode. Widely used

for oxygen measurements in various industries requiring monitoring in liquids at

ambient conditions. The Clark electrode, originally developed by Leland Clark for

monitoring the oxygen content of blood for medical procedures, is an archetypi-
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Figure 4.1: The limiting current after stabilisation resulting from a potential step
measurement, at a range of oxygen concentrations in a gas mixture. In this device, the

diffusion of oxygen to the sensor is restricted by the geometry of the sensor. The diffusion
rate is limited by the interactions of gas molecules with the sensor channel walls, and the

oxygen concentration[112].

cal polargraphic electrode [113]. It features a platinum working electrode and an

Ag/AgCl reference electrode. The electrode takes measurements using a simple po-

tential step driving signal applied to the platinum working electrode. The platinum

catalyses the oxygen reduction reaction, resulting in a current flowing through the

working electrode. The current is proportional to the rate of reduction of oxygen,

which itself depends on solution concentration, electrode size and geometry, and the

PH of the solution. A Clark electrode uses an oxygen permeable membrane, which

serves to improve the selectivity of the sensor and also to stabilise the oxygen dif-

fusion rate from the bulk solution to the sensor. This is analogous to the geometry

of a solid-state electrolytic gas sensor which provides a physical barrier to oxygen
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diffusion. A Clark electrode can, therefore, achieve a steady state current which

depends on the transfer of oxygen through the membrane. A traditional Clark elec-

trode has only 2 electrodes. A drawback of this electrode arrangement is that the

reduction current is also flowing through the reference electrode. The Ag is rapidly

converted into AgCl as chloride is oxidised at the reference electrode, as shown in

4.8, and eventually the reaction will stop.

Ag(s)+Cl−(aq) −−→ AgCl(s)+ e− (4.8)

In a 3 electrode cell, a counter electrode provides a current pathway which will

allow the reference electrode to remain stable and at a constant potential. Refer-

ence and counter electrodes are discussed further in the context of electrochemical

measurements in chapter 5.

4.4 Development of amperometric oxygen probes

In most commercial dissolved oxygen sensing, Platinum Clark-type probes are the

standard. They are cheap and relatively simple to operate, with a simple potential

step driving signal and a steady state current response. However, the oxygen per-

meable membrane in a Clark electrode is vulnerable to physical damage and foul-

ing, and its properties are pressure dependent. Also, the standard design requires a

counter electrode in order to operate for extended periods without significant main-

tenance, and the electrolyte connecting the electrode to the membrane can dry out

or become contaminated. Designing membrane free sensors is critical in increasing

the longevity and reliability of oxygen sensors in harsh environments.

4.4.1 Microelectrodes

One approach for achieving a membrane-free sensor is to use microelectrodes, as

discussed in section 4.2.3. By using a microelectrode, a steady state reduction cur-

rent can be rapidly evolved at an electrode when it operates at a sufficient potential

for a diffusion-limiting reaction rate. The resulting diffusion field is small and less

susceptible to diffusion enhancing currents and turbulence. It will also be blind to
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the reduction reaction kinetics, and so should function over a wide pH range. The

current will also be largely independent of the applied potential within a certain

range, so reference voltage fluctuations and applied potential accuracy may be less

crucial.

In a 2007 publication, Sosna et al. demonstrated a membrane-free Pt micro-

electrode sensor [111]. They used platinum microdisc electrodes ranging from 4.68

to 24.54 um radius as sensing elements. This electrode geometry enables a simpler

measurement scheme than cyclic voltammetry. The measurements are performed

with a simple step waveform potential applied to the electrode, as seen in figure 4.2.

The measurement potential at -1 V is followed by a cleaning potential step of 0.2 V.

Figure 4.2: Current (top) and applied potential waveform (bottom) vs time (s) for oxygen
reduction at a 5 µm platinum disc electrode[111].

The small current resulting from the microsensor makes a 2 electrode system

possible, as the reference potential can maintain its polarisation while supplying the

small current [114]. A 2 electrode set up with no counter electrode was demon-

strated in a follow-up paper [115]. The cleaning potential step counter-acts fouling

of the platinum, and theoretically increases the stability of the sensor over time. A
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signal drift of under 2% from the mean during measurement of air saturated water

for 24 hours was demonstrated. The “deactivation” of platinum to oxygen reduc-

tion reactions is documented, and is one potential disadvantage of fixed potential

step measurements like in the Sosna et al. studies. Using a cleaning step potential

in between measurements to maintain platinum electrode response has been known

since at least 1996, in a study by Pletcher et al. on a platinum microelectrode [116].

4.4.2 Diamond electrodes in oxygen sensing

Diamond is a material with excellent potential for application in this field. It fea-

tures extreme chemical and physical resilience, which make it suitable for applica-

tions in harsh environments. It is modifiable by lithographic techniques and can be

doped to form semiconducting or metallic features, allowing for “on-chip” device

architectures [117]. It also has good compatibility with living biological systems

(biocompatibility), and is suitable for surface modification with a diverse range of

chemistries and organics for biosensing [118].

Other diamond sensor research outside the scope:

Early work on diamond oxygen sensors can be dated back to at least 1996. Gur-

buz et al. produced a diode/metal oxide/semiconductor CAIS (catalyst/adsorptive-

oxide/insulator/semiconductor) oxygen gas sensor designed for high temperature operation.

In the presence of high-temperature oxygen gas, oxygen ions, catalysed at the surface of

the sensor, diffuse into the material and reduce oxygen vacancies in the semiconductor,

pulling charge carriers out of the conduction band. This modulates the I-V profile of the

diode. Sensors of this type will always have a significant temperature dependence, this

study demonstrated the sensor up to 300 ◦C. This could be compensated for with an in

situ temperature measurement and performing a multi-parameter calibration [119][120].

In another study with a related mechanism 1997, Ri et al. investigated what effect the

presence of oxidising or reducing gasses had on the surface conduction of CVD diamond.

They conclude that diamond could serve as a sensitive and low-cost sensor for detecting

the presence of oxidising vs reducing gasses. The sensitivity results from the generation or

filling of hole charge carriers in the p-type surface conduction band on the diamond. The
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recovery time of the sensor after the removal of the analyte is on the order of 30 minutes

or more, far slower than the CAIS device in the 1996 study by Gurbus et al., with recovery

time on the order of 30 s. It is not demonstrated that selectivity between similar analytes is

achievable [121].

Diamond electrodes have also been investigated for applications in pH sensing,

achieved first apparently by Denisenko et al. in 2001. The device architecture in this study

was an ion sensitive field effect transistor (FET). The device utilises hydrogen-terminated

diamond, the pH of the contacting solution modulates the surface conduction band, with

increasing pH reducing charge carriers [122].

There is further work on semiconductor type sensors, and sensors for pH and other

target analytes, however, they are out of the scope of this study.

A key work by Hutton et al. in 2009 demonstrated a diamond electrode mod-

ified with platinum nanoparticles by electrodeposition. The electrode was used as

a reductive oxygen sensor over a range of pH values from 4-10. They also demon-

strated the sensor operating in a diffusion limited current regime, by showing a cur-

rent against time response for a fixed potential at a range of pH values. The changing

pH value results in different reaction kinetics, as discussed in section 4.2.1. If the

reaction rate is largely constant for a range of pH values, it demonstrates that the

reaction is diffusion rate limited, not reaction kinetics limited [123]. The current

in these conditions is described by the Cottrell equation, shown and discussed in

section 4.2.3. The measurement was made with cyclic voltammetry, using the peak

reduction current as the metric for the O2 concentration, shown in figure 4.3.

The macro-scale sensor, at 500 µm, uses a cyclic voltammetry sweep, as evolving a

steady state current is not practical. The cyclic voltammetry measurement provides

a distinct peak which occurs as the measurement transitions into a diffusion lim-

ited regime and Cottrell like behaviour, without a very high transient current which

would occur at a potential step measurement. The disadvantage of this is that the

measurement requires a more complicated driving signal, and the timing precision

of applied and measured signals is a factor in sensor accuracy. In addition, the scan-

ning voltage will introduce a capacitative background current, which may change
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Figure 4.3: Cyclic voltammetry in a pH 4 solution at a range of oxygen concentrations
from 0 to 100% on a 500 µm platinum nanoparticle coated boron diamond electrode, the

highest current corresponds with the highest oxygen concentration[123] .

with pH and ionic content of the solution.

There are examples of studies of diamond micro sensors applied to a variety of

sensing applications. [124][125]. However, diamond microelectrodes, modified or

otherwise, have not been extensively investigated for amperometric oxygen sensors

like that in the studies by Sosna et al. There is one example by Cheirsirikul and

Mongkolkiartichai in 2014. In which boron-doped diamond was masked with a

SiO2 layer to create microelectrode sized active features [126]. Only the paper

abstract was available at the time of writing.

Further work in this area will contribute towards all diamond “on-chip” sen-

sors. There are several possible approaches that may be investigated to create these

features. Also, diamond has the potential to incorporate auxiliary counter and ref-

erence electrodes thorough doping, etching, and functionalisation when required.

In a recent development, diamond electrodes for oxygen sensing using a hy-

brid sp2-sp3 electrochemical sensor have been reported. The sensor structure was

patterned regions of non-diamond carbon sp2 dots in an array on a nanocrystalline

boron-doped diamond sp3 substrate. Simultaneous measurements of dissolved oxy-

gen and pH were accomplished using cyclic voltammetry measurements. It was
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achieved using a laser micro-patterning process to selectively decompose the dia-

mond, forming a mechanically robust array of sp2 carbon dots on the boron diamond

electrode substrate. These regions both promote the electrocatalytic reduction of

oxygen and facilitate a proton-coupled electron transfer reactions for pH determi-

nation [127].



Chapter 5

Experimental Methods

5.1 Introduction

This chapter contains an introduction to the experimental techniques used in the

experiments in this thesis. The techniques are covered in a general context, with

a more detailed description of usage in the relevant results chapters. The theory is

covered to the detail necessary to contextualise the techniques and understand the

results in this thesis.

5.2 Electrochemical measurements

Ultracapacitors, and chemical sensors, both operate on principles involving charge

transfer not just through electrons and charge carriers in metals and semiconduc-

tors, but also through faradaic charge transfer in chemical reactions. This makes

the study of these systems not only electrical and electronic engineering but also

electrochemistry.

A typical analytical electrochemical cell consists of three electrodes, the work-

ing electrode, the counter electrode and the reference electrode. The working elec-

trode is the experimental electrode to be investigated.

In the case of capacitor research, one half cell of a capacitor is connected as

the working electrode. The collector electrode and reference electrode serve the

purpose of isolating the properties of the working electrode, allowing it’s potential
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and current characteristics to be determined accurately.

In a reductive oxygen sensor, the working electrode is the sensing electrode,

which is polarised by an applied potential to drive the oxygen reduction reaction.

5.2.1 Equipment used for electrochemical experiments

An electrochemical potentiostat/galvanostat, capable of potentiostatic (potential

controlled) and galvanostatic (current controlled) measurements enable the inves-

tigation of electrochemical systems. An electrochemical cell most commonly con-

sists of 3 electrodes, the working electrode, counter electrode and reference elec-

trode. A reference electrode is connected via a high impedance. By passing the

current through a counter electrode, the reference electrode maintains a constant po-

tential in the electrochemical cell. A reference electrode is composed of elements

which undergo a reversible chemical reaction. When the reaction species are in

equilibrium, the potential of the electrode is at a known constant. With a reference

potential established, the potential of 1 electrode can be known in a galvanostatic

measurement, or controlled in a potentiostatic measurement [108]. Different types

of samples require different physical cell configurations, depending on contacting

requirements. Two different physical cells were used in this work, and are dis-

cussed in the relevant chapters. The electrochemical measurement apparatus used

was a Metrohm autolab PGSTAT204, figure 5.1.

Working electrode

Due to the nature of many super-capacitative materials, low density powders, as-

sembling pure carbon free-standing electrodes is often problematic. It is sometimes

accomplished with the addition of binder materials like PTFE [129], or hybridisa-

tion with other longer stabilising fibres like cellulose [130]. An alternative approach

to a free-standing electrode is to coat a secondary conductive material with the ac-

tive material to be investigated. This component is known as a “collector” electrode,

named for its roll in collecting current from the active electrode material. Commer-

cial capacitors and supercapacitors will feature a collector electrode in their assem-

bly to increase conductivity and make manufacturing simpler. A commonly used
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Figure 5.1: A Metrohm Autolab PGSTAT204. The instrument contains a “Potentiostat”,
for controlling the potential difference, and a “Galvanostat”, for the controlled application

of current, to an electrochemical cell consisting of 2, 3, or 4 electrodes[128].

collector electrode material for commercial cells is etched aluminium foil, which

features a high surface area for interfacing with an active material. However, for

electrochemical characterisation in a 3 probe cell, aluminium requires careful pas-

sivation with an oxide layer to prevent corrosion and reaction with the electrolyte.

This is an active area of study in battery research [131].

For the case of prototyping and laboratory scale measurements, a collector

electrode requiring less careful processing is useful. Glassy carbon is a commonly

used material for this purpose, featuring good resilience to corrosion, although it

does require careful polishing to maintain its properties [132]. In this work, highly

boron-doped diamond (BDD) pieces were used as collector electrodes. BDD has

a recent history as an electrochemical material [133], but this is the first use of

BDD as a collector electrode for ultracapacitor research. The results featuring BDD

collector electrodes are presented in chapters 7 and 8.

Reference electrode

The reference electrode is composed of complementary compounds so that a re-

versible redox reaction occurs and evolves a stable electric potential, allowing volt-
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age measurements to be made against the reference electrode. For example, con-

sider the standard hydrogen electrode (SHE). A SHE half cell is created by bubbling

hydrogen at 1 bar over a porous platinum electrode which is immersed in 1 Molar

H2SO4 aqueous solution. A diagram of one possible implementation of a SHE is

shown in figure 5.2.

Figure 5.2: A schematic of a standard hydrogen electrode, the archetypal reference
electrode.

A common representation of the SHE in standard chemical notation is shown

in equation 5.1.

Pt|H2(g)|2H+
(aq)|| (5.1)

The platinum catalyses a reaction between the gaseous hydrogen and the solution.

