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Abstract

Electrochemical capacitors (ECs) are devices that have the potential to be very useful
in the supply of electrical energy. The behaviour of nitregeiched carbon
materials in ECs has been invgated using materialproduced through the €o
carbonisation of resorcinolformaldehyde xerogels withm-phenylene diamine
(mPDA). Materials were found to display specific surface areas between 15 m
and 27 g™ depending on the amount of catalyst used during xerogel synthesis and
the fraction ofmPDA added before carbonisation. Using materials that possessed a
similar pore size distribution, up to 5.6 wt.% nitrogen was incorporated into the
carbonstructure. Nitrogen content was also controlled by treating the materials at
1000°C in the presence of hydrogen, which was shown to selectively remove
nitrogen groups, especially pyridinic nitrogen. Physical characterisation was
performed using thermakgvimetric analysis (TGA), nitrogen adsorption/desorption

(at 77K), elemental analysis,-bdy photoelectron spectroscopy (XPS), sraalyle
neutronscattering (SANS) and contrastatched SANS (CMBANS). CMSANS

was proposed as a unique tool that can bed u® investigate the degree of
electrochemically inactive porosity in carbon electrode materials. Electrochemical
testing was undertaken in symmetrical felectrode cells using potassium hydroxide
solution (28.5 wt.%)as the electrolyte. |&ctrochemichimpedance spectrogpy

(EIS), Galvanostatic chargiéchargeat rates between roughly 0.gAand 12 A*,

and cyclic Voltammetry between potentials of 0 V and Iv§¥CP)were carried

out in order to characterise the materialSurface nitrogen grospon carbon
electrode materials were found to have a beneficial effect on the surface area
normalised capacitance of materials; specifically a linear relationship between
surface area normalised capacitance and pyridinic nitrogen content was shown for
mateials of comparable specific surface area (46580 nfg?) that contained
between 1.0 wt.% and 2.2 wt.% nitrogen. It was proposed that electrode reactions
are not responsible for this effect, kgt it may arise from a greater amount of

charge being dplaced at pyridinic nitrogen sites.



1 Introduction

1.1 Energy Storage

With overwhelmingevidencedemonstratinghat climate change isnthropogenic
there is an urgent need to reduce the effdasour growing global population has
on our environmenfl]. There has been a well documenték in atmospheric
carbon dioxiddevelsdue to fossil fuel combtisn which currentlyaccounts forat
least 80% of global energyoutput [2]. Also, the demand forrergy has been
forecasted tgrow by 50% overthe next wenty years with a e@wurrent increase in
emissions[3] and, as a consequencglobal energy costs are increasindNew
markets areemergingthat exploit alternative, renewable, amdre efficient energy

sources.

In many applicationshe demand for energshanges significantlyith time and as
energy becomes more costlgnergy storage becoméncreasinglyimportant to
maximise theoverall efficiency ofsupply systems.It has been argued that for the
supply of energy with reducedarbon emissions a large scale renewable energy
program is required4]. Renewable energy iprojectedto providefor an ever
increasing proportion ofylobal energy demand[3] and due to the inherdnt
intermittent natureof renewable energy sourceshist in turn requires the
development ofalternative energy management techniques, one of which is

improvedenergy storage technologigs 5].

Renewable energy sources, such as wind, wave and solar eperdycehighly
variade quantities of powerand canrot be controlled to meet demand. The
fluctuations inthe power outputof theseconversion technologiesequire energy
storagemechanismghat operate over varying time scalesorder to maximise the
overall efficiency of sich systems. Oveelativelyshorttime scalegless tharl sin
duration), high power devicesnay berequiredin a frequency responseapacity,
whereas larger time scalés.g. diurnal, seasonalhecessitate the storage of vast

quantities of energy. A$iere is no single technology that has the capability to cater



for all energy storageeeds a variety of devices have been develofmeduitcertain

situations

There are many viable methods for energy stothgehave received much attention
of late including flywheels, compressed air energy storage (CAES) and
superconducting magnetic energy storage (SMESyddition to the established

technique of pumped hydstorage

1.2 Electric transport

On the smaller scale, a significant reduction in carboxidiéo emissions can be
made by exploring alternatives to petrol and diesel powered vehicles. For example,
in the UKroad transportationurrentlyaccouns for approximately 25% aodll carbon
dioxide emissiong6]. There has been a recent growth in the production of electric
and hybrid electric vehicles wita number ofmanufacturers releasing vehicles
powered purely by energy stored in batteries. Several models of electric vehicle are
commercially availableand the technology isurrently the focus of government

incentivesn many countries

The most promising altertige vehicles us either hydrogen or electrorss an

energy carrier. These vehicles are frequenh y mar ket ed a-s pr oc
emi ssions6, however this does not take t
the energy carrier into accountNeverthelss, t has been estimated that with the

current energy mix in the UK thetal CO, emissionsassociated with thife cycle

of an electric vehicle would be 40% lower than that of an equivalent vehicle powered

by an internal combustion engifig.

Some drawbacks associated with electric vehirlekide their limited range, slow
chargng time and the relatively high initiaand repair costs. (A range of roughly
100 miles is available at the moment, with a full charge taking 8 hours in a domestic
charging scenario.) Typically, vehicles using alternative energy carriers are
compared to currently available technologg.({nternal combustion engines) which



does not take into account that changes in behaviour may be required to
accommodate new technologied-or example, the fuel tank of a conventional

vehicle may provide a range 400 miles, while theaveragedaily round trip for a

large proportion of vehicles isubstantiallyless than 40 mile$8]. This would
necessitate moiagdr ehpaentcudorendmayschi cl es
be necessary falternative vehicles tmatch the performance ofirrent vehicles in

every aspect. Howeverpmparisons with currently available technolage useful

as theyprovide weltdefined chlenges for the design odlternatively powered

vehicles.