The redox reaction taking place is shown in equation 5.2. By imposing standard

conditions of 1 bar of hydrogen and solution molarity of 1 M, the reaction occur-
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ring at the surface of the platinum electrode reaches an equilibrium. The potential

evolved by this equilibrium reaction is known as the standard electrode potential,

E0. In electro chemistry all potentials are measured compared to this zero value

[134].

2H+
(aq)+2e− −−⇀↽−− H2 (g) (5.2)

The standard hydrogen electrode is not always practical for use in lab work. Refer-

ence electrodes can be assembled a number of different ways, and they each have

a calibrated potential vs the standard electrode potential of the SHE. The Ag/AgCl

reference electrode is commonly used in supercapacitor research with aqueous elec-

trolytes. An Ag/AgCl electrode has a stable potential and a simple construction. A

solution of usually kCl is used to bridge the electrode to the rest of the cell and pro-

vide the Cl ions. The reaction shown in equation 5.3 evolves a potential of approx-

imately 0.2V vs the standard hydrogen electrode depending on the filling solution

used [135].

AgCl (s)+ e− −−⇀↽−− Ag(s)+Cl− (aq) (5.3)

In this study a Metrohm Ag/AgCl reference electrode was used, figure 5.3.

Counter electrode

To properly characterise capacitor materials current and voltage both need to be

collectively measured. Le Chatelier’s Principle of chemical equilibrium shows that

changing the balance of a reversible equation like 5.3, will cause the equilibrium

point of the reaction to shift correspondingly to a new equilibrium with a different

potential. If any significant current is drawn through a reference electrode, the

electric potential of the electrode can shift. Without a constant reference potential,

it is not possible to know the potential of the working electrode. For this reason,

a counter electrode is used in experiments where current is required. The counter
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Figure 5.3: A Metrohm Ag/AgCl reference electrode.

electrode should be made of some material resistant to corrosion and be chemically

inert in the electrolyte. Platinum is frequently used as a counter electrode due to its

extremely low reactivity and excellent resistance to corrosion [136]. In this study, a

Metrohm platinum counter electrode was used, figure 5.4.

5.2.2 Key electrochemical techniques

5.2.2.1 Potential step voltammetry

Potential step voltammetry is a straightforward technique in which the voltage of

a working electrode is instantaneously increased to a constant value, as in figure

5.5. The corresponding current as a result of that applied potential is measured over

time. Potential measurements are useful for investigating specific phenomena that

are suppressed or enabled at certain voltages. In this particular study, potential steps

are employed to perform experiments in the diffusion/mass-transfer limited current
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Figure 5.4: A Metrohm platinum counter electrode.

region. With a sufficiently high potential, the reaction kinetics at the electrode are

fast enough that the near field of the electrode is completely devoid of reactants. A

discussion of current behaviour at potential stepped electrodes is in section 4.2.3.

5.2.2.2 Cyclic Voltammetry

Cyclic voltammetry (CV) is a technique in which the applied voltage is swept at a

constant rate, up and down between minimum and maximum values, usually for a

number of cycles, as in figure 5.6.

The current is recorded, and plotted as a function of the applied voltage. The vari-

ables in a cyclic voltammetry measurement are the rate of voltage change, known as

the “Scan rate”, and the maximum and minimum voltages, as well as the physical

make up of the cell, the electrodes and electrolyte. The technique allows for the in-

vestigation of the electron transfer and mass transport of redox systems. The nature

of reactions, whether reversible with fast kinetics, or quasi or irreversible with slow
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Figure 5.5: Potential vs Time for a potential step voltammetry measurement.

Figure 5.6: Potential vs Time for a cyclic voltammetry measurement, two cycles.

kinetics, can be investigated. It allows the determination of when and if reactions

are mass-transport limited or kinetically limited, by current peak position, and how

those peaks move with changing scan rate. In addition, and key to this study, the

properties of electric double layer capacitance can be probed with CV. The nature

of the electric double layer and its cyclic voltammetry characteristics is covered in

section 3.3.

As a brief example, consider figure 5.7, which shows a cyclic voltammetry



5.2. Electrochemical measurements 95

plot of a redox reaction, conducted at increasing scan rates. In this example, the

reaction has fast reaction kinetics compared to all scan rates, which results in the

characteristic increasing of current with scan rate, and a constant peak position.

The current peak occurs at the same potential regardless of scan rate. This position

is the point at which the potential pushes the reaction rate high enough that total

species depletion occurs in the near field of the electrode. At this point the current

decreases as the diffusion field grows and the rate of transport drops, the current

is then the Cottrel current, which is described in section 4.2.3 in the context of the

oxygen reduction reaction.

Figure 5.7: Example cyclic voltammetry plot, a range of scan rates applied to a redox
reaction with comparatively fast reaction kinetics[137].

Figure 5.8 shows an alternative case in which a constant scan rate is applied to

3 different reactions with varying kinetics, fast, slow, and slower, compared to the

scan rate. As the reaction rate decreases, the peak current position is shifted, due

to a delay in the establishment of a diffusion limited, or diffusion affected regime.

The shift in the peak position will be proportional to the scan rate, as the reaction

falls further and further behind compared to the speed of the voltage sweep. The

physical meaning being that the near field of the electrode still has species for redox

current, and the expanding diffusion field, which causes the decreasing current and

Cotrell-like behaviour does not form.



96 Chapter 5. Experimental Methods

Figure 5.8: Example cyclic voltammetry plot, showing the effect of a range of reaction
kinetics at a fixed scan rate[137].

For a resource on the theoretical and practical treatment of CV, as well as its ex-

tremely diverse and varied application outside of capacitor research, refer to: [138]

and [139] from the open access book “Voltammetry (Working Title)”, published by

IntechOpen.

5.3 Scanning electron microscopy (SEM)
The scanning electron microscope was invented out of a necessity for higher mag-

nification than could be achieved with visible light microscopes. In a visible light

microscope, the resolution limit is roughly 250 µm, due to the wavelength of the

light and the diffraction limit. Electrons, massive particles, have a much smaller

effective wavelength, and have a correspondingly smaller resolution limit. An SEM

must be at high vacuum for effective operation, although “environmental” SEMs

can enable imaging at higher pressures, allowing for wet samples such as living

cells to be imaged. Some SEM are capable of 500,000 times magnification, with

resolutions smaller than 1nm achievable [140].

In an SEM, a focused electron beam is rastered across a target surface. In most

modern SEM, a beam is produced by cold cathode field emission, which produces
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a large, stable flux. The beam is narrowed and focused using a series of apertures

and electromagnetic lenses. 2 “scan coils”, an “x” and a “y”, then steer the beam

across the target sample row by row, so that the focused beam scans the sample.

The incident electrons result in various signals from the target, including secondary

electron emissions, reflected and back-scattered electrons, cathodoluminescence,

and absorbed/transmitted electrons. Detectors in the SEM measure these signals to

produce an image of the target.

Most commonly, secondary electron imaging is used. Secondary electrons,

excited into emission by the incident beam, are ejected only from the very surface

of the sample, and collected by a bias voltage. Because they come from the sample

surface only, the sample topography can be imaged. Backscattered electrons have

higher energy, and so originate from deeper into the target. They must be imaged

with a detector close to our around the beam source, as they are elastically scattered

at close to the incident angle. The signal is dependent on the topography, as well

as the chemical characteristics of the material. In particular, it is sensitive to the z

value of the target elements, so the relative chemical composition of the target can

be visualised. In this study, a JOEL JSM7401F Field Emission Scanning Electron

Microscope was used in secondary electron mode.

5.4 Transmission electron microscopy (TEM)

A Transmission electron microscope (TEM) utilises an electron beam, generally

with higher energy when compared to SEM. A TEM is a high vacuum apparatus,

although lower vacuum “environmental” imaging is possible with specialised sam-

ple holders. Electromagnetic lenses collimate the beam. By using a thin sample and

high energy electrons, there is a strong signal produced by electrons transmitted

through the sample, which is magnified and focused as an image onto a phosphor

screen and digital camera sensor. A TEM can resolve features less than an Angstrom

in size, corresponding to magnifications of approximately 1,000,000. At this level

of magnification it is possible to resolve single atoms [141][142]. TEM imaging

has been an important technique in the development of modern synthetic diamond
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growth. As far back as 1990, TEM proved invaluable as a tool for studying the

interface between plasma-enhanced CVD diamond grown on silicon substrates. An

image is presented in figure 5.9, showing a cross section of a diamond film grown

on a silicon substrate.

Figure 5.9: A Transmission electron microscope image showing a cross section of
diamond film grown on a silicon substrate. The transition to diamond, at the top of the

image, can be clearly seen, and the resolution of individual atoms is possible[143].

For a review of sample preparation techniques and data interpretation in the

field of TEM imaging of carbon and crystalline structures, refer to [144] and [145].

In this study, a JEOL 2100 FEG-TEM was used.

5.5 Thermogravimetric analysis (TGA) and differen-

tial scanning calorimetry (DSC)

Thermogravimetric analysis is a technique for analysing chemical and physical

changes in a material as a function of temperature. It is performed by continuously

monitoring the sample mass to a high degree of accuracy while steadily increasing
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temperature. A sample is heated in a crucible on a precision balance in either air

or other purging gasses. The temperature is commonly controlled to achieve either

a constant rate of increase or a constant mass loss rate from the sample. Different

species in the sample will decompose at different temperatures and at different rates.

The specific decomposition characteristics will correspond to different chemical

and physical structure. TGA is often paired with Differential Scanning Calorime-

try (DSC), with modern equipment combining both measurements and allowing

simultaneous acquisition. In DSC, the heat energy required to change a sample

temperature (specific heat capacity) is measured as a function of temperature. As

materials go through phase changes, the specific heat capacity will generally also

change, DSC can help measure phase transition temperatures [146]. A NETZSCH

STA 449 TGA-DSC instrument was used for the results in this study.

5.6 Brunauer–Emmett–Teller (BET)

Brunauer–Emmett–Teller (BET) analysis is a technique for measuring the surface

area of porous and high surface area materials. It is particularly useful in many

fields of nanotechnology, including ultracapacitors and battery materials research,

as a means of characterising materials. A Micromeritics ASAP® 2420 Accelerated

Surface Area and Porosimetry system was used. In a BET measurement, a sample

of material is first degassed under vacuum at an elevated temperature. The sample,

after careful weighing, is then cooled to cryogenic temperatures in a well calibrated

glass tube. The “dead volume” in the tube is measured using helium, which will

not condense at the cryogenic temperatures. After evacuation, the adsorbate gas,

usually nitrogen, is flowed into the vial at a precise rate and the pressure is recorded.

The partial pressure (P) of the adsorbed gas will be reduced by adsorption of gas

onto the sample. The “missing pressure” compared to the control/“dead volume”

pressure can be used to calculate the volume of adsorbate on the sample.

BET theory is an extension of the Langmuir monolayer adsorption model

[147]. BET theory extends the Langmuir model, to describe multilayer gas adsorp-

tion onto surfaces. The BET theory results in the BET isotherm, shown in equation
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5.4 [148]. It describes the fractional surface coverage θ , as a function of adsorbate

gas pressure.

θ =
v

vm
=

C p
p0

[1− p
p0
][1+(C−1) p

p0
]

(5.4)

where

v = total volume of adsorbed gas

vm = volume of monolayer of adsorbate

P = partial pressure of adsorbate gas

P0 = Equilibrium vapour pressure of adsorbate gas

C = e
∆Hdes−∆Hvap

RT

∆Hdes = Enthalpy of desorption

∆Hvap = Enthalpy of vaporisation

R = Gas constant = 8.3144621 JK−1mol−1[149]

T = temperature

The BET isotherm equation can be rearranged into the linear BET equation,

6.1.

p
v(p0− p)

=

[
C−1
vmC

]
p
p0

+

[
1

vmC

]
(5.5)

Equation 6.1 is useful because it is a function of knowable constants and measurable

quantities, and takes the form of a linear equation. The gradient and intercept of a

BET linear plot can be graphically computed through regression and have values

equivalent to equations 5.6 and 5.7 respectively.
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gradient =
C−1
vmC

(5.6)

intercept =
1

vmC
(5.7)

The desired measurement, the monolayer volume, vm, can be calculated by solving

5.6 and 5.7 simultaneously to give equation 5.8.

vm =
1

gradient + intercept
(5.8)

By taking into account the molar volume Vmol and adsorption cross section S0 of the

adsorbate, in this case molecular nitrogen, the total surface area Stotal of the sample

can be calculated using equation 5.9. With N being Avogadros number.

Stotal =
vmS0N
Vmol

(5.9)

The volume of adsorbed gas is measured as a function of adsorbate gas pressure,

and is directly proportional to sample surface area. With the absolute surface area

and mass known, a calculation of the specific surface area is straightforward.

5.7 Photolithography

Photolithographic techniques were used in the fabrication of microelectrode arrays.

Photolithography is the de facto process for producing micro and nano features and

structures on flat substrates. There are many permutations of techniques and pro-

cesses used to create patterned substrates in the fields of semiconductors, microflu-

idics, micromechanical systems, and microelectronics. One example of a gener-

alised photolithography process flow is as follows:
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1. Pre treatment and cleaning of substrate.

2. Coating of substrate with a photoresist, this is a chemical polymer which

reacts to light, generally UV.

3. The resist is “exposed” to the UV light source, through a mask, which is

usually made of glass with opaque features to permit or block the light in a

specific pattern. Photoresists can be “positive”, where incident light causes

the removal of resist. The resulting resist matches the opaque features on an

exposure mask. A “negative” resist is instead fixed or cured by the incident

light, so the resulting resist layer will be a negative of the opaque features on

a mask. Resist can also be exposed using direct write lithography, where a

UV laser is used to specifically write to certain areas, forgoing the need for a

mask.

4. Many resists will have a baking process at this stage, which causes or rein-

forces the process started by the photon exposure.

5. A “developer” solution is used to wash away the unfixed resist, and develop

the features left by the fixed material.

6. At this stage any number of processes may be used to affect the exposed areas

of the substrate, whether deposition of another material, or etching of the sub-

strate. The fixed resist can be removed through further chemical processes,

or it may be integral to the finished sample, and be left on as passivation.

In this work, SU-8 3025 negative photoresist was used, and spin coated onto

the samples. UV exposure was performed using a Karl Suss MJB3 Mask Aligner,

with a chrome on glass mask.

5.8 Conclusion
This chapter has covered the experimental methods used in this study. Including

some theoretical treatment and derivation when necessary for computation or inter-

pretation of results. Techniques covered are: electrochemical measurements includ-
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ing the 3 electrode cell, scanning electron microscopy, thermogravimetric analysis

and differential scanning calorimetry, and Brunauer–Emmett–Teller surface area

theory and analysis. The specific instruments used for measurements have been

defined.





Chapter 6

Results: CNS material

characterisation

6.1 Introduction

Carbon Nano-Structure (CNS) is a novel carbon nanomaterial manufactured by Ap-

plied Nano Structured solutions using proprietary processes. CNS has had some in-

terest for use in certain military applications, including lightning strike protection in

aircraft, by using it as a conductive additive in composite materials. The material is

a black powder with a very low density and clumps together to form large agglom-

erates. CNS is manufactured in large scales at low cost, so a knowledge of its prop-

erties and potential further applications is desirable. Morphological and physical

characteristics of CNS material have been presented. Microscopy shows CNS to be

made of interconnected multi-wall carbon nanotubes (MWCNT). Thermogravimet-

ric analysis shows a peak decomposition between 600 and 700 C, consistent with

MWCNT materials. Some additional features in the data are currently unexplained.

CNS has a relatively high specific surface area of 264 m2g−1. Additionally, prelim-

inary TEM images of a CNS/CNO material composite are presented, as part of a

related planned study; CNS mixing with nanodiamond derived carbon nano-onions

(CNOs) for optimised capacitor materials. The production and characterisation of

the CNOs is presented in chapter 8.
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6.2 Experimental methods

SEM

A Carl Zeiss XB1540 focussed-ion-beam microscope was used for obtaining sec-

ondary electron emission images of sample materials. Beam energies ranging from

2 keV to 10 keV were used. SEM images were obtained of material in both its

“raw” unprocessed state, and after processing into “electrode” membranes.

The raw CNS was imaged by gently pressing a sample of the material onto

conductive carbon adhesive vacuum tape.

To make CNS electrodes, the following process was carried out: CNS material

was suspended in ethanol with a mass loading of 1 mgml−1 and sonicated at 500

W for 1 hour. Nafion polymer solution was added to the CNS/ethanol, to produce

a final polymer/carbon concentration of 5 %. After the polymer is added to the

sample, it is sonicated for > 1 hour to disperse the polymer in the solution. CNS

electrode samples were imaged by coating sample slides with the CNS/polymer

solution, and drying on a hot plate at 50 ◦C.

CNS/CNO material composite

A composite material containing 50% CNS and 50% nanodiamond derived carbon

nano-onions (CNO) was produced. The production and characterisation of carbon

nano-onions is detailed in chapter 8. The composite material was produced as part

of a planned study on combining the two nanomaterials. The project plan involved

modification of the functionalisation and material mix in order to produce an op-

timised ultracapacitor electrode. Due to project timelines and material constraints

with supporting sponsors, this work did not continue. The materials were added to

ethanol in equal parts by weight and dispersed with high power sonication at 500 W.

TEM

A JEOL 2100 FEG-TEM was used for characterisation of the CNS and CNO materi-

als. For expediency, and to study the material mix, a volume of the CNO/CNS com-

posite material solution was drop coated onto a TEM sample grid and allowed to
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dry. The imaging was carried out at the Experimental Techniques Centre at Brunel

University London.

TGA and DSC

A Netzsch-Gerätebau STA 449 C Jupiter Thermo-microbalance was used to per-

form Thermo-gravimetric analysis (TGA) and differential scanning calorimetry

(DSC) measurements on CNS material. The instrument allows the simultaneous

acquisition of these two measurements. The experiments were performed in air,

with the temperature increasing at a rate of 10 K per minute to a maximum temper-

ature of 1590 ◦C.

BET

A Micromeritics ASAP® 2420 Accelerated Surface Area and Porosimetry System

was used to measure the surface area of CNS material in its unprocessed state.

Nitrogen gas was used as the adsorbate, and the sample was cooled to 77k using

liquid nitrogen. The system records the pressure and volume during isothermal

adsorption of the adsorbate gas, and produces a linear plot used for determining

BET surface area. 3 measurements were carried out, and a specific surface area

calculated based on the average of those measurements.

6.3 Results

6.3.1 SEM

Figure 6.1 shows the structure of CNS material at magnifications from 300 to 100K.

In 6.1d the individual nanotubes can be easily resolved, with sizes varying from a

few nm to 50 nm. Its structure can be resolved as interconnected, branching and

bundled fibres. At a magnification of 10k in figure 6.1c, it can be seen that CNS has

local longitudinal alignment of its constituent fibres on the micro-scale.

In figure 6.2, the formation of large fibre bundles comprised of many individual

carbon nanotubes can be resolved.
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Figure 6.1: SEM images of the proprietary Carbon Nano Structure material (CNS), a):300 X, b):4K X, c):10K X, d):100K X magnifications.
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Figure 6.2: 100K magnification SEM image of CNS, showing large bundle formation of
individual fibres.

6.3.2 TEM

Figure 6.3 is a TEM image of CNS/CNO composite material at 3000K magnifica-

tion. Imaging the composite material allowed the study of the mixing behaviour,

and simultaneous imaging of the individual nanomaterials for expediency. Note:

the TEM imaging exclusively was carried out on the composite material, as part

of a planned subsequent study. The other experimental work focuses on the CNS

material only.

Individual strands of CNS can be seen in the top right quadrant of the image.

Figure 6.2 demonstrates that the tubes in CNS are a wide range of sizes, from a few

nm diameters to an order of magnitude larger. The size of the largest individual

tubes is difficult to resolve as they form larger fibre bundles. Tubes of at least 50

nm are resolvable.
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Figure 6.3: TEM image of CNS/CNO composite material. Measurements in grey of
thickness of the graphitic multi wall. Measurements in green of MWCNT diameter.

Figure 6.3 shows the internal structure of several fibres in a bundle of the ma-

terial. Features shown in the images of the material are similar to some carbon nan-

otube materials. Individual graphitic layers are resolvable, suggesting a multi-wall

CNT structure. Measurements of the layer-to-layer thickness are annotated at 2 well

resolved areas of the image. As many as 8 walls can be resolved in a single multi-

wall carbon nanotube (MWCNT). The average inter-wall spacing of the MWCNTs

is 0.34 nm measured from the TEM. This is in good agreement with canonical

models and measurements of MWCNT of this approximate diameter [150]. The

diameter of 2 resolvable fibres is also measured on the TEM image, 6.7 nm and

8.9 nm.

Figure 6.4 shows the presence of 3 large agglomerates of CNOs, on the order

of 100 nm in size, distributed in the CNS matrix. In a bulk material, the CNOs

may prevent longitudinal interfacial contact of CNS fibres, potentially increasing

exposed surface area.
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Figure 6.4: TEM image of CNS/CNO composite material at lower magnification, showing
the nature of the mixing between the two materials after high power sonication

6.3.3 TGA and DSC

TGA and DSC data of CNS in figure 6.5 shows the onset of mass oxidation at ap-

proximately 600C. The peak energy absorption during the material oxidation phase

occurs at 650 C.

The TGA plot shown in figure 6.5 shows the material undergoing signifi-

cant oxidative mass loss between 600 and 700 C. For multi-wall Carbon nanotube

materials, decomposition onset temperature tends to correlate with diameter and

shell/layer number, with single wall CNTs oxidising at a significantly lower temper-

ature between 200-300C [151]. This result is therefore consistent with the conclu-

sion drawn from SEM images that this material has CNT structure on the nanoscale.

At the low-temperature region of the TGA plot, there is a measured mass increase

attributed to a buoyancy effect. As the air warms up and reduces in density, the

buoyancy forces on the sample decrease. The DSC data shows an initial bump, fol-

lowed by a roughly linear increase in energy requirement for temperature change up

to the point of decomposition. This usually indicates some chemical reaction such
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Figure 6.5: Thermo gravimetric analysis (TGA) and Differential scanning calorimetry
(DSC) data for a CNS sample.

as oxidation of organic compounds, corrosion of metallic impurities, and polymeri-

sations or rearrangements.

6.3.4 BET

BET measurements of the surface area of CNS were performed using nitrogen ad-

sorption. The linear BET plot of equation 6.1 is shown in figure 6.6, with the fitted

parameters of the linear regression shown on the graph, the error is the standard

deviation based on a least squares fit.

p
v(p0− p)

=

[
C−1
vmC

]
p
p0

+

[
1

vmC

]
(6.1)

The specific surface area can be calculated using equation 6.2.

SSA =
(gradient + intercept)NS0

mV
(6.2)
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Figure 6.6: Linear BET plot, with the coefficients of linear regression with standard
deviation shown in the bottom right. v is the adsorbed gas volume, p is the gas pressure, p0

is the equilibrium vapour pressure.

where

N = Avogadros number = 6.022140857x1023 mol−1[149]

S0 = Adsorption cross section of nitrogen = 0.162 nm2[152]

m = sample mass in grams

Vmol = molar volume of N2 = 22.414 Lmol−1[149]

The mean average BET surface area of CNS from 3 measurements with

standard error is 264± 15m2g−1. SWCNTs have a theoretical surface area of

1315 m2g−1 when assumed to be closed ended. Discrete open ended SWCNTs have

a theoretical surface area even higher than this, with the inside of the tube also being

active surface area [153]. Practically, the effects of agglomeration result in a signif-

icantly reduced surface area accessible to adsorption by gases. There are SWCNTs

available commercially with a quoted specific surface area over 1000 m2g−1, but ex-

perimental results are lower, frequently 500 m2g−1 [154]. In a MWCNT like those

that makeup CNS, the interfacial surfaces may be largely inaccessible to adsorbates
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due to the small inter-facial spacing. The effect of additional walls in a CNT fibre is

to increase mass roughly in proportion with wall number without a corresponding

increase in surface area. This results in a decrease in specific surface area for MWC-

NTs, this relationship is consistent with theoretical models and experiments [153].

However, CNS appears to have a relatively high specific surface area compared to

many experimental measurements on a range of commercial MWCNT materials of

similar diameter. Especially given the high length of some individual CNS fibres

visible in figures 6.1c and 6.1d [154]. This could be attributed to an abundance of

fibres with much smaller diameter or fewer walls than those measured in 6.3.2. It

could also be due to the CNS production method resulting in a large number of dam-

aged surfaces which would have an increased accessible area. “Activating” various

carbon fullerenes in this way by different chemical and physical processes is a fre-

quently investigated approach to increase surface area, and has been demonstrated

on MWCNTs [155][156].

6.4 Conclusions

CNS fibres have been identified as being significantly comprised of multi-wall car-

bon nanotubes, with a range of diameters from a 5 nm, to approximately 50 nm.

SEM and TEM images show the nanostructure of the material, and representative

images of the material have been presented. Individual MWCNTs branch and inter-

connect with each other to form large fibre bundles. Large bundles of fibres exist up

to a scale of hundreds of micrometres, exhibiting longitudinal alignment between

tubes over millimetres. TGA corroborates the MWCNT nature of the material, with

a characteristic high-temperature decomposition typical of large MWCNTs begin-

ning at over 600 ◦C. It is also probable that as CNS contains a wide range of di-

ameter MWCNTs, there would also be a more constant rate of mass decrease that

might be masked by buoyancy or other effects below 600 ◦C. The proportion of

low wall number MWCNTs may also be low, making this mass loss less significant

when compared with the bulk. CNS is proposed as a suitable candidate for ultraca-

pacitor electrode material. The BET surface area of CNS is comparable to a range
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of MWCNT materials which have been used as ultracapacitor and supercapacitor

electrodes with good results [157]. The bulk long-range connectivity of the material

should provide low resistance electrodes with excellent high rate performance. The

following chapter, 7 describes the application of CNS in ultracapacitor electrodes.

This chapter also presented preliminary results on the mixing of CNS and

CNO in a composite nanomaterial. The TEM image in figure 6.4 is representa-

tive of all the captured images. It demonstrates some mixing of CNOs throughout

the CNS material, but in significant agglomerates. The ideal composite structure

would utilise individual CNOs and CNO agglomerates in order to space out CNS

fibres, increasing exposed surface area while maintaining the interconnected junc-

tions. Additional disruption of the CNO agglomerates would be beneficial for this

goal and is the subject of planned work. CNS was supplied for research under an

Applied Nanostructure solutions-Lockheed Martin project and is proprietary ma-

terial. Currently, a further supply of CNS material is unavailable due to contract

completion. The planned work on CNS/CNO composite electrodes is currently un-

completed, pending further project planning with the industrial partner specific to

this prospective study.





Chapter 7

Results: CNS ultracapacitor

electrodes

7.1 Introduction

CNS, a 3d material consisting of large fibre bundles of MWCNTs branching and in-

terconnecting. The material has good bulk conductivity and a high specific surface

area, it is proposed as a promising electrode material for ultracapacitors and poten-

tially other energy storage technologies. CNS production is manufactured at low

cost and high yield, which may allow for usage as bulk electrode material in a range

of devices. For the first time, CNS material has been processed into membranes

and tested as a material for electric double layer capacitors. In this chapter, CNS

working electrodes have been assembled with a CNS/polymer binder coating on a

Boron doped polycrystalline diamond (BDD) collector electrode. Nafion polymer

was used as a binder in this experiment to provide adhesion and structure for CNS

electrodes. Nafion is an ionically conductive polymer that allows the conduction

of hydrogen ions by a hopping conduction mechanism. Nafion has a history of use

in research on fuel cells and supercapacitors [158][159]. In addition, conductive

boron-doped diamond substrates were employed as substrates in the ultracapacitor

electrodes (known as the collector electrode in an ultracapacitor), demonstrated for

the first time. The possibility of an “all-carbon” capacitor electrode could allow
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for the utilisation of a broader range of electrolytes, inluding some compounds

which add psuedo-capacitative storage without functionalisation of carbon elec-

trodes [160]. Carbon electrodes have also shown good compatibility with acidic

electrolyte systems of many battery chemistries [161]. The right combination of

electrolyte could result in highly chemically and physically robust device. Also, it

is possible to directly grow conductive sp2 carbon, like CNTs, on diamond, so the

potential of synergy between existing ultracapacitor materials and diamond collec-

tor electrodes is excellent.