1.2.1 Hydrogen

Hydrogen is seen as an ideal energy cabgsed on the large value of specifi
energy it possessett. is usually envisaged that hydrogen would be supplied to a fuel
cell where it would be converted to electrical enefgiyhough direct combustiois

also being explorefB]). In a similar manner, electrons can be delivatedughthe
conversion of chemicals in electrochemical ceils. patteries). In both of these
scenarios, the electrical energy produced is converted to mechanical work in the
same maner but there is a marked difference in the alefficiency of the process.

Under the assumption that electrical energy is produced from a renewable source, no
direct CO, emissions are associated with either procdgselectric vehicle charged

from the grid will be subject to losses due to transmission efficiecaeyl(0%) and

the efficiency of a battery cycled. 15%). Using the same electrical energy to
produce hydrogenmia electrolysis is estimated to be #55% efficient with similar
values ofefficiency being achieved for the conversion of hydrogen to electrical
energy. Even using the most generous estimates of efficiency for the hydrogen
cycle and a conservative estimate of battery efficietioy,battery powered vehicle

is at least20% moe energy efficient. This also ignores several additional factors
required for the adoption of hydrogen vehicles, including @ast infrastructure

necessaryor dispensing hydrogen and the technolagystorage.



Current prototype vehiclessing fuel cells usually store hydrogeat highpressure

(up to 700 bar), which has an efficiency of roughly 90% and depending on the
method of production, (either cealised,with atransportation efficiencgf 80%, or
microgeneratedand subject toa transmissiorefficiency) further losses reduce the

efficiency of he hydrogen cycle even further.

The above comparison of efficiencies between hydrogen and electric energy storage
for vehicle propulsions grosslyoversimplified but highlights the fact thaturrent
batery technology is more energy efficient than the equivalent hydrogen cycle, and

the infrastructure required for recharginige.(the grid) is essentially iplace

Anothermajor challenge in the production bydrogen powered vehicles is a safe
and efficient method for hydrogen stoeag As mentioned previously, the most
common method of storage in fuel cell powered vehicles that has been used is
compressed gag/linders. Theompressiorof the gas has an associated energy loss
as wellas a much lowerrergy density in comparison with hyadarbonfuels. An
alternative storage mechanism is where hydrogen is stored in the liquid state through
cryogenic cooling The current emphasis on hydrogen storage has been in solid state
systems where hydrogen is adsed on high surface area materials or stored in the
form of metal/chemical hydridesThereare still several challenges in the field of
hydrogen storagevith a major hurdle beinthe development of a systetapable of
storing a sufficient amount of hydrogen ateasonable temperature and pressures

less than 10@arwhile demonstrating that hydrogen can be quickly liberated.

1.3 Electrochemical Energy Storage

Established technologies in the field of electrieaérgy storage are electrochemical
cells (batteries) and capsmis. In electrochemical cellslectrical energy is released
as a result of chemical reactions between materials inalhavhereas o reactions
occur in capacitorand energy is stored paly throughthe physical separation of
charges. As a result capacitors can providenergy at rates far greater than that

supplied by batteriegut only over very short time scales.



Types of energy storagechnologycan be characterised by the power and energy
available to a load, which is usually illustrated bplat of specificpoweragainst
specificenergy(or power density againsenergydensity) Graphs of this form are
generallyreferred toas aRagone plof10, 11] and an exampladicating the regions
associated with different alxical energy storage devicesgivenin Figurel.1[12].
These plots are usefuds they indicate the limits different technologies and
provide asimple method of matchinghe time scale of thepplicationto the

appropriate technology
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Figure 1.1: Specific power against specific energy (Ragone plot) for various
electrical energy storage deviceld 2]

Electrochemical capacitor¢ECs) are a relatively undeveloped energy storage
technology thaspars the gapn terms of energy and power densiigtween battezs

and capacit@ As indicated irFigurel.1 these devices possess an energy density an

order of magnitude greater than that of capacitors and a power density significantly



greater than current battery technolodyor this reason, ECare frequently referred
to aséGupercapacitofsor dltracapacivrdas thg store a hugamount of energyn
contrast totraditional capacitoidevices andthereforehave been the focus @in
increasing volume afesearchand review article$10, 12-32]. For examplean AA
cell sized capacitorstores less than 0.0A h of charge whereas an identically sized
EC gores 50mA h of charge Batteriesof this size carcurrentlystore up to 3000
mA h depending on the reaction chemistry emploj&sj.

ECs arenot a replacement fdbatteriesn the majority of applicationbut should be
seen asa complementary technology thean beimmensely usefuin an energy
supply system. From theagone plot(Figure 1.1) it can be seen th&Cs match
applications that require energorage on the order of seconds aah fulfil

demands that cannot be metdapacitorsor batteriesalone

1.3.1 Small Scale Applications for ECs

ECs initially found commercial success in the provision of short term backup power
in electronic circuits and perform similar functions in many modern devices. Small
ECs can store enough energy to retain data when there are interruptithes to
primary energy sources(g bridge power when changing battery). Under certain
circumstances, where only a low energy density is required, ECs can replace

batteries in gadgets such as toys, remote transmitters anditeagbagerg34).

I n the case of automatic meter readers (
power source as they were found to increase the usefudfliffiee device by up to

300 when compared to the leadid batteries that were used previoydy. By

replacing the power souragith six ECs, the smart meters are better equipped to

handle the pulses of power requested by the wireless connection and can operate
efficiently over a wide temperature rangd(Q to 80 °C). ECs also allow for the

design é smaller and lighter devices.

The fast charge/discharge time of ECs has been exploited in cordless tools such as

screwdrivers and pipe cutters. Primari |l



EC powered screwdrivers have a major advantage over battery powered devices as
they can fuly recharge after months of being inactive in approximately §86],
whereas batteries frequently require many hours of chargifogebbecoming useful.

Pipe cutting tools usingCs allow for the efficient use of standard alkaline batteries,

by charging at a low ratevhich extend battery life) and delivering charge in the

pulseof powerrequired for the task, which could not b@yded by batteries alone

[37].