Pure diamond is insulating, but by substituting different dopants into its lattice, its electronic

properties can be modified. Boron is a trivalent atom that can take the place of a carbon

atom in diamond, providing 1 less electron for bonding than the tetravalent carbon atom it

replaces. This creates a deficiency of valence electrons in the carbon lattice that results in

an acceptor state [162]. Diamond with enough boron eventually begins to exhibit metallic

conductivity, this transition occurs at approximately 4X1020 boron atoms per cm3 [163].

Boron doped diamond has superlative characteristics as an electrochemical material, with

an extremely wide solvent window, low reactivity, and excellent resistance to corrosion

[133].

7.2 Experimental methods

Electrochemical measurements

Electrochemical characterisation was performed with a Metrohm Autolab “PG-

STAT20” potentiostat/galvanostat. An Ag/AgCl electrode with 3 M KCl dou-

ble junction (Metrohm) was used as the reference electrode, and platinum foil

(Metrohm) as counter electrode. The electrochemical cell was filled with 1M

H2SO4 electrolyte, common in capacitor measurements, used for its high ionic mo-

bility and availability.

Collector electrode characterisation

Boron-doped polycrystalline diamond samples measuring 15 x 15 x 0.45 mm

(e6cvd) were used as collector electrodes for the working electrode assembly. The
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boron doped diamond specific properties are presented in table 7.1, an image of a

BDD sample is presented in figure 7.1. The BDD samples were also characterised

uncoated in the electrochemical cell as working electrodes, to investigate perfor-

mance as collector electrodes. They were electrically connected to the cell using

a gold wire and silver epoxy contact. Cyclic voltammetry was performed on BDD

samples from -0.3 to 1.75 V at scan rates from 0.1 to 0.5 V s−1.

Table 7.1: Properties of e6cvd boron doped polycrystalline diamond

Boron concentration 2 - 6 x 1020 boron atoms cm−3

Bulk Resistivity 0.20 - 1.8 x 10−3 Ωm

Current density > 20 kAm−2

Solvent Window > 3.0 V

Figure 7.1: A Boron doped diamond sample acquired from e6cvd, 15 x 15 x 0.45 mm.

CNS solution casting and working electrode assembly

CNS material was suspended in ethanol with 1mg of carbon per 1ml of solvent,

0.05mg of Nafion polymer (274704 ALDRITCH) was added to each ml of the so-

lution to act as a binder and surfactant. High power sonication using a VCX 500

Ultrasonic Processor (Sonics and Materials, inc.) was used to disperse the material

in the solution and homogenise the CNS/Nafion mixture. Variable volumes of the

suspension were deposited onto BDD substrates, and heated on a hot plate to 50

C. The evaporation of the solvent produces a CNS/Nafion composite membrane ad-
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hered to the diamond substrate. Heavier electrodes can be produced by iteratively

dropping solution onto the substrates, allowing only partial evaporation of each

deposition volume to improve connectivity. The weight of the membrane can be

calculated from the volume of deposited solution and its known loading (calculated

weight), or by weighing the substrate before and after coating (measured weight).

CNS electrode characterisation

CNS working electrodes were connected to the electrochemical cell using gold wire

and a silver conductive epoxy. Cyclic voltammetry measurements were used to

measure the capacitance of the electrodes.

7.3 Results

BDD characterisation

Figure 7.2(a) shows the current response of the electrochemical cell to a triangular

voltage sweep in 7.2(b) with a scan rate 0.5 Vs−1. The plotted data is from the 3rd

cycle of CV, allowing the cell to stabilise and reach equilibrium.
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Figure 7.2: 2 single cycles of a cyclic voltamogram, 0.1 Vs−1 and 0.5 Vs−1 at a boron doped diamond working electrode, working electrode current
(A) vs applied potential(V).
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Hydrogen evolution can be seen beginning to take place at the working elec-

trode below -0.2V, and oxygen evolution at above 1.6V, at these extreme potentials

electrolysis of water creates large faradaic currents which increase with increasing

potential. The size of the voltage window is significantly smaller than as reported

on boron diamond samples in literature, with a window larger than -0.5 V to 2 V

being achievable in H2SO4, compared to approximately 0 V to 1 V here [164]. This

narrowed solvent window is primarily attributed to the presence of non-diamond

carbon (sp2) on the electrodes. Other features on the plot can also be attributed

to sp2 carbon. sp2 carbon can catalyse the oxygen reduction reaction where pris-

tine boron diamond can not, the oxygen reduction peak is present and labelled on

the graph. The current resulting from oxidation of the sp2 material is also labelled

[133]. There is also another significant peak located at 0.9 V, which is most probably

reduction of previously oxidised sp2 material, or the reduction of some contaminant

on the electrode.

By taking several cyclic voltammetry scans taken at different scan rates, and

normalising by scan rate, the Y axis units are converted to capacitance in Farads(
C = I

dV
dt

)
, as plotted in figure 7.3.

The relatively constant region between 0 and 0.8V can be used to calculate the

EDLC capacitance of the collector electrode in the electrolyte. In this region, the

behaviour appears like an ideal EDLC capacitor. The current increases in proportion

with scan rate, this results in the cycles in figure 7.3 overlapping in the regions that

the current is capacitative. The suppression of the faradaic processes (-0.3, 0.9, 1.2,

1.6 V) is also visible as the scan rate increases, as expected, the faradaic currents

do not increase in proportion with the scan rate [66]. Taking an average C value

for the collector electrode in the EDLC region gives an approximate capacitance of

0.1 mF. For a structure like a boron-doped diamond substrate in solution, it would

be expected that the entirety of its surface would be accessible to the mobile ions

in the electrolyte. The effective surface area should, therefore, be very close to the

total surface area. By making a calculation based purely on sample geometry, the

approximate surface area of a 15 mm x 15 mm x 0.45 mm substrate can be calcu-
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Figure 7.3: Scan rate normalised CV loops on a boron doped diamond working electrode, from 0.1 to 0.5 V/s. current(A)
Scan rate()Vs−1 ) (F) vs applied potential

(V)
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lated as 0.00048m2. The areal capacitance can, therefore, be calculated according

to equation 7.1.

Areal capacitance =
0.0001 F

0.00048 m2 = 0.21 Fm−2 (7.1)

This value is reasonably close to that predicted by the Helmholtz approximation

of double layer capacitance for H2SO4 of 0.18 Fm−2 calculated in section 3.3.1.

This calculation neglects the surface area enhancement due to the surface roughness

of the diamond sample. The “growth” surface of the diamond has a significant

roughness of RA 50 µm which will increase the actual surface area of the sample

compared to the naive 2d geometric calculation. The “missing area” which would

account for the difference between 7.1 and the theoretical double layer capacitance

can be calculated according to equation 7.2.

Missing area =

(
0.0001 F

0.00018 Fm−2 = 0.00056 m2
)
−0.00048 m2 = 0.000076 m2

(7.2)

This missing surface area would be accounted for by allowing for a 30% in-

crease in the surface area of the growth face due to its roughness, as shown in

equation 7.3.

Sur f ace area enhancement =
0.000076 m2

15 mm x 15 mm
+1 = 1.3 (7.3)

The true surface area of a rough surface (in reality, any surface) is complex

to find. Although no simple relationship exists, there is an intuitive correlation be-

tween surface area and RA roughness. An increase of 30% over the 2d naive surface

area is well within possible bounds [165]. This corroborates the methodology and

interpretation of the results. Results suggest non-faradaic EDLC behaviour for the

boron diamond substrate in the voltage window between 0.2 and 0.8 V, as the cur-

rent in this region can be reliably attributed to the charging of the electric double

layer.

The BDD substrates are reasonable materials for use as collector electrodes
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for the characterisation of ultra-capacitative materials. A stable voltage window

is present in the electrolyte with negligible faradaic currents. From 0.0 to 1.0 V,

there is some small faradaic current which should still be small in comparison to

electrode material contributions to the electric double layer. For the production of

higher performance devices, in which maximising the voltage window is crucial,

it should be possible to use various processes to reduce the sp2 carbon content of

the diamond surface. If there is significant sp2 carbon in the bulk of the samples, it

may be necessary to use material produced using a cleaner process. However, for

measuring the capacitative performance of the CNS electrode material, the available

voltage window is sufficient.

CNS electrode electrochemical characterisation

Figure 7.4 shows the current response of a CNS electrode to a cyclic sweeping

voltage at a range of scan rates from 0.02V/s to 0.1V/s. In each case, the plotted

data is the third cycle at the given scan rate. The successive loops in 7.4 demonstrate

the current increasing as the scan rates increases, as expected from the theory, shown

in equation 7.4. The current has a stable plateau indicative of capacitative charging

current. By normalising the data by scan rate, the proportionality between scan rate

and current can be compared, the normalised cv plots are shown in figure 7.5.

I =C
dV
dt

(7.4)
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Figure 7.4: Cyclic voltammetry scans between 0 V to 1 V at scan rates from 0.02 Vs−1 to 0.1 Vs−1, each plotted cycle is the current (A) vs applied
potential (V) for the 3rd cycle from a sequence of cycles at that scan rate. CV measurements of a 7.2mg(Carbon weight) CNS/Nafion membrane on

Boron doped diamond substrate.
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Figure 7.5: Scan rate normalised CV cycles from 0.02 Vs−1 to 0.1 Vs−1 each plotted cycle is the current(A)
Scan rate()Vs−1 ) (F) vs applied potential (V) for the

3rd cycle from a sequence of cycles at that scan rate. CV measurements of a 7.2mg(Carbon weight) CNS/Nafion membrane on Boron doped diamond
substrate.
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Figure 7.5 demonstrates that there is good linear proportionality between the

current and the scan rate, with a decrease in the response when the sweep direction

changes. At higher scan rates the CV curves become less rectangular and more oval

in shape, “lens” like. This lensing of CV curves can occur when ionic transport can

no longer speed up in proportion with the scan rate, increasing the equivalent series

resistance (ESR) of the electrode and reducing the capacitance in certain regimes.

This also causes the lack of perfect correlation with scan rate, which can be seen on

the negative current/discharge side of 7.5 particularly.

The CV curves indicate a lack of significant faradaic current processes. The

redox processes present on the substrate, shown in Figure 7.2, are not visible on

graphs at equivalent scan rates in this data. The contribution of the faradaic current

becomes less significant as scan rate increases as it is relatively suppressed at higher

speeds as redox current will scale with the square root of scan rate at maximum

[139]. In the worst case, of minimum scan rate and peak current, the substrate

faradaic processes contribute less than 1% of the total current. Figure 7.5 can be

used to calculate the capacitance of the electrode as 115±10 mF for this range of

scan rates. The specific capacitance of CNS in this configuration can be calculated

using equation 7.5, with C = 115±10 mF and electrode mass m = 7.2±1.0 mg.

Specific capacitance =
115mF
7.2mg

= 16.0±2.62Fg−1 (7.5)

Using the Helmholtz approximation for double layer capacitance, and assum-

ing 100 % of BET surface area is available for EDL formation, CNS with 264 m2g−1

will have a specific capacitance of 47.5 Fg−1. This value is significantly higher than

that measured for CNS as expected based on the assumptions made in the calcula-

tion. It is possible to use capacitance as a proxy for surface area. Joze Moskon et al.

used an analogous technique (low frequency impedance spectroscopy) to accurately

infer the weight of battery electrodes. [166]. In the case of a partially occluded sur-

face like high surface area carbon fullerenes and structures, the calculation will be

an approximation of the effective surface area (E-SSA). The E-SSA, the surface
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area that EDL forms on, of CNS, will be approximately 89 m2g−1, as calculated in

7.6.

E−SSA =
16Fg−1

0.18Fm−2 = 89 m2g−1 (7.6)

Note that this calculation should be regarded with some caution as the

Helmholtz model of the EDL is an oversimplification. However, it is considered

that this value is informative of the significantly occluded nature of the surface in

CNS. Approximately 33 % of the surface of CNS is available for EDL formation.

The primary factors that can occlude the electrode surface to the electrolyte are

insufficient pores, ion solvation diameter, and hydrophobicity of the surface [157].

7.4 Conclusion
BDD is suitable as a Structural collector electrode for ultracapacitor research. Al-

though the samples used in this experiment displayed below ideal characteristics.

Hugo Suffredini et al. demonstrated a voltage window of -0.7 to 2.1 V for a BDD

thin film in aqueous H2SO4. Although they do not characterise the nature of the

crystallinity of their film, it was manufactured using a chemical vapour deposition

process commonly used in the growth of nano and polycrystalline diamond. They

measured the activation energy of adsorption of certain intermediate species in the

decomposition of water and found that the energies are particularly high on BDD

surfaces. The reduced window of the electrochemical diamonds used in this exper-

iment suggests a significant difference in the quality of the surfaces.

It is concluded that the substrates were sufficient for characterisation of CNS

electrodes, with low capacitance and good stability in the investigated voltage win-

dow. However physical characterisation of the electrodes using Raman and X-ray

photoelectron spectroscopy may reveal a large proportion of sp2 carbon impurities

which may be responsible for the reduced voltage window when compared with

some BDD substrates. Regarding the redox couple present on the diamond, it is

probable that a cleaning process would remove impurities present on the diamond
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and result in a reduction or elimination of the faradaic currents.

The BET surface area of CNS overestimates the area available for double layer

formation, which is expected for a CNT based material[167]. The nanoporosity of

the material likely allows good access to the interior surfaces by the BET adsorbate,

but not to the larger electrolyte charge carriers. The rate performance of CNS is

good up to the highest measured value 0.1 V s−1, with little reduction in capaci-

tance compared to 0.02 V s−1. The specific capacitance of CNS is in agreement

with measurements on similar materials. With values ranging from 15 to 135 Fg−1

for single wall and multi wall nanotubes of various sources [168]. There is some

difficulty in scientific work on electrodes when comparing performance, in part due

to the variety of metrics used for measuring performance. In this work, specific ca-

pacitance, Fg−1 is used. But many studies quote performance in areal or volumetric

capacitance, which have the problem of E-SSA variation and a dependance on the

compression of the material in the device assembly. Many studies also do not dis-

cuss the loading density or electrode thickness of the assembled devices, which has

a direct impact on the higher frequency performance and ion mobility of an elec-

trode [169]. The situation is further complicated when comparing to commercial

packaged ultracapacitors. A high performance nanocarbon based commercial de-

vice produced by Maxwell Technologies has claimed material performance of 130

Fg−1. The cell performance differs significantly from this, with capacitance of 5

Fg−1 for a typical commercial product from Maxwell [170]. Therefore, the assem-

bly and packaging of a material are critically important in realising performance in

packaged cells, with electrode mass appearing to only occupy circa 4 % of device

weight. It is probable that laboratory processes for producing packaged capacitor

devices will not match the efficiency of scaled up industry processes. Attempts

to produce and measure optimised material systems should focus on fundamental

measurements of materials, with well known electrode weights. In addition the

electrode geometry and some measure of the compression of the material needs to

be considered, although these are challenging parameters to measure on small scale

electrodes and simple assembly techniques.
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Its largely occluded surface area compromises the specific capacitance of CNS.

However, its excellent conductivity, morphology, and the economy and yield of its

synthetic pathway make it a good candidate for further activating processes de-

signed to increase the E-SSA of the material. There are many studied activation

processes for carbon materials. KoH is known to increase porosity and cut CNTs

and MWCNTs, as well as many other carbon materials [171]. Another particularly

promising process specific to nano-tubes was carried out by Dmitry Kosynkin et

al. in 2009 for the first time. A potassium permanganate (KMnO4) etch at 70 C

was shown to longitudinally unzip CNTs without affecting the length, resulting in

graphene ribbons [172]. Such an activation process on CNS could potentially sig-

nificantly boost the E-SSA without sacrificing the excellent conductivity afforded

by the long fibre length and interconnections.

It has also been shown that increasing the hydrophilicity of carbon materials

results in improved EDL performance, as surfaces not wetted by electrolyte can not

result in an EDL. This can be achieved by functionalising CNTs with oxygen or

carboxyl groups. This has been demonstrated with a number of processes [173]

[174].





Chapter 8

Results: CNO material fabrication

and characterisation

8.1 Introduction

Carbon nano-onions (CNOs) were first discovered in the 1980s by Sumio Iijima,

in the by-products of carbon black synthesis [175]. Also known as Onion-like car-

bon (OLC), CNOs are concentric nested shells of spherical or ellipsoid sp2 carbon

fullerenes. Since their discovery and initial classification, more reliable synthetic

pathways have been discovered for the specific production of CNO materials. In

one approach, CNOs are produced by arc discharge between graphitic electrodes in

water. Evaporated carbon from the arc point condenses to form CNO in the water

[176]. Larger CNOs can also be grown using a chemical vapour deposition (CVD)

process, similar to many other carbon allotropes, with an iron catalyst [177].

One of the most reliable and straightforward processes of CNO synthesis is

vacuum annealing of nanodiamonds (NDs) at high-temperature [177]. NDs are

routinely produced using constrained detonation processes which create very high

pressure and temperature conditions for the formation of diamond phase carbon

[178]. The short timeframe of the diamond phase conditions results in the crystalli-

sation of nanoscale diamonds with sizes on the order of 5 nm, with good purity after

purification [179][180]. By annealing NDs above 1200 ◦C in an inert atmosphere to
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prevent oxidation, NDs convert to CNOs [181]. Example TEM images of CNO ma-

terial produced by the submerged arc discharge method, and by thermal annealing

of NDs, are presented in figure 8.1 a + b, and c + d respectively.

Figure 8.1: (a) High and (b) low resolution TEM images of CNOs synthesised by arcing
between graphite electrodes under water

(c) High- and (d) low-resolution TEM images of CNOs from thermally annealing
nanodiamonds (N-CNOs)[182].

The ND derived CNOs will tend to have a similar size to the NDs they were

converted from. Smaller NDs will have a higher surface area to volume ratio, which

is an crucial factor in ultracapacitor and energy storage technologies. A study by T.

Pichler et al. found that the electronic behaviour of small NDs from 4 nm to 8 nm

is very close to that of graphite, with no size dependence in this range [183]. With

a potential specific surface area of 400 m2 g−1 to 600 m2 g−1, low cost, good indi-

vidual conductivity and solubility, CNOs are a promising research material in the

fields of ultracapacitors and chemical energy storage. Gogotsi et al. investigated the

dependence of CNO conductivity on the annealing temperature of NDs and ultraca-
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pacitor performance. Higher temperatures were better for faster and more complete

conversion of ND into CNO, with a peak specific surface area occurring at 1500 ◦C,

while conductivity peaked at a higher temperature of 1800 ◦C at full conversion.

Cyclic voltammetry was used to characterise the capacitance and rate performance

of the CNOs. 80% of capacitance was maintained at a very high scan rate 15 volt/s,

although the absolute capacitance of the test samples tended to be fairly low at

around 100 µF. The low capacitance of the tests would correspond to a low mate-

rial mass, which will naturally have better performance at higher frequency [184].

Studies generally concur that CNO materials have a relatively average specific ca-

pacitance, but can exhibit excellent rate performance, due to their closed structure

and good individual conductivity. There is a trade off between surface area, there-

fore specific capacitance, and conductivity, and power performance. Research on

CNOs for electrochemical energy storage is not as extensive as that on CNT and

MWCNT materials, with a few papers investigating electrochemical performance

in ultracapacitors [185][186], and pseudocapacitors [187].

The well defined structure of CNO may also have advantages in composite

capacitor materials. Similar work has been performed using CNT materials and

graphene. The excellent surface area of individual graphene flakes does not scale

well into high performance capacitor materials due to a lack of 3d structure. By

interleaving graphene flakes with CNTs, good electrolyte access can be maintained

in 3d structures at electrode scale[188][90]. CNOs, with simple synthesis, and well

defined shape, may serve the same purpose composited with graphene, or other

nanomaterials.

This chapter describes the synthesis of CNOs from nanodiamonds and their

characterisation, as a preliminary step towards the creation of CNO/CNS composite

materials for EDLCs.
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8.2 Experimental methods

CNO synthesis

2.1g of Detonation NDs (Sigma-Aldrich: 900180) with an average diameter of 5nm

were loaded in a graphite crucible into an FCT vacuum hot press. The chamber was

pumped down to 5×10−2 mbar. The temperature was increased at 10 ◦Cmin−1 to

2000 ◦C, held for 1 hour, then increased at 5 ◦Cmin−1 to 2400 ◦C. Once at maxi-

mum temperature, the chamber cooled in vacuum to near room temperature.

TEM

A JEOL 2100 FEG-TEM was used for characterisation of the CNO material. A

sample of the CNO was added to ethanol with a loading of 1 mg.ml−1 and sonicated

at 500 W for 1 hr to aid suspension. A drop of the sample solution was placed on the

TEM sample grid and the solvent allowed to evaporate. The imaging was carried

out at the Experimental Techniques Centre at Brunel University London.

CNO membrane casting and working electrode assembly

CNO material was suspended in ethanol with a loading of 1mg of carbon per 1ml

of solvent, 0.05 mg of Nafion polymer (Sigma-Aldrich: 274704) was added to each

ml of the solution to act as a binder and surfactant. A volume of solution was

deposited on a Boron-doped diamond substrate (Element Six Ltd: 145-500-0030)

on a hot plate, the evaporation of the solvent results in a CNO/Nafion cast onto

the substrate with approximately 5 % binder weight. Electrode carbon weight was

calculated as a function of the total deposited volume and the mass loading of the

solution.

Electrochemical measurements

Electrochemical characterisation was performed with a Metrohm Autolab “PG-

STAT204” potentiostat/galvanostat. An Ag/AgCl electrode with 3 M KCl dou-

ble junction (Metrohm) was used as the reference electrode, and platinum foil

(Metrohm) as a counter electrode. The electrochemical cell was filled with 1M
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H2SO4 electrolyte, common in capacitor measurements, used for its high ionic

mobility and availability. Cyclic voltammetry and galvanostatic/constant current

charge-discharge measurements were performed.

8.3 Results

A 1 mgmL−1 CNO in ethanol suspension was used to coat a sample of the particles

onto a TEM sample grid. The grid was baked at 50 ◦C for 30 min to evaporate the

solvent.

(a)

(b)

Figure 8.2: TEM images of ND derived CNOs. Several concentric layers of graphite have
formed around a solid core

The annealing causes the successful conversion of NDs into CNOs, as shown

in figures 8.2 (a) and (b), with between 4 and 9 layers of concentric graphitic graphi-
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tised shells. The material tends to form large agglomerates, figure 8.2 (a) and (b)

show the edge of 2 different agglomerations, the images are representative of the

sample as a whole. The size range of the agglomerations is between 100 nm and

1000 nm, although the upper size limit is not easy to measure, as the material will

tend to collect by surface tension during drying. The edges were imaged to better

resolve the graphitised layers and the extent of the conversion. The core structure of

each particle is unconverted diamond phase carbon, as graphitisation of NDs occurs

from the outside in [189].

Complete conversion of CNOs to graphitic carbon has been demonstrated in

literature; using thermal annealing at lower temperatures than used here [190]. So

the incomplete conversion of this sample is notable. This is likely to increase the

resistance of the material, based on the work by Gogotsi et al. [184]. Although the

temperatures used in this study are well above that for the maximum conductivity

material in the Gogotsi work, the critical factor is almost certainly the degree of

graphitisation.

The CNO/Nafion membranes, after casting onto the boron doped diamond col-

lector substrates were characterised with electrochemical techniques. For more in-

formation on the electrochemical characteristics of the diamond substrates, please

refer to chapter 6. The substrate was connected to the cell using gold wire and silver

epoxy (Sigma Aldrich: 735825). Cyclic voltammetry was performed between 0 V

to 1 V at scan rates from 0.02 Vs−1 to 0.1 Vs−1. In an ideal capacitor or ultraca-

pacitor, the current response is linearly proportional to the scan rate.

By normalising each cyclic voltammetry cycle by the scan rate during that

cycle, the y-axis units are converted to capacitance.

The normalised scan rate data shown in figure 8.4 shows the proportionality

of the electrodes capacitative current to scan rate. Unlike the CNS electrodes mea-

sured in chapter 7 there is a considerable reduction of the capacitance as scan rate

increases. The maximum capacitance, obtained on the 0.02 Vs−1 is approximately

44.0±0.4 mF, based on averaging the value over the full working voltage of the

sensor. At 0.1 Vs−1, the value has decreased by circa 28% to 32.0±0.3 mF. The
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Figure 8.3: Cyclic voltammetry scans between 0 V to 1 V at scan rates from 0.02 Vs−1 to
0.1 Vs−1, each plotted cycle is the current (A) vs applied potential (V) for the 3rd cycle

from a sequence of cycles at that scan rate.

Figure 8.4: Scan rate normalised CV cycles from 0.02 Vs−1 to 0.1 Vs−1 each plotted
cycle is the current(A)

Scan rate()Vs−1 ) (F) vs applied potential (V) for the 3rd cycle from a sequence of
cycles at that scan rate.

electrode weight measured was 3.3±0.2 mg based on the deposited solution vol-

ume and average of 3 weighings. The specific capacitance is 15 Fg−1 as calculated

in equation 8.1.
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Specific capacitance =
44 mF
3.3 mg

= 13.3±0.2Fg−1 (8.1)

The shallow ramp of the response current/capacitance on figure 8.4 represents

the drop in capacitance; it is indicative of an impedance to charge carriers moving in

and out of the electrode. Another possible cause is significant electrode resistance.

A galvanostatic charge-discharge measurement can quantify the equivalent series

resistance of the electrode. The measurement consists of charging and discharging

at a fixed current rate between the voltage limits of the device. At the inflection

point where current changes direction, the ESR manifests as a voltage drop, as the

solution equivalent resistance acts as a series resistor with the circuit [91].

Figure 8.5: Galvanostatic charge discharge: 3 charge and discharge cycles at a constant
current of 0.003 A, from 0 V to 1 V on a CNO/nafion composite electrode.

Two data points either side of an inflection point are marked on figure 8.4, the

voltage drop is 0.12±1% V. By dividing by the change in current, 2 x 0.003±1% A,

the ESR of the cell can be calculated as approximately 20 Ω as shown in equation

8.2.
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ESR =
0.12 V
0.006 A

= 20.00±0.26Ω (8.2)

A typical activated carbon ultracapacitor electrode has an ESR of approxi-

mately 1 Ω [191]. A low ESR is important as the ESR limits the power density

of a device, and rapidly reduces efficiency at faster charging rates. Whilst an em-

pirical calculation of CNS electrode ESR has not been made, it is evident from

comparison with the data presented in chapter 6 figure 7.3, that the ESR is signif-

icantly lower based on the superior capacitance retention at increasing scan rates.

The cause of the significant electrode resistance one, or both, of two possible causes.

1: The electrolyte mobility is severely hindered to the electrode. This could poten-

tially be the Nafion polymer, although there are examples of higher rate electrodes,

in the kHz which have a higher proportion of Nafion than in this study and better

capacitance retention [192]. CNOs have been demonstrated as having good rate

performance, based on their simple closed structure, with a well defined and easily

accessible surface area by Gogotsi et al. However, in the Gogotski work the elec-

trode is certainly significantly lighter based on the capacitance measurements (the

weights are not given), on the order of 100 µF compared to 50 mF in this study.

Perhaps the scaling of CNO electrodes is particularly poor, with a significant diffi-

culty for electrolyte access as depth increases. The agglomerates imaged in figure

8.2 may also be bonded together by cross graphitisation, partially screening a sub-

stantial portion of the material and slowing the electrolyte ion transport. 2: The

percolation of electronic conduction through the CNO electrode may be particu-

larly poor, hindered by intervening Nafion polymer, which is ionically conductive

but not electrically conductive. The resulting network may exhibit a voltage drop,

which has a more significant effect at higher current and scan rate. The significance

of electrode geometry and construction method are discussed in 7, and further ev-

ident in this chapter given the significant range of different results in the literature

working with CNOs and similar methodology.

The specific capacitance calculated for CNO at 0.02 Vs−1 where the response
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was a well defined rectangular shape, is of a similar magnitude to that calculated

for “pristine” CNO by Yang Gao et al. [94].