Wirelessconnectivityis now ubiquitous and demands increasing amounts of power.
Modem cards, molel phones and GPS devices all operate using pulses of power
which frequently results in a battettyat is many times larger than strictly necessary
to provide average pow¢B8]. Sensor nodes that require no external power source
and need very little mintenance have been producesing ECs to store théow,
steady rate of energy harvested from radio wgdB&$ or vibrations[40] and to

release energy in the high power pulsesiiregl for wireless communication

Hybrid power supply systems incorporating ECs almobe used to reduce the total
mass and volume afevices as well as increasing the efficiency and operating life of
the system. For example, in digital cameras the addition of an EC to provide
additional power during energy intensive operatioag.(flash, autefocus etc)
increases the operating lifey up to 200%[41]. The robust design of ECs also
allows them to operate reliably under extreme conditions and they have been
empbyed inportable electronic® eliminate the effects of battetghattebwhen the

unit is dropped.

Current mobil e phones, especially O0smart
been previously mentioned (GPS, wireless, video camera, aicjagndrepresent a

technology that demonstrates the immense value of ECs in power supply systems.



1.3.2 Transport applications for ECs

The majority of the applications where ECs have been of benefit mentioned above
are on the small scale. Larger devices suitablederin transport systems have been

developed with the aim of exploiting some of the benefits of EC technology.

------ Pow er Requested
Pow er Provided

Power (W
£
o

300 2400 2450 2700

Time (s)

Figure 1.2: Typical urban drive cycle data[42, 43

Figure 1.2 represents a typical urban journieyan electric vehiclavhere frequent
changes in speed are necessalfpr positive values of powerhé solid blue line
represents the power supplied bg tmatterypack,and the dotted red line represents
the power requested by the drivéMegative values of power correspond to charging
of the battery packhroughregenerative brakingThe average power outpbasa
value ofroughly5 kW, and he power otput from the battery was limited to a value
of 12 kW to prolong the lifetime of the battery pack. It is clear that the power
requested is intermittent and varies greatith values of powewell in excess of
the battery limit being requested frequenteak power is requested when moving
from a standstill, overtaking or hill climbing, and these situations oapeatedly

when driving in a city setting.

Batteries (and fuel cellsare most efficient when supplying a consistent load,
therefore systemsedigned to cope with peak power demands are larger than

necessary and suffer from a reduced efficiency and life cydfeorporatinga



different energy storage technology to cater for high power pudaek as€£Cs has

the potential to increase tlowerall energy efficiency and to produce smaller, lighter
systems. In addition, ECs can help to maximise the amount of energy recuperated
through the regenerative brakingrocess By operating the electric motor as a
generator during braking, the momemtwf the vehicle is converted back into
electrical energy which can be used to charge the batteigwever the power
producedis generally too large for all of the energy to be used in charging the
battery, as indicated by the discrepancy between theddad line and the solid blue
line in Figurel.2. FromFigurel.l, processes suited to ECs operate in the region of
1 - 10 s which corresponds to the time scale of regenerative braking systechs
therefore ECs can be employed to absorb the power developed during braking and

subsequently charge the batteries at a loatex. r

To date, the application of ECs in passenger vehicles has been mainly at the
prototype stagé44, 45|, buttheir ue is likely to become more prevalent as electric
vehicle technology matures, especially if improvements in the energy and power

densities of EC devices are made.

Diesel busesincorporating ECd0 recover brakig energyhave beersuccessfully
trialled [46, 47], and light rail vehiclesising ECs, developed to reduce the need for

caternary lines, have been found to provide energy savings of48)%

As a primary sorce of energy in large vehicles ECs only store enough energy to
travel a few miles on a single charge. Howelw€scan be used without batteries in
certain applicationshat follow a consistent route with regular stopBor example,
buses supplied with energy solely from ECsJsabecome a viable alternative to
conventionally powered vehiclg¢49, 50]. Along bus routesghe quick charging time
of ECs is exploitedasbus stopgan also acas charging statiorthat provideenough
charge in 30 s for the bus to travel a few miles to the nexicéiaging station.In
addition ECs are not affected by the heat management problesmxiated with
battery systems anby employingregenerative brakinghese vehicles have been
estimated to be 46 more energy efficient than a simillaus usingoverheadines
[49].



1.4 Outline

For the aforementioned reasoitsis attractive to incorporateCs irto the energy
supply system ofvehicles howeve, the cost to performance ratio of currently
available technology hinders their widespread adoption. Broadly, this work aims to
investigate a method by which the performanceE@ electrodematerials is
increased, while being mindful of the coss anygains should be of practical
benefit In the course of this work it became evident that complicated relationships
exist between the physical characteristics of the electrode materials and their
performance in ECsand that investigating some of these dest could be

constructive for the understanding and development of EC technology.

Chapter 2provides background informatiorrelevantto ECs including different
modes of operation, materials involved, asdme issues that influence their
performance.At the end of chapter,2he use of nitrogeenriched carbon materials

in EC electrods is discussed in depth and the main aim of this study is identified.
Details of the differenphysical, chemical and electrochemiocaéthods used in the
characterisatin of the materialproduced and studienh this work are given in
chapter 3. Experimental details are given in chapter 4 and the resulgise and
discussedn chapter 5.Chapter 6 summarises the findinggtis work andoroposes

someopportunitiedor further stug¢. Appendices andeferences are given thereafter.
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2 Background

2.1 Capacitance

The storage of electrical energy can be achieved through direct or indirect means.
Indirect energy storage is used in electrochemical cells, where electricgy ene
stored as the potential for reactions betwebemicalsto occur. Capacitors are
direct electrical energy storage devices that store emqenggyy through the physical

separation of electrostatic charges.

—

Figure 2.1: Parallel plate capacitor schematic. Two conductive plates of areaA
are separated by a distancd and have an applied potential oV between them.
Each plate has equal but opposite charge

The simplest capacitor arrangement is found in a pagaliét capacitor, illustrated

in Figure 2.1, where twoelectrically conductive materials are separated by an
insulator. When a potential difference is applied between the plates, electrons
accumulate on one plate and are removed tta@rother. The deficiency of electrons

on one plate when coupled with the egs of electrons on the opposplgteresults

in an electric field whose strength varies inversely with the separation distance.
When the potential is removed, the plates renchiarged and the stored energy can

be discharged through an external load. As no chemical or phase changes occur

during charge/discharge, capacitors have an almost infinite cyclalpilidy.

11



However, if the strength of the electric field increases beyond the dielectric strength
of the insulator, the materialegrades rapidlyand a short circuit occurs. The
potentialat which this $ observedimits the energy density of the capacitor asd

known as the breakdown voltage.

Capacitance is the ability of a body to hold electrical charge and is a measure of the
amount of charge stored at a given potential. This is describ&d).l#/1 whereC
represents capacitance (measured in Far@dgpresents charge (Coulombs) and
represents the potential (Volts) at which the charge is stored.

5 0

o Eq.2.1

The capacitance of a parallel plate capacitor, as illustratEdyure 2.1, where two
plates of surface aréa(m?), separated by a distandém) is given byEq. 2.2, where
& is the permittivity of free space (8.854X¥0 m™) andg is the relative dielectric

constant of the interface.

o - - Eq. 2.2

5
Q
2.1.1 Energy

The energy stored, in an ideal capacitor can be calculated by considering the work
done during charging,e. moving an element of charge from one plate to the other
against the electric fieldlQ]. This is represented B0, 2.3.

A, pb
0

0 OQr -0 —— —6®
n g Eq. 2.3

The amount of energy stored per unit mass of the device is referred tospedhie
energy or gravimetric energy densitgnd the amount of energy stored per unit
volume is known as thenergy densitpr volumetric energ density

12



2.1.2 Power

The maximum power that can be deliver®g,y, is inversely proportional to the
resistance of the devic®, as illustrated byeqg. 2.4. The derivation oEq. 2.4 is
given inAppendix A[10].

b T Eq. 2.4

2.2 Capacitors

The history of capacitors dates back to
illustrated inFigure 2.2. The original device consisted of a foil coated glass phial
containing an acidic solution in which a metal electrode was immersed. Initially the
electrolyte solution was thought to be ess¢nhowever a further modification

where foil was coated on both sides of the jar showed that energy could be stored by
the separation of two metallic electrodes by an insulating material. This is analogous

to the parallel plate capacitor illustratedRigure 2.1, where glass is the dielectric

material between the two plates.

Figure 2.2: A Leyden Jar
Capacitors can be classified based on the medium between the conductivaglates
vacuum, dielectric or electrolyticapacitors Each of these systems is associated
with different values ofg andd in Eq. 2.2. A vacuum by definition has a relative

dielectric constant of 1, and is used in low capacitance, high voltage devices.

13



Materials used in dielectric capacitors,d. mica, mylar, PTFE), havag values in
the range 1- 10. Ceramic materials are widely used in the production of small
capacitors and can have a dielectric constant as high as 15,000. Dielectric and

ceramic capacitors usually haveerergy density less than 0.01\Wh

Electroltic capacitors use thin films of metal oxides, usually aluminium or tantalum
oxide, connected to another plate by an electrolyte. The main advantage of
electrolytic over dielectric capacitors is that oxide films can be reliably manufactured
in very thinlayers resulting in a substantially smaller effective plate separation (
Figure 2.1 andEq. 2.1). Electrolytic capacitors are normally used in applications
requiring a capacitance greater thanf, however these devices are polarised and
are unreliable when dealing with a fluctuating signal. The energy density of

electrolytic capacitors is roughly 0.2 Wh

2.3 Batteries

Electrochemical cells (batteries) differ from capacitors as they store edbeniergy
indirectly as a reaction potential and require a change in the oxidation state of cell
materials during charge/discharge. In contrast with capacitors, battery technology
has developed rapidly in the past 200 years with many different reaceoms b
exploited to produce a variety of cells that in turn have enabled massive advances in

technology.

Rechargeable (or secondary) batteries store a considerably larger amount of energy
between charges than capacitors; approximate energy densities afifeneat cell
technologies are given ihable2.1.
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Rechargeable Battery Technology Energy Density [Wh 1]

Lead-Acid 75
Nickel-Cadmium 150
Alkaline 250
Nickel-Metal Hydride 300
Lithium-ion 350

Table 2.1: Energy densities of rechargeable battery systenij33]

Repeated chemical and phase changes in the cell normallypperiating life to less

than one thousand cycles. The cycle life of batteries has been found to vary with the
conditions under which the cell is charged and discharged, and battery operating life
is drastically reduced by operation at relatively high gate repeated deep
discharge$33].

The dischargeprofiles of capacitors and batteries also differ markedly, and are
illustrated inFigure2.3. Under Galvanostatic discharge (where a constant current is
drawn from the cell) the potential between the electrodes in a capacitorsdecay
linearly with time, whereas in a battery the potential remains roughly constant before
decaying sharply. (Ifrigure 2.3 the time scale of discharge between theacdpr

and battery are not comparabfer a full discharge athe sameate a battery will

have a discharge time at least three orders of magnitude greater than a capacitor of

similar mass.)
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Figure 2.3: Discharge behaviour for batteries (top) and capacitors (bottom)

2.4 Electrochemical Capacitors

Electrochemical capacitors (ECs) are devices that can store electrical charge but
differ from batteries as they can absorb and release charge much more quickly. EC
differ from conventional capacitors as they can store a much greater amount of
energy per unit volume. The first commercial EC can be traced back to a patent by
Becker in 1957[51] which displayed a significantly higher energy density than
electrolytic capacitors and consisted of porous carbon electrodes immersed in an
aqueous electrgle. A diagram of the original EC design is giverFigure2.4 [5]].
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Insulating container
Porous carbon

electrodes

Electrolyte

solution

Figure 2.4: Diagram from the original EC patent [5]]

The patent acknowledged the uncertainty over the charge storage mechanism
involved but did indicate that the capacitance increased with the surface area of the
electrodes. From Eqg. 2.2 it can be seen that the amount of energy stored in a
capacitor can be increased bypandingthe surface area of the electrodes or by
reducing the distance between the electrodes. By employing porous carbon as an
electrale material the apparent surface area of the electrode is increased by many
orders of magnitude and the douldgermechanism reducdbke effective separation
between the charges to the size of ions in the electrolyte. Dlayelecapacitance
arises atthe interfacebetween electrodes and an electrolgtdution and can be
thought of as the specific adsorption of ions at a polarised surface. This is illustrated
in Figure2.5 where capacitance arises through the double layer mechanism between

a negatively charged electrode aiectrolyte cations.