8.4 Conclusion
Thermal annealing of detonation nano-diamonds into carbon nano-onions is demon-

strated. Although the likely presence of solid diamond cores is usually associated

with conversion at lower temperatures than used here [193]. The capacitative per-

formance is as expected based on the literature on inactivated CNO. The bulk elec-

trode series resistance of CNOs is higher than comparable commercial materials

and is a barrier to high power performance. CNOs have shown considerable poten-

tial for improvement in performance by activation with KOH and other processes in

literature [171][94]. Activation and etching processes may also result in better per-

colation by producing higher aspect ratio carbon materials like graphene flakes on

the CNO structures, and even helping to break down agglomerates in the material.

An alternative or parallel strategy is to use the advantages of the CNO morphology

to improve the performance of another material. Preliminary work on mixing CNO

with CNS was presented in chapter 6, figure 6.3. The long range order and connec-

tivity of CNS can improve bulk conductivity and ESR of CNO, and the CNO may

act to enhance the effective double layer surface area of CNS by preventing stack-

ing. There are similar strategies being pursued with graphene flakes interleaved

with CNT fibres or other nanomaterials.



Chapter 9

Results: Diamond oxygen sensors

9.1 Introduction

This chapter presents work on the fabrication and testing of a Pt nanoparticle on

boron diamond microelectrode array as an amperometric oxygen reduction sensor.

This is the first demonstration of a device with this architecture in this application.

A custom electrochemical cell for flat 1 sided electrodes was designed and built

at low cost with standard workshop tools and ubiquitous laboratory glassware. A

new electrochemical capability was created for this lab, and the design has been

used in subsequent work in the research group, including on diamond mercury

sensing devices [194], and ongoing work on diamond solution gate field-effect-

transistors. The instructions and CAD files will be made available on the APPRO-

PEDIA open source lab project, found at https://www.appropedia.org/

Open-source_Lab.

Boron-doped diamond samples (Element 6) were functionalised with platinum

nanoparticles in order to provide an enhanced electrocatalytic response. Microelec-

trode arrays were fabricated by selective passivation of Pt coated samples with SU8

resist, producing a microelectrode array exposed to the analyte.

The manufacturing techniques were chosen for potential scalability, and the

applicability to planar electrodes, which could facilitate incorporation with low

cost/robust devices. By using boron-doped diamond substrates as opposed to grow-

https://www.appropedia.org/Open-source_Lab
https://www.appropedia.org/Open-source_Lab
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ing a conductive layer on top of intrinsic substrates, electrical contact can be easily

made to the microelectrode array. The device was tested as an amperometric oxy-

gen sensing electrode. A potential step signal drives the reduction of oxygen at

the measurement electrode; the reduction current is measured and used as a met-

ric for dissolved oxygen concentration. The sensitivity to dissolved oxygen was

demonstrated, calibration measurements for the sensor were performed, and its ca-

pability as an oxygen sensor evaluated. Short term lifecycle testing was performed

to characterise sensor stability. Additionally, a comparison between the pt nanopar-

ticle microdisc array device and a boron diamond band electrode device was per-

formed. The band electrode device consisted of an SU-8 masked boron-doped dia-

mond growth layer on an intrinsic diamond substrate, originally designed for work

on diamond ISFETs [195].

9.1.1 Diamond microelectrodes

Studies show the usage of boron diamond materials as oxygen sensing elements, re-

viewed in chapter 4. The capability of boron diamond surfaces to reduce oxygen is

theorised to be heavily dependant on the presence of sp2 carbon surface impurities

[196]. A boron diamond surface which is free of non-diamond carbon is considered

“catalytically inert” [133]. The oxygen reduction reaction is an inner sphere elec-

tron transfer process, requiring a catalytic binding site to facilitate electron transfer

[197]. Therefore a diamond with no sp2 or non-diamond carbon content should

not cause oxygen reduction at reasonable potentials. Amperometric boron diamond

oxygen sensors will generally utilise functionalisation or coating with metals in or-

der to boost the electrocatalytic effect of the electrodes, while attempting to leverage

the excellent physical properties of diamond [123].

Microelectrodes, with at least one dimension on the low micrometre scale,

are considered to have potentially changed electrochemical science more than any

other innovation. “These devices have extended electrochemical methodology into

broad new domains of space, time, chemical medium, and methodology”, Allen J

Bard 1980. [108]. The behaviour of micro scale electrodes of various geometries

is discussed in chapter 4. In the case of polargraphic sensors, the benefits of mi-
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croelectrodes are numerous. Firstly, to enable the rapid establishment of a stable

steady-state current during a measurement. Measurements can be performed using

a simple potential step voltammetric driving signal. This is beneficial for real world

applications as the driving signal requires less sophisticated circuitry. The response

is less susceptible to turbulence and diffusion in the measurement environment, as

the thickness of the electrode diffusion layer is much smaller. The measurement

current is also significantly reduced, so IR drop in the substrate and contacts is less

significant. It is also possible to reference voltage against a reference electrode,

without a counter electrode, potentially enabling a further simplified design for cer-

tain applications [111].

Microelectrodes can be manufactured in a number of ways. Early microelec-

trodes were made by melting closed the end of a glass tube around a micro-thickness

metal wire. The end of the tube could then be polished flat to produce a metal mi-

crodisc inlaid into the flat glass surface [198]. The steps of the process are shown

in figure 9.1.

Figure 9.1: Microdisc electrode made by melting a metal wire into a glass tube[198].

Microelectrodes may also be manufactured by masking or passivation with in-

sulating layers of conductive materials using lithography, leaving exposed a micro-

electrode or electrode array [126]. Such a microelectrode array device, made out of

conductive silicon, has been modified to produce a boron diamond microelectrode
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array, by Kang et al. in 2006, and investigated for sensor applications [124].

In this study, a masking process using SU8 is being investigated for use as

a permanent mask to produce a microelectrode array on conductive boron-doped

diamond electrodes.

SU-8 is a photo-resist used in semiconductor research, microfluidics, and Mi-

cro electrical mechanical systems (MEMS). It is often chosen in applications re-

quiring durable features with good chemical compatibility and high aspect ratio

geometry [199]. It can also be processed using more readily available facilities than

a traditional cleanroom, making it an attractive material for low cost and simple

sensors [200].

The resulting structure is a recessed microdisc electrode array, as the SU8

forms a layer on top of the diamond, with the patterned holes forming channels

down to the conductive substrate.

9.1.2 Current at a recessed microdisc

The relationship between current and electrode geometry was discussed in section

4.2.3, with a selection of notable electrode geometries described, and the effects

of micro sized electrodes considered. The equation for the steady state current at

a microdisc electrode, repeated here, 9.1, describes the steady-state current that

should evolve at a microdisc electrode of radius r0.

iss = 4nFDoC0
or (9.1)

Equation 4.7, applies for the microdisc, also known as an inlaid disc electrode,

where the electrode surface is “in-plane” with the surrounding surface. In the case

where the electrode is lower than the surface, at the bottom of a well or channel, the

equation needs modification. This can be understood by considering that at a disc

electrode at infinite depth in a well, the edge effect would not be significant. An

analytically modelled approach, where the mouth of the channel is considered to

have uniform analyte concentration, which linearly diffuses to the electrode, results
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in equation 9.2 [198]. This has been shown to hold well for deep recesses, where

depth is greater than radius, but is less accurate for shallow recesses. The shallow

recess problem has been approached by simulation, and a parameter fitting for good

accuracy at shallow recessed microdiscs results in equation 9.3 [201].
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(9.3)

A study comparing experimental data to equations 9.2 and 9.3 shows each

equation is accurate in the respective domain [202][203].

9.2 Experimental methods

Sample fabrication

Boron doped polycrystaline diamond electrodes with a dopant density of 2-8 x1020

boron atoms / cm3, were purchased from Element Six. Prior to processing, sam-

ples were cleaned by sonication in acetone and then isopropanol alcohol to remove

contaminants.

Diamond electrode samples were coated with platinum using an Edwards A500

– FL500 Electron Beam Evaporator. The thickness is determined by a quartz crystal

microbalance. A 4 nm Pt film was deposited using this process.

The sample and film was then annealed in a Solaris 150 rapid thermal proces-

sor in order to cause the dewetting of the Pt film and the formation of nano-particles.

Solid state metal film dewetting is a well researched process, used commonly for

electrocatalyst production and carbon nanotube growth [204]. The thermal anneal-

ing profile was a 10 ◦Cs−1 ramp up to 700 ◦C, where it held temperature for 300 s,
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followed by cooling at a maximum of 10 ◦Cs−1 to near room temperature.

Recessed microdisc electrode arrays were created on the platinum modified

samples using photolithography to produce a passivation layer. The photolithogra-

phy process is detailed as follows.

Photolithography steps

1. Degrease sample using acetone, then iospropanol.

2. Clean and dry with N2 gas flow.

3. bake at 115 ◦C for 1200 s to dehydrate sample surface.

4. Mount to spin coater vacuum chuck.

5. Deposit 3ml of SU-8 3025 photoresist.

6. Run spin coat protocol:

7. Bake sample at 60 ◦C for 60 s, then 95 ◦C for 540 s.

8. Mount to vacuum chuck in Karl Suss MJB3 Mask Aligner, and align sam-

ple and mask, schematically shown in figure 9.2. Engage mask contact and

expose sample for 2.0 s. UV light intensity is 20.3 mWcm−2. This short

exposure time was found to give the optimal results with this feature size.

9. Bake sample at 60 ◦C for 60 s, then at 95 ◦C for 270 s. This cross-links the

exposed SU-8 rendering it insoluble.

10. Develop the sample in “EC” solvent for 300 s, followed by rinsing in iso-

propanol for 120 s, and then DI water for 120 s.
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11. Bake sample to finally cure the fixed SU-8, ramp temperature at 0.25 ◦Cs−1

for 600 s to 150 ◦C, hold for 600 s, allow to cool to room temperature.

The resulting layer thickness is 10±1 µm, based on an average of 5 measur-

ments with a DektakXT surface profiler. The mask, figure 9.2, features a circular

array of 10 µm diameter circular features. A central feature is surrounded by 4

concentric rings of features at 1 mm radius intervals, each ring has 8 hole features

spaced evenly around its radius, resulting in 33 micro hole features.
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Electrochemical measurements

The experimental electrodes were used to make dissolved oxygen measurements

with a Metrohm Autolab “PGSTAT20” potentiostat/galvanostat. An Ag/AgCl elec-

trode (Metrohm) with 3 M KCl double junction was used as a reference electrode.

A platinum foil electrode (Metrohm) was used as a counter electrode. All voltages

quoted are vs the Ag/AgCl reference electrode. The control software was Metrohm

NOVA 2.1.

Potential step voltammetry was performed at the working electrodes. A poten-

tial step of 0.8 V is used for the measurement step, followed by a cleaning step of

0.2 V. The current flowing through the working electrode is recorded every 0.1 s.

A Python3 script was used to add Unix timestamp information to the data from

the NOVA software as it was outputted, which was required for comparing and

combining the data with output from other instruments.

Optical oxygen measurements

Measurements made with the experimental electrodes have to be compared with

a known calibration measurement of the solution. Control oxygen measurements

were performed with a Pyroscience ’FireStingGO2’ optical oxygen meter, with tem-

perature compensation using a probe. Optical oxygen measurements operate on the

principal of quenching of Fluorescent dyes[205]. A fluorescent dye coated on to

the end of a fibre optic probe is excited by a pulse from the sensor instrument, this

results in a fluorescent response from the dye, the intensity of which is related to the

oxygen concentration in the environment. The instrument measures the intensity of

the fluorescence and converts this to a concentration measurement.

The oxygen concentration was logged with a sampling interval of 1 second

with an absolute timestamp for each data point. The FireStingGO2 time was syn-

chronised with the computer clock time for the computer, which is controlling the

electrochemical instrument connected to the cell. This ensures sub 16 ms synchro-

nisation between clocks, which was verified with 120 fps video of the clocks in

frame together.
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Sensor calibration

To investigate the response of the electrochemical sensor, the target analyte must

be precisely controlled, or suitable calibration standards used. The dissolved gas in

a volume of de-ionised water is controlled by purging with a controlled gas mix-

ture. The setup consists of 2 mass flow controllers and an MKS instruments multi-

channel readout/ power supply. A mixture of nitrogen and oxygen was pumped into

a gas dispersing element, or “sparger”, in the test cell liquid, the proportion of gas

in the mixture is controlled by the mass flow controllers. The gas dissolved in the

test cell water is displaced by the gas mixture being bubbled through the volume,

and so the oxygen content in the water can be controlled by controlling the MFC

flow rates.

Data processing

The equipment as listed is not sufficient for analysing the data in the necessary way

to produce calibration data. An additional piece of software was written in order to

combine datasets from the ’FireStingGO2’ meter and the Metrohm ’PGSTAT204’

hardware. In particular, time synchronisation of the datasets is not possible with the

stock software, and calibration curves require combining the datasets using interpo-

lation of the control oxygen concentration measurements. The necessary code was

written in Python3.

9.2.1 Custom designed and built electrochemical cell

The experimental electrodes are designed to be electrically contacted on the back

face, and have a distinct wet side, and dry side. This has certain advantages when

considering packaging as the bulk substrate can be employed as a pressure bound-

ary and seal. However, for laboratory analysis, packaging of the electrodes was

not practical, and so an electrochemical cell is required that is compatible with

back contacted planar electrodes. Glassware from a typical vacuum filtration as-

sembly was repurposed for use as an electrochemical flat cell, using custom parts.

Parts were designed in Autodesk Fusion 360. A Universal Laser Systems laser cut-
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ter was used to cut the parts out of Polypropylene sheets of appropriate thickness.

Polypropylene was chosen due to its excellent chemical resistance and compatibil-

ity, which make it well suited to a wide variety of electrochemical experiments. A

few iterations of the assembly were tested before the final design was built. The

design uses Viton O rings to seal the polypropylene parts against the glass and the

experimental electrode. M5 threaded steel rod provided the structure and fastening

system for the cell, whilst allowing simple assembly and disassembly for mounting

samples. A tap set was used to cut threads into some of the parts where needed.