Adsorbed ion
Polarised

Electrolyte
electrode

d

Figure 2.5: Double-layer capacitance at a charged electrode surface
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2.4.1 Electrochemical Double-Layer Capacitors (EDLCs) [10]
2.4.1.1 Helmholtz model of the double-layer

The firstmathematicamodel to describe the structure of an electrochemical double
layer was the parallel plate model, adapted from the von Helmholtz model of charge
distribution on colloidal surfaces. ThEoublelayed consists of two surfaces of
opposite charg that face each other and are separated by a small distance, analogous
to the parallel plate capacitor discussstlier This is illustratedin Figure 2.6,

whereit can be seen that the excess of charge on the electrode is balanced with a
compact layer of ions that are considered to be adsorbed on the electrode surface. In
Eq. 2.2 the value ofd, the distance between the plates, is reduced to roughly one
ionic radius (a separatidgpically on the order of Angstroms) which is significantly
smaller than any separation that can be reliably manufactured csivgntional

capacitor technology.

Electrode Electrolyte

Interphase electrical potential

| I

Figure 2.6: Helmholtz model of the doublelayer

When discussing electrode processes electrodeelectrolyte interface is more
accurately described as an o6interphasebo6,
electrode in this region differ from the respective bulk properties. Ddayde

models normally assume that this region isalyepolarisable; specifically, that a

potential difference between the electrode surface electrolyte can be created,

without charge transfarccurring between electrode and electrolyte
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2.4.1.2 Gouy-Chapman model

An alternative model, known as tli@uy-Chapman modekonsiders ions as point
charges and the douHlayer to be diffuseas indicated irFigure2.7. In this model

the variation in electrode surfacharge density is balanced by the concentration of
electronic charge in the adjacent electrolyte,the net charge over the interphase is
zero. This model acknowledges the thermal fluctuations that occur in the -double
layer and introduced the idea thlé doubldayer is not a rigid arrangement of ions

but a region in electrostatic equilibrium. However, by treating the ions only as point
charges, this model vastly overestimates the capacitance associated with the double

layer.
Electrode

Electrolyte

electrical potential

Figure 2.7: Gouy-Chapman model

2.4.1.3 Stern model

The Stern model combines baththe previously described doubkeyer modelsand
considersthe layer in contact with the ekecde surface to consist of specifically
adsorbed ions, while theoncentration of theliffuse layer approaches the bulk
concentration. In this modethown inFigure 2.8, the electrode charge density is
partially opposed by a compact layer of ions of finite size and the remainder is
balanced with the neharge in the diffuse layer.
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Electrode Electrolyte

electrical potential

Figure 2.8: Stern model

From this model, the capacitance of the double laggt, is seen as the series
addition of the capacitive contribution of the Helmholtz lay&s, and that of the
diffuse layerCqi. This relationship is shown i&qg. 2.5.
2 2P Eq. 25
0 0 O
An accurate determination of the thickness of the Helmholtz layer is required to
apply the Stern model. This is loosely defined as the distance of closest approach for
electrolyte ions and is not only dependent on the ion size, bubatbeir degree of

solvation.

2.4.1.4 Grahame model of the Helmholtz layer

A more rigorous definition of Helmoltz layer thickness was proposed based on
investigations intdhe behaviour of aqueous solutions at a mercury inteftfe In

this model the Hel mholtz | ayer is divide
to account for differences betweenians and cations and how they interact with

positively and negatively charged electrodé&his isillustratedin Figure2.9.

Generally the distance of closest appiofor anions is smaller than that of cations.
Even though cations typically have a smaller ionic radius, they are usually strongly
solvated and the distance of closest approach must include a contribution from the

solvation sphere surrounding the ion. niégns on the other hand are frequently
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adsorbed in the unsolvated state, and the distance of closest approach is equal to the
ionic radius. The smaller of these distances is termed the Inner Helmholtz Plane
(IHP), and the larger termed the Outer HelImhBlame (OHP).

Solvent

molecule

IHP OHP

Figure 2.9: Grahame model for ion adsorption in the Helmholtz layer

This model accounts for the fact that differences in the behaviour of ions at a
polarized electrode can result in the capacitance determined at a positively charged
electrode being twice that obtained on a negatively charged ele¢&2dand has

been found to be accurate for a large amount of electiedtrolyte systems.

Further models have continually refined the dodaler theoy to take into account

the orientation of adsorbed dipoles and variations in electron density with potential,
but still remain twedimensional treatments. In practical devices using porous
electrodes these planar models are insufficient Ingéverthelessndicate that the
effective separation between the platefigure2.1 andEq. 2.2 is reduced to a very
small value when the electrochemical dotlblger mechanism is responsible for

charge storage.

2.4.2 Pseudocapacitance [10]

While the EDLC mechanism stores charge in a manner similar to dielectric

capacitors, an alternative charge storage mechanism more akin to that seen in
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batteries can result ircapacito-like behaviour. This mechanism is termed
Opseudocapacitanced to differentiate it
mechanism and involves the passage of charge across the -Bgablasually

altering the oxidation state of the electrode make

Pseudocapacitance occurs when there is a change in the extent of charge acceptance
with changes in potential, and a derivativg/@¥) arises that is equivalent to et
capacitancedf. Eq. 2.1). Pseudocapacitance can occur when certain interactions

become thermodynamically favourable over distinct regions of potential.