There are a number of optimisations worth noting, that can be seen in the plans

in figures 9.4 and 9.5, which show the assembled cell, and an exploded view and

cross-section. In one initial version, the optical oxygen probe was routed through

the lid of the cell. This resulted in a lag between the experimental electrode response

and the oxygen content of the cell changing, as they were located at different depths

in the solution. This would have been sufficient for fixed oxygen concentrations in

the cell, but waiting for equilibration of the dissolved gasses in the cell for multiple

data points was time prohibitive. In order to mount the probe in the same place,

or a similar place, as the experimental electrode, a significant design iteration was

required. The cell features a coupling plate reducer, which connects the large aper-

ture of the cell onto the smaller experimental electrode. The coupling plate was

redesigned to include 2 holes, one for the experimental sample and one for a modi-

fied optical probe. Figure 9.6 shows the final design of this component. A new part,

the “Electrode and probe mounting plate” shown in figure 9.7, lifts the bottom of

the cell up to allow for a sufficient radius of curvature for the fibre optic probe to

curve out of the cell. It also has a recess, cut with a mill using a Faustner bit, to

incorporate the modified optical sensor, a “Robust Oxygen Probe” (manufacture by

Pyroscience). A collar piece, which fits into the mounting plate recess, is precisely

machined to press fit onto the steel barrel of the oxygen probe.

Once assembled, the optical probe and experimental electrode have radial sym-

metry, equal depth, and equivalent geometry in the cell. The coupling plate also

features a chamfer on the sides of the sample wells. This reduces the aspect ratio



154 Chapter 9. Results: Diamond oxygen sensors

Figure 9.3: Photographs of the custom electrochemical cell. LEFT: showing positioning
and symmetry of the optical probe and the sample. The fibre optic can be seen passing out
of the bottom of the cell. RIGHT: the cell set up for mearurements with electrodes and gas

disperser mounted in the lid.

of the channel in the holes, in order to improve the flow dynamics in the cell and

reduce stagnation of the liquid in contact with the sensor and optical probe. This

was cut with a countersink drill bit and a mill, to provide accurate drilling depth and

positioning of each countersink.

Figure 9.3 presents photographs of the cell set up for measurements. Figure

9.4 shows the assembly of the cell in CAD parts, with a cross-section.
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Figure 9.4: Electrochemical flat cell, showing the full assembly of the cell. Including
copper tape which provides the back contact to the experimental electrode, and Viton O

rings which seal the various interfaces of the cell. Units in mm.
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Figure 9.7: Mounting Plate: detail view of the mounting plate, where the experimental electrode and the modified optical probe are fixed in the cell.
The mounting plate features a 1.55mm recess which receives the Oxygen probe collar, and results in the height of the oxygen probe and the

experimental electrode being equal.
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Figure 9.8: Modified Oxygen Probe: Pyroscience probe and the press fit probe collar part which is compatible with the cell mounting plate. Units in
mm.
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The custom designed and built electrochemical cell was used to mount the

experimental electrodes, expose the wet face to the solution and make electrical

contact with the rear face of the samples. The cell mounts the experimental elec-

trodes and the optical oxygen sensor probe in geometrically similar and symmetric

locations, in order to cancel out the effects of oxygen concentrations gradients in the

cell, which would reduce the accuracy of the control measurements. The oxygen

content of the liquid was controlled by gas mixture sparging as discussed.

The measurement scheme used with the experimental electrodes generally con-

sists of a measurement pulse, followed by a cleaning pulse at an opposing polarity.

The cleaning pulse is used to counteract the effects of poisoning of the platinum

electrode over time by heavy metals and other contaminants, which are electro-

plated during the oxygen reduction reaction [116] [206]. This has been used in re-

lated sensor work using platinum nanoparticles as well, although a demonstration of

its efficacy in maintaining a stable response over a long time period is challenging,

due to the wide parameter space and and difficulty of isolating factors contributing

to sensor drift [111].

9.3 Results

An image of the manufactured sensor electrode is shown in figure 9.9. Small mis-

alignment on the left side of the substrate does not impact measurements as it falls

outside of the wet face formed by the O ring in the electrochemical cell.

Magnified images can be seen in figures 9.10 and 9.11. Figure 9.10b shows

a microscope measurement of the diameter of one of SU-8 holes, it measures

10.9±0.2 µm at the top of the hole. Figure 9.11 presents a scratch like feature

on the SU-8 film located near the central hole. It is important that the surface area

of the electrode is not increased by missing or damaged areas of the SU-8 layer. By

moving the focus of the microscope through the layer, it can be seen that the scratch

is superficial, and the underlying diamond is not exposed to the solution. This is

representative of all the imaged defects on the sample. The microscope images re-

veal the presence of cracking in the SU-8 film, particularly in figure 9.10b. The
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Figure 9.9: An array of Pt-nanoparticle-on-diamond disc microelectrodes, formed from
holes in an SU-8 passivation layer on top of the Pt covered boron doped diamond,

produced using UV photolithography, digital camera image.

small size of the features results in a high stress in the layer, which results in the

cracks forming most probably as the sample cools and contracts after baking. They

appear to be fairly consistent across the range of the microelectrodes, as shown in

figure 9.10a. It is difficult to tell how deep the cracks go, but it seems probable that

they are surface or shallow features based on the higher magnification images in the

figures in 9.11.

Figure 9.12a and 9.12b present measurements of the diameter of the discs of

exposed diamond, with the microscope focused on the surface of the diamond. A

range of measurements gives an electrode size range between 5.5943±0.6460 µm

and 6.630±0.293 µm. The feature size being smaller than the masks 10 µm features

is normal for negative resists. Light can scatter, diffract, or reflect of the sample,

and cause cross-linking and fixing of extra photoresist.

The experimental electrode was mounted in the custom test cell along with the

optical oxygen probe for control measurements. Testing and calibration measure-
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(a) 5 X. The centre microdisc and several of
the first ring of microdiscs are visible.

(b) 20 X. a measurement of the disc radius
of 10.9 µm is annotated.

Figure 9.10: Higher magnification microscope images of the sensor face.

(a) The SU-8 is in focus, the damage to the
surface can be seen to be superficial, and

still provides passivation of the underlying
diamond.

(b) The focal plane is in line with the
diamond substrate, seeing through the

transparent SU-8 passivation layer.

Figure 9.11: 25 X Magnified microscope image of sensor surface, showing the central
microdisc and an adjacent scratch like feature in the SU-8.

ments were performed. A photograph of the sensor shown in figure 9.13 shows the

cell O ring in position on the electrode, 25 electrodes will be exposed to the cell in

this configuration.
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(a) (b)

Figure 9.12: Magnified microscope images of the sensor surface, measurements of the
diameter of the exposed microdiscs are annotated on the image. The error is the standard

deviation of 4 measurements made at different angles, 95% confidence interval.

Figure 9.13: The sensor elecrode with the O ring used for mounting in the cell shown in
position, to determine the number of microdiscs in the cell, 25.
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Figure 9.14:

• (1) A single measurement pulse/cleaning cycle, current at the experimental electrode (A, BLUE points), and the cell oxygen concentration (mg/L,
RED dashed) vs time (s).

• (2) Potential square wave showing 1 measurement and cleaning cycle.
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Figure 9.15: A single measurement pulse, conducted by potential step measurement from 0 to -0.8 V at the working electrode. Current at the
experimental electrode (A, BLUE points), and the cell oxygen concentration (mg/L, RED dashed) vs time (s). The stabilised current, which is used as

the metric for oxygen concentration, is annotated at 49.5 nA.
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Figure 9.16: The stabilised current at the experimental electrode (A) (final current value from measurement pulse, BLUE points) vs time (s), and the
cell oxygen concentration measured by the optical oxygen probe (mg/L) (RED Dashed)
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Figure 9.14 shows 1 measurement cycle with an experimental electrode in

DI water with a constant oxygen concentration. The working electrode current is

shown in blue, and the control measurement of the cell oxygen from the optical

probe is shown in red-dashed. An initial measurement pulse of 50 seconds at -0.8 V

is followed by the cleaning step of 3 seconds at 0.2 V. The initial response is char-

acteristic of the Cottrell equation, the current appears to approach a near constant

value at high t.

Figure 9.16 shows the data from an O2 sweep measurement, in which the

dissolved oxygen concentration is increased over time, the stabilised reduction

current (the final current for a particular measurement pulse) is plotted against

the same axis. It is clear that the stabilised current is increasing approximately

proportionately with O2 concentration. In order to investigate the relationship be-

tween stabilised current and O2 concentration, comparing the values directly is

required. A graph of sensor reading, in this case stabilised current, against pa-

rameter value, dissolved oxygen concentration, results in the calibration curve for

the sensor, shown in figure 9.17. The equation for the calibration line, rearranged

into the signal conversion equation, or “inverse regression” is shown in equation 9.4.

Oxygen concentration(mg/L) =
Signal current(nA)−52.53±0.53

4.71±0.11
(9.4)

The fit has reasonable linearity, with an R2 value of 0.991. Due to the significant

background current, represented by the intercept value on the calibration plot, the

error increases significantly for low values of oxygen concentration, and the accu-

racy of the sensor is significantly dependant on oxygen concentration. The stan-

dard error is better than 5% above 2.5 mg/L of oxygen, and better than 3% above

6.5mg/L, by propagation of the errors on the sensor measurement, and fit parame-

ters. At low oxygen concentrations below 5 mgL−1, there is a noticeable deviation

from linearity. The methodology of the calibration process included a period of con-

tinuous measurement in the oxygen purged conditions in the cell, this can be seen

at early t on figure 9.16 below 3000 seconds. The sensor experiences some drift
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in this period. A critical characteristic of a chemical sensor is stability over time.

By looking at the trend in sensor output over time when taking measurements at a

stabilised oxygen concentration, drift in the sensor reading can be measured. Figure

9.18 shows the results of a lifecycle testing measurement, measurement cycles were

conducted continuously over 3.5 hours. The stabilised sensor current increased by

circa 90%, which represents a significant shift in the calibration of the sensor.
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Figure 9.17: Calibration curve for the Pt-nanoparticle-on-diamond microelectrode array. The line of best fit, based on a minimisation of the sum of
squared errors, allows for conversion from sensor reading to analyte measurement.
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Figure 9.18: A subset of measurement pulses at the start and end of a 3.5 hour continuous measurement run at a maintained oxygen concentration on
the microelectrode array sample.
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In diagnosing the causes of the sensor drift, it is informative to consider the

predictions made for stabilised current at microelectrodes, discussed in section 4.2,

and extended to recessed electrodes in this chapter. If the reduction reaction at the

electrode is diffusion rate limited, and the electrodes have the defined geometry,

the initial current should be described by the Cottrell equation, with the possible

addition of a capacitative double layer current at short time. Over time a steady

state current should evolve, which is proportional to oxygen concentration. This

steady-state current should be larger than predicted by the Cottrell equation for a

given elapsed time. Figure 9.19 is a current vs 1√
t plot. This is a rectification of

the Cottrell equation to produce a linear plot. At early t (to the right of the plot),

the current is somewhat Cottrell like, with a reasonable fit to a line. An inflection

point is marked at the point when the current significantly diverges from Cottrell

behaviour. Although the inflection point is indistinct, the direction of the divergence

is clearly toward lower, and more rapidly decreasing than Cottrell current. This is

counter to the prediction for diffusion-limited reactions at electrodes of any size.

This suggests that the reaction at the electrode may be somewhat kinetically limited.

Figure 9.19: Cottrell plot, current (nA) vs 1√
t (s) for a -0.8 V potential square wave at the

microdisc array electrode, at an oxygen concentration 2.75 mg/L.

For comparison, the same measurements were made with an alternative di-

amond electrode sensor, designed as a diamond ion sensitive FET device [195].
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The device features a circular band electrode of conductive boron-doped diamond,

which was used as the working electrode in the cell. A Cottrell plot for this electrode

with the same applied potential step and oxygen concentration is shown presented

in figure 9.20. The adherence to linear Cottrellian behaviour at early t is visible,

and better then the microelectrode array device shown in figure 9.19. The current

then diverges from the Cottrellian behaviour in the direction predicted by the theory,

with the current starting to stabilise at a minimum value which dominates over the

Cottrell current as time progresses. This stabilisation is due either to the discussed

steady state microelectrode current, or to the establishment of a large diffusion field

with diffusion enhanced by convection and mixing in the cell. This electrode has a

significantly larger surface area than the microelectrode array, so the latter explana-

tion is most probable.

Figure 9.20: Cottrell plot, current (nA) vs 1√
t (s) for a -0.8 V potential square wave at a

boron doped diamond ring electrode, at an oxygen concentration 2.75 mg/L.

The recreation of the result presented in figure 9.20 with the same electrochem-

ical setup and conditions corroborates the hypothesis that the microelectrode array

sample is not operating entirely in the diffusion limited regime. This also offers one

possible explanation of the shift in sensor response measured in figure 9.18. If the

reaction rate is partially kinetically limited, changes in pH of the solution may affect

the reaction rate. Over the course of the experiment, CO2 may dissolve in the water
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in the electrochemical cell and result in the formation of H2CO3(aq), which can dis-

sociate and lower the pH. The protons can enable additional pathways for oxygen

reduction, discussed in section 4.2.1, increasing current over time, as in figure 9.18.

Also, the Cottrell plot in figure 9.21, for the microelectrode array at a higher

oxygen concentration of 38.9 mg/L provides evidence for an alternative or addi-

tional explanation. The strength of the linear correlation is high, with an R2 value of

0.999. This suggests that the behaviour is Cottrellian for higher oxygen concentra-

tions. It may be that the oxygen reduction reaction is rapid and diffusion limited, but

that an additional reduction process is taking place which is increasing background

current. This process would be less significant at higher oxygen concentrations,

as the rapid oxygen reduction could dominate, resulting in the behaviour in figure

9.21. Some possible candidates for reduction processes: leftover functional groups

from cleaning steps in the manufacture of the diamond, reduction of compounds

formed from oxidation of sp2 and non-diamond carbon in the cleaning step of the

measurement cycle.