The pseudocapacitive behaviour of metal oxides was discovered if3%Aihen

the cyclic Voltammetry and Galvanostatic charge/discharge behaviour of a
ruthenium dioxide (Rug) electrode wasoundtolesi mi | ar to that of
condenser 0. b, pseuddtapacitaace eccurs tlue ® uwe@ox reactions
between electrolytic protons and the hydrated oxide lattice as indicated. [2/6

[1Q].

YO U006 & YOU 00 g0 dQ Eq. 2.6

Electroconductive polymers (ECPs) also have the ability to store charge through a
pseudocapacitive me c hosbmal comjugados[l4]t hThiy posSs
enableghe materials to conduct electrons angéauticipatein redox reactions with
electrolyte species. Also, the intercalatiomafbile ionssuch agprotons Li* andK”

into transition metaloxide electrodese(g. vanadium pentoxidg¢54], manganese

dioxide [27] etc) can generate a pseudocapacitive response.

2.4.2.1 Asymmetric ECs

Pseudocapacitor materials are usually only suitable for operation as one electrode in
a cell requiringthe use of alifferentcounter electrode material. In ECs that operate
solely through the EDLC mechanism, each electrode can be thought of asakn id
capacitor connected in series where the capacitance of th€¢dlrelated to the

capacitance of each electro@®/C., through the relationship seenkn. 2.7.
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5 Eq. 2.7

For electrodes of the same mass and same specific capacitance, the cell capacitance
is equal to roughly half the capacitance associated with one electrode. However
when using a pseudocapacitive material, the EC is of asymmetric design and the
capacitanceassociated with one electrode can be much larger than the other in a
similar mass or volume. Frofag. 2.7 it can be seen that if the capacitance é o
electrode is increased by a factor of three, the capacitance of the cell is increased by
50%. Therefore if the capacitance of one electrode is increased sufficiently, the total
cell capacitance can approach twice the value of that attained in a sycahuai

that employs only the lower capacitance mat¢&§).

2.5 Charge storage

Electrical energy storage technologies can be densd asbeing part of a
continuum on the basis of the degree of charge transfer that occurs during charge and
discharge[31]. At one end of the scalare dielectric capacitors where energy is
stored directly in the electric field generated by the separation of charges. In an
EDLC, charge transfer is achieved by the delocalisation of electrons at the surface of
the eleatode. Uhder the assumption that 36F cm? is realisable at a carbon
electrodg56], an equivalent charge transfer coefficient for the EDLC mechanism is
roughly 0.18€ per surface carbon atofdl(]. In a pseudocapdor, charge is
transferred across the double layer and is described as Faradaic charge transfer. In
this case as much ase3per surface atom can be transferred. Batteries exhibit a
huge quantity of Faradaic charge transfer in comparison wéhdosapeitors as

the charge transferred can propagate into the bulk of the electrode material and is not
restricted by the available surface area. In the caseroébattery chemistries as

much as & per atom/molecule djulk phase can be transferred.

Based on these charge storage mechanisms, and their charge/discharge

characteristics (summarisedkigure2.3), EDLCs and pseudocapacitors can be seen

23



as tansitional states between conventional capacitor technology and intercalation
batteried57]. This emphasises the fact that EED®uld not be seen as a replacement
for batteries but are a complementary technology that can assist in the design of new

energy storage systems.

2.6 EC Electrolytes

The type of electrolyte employed in an E€l has a marked effect on the amount of
energy stred, and how quickly this energy can be released. The paseitiahich

the electrolyte decomposdsterminethe operating voltage of an EC, whichturn
defines the amount of energy stored as this varies with the square of the operating

voltage Eq. 2.3).

The conductivity of the electrolyte solution contributes significantly to the resistance
associated with an EC and is affected by many relatgdigai properties such as
solubility, viscosity and the relative mobility of ions to name but a f&g®. The
resistance in turn dermines the power output capabilities of the EC systeq (
2.4).

2.6.1 Aqueous-based electrolytes

For ECs using aqueous solutions as electrolytesmdoeémum operating voltage is
theoretically limited by the electrolysis of water to 1.229 V (at 25°C), but are usually
operated over a narrower range of 1 V. In some, E@s potentials at which
hydrogen and oxygen evolution occur can shift dependingeelédttrode materials
employed, and a wider operating window can be ugeglieous electrolytes tend to
produce faster rates of charge/discharge than other electrolyte solutions due to the

relatively high conductivity and low viscosity of concentraagdeussolutions.

In EDLCs that use carbon electrodes the most commonly encountered aqueous

electrolytes are sulphuric acid and potassium hydroxide soljti@hsThe variation
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in electrical conductivity of some aqueous solutions with solute concentration is
shown inFigure 2.10. In the case obulphuric acid, a maximumonductivity of
roughly 750 mSm* is observed at a concentration of 88%, which is the grade

used in leaehcid batterie§33]. However, in ECs it is more common to see 1 M
solutions of HSO, used as an electrolyte due to chemical incompatibility with test
cell components. The use of acid electrolytes usually necessitates some cell
components to be maradtured from gold or platinum to overcome corrosion
problems, although a conductive rubber has been used in a commercially available

EDLC that makes use of sulphuric acid solufi5§|.

Potassium hydroxide solutions are less corrosive than strongly acidic solutions and
show a similar relationship between concentration and conductivity to that seen for
H.SO,. The conductivity of a 6 MKOH (~ 30 wt.%) solution approaches 600 mS
cm™* at room temperature. Similar concentrations of KOH are widely used in the
battery industryf33], and the use of KOH rather than concentrated acid allows for a

wider range of materials to be used in cell construction.