Figure 9.21 also highlights the long time frame for Cottrell like behaviour,

with stabilisation of the current indicated by deviation occurring at high t. This

is uncharacteristic of microelectrode geometries, on which stabilisation has been

shown to occur on the order of 5 s or less [198][111]. This suggests that a larger

electrode area is exposed to the cell than predicted by the electrode structure. A

formula for calculating the theoretical sensitivity in Amol−1 is shown in equation

9.5 for a single recessed disc, which is derived from rearranging equations 9.1 and

9.2.

T heoretical sensitivity = 4nFDor

(
π

4 l
r +π

)
(9.5)

Where Do is 2.11×10−9 m2 s−1 [207], r is the average disc radius of

6.11±0.35 µm, F is Faradays constant 96485.33212 Cmol−1[149], n = 4 for the 4

electron transfer oxygen reduction reaction, l, the well depth is = 10±1 µm.
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The result, circa 1.92±0.23 nAmg−1 L for 25 exposed electrodes and con-

verted to mgL−1, is smaller than the measured 4.71±0.10 nAmg−1 L sensitivity

of the electrode. The electrode must, therefore, have a larger surface area than by

design, through some defect or degradation of the SU-8 passivation.

Figure 9.21: “Cottrell plot” of current (nA) vs 1√
t (s) for a -0.8 V potential square wave at

the microdisc array electrode, at a high oxygen concentration 38.9 mg/L.

9.4 Conclusion
A Pt-nanoparticle-on-diamond microdisc array dissolved oxygen sensing electrode,

formed using SU-8 photoresist for passivation has been demonstrated for the first

time. The linear sensitivity of the device to oxygen over a wide range from 5 to

25 mg/L has been demonstrated using a custom designed and built electrochemical

cell, and new code for data combination and analysis.

A significant background current was measured, which limits the accuracy of

the sensor at low concentrations below 2.5 mgL−1. The presence of other faradaic

reactions at the electrode has been determined, through Cottrellian analysis of the

potential step amperometric measurements, which will contribute to background

current. These measurements demonstrated that the active surface area of the elec-

trode is larger than calculated from the design of the array and microscope measure-

ments of the electrode sizes. This is corroborated based on the theoretical derivation



9.4. Conclusion 175

of the sensitivity of the device, which is less than the calculated value from experi-

mental data. Possible flaws in the SU-8 resist layer, or degradation as measurements

progressed, may have resulted in the increased current response. A measurement

of electrode surface area could be performed using cyclic voltammetry of a suitable

electrolyte, and analysis of the double layer capacitance.

The sensitivity of the device is of a comparible magnitude to other microelec-

trode amperometric dissolved oxygen sensors when normalised by detector surface

area. The sensitivity of a sensing electrode will be proportional to the electrode

surface area as long as the electrode is sufficiently micro scale. The detection limit

can be calculated by determining the minimum concentration of analyte for which

a signal to noise ratio above 3 can be achieved. In the case of the diamond mi-

croelectrode array, the sensor deviation at low concentration makes this calculation

problematic. It is more appropriate to consider the lowest specified value for this

sensor of 2.5 mg/L with 5% error when determining the detection limits, as error

significantly increases below this concentration. It is probable that a lower limit of

detection could be achieved by using a polynomial fit of the calibration data. How-

ever, given that the sensor response should be linear with oxygen concentration, in

theory and as demonstrated in related work, modifications should be made to the

sensor design before resorting to higher order fitting of calibration data. Some re-

lated studies notably omit calculations of the limit of detection, perhaps also due

to deviation at very low oxygen concentrations from fitted parameters [127]. In a

comparable study on a single platinum micro electrode, a limit of detection of 0.03

mg/L was achieved. The authors achieved a lower detection limit using a larger

microelectrode, due to the increased sensitivity, resulting in the signal increasing

to 3 x the noise value at a lower concentration of analyte [111]. The same affect

should be achievable using an array of smaller microelectrodes, to increase the total

surface area, but maintain the microelectrode advantages.

By successfully realising the benefits of microelectrodes, other sources of error

and sensor drift will be easier to investigate, the effects of convection and turbulence

will be minimised, and the time for stabilisation of the current for each measurement
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pulse will be much faster. The thickness of the resist layer in this study will cause a

decrease in sensitivity, and also corresponds to a significant measurement error on

the individual microdisc sizes. There are, therefore, multiple advantages to a flat,

inlaid microdisc array structure. This study, and the development of the associated

equipment and techniques also serve as preliminary work for a future project on

novel sensor technology. The design takes advantage of the unique properties of

diamond as a physically and chemically robust window material, as well as the

ability to selectively modify the electrical properties through doping or other means.

Using an insulating diamond material, and creating microdisc conductive features

directly on the diamond using a laser graphitisation process; a microelectrode array

device can be fabricated without a passivation layer, which may be vulnerable to

damage. Further details of the proposed sensor structure are discussed in chapter

10.



Chapter 10

Conclusions

This thesis presents work on carbon materials applied to engineering challenges

related to green energy technologies. This chapter is an overall conclusion and

discussion of suggested work to follow.

10.1 Capacitors

The first half of this thesis presents the characterisation of a novel carbon nanoma-

terial known as CNS and an application study on CNS ultracapacitor electrodes.

Chapter 6 details physical characterisation of Applied Nanostructured Solutions

LLC proprietary CNS material for the first time. SEM and TEM images reveal

a composition of MWCNT fibres of variable length and diameters between 5 nm

to 50 nm. The MWCNTs weave and branch together to form larger rope-like bun-

dles which also branch and interconnect. BET analysis was used to calculate the

specific surface area of the material, which is 264±15 m2 g−1. This is comparable

to many similar MWCNT materials, with some enhancement due to a significant

proportion of smaller diameter and wall number fibres, which have a higher surface

area to weight ratio. The properties of CNS make it a good candidate for capacitor

electrode materials, which is the subject of chapter 7. The material tends to form

contiguous electrode mats when casting from a CNS/ethanol suspension, which is

a useful behaviour for mass production of capacitor material. The material does not

easily disperse in aqueous or alcoholic solvents, with large agglomerates tending
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to precipitate out of solution in minutes after sonication. The addition of Nafion

(a proton conducting polymer binder) to the solution improves dispersion, mechan-

ical durability, and adherence to the collector substrate. A trade off with the use

of polymer binders is the potential to screen some of the active surface area of the

electrode, decrease electrolyte ion mobility and increase weight. There is significant

research activity on binder free electrodes in numerous applications [208][95][130].

The membranes were cast directly onto boron-doped diamonds which served as the

collector electrodes. The use of boron-doped diamonds for collector electrodes is

a novel approach which may allow for robust all-carbon capacitor electrodes for

harsh environments. A specific capacitance of 16.00±2.61 Fg−1 was calculated

for CNS using cyclic voltammetry measurements in H2SO4 electrolyte. By consid-

ering the Helmholtz approximation for areal double layer capacitance in aqueous

H2SO4 of 0.18 Fm−2, it suggests that a maximum of 35% of the BET surface area

of CNS is contributing the formation of a charge double layer. Rate performance of

the electrodes is maintained within 10% up to the maximum scan rate of 0.1 Vs−1.

Future work

CNS has many interesting properties which make it very promising for use in elec-

trode materials. Despite a relatively average specific capacitance performance as

prepared in this study, the parameter space for the preparation of capacitor elec-

trodes is vast, and further work should be carried out to optimise the material. CNS

should be considered on account of its pure EDLC response, long fibre intercon-

nectivity, and low cost of production for large volumes of material. There are many

applications in a hypothetical sustainable energy infrastructure where the density

performance metrics, like specific capacitance, are far less critical than the reliabil-

ity, cost, ease of manufacture, and functional lifetime of a device. For example, in

the last few years, there have been installations of significant battery energy storage

capacity. Battery banks have been built in areas with significant temporal fluctu-

ations in cost per MWh due to cyclic power output of renewables, and unreliable

generation. A 129 MWh Tesla power bank in Australia designed to bolster a strug-

gling power grid was installed in 2017 at a cost of 90 million USD. It has been
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very successful, operating at a significant profit in its first year, and is expected to

recoup costs well within its lifetime. There is a market for electrical energy storage,

even before considering the advantages of transition to sustainable energy infras-

tructure. Reaching parity in energy density with batteries is an enormous challenge,

but not a necessity for viability. If for example, only 20% of battery energy density

is achievable, but with superior functional life or cost, there will be numerous viable

applications.

To optimise materials for capacitor electrodes, a number of approaches can be

pursued. Common strategies in the literature to increase the specific surface area

of carbon materials are activation with chemical etchants and plasma treatments.

Previously discussed in the results chapter is a KMnO4 process which has been used

to unzip single wall CNTs into graphene ribbons[209]. This process may be very

effective on CNS, as it has a significant surface area within the MWCNT structure,

which will not form a charge double layer.

In order for an ultracapacitor material to scale up well for a packaged commer-

cial device, it must have a 3d structure with excellent conductivity at long range and

good electrolyte mobility. This is quite possibly the most critical characteristic for

a potential electrode material, and is also difficult to investigate experimentally, es-

pecially on many novel material systems which do not have good production yield.

As an example, consider a single graphene sheet, with an extraordinary surface

area to weight ratio its specific capacitance metric would be high. A large num-

ber of graphene sheets will rapidly start to lose effective specific surface area and

performance, eventually approximating graphite as they stack up in an electrode of

a practical size. One successfully demonstrated approach to graphene electrodes

is interleaving them with carbon nanotubes to prevent stacking of graphene flakes

and maintain ion access, either by mixing [90][210] or direct growth in a recent

work[211]. Preliminary work was presented on combining CNS and CNOs in order

to accomplish a similar effect. By incorporating CNOs into the CNS structure, the

fibres and fibre bundles could be separated by small distances to improve electrolyte

access, especially when scaling to 3d device electrodes under compression.
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This study also presented work on successfully using conductive boron dia-

mond for collector substrates in capacitor electrodes. Diamond may serve as an

excellent backbone material in all-carbon capacitor electrodes. In this study, Nafion

was used to adhere to the electrode material to the diamond. An alternative approach

could be to directly grow CNTs on to the diamond surface [212]. The perpendicular

fibres may act as a very effective bridging material to improve conduction and ad-

hesion to deposited CNS or CNS composite electrodes in a velcro-like interaction.

This all-carbon electrode would have excellent tolerance to elevated temperatures

and difficult environmental conditions, with no polymer to melt or degrade, and

essentially complete resistance to corrosion.

10.2 Oxygen sensing

The second part of this thesis, presented in Chapter 9 demonstrates a Pt-nanoparticle

on diamond microelectrode array for amperometric dissolved oxygen sensing. A

linear sensitivity to dissolved oxygen concentration was demonstrated in line with

the theoretical treatment of inlaid microdisc electrodes. There was a deviation from

linearity at low oxygen concentrations below 5 mgmL−1, this was mostly attributed

to a compounding of the methodology of the calibration measurements with sensor

drift as measurements were taken. Additionally, there is a significant background

current which significantly contributes to sensor inaccuracy at lower sensor con-

centrations. It is probable that contamination of the boron diamond electrode or

other sensor elements is contributing a faradaic background current which is evolv-

ing over time and causing background current and sensor drift. In addition, there

is evidence from Cottrelian analysis that the sensor electrodes have a higher sur-

face area than calculated based on the specification and images of the passivation

layer. The sensor drift could also be the progressive breakdown of the passivation

layer, at the stressed high aspect ratio micro-holes, or elsewhere. Evidence was also

found for the electrode operating in somewhat reaction kinetic limiting conditions.

A comparison of the sensor electrode with an alternative device which also featured

Su-8 passivation, but no Pt functionalisation, may point to a lack of ohmic contact



10.2. Oxygen sensing 181

between the Pt nanoparticles and the diamond.

Future work

Microelectrode array sensors on diamond have been demonstrated in this work, for

potential applications in extreme environments. The capability of highly boron-

doped diamond to reduce dissolved has been discussed in studies, and it is recog-

nised that the presence of non-diamond carbon is necessary to catalyse the oxygen

reduction reaction [213]. Highly doped boron tends to incorporate non-diamond

carbon at grain boundaries during growth, which explains the excellent capability

of the boron diamond only sensing device tested in this work to reduce oxygen

[214]. The boron electrode design confers another advantage for certain applica-

tions in that it can be back contacted. A boron diamond electrode could be used as

a pressure boundary for sensing in a high-pressure and high-temperature environ-

ment, without a need for metal contacts on the front and sides of the device which

might be fragile and vulnerable to corrosion. However, to take advantage of micro-

electrodes, the material needs to be passivated in some way, which adds complexity

and vulnerability to the design.

An alternative approach is currently being pursued as part of a significant in-

dustrial collaboration with BAE Systems Maritime Ltd. A project proposal was

co-authored, which presented an approach to integrated sensing in harsh environ-

ments. It builds on work conducted in the Diamond Electronics Group on sensing,

including the work presented in this thesis. The 24-month and £842,000 project is

titled “Diamond sensors for harsh environments: BoltSens” and was contracted in

early 2019.

The sensor structure is built on an intrinsic polycrystalline disc substrate,

stronger than typical boron nanocrystalline materials. Electrical back face contacts

are created by using a laser which is focused from the top face to the back face

of the disc. The laser causes graphitisation of the diamond, creating a conductive

channel. The channels can be back contacted to connect to features on the sur-

faces. Microelectrodes on a conductive diamond substrate are all part of a single

compound electrode. By using an intrinsic diamond, multiple independent elec-
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trode features can be created on the surface to enable electrochemical measurements

on the single disc substrate. Microelectrodes can be created by laser graphitising

micro-sized conductive features on the surface. The diamond, which remains intact,

can serve as a sealing window to a high-pressure and high-temperature system. Op-

tical grade windows can allow for the use of optical measurement techniques, like

laser breakdown spectroscopy, Raman spectroscopy, and infrared spectroscopy. A

patent, (PCT/GB2017/050580) “Diamond-based sensor device for use in hostile en-

vironments”, has been filed which describes an implementation of this design with

a robust sensor housing. The technology defines a specification for a sensing sys-

tem compatible for integration with industrial systems for monitoring fluids at high

pressures and temperatures. An image extracted from the patent is shown in figure

10.1[215].

Figure 10.1: An image modified from the patent application, showing the robust bolt
housing, mounted on through a simplified feedthrough to a harsh environment [215].
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