Milder agueous solutions have been explored for use in ECs including potassium
chloride[59-64], ammonium sulphatf5-68] and alkali sulphate69-73], however

these are mainly used in systems where the ddaipée mechanism is secondary to

the charge stored through pseudocapacitan&@ignificantly greater values of
conductivity are seen in aqueous saof when compared with organic solutions as
greater ion concentrations are achievable when using water as a solvgmiptand

conduction can take place through the Grotthuss mechanism in agueous solutions.
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Figure 2.10: Electrical Conductivity against concentration for aqueous solutions
used in ECs(at 15°C)[74]

The main advantagéo using aqueous solutions as EC electrolytes is the relatively
high conductivity but further advantages include their low cost and relative ease of
manufacture. Relatively concentrated electrolytes are required to minimiESke

and maxmise power output, dwever, strong acids and bases determine materials
selection for cell manufacture which can be costly, as well as posing a hazard in the
event of cell rupture. The use of concentrated electrolytes also increases the rate of

self-discharge displayed by the capacifdr].

2.6.2 Organic-based electrolytes

The majority ofECscommercially available at present use orgdmaised electrolytes

which are electrochemically stable over a wider operating range than aqueous
solutions. As a result the amount of energy stored in an EC using organic based
electrolytes can be an order of magnitude greater than that of a device mising a
aqueous solution. The most widely used electrolyte consists of a solution of

tetraethylammonium tetrafluoroborate £§(G)sN BF, o r i T EOAIn @opylene
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carbonate which can theoreticathperateover a range of 4 Vhowever the useful
operating potential is usually limited tea. 2.7 V. (Although the total
electrochemical window of propylene carbonate is 4V, only the cathodic or anodic
window can be utilised when a practical device is polarised as the electralyte wi

decompose at greater potentials.)

As the amount of energy that can be stored is vastly increased through the use of
organic based electrolytes, a great deal of research into various organic solvent/solute
systems has been conducted. Unfortunately theductivity of organic based
electrolytes is significantly reduced in comparison with the values that can be
achieved using aqueous solutions. For example, a 1.0 M solutiopH){& BF, in
propylene carbonate has an electrical conductivity in themexfia3 mS crit [10].

This reduced electrolyte conductivity results in a significantly higher resistance in
comparison with cells usg a concentrated aqueous solution; the increase in
resistance can be by as much as a factor of 100. This has a detrimental effect on the
power capability of ECs that use organic based electrolytes, which is governed by
Eq. 2.4. (However, the increased operating voltage compensates in pattefor

reduction in power densif\L7]).

The most commonly employed organic solvent is propylene carbonate although
acetonitrile was often preferred for use in EDLCs. Acetonitrile results in cell
resistances that are roughly a factor of three lower than thasiiced using
propylene carbonafd 0], however a relatively high toxicity and flammability has led

to concern over the use of &meitrile as a cell component, and carbonates have been
employed as a safer alternative.

It has been calculated that ECs using an aqueous solution with an operating voltage
of 1 V can theoretically achieve a power density almost an order of magnitude
greaer than a cell employing an organic based electrolyte that operates at 2.3 V.
This is illustrated by the curves Figure2.11 that show how the energy density and
power density vary with the electrode thickness for an EC using an aqueous
electrolyte (800 mS ct) and for a cell employing an organic based electrofie (

mS cmb).
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Figure 2.11: Maximum achievable powerand energy densitiesor ideal
agqueouselectrolyte and organic based BLCs[17]. (Electrode thickness is
indicated on the curves, ther parameters are assumed to be constant)

Organic based electrolytes are relatively expensive in comparison with aqueous
solutions and require both the salt and solvent to be free from moisture and oxygen.
This is necessary as operation over the widetential range leads to the
decomposition of any water contained in the solution, and causes gases to be evolved
in the cell. As well as increasing the rate of-sicharge and resistance of the cell,

the generation of gases can also cause the elesttodbsintegrate and can lead to
hazardous operating conditions. A major disadvantage of cells using organic based
electrolytes is that they introduce the possibility of the release of flammable

compounds in the event of cell rupture.

The use of organibased electrolytes also requires more complicated (and more
costly) processing methods, but there are fewer restrictions with regard to materials

selection for cell components.
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2.6.3 lonic liquid electrolytes

lonic liquids (ILs) are salts with relatively low ttieg pointsand for this reason they

are sometimes referred to as Omolten sal
consist ofhighly asymmetric combiriisns of anion and cation anarae typical

examples of cations are givenhkigure2.12, where R to Rs represent locations of

alkyl groups or hydrogen atoms. ther examples include ammonium and
phosphonium based ioh85-81].

R '?1 Rs Ro Ri. R
2\\ﬂ/i“ Rs Ry + N—R, \ﬁ/
S o O
R4 R3 R
Figure 2.12: Structures of cations foundin ILs. (a) imidazolium, (b)
pyridinium and (c) pyrrolidinium

Typical examples of anions include simple halidesg(Clw Ity Broy, larger more
complex ions €.9. BF,tand PR® and evenlarger ions, such as those shown in
Figure2.13.

A _N_ P i
Ty P b O
F7L 00 I°F F7 | cF.CF,
CF,CF
(a) (b)
- o]
N 1
~C Cx -0—S—C—F
N ~N 8
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Figure 2.13: Structures of anions found in ILs. (@) bis(trifluoromethylsulfonyl)
imide, (b) tris(pentafluoroethyl) trifluorophosphate (c) dicyanamide and (d)
trifluoromethylmethane sulfonate.

Currently one of the most popular ILs for use as an electrolyte-agyl3-
methylimidazolium bis(trifluoromethylsulfonyl)imide and many new ILs are being
developed and synthesise@he main advantagef IL electrolytes is their stability

over a wide range of potential. Anodic voltages of up to 4.2 V have been reported

[82, 83], which equates to a significant increase in the quantity of energy that can be
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stored in comparison with organic based electrolytes. Other advantages of ILs
include low volatility and some ILs areonflammable which addresses some of the
safety issues associated with organic based electrolytes.

There are however, some disadvantages as ILs have relatively high vis¢8dities
89] and the conductivity is of a similar magnitude to that seen in organic based
electrolytes[81, 89-96]. Also, low temperature operation may be problematic as
many ILs have melting temperatures just above 2@ As with organic based
electrolytes, ILs are relatively expensive and require purification to ensure that no

water is present in the system.

A promising area of interest in the application of ILs as EC electrolytes is in the use
of protic ionic liquids (PILsWwhich usually consist of a Brgnsted adidse mixture,

such asa-picoline with trifluoroacetic acid. It has been reported that the
conductivity of these proton transfer salts can be an order of magnitude higher than
that for thelLs described previously97]. It was then identified that these salts could

be applied to pseudocapacitive systef@8], coupling the benefits of a wider
potential range with the high specific capacitance available using. RUke use of
carbon electrodes containing surface functionalittssa lower cost alternative to
RuQ,, with PIL electrolytes haalso been investigatd@9]. Although the operating
potentials assnated with PILs are not as wide as other ILs, the development of these
electrolytes has allowed the operating voltage of pseudocapacitor devices to be
doubled.

Different electrolytes are suited to different charge storage mechanisms and electrode
materiab, which emphasises the fact that compromises between the cost and
performance of ECs have to be made during design. Therefore, no single system is
appropriate for all applications.
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2.7 Electrode Materials

2.7.1 Metal Oxides

Pseudocapacitance is observed when fast, poteejeindent reactions result in
Faradaic charge transfer between the electrode and electrolyte. These reactions
become favourable over discrete ranges of potential and reschpiacitorlike
charge/disch@e characteristics. Faradaic charge transfer reactions are mainly of the
redox type where changes in the oxidation state of the materials occur (which is
similar to battery systeni$7]). However, these reactions do not propagate into the

bulk material and occur only at the electrode/electrolyte interface.

Many metal oxides exhibit pseudocapacitive behaviour over small ranges of
potential, with Ruthenium Dioxide (Rufp exhibiting the highest reported specific
capacitanceca. 850 Fg?) [100. RuQ can particigte in redox reactions with a
very high degree of reversibility and consequently charge/discharge lifetimes in

excess of 18cycles are possibld0, 30].

Carbon based ECs are an established technology and have been commercially
available for many years, whereas metal oxide based devices have been restricted to
niche applicatioa where cost is not the determining factor. These are mainly
military applications where the reduction in device volume afforded by the high

capacitance density is a highly valuable feafafs 18].

Despite Ru@ electrodes exhibiting the highest reported speaépacitances, the
current material cost is too high for commercial development. Nevertheless,
fundamental studies on this material have greatly added to the understanding of
pseudocapacitive materials and indicate that metal oxides could result in a step
change for electrochemical capacitor technology.

From the extensive research available, it can be concluded that the unique properties
of RuQ, that results inuseful pseudocapacitancare that the material exhibits a

metallic electronic conductivity101-103, and thatseveral redox processes occur
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during charge/discharge which results in a capacitance value that is fairly constant

with changes in cell potentifl).

The morphology and hydration state of Ruflave been found to be of great
importance in determining the level of protonic conduttivexhibited by the
material. It has beerfound that the amorphous, hydrated form of Ryp@duced
using a solgel process, resulted in a specific capacitance of 780 RL04, 105].
Further systematic studi¢40Q revealed that the electronic conductivity of RuO
nanocrystals is balanced with the protonic conductivity of the surrounding structural
water when one mole of Ry@ hydrated by 0.58 moles of water (Ru@58 H,0)

corresponding to a maximum capacitance of 850.F

Although the commercialisation of na¢toxide ECshas beerdimited to date a great

deal ofresearch is being conducted in this area. One research direction that has
received much attention is to maximise the electrochemical utilisation of &uD

hence reduce the cost of Rufdased devices The high rates typically associated

with ECs result in only a small amount of the Rugarticles being active during
charge/discharge. Recent studies have focussed on increasing the electrochemical
utilisation of RuQ@ by dispersing small active parégd or forming thin films on

conductive substrates.

Electrolytic production methods yield hydrous forms of R{y@D6 which enables
increased electrochemical utilisation of the metal oxide by forming thin lagar3 (

nm thick) on substrates with a developed surface area. Electrodes based on high
surface area conductive substrates, such as CNTX or activated carbo[iL07]

result inmore efficient use of RuQ©

Significantly cheaper alternatives to Ru@re currently being researched with a
variety of directions being pursue®9, 32]. Pseudocapacitive behaviour is
displayed to some extent by many transition metal oxides, however, the research
carried out on Ru@suggests that for a metal oxide to be of inse practical device

the combination of several complementary characteristics are required. These

include the chemical and structural reversibility of the reactions occurring during
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charge/discharge, a high electrical conductivity, &dboth electronand proton

hoppingto occur in the oxide latticglLQ].

Al t hough T ridium dioxide has a [H8,sti rabl e
is more expensive than Ry@nd, in a trait shared with other metal oxides, it exhibits

a variable pseudocapacitance oeenarrower operating voltage than RufQ6].

Well known battery materials such as nickel oxi@#88-11(0Q and cobalt oxides

[111-113 have received interest as E@ctrode materials however they suffer from

a significantly narrower operating voltage in comparison with Ra® well as
capacitance values that vary markedly with cell potential. The typical operating
voltage for these materials . 0.5 V which results in comparatively reduced

energy and power densities. Wider operating windows have been reported for oxides

of vanadium[54, 60, 64, 66, 114-12( and iron[72, 121-124 although the materials

have been found to degrade during cycling.

The most promising alternative to Rufor use in ECs are manganese oxides as they
can be manufactured in a wide variety of forms that exhibit different electrocdemic
properties. These materials are of great use in battery technology, with manganese
(IV) oxide (usuallyg-MnO,) being found in primary alkaline cel]83, 125, and the
LiIMnO, spinel being an attractive intercalation material for rechargeablenLi
batteried126|.

Hydrous, amorphous manganese dioxide (YMnO was i denti fi ed as
el ectrode for a f ar ad gd59cwhen |pgeudbcapadtitiee mi c a
behaviour was observed during cycling in a mild agueous electrolyte. A specific
capacitance in the regiof 200 Fg' was reported for this material, and subsequently

many different forms of Mn® have been investigated with respect to their
performance as EC electrode materalg 59, 63, 67-71, 73, 127-132,.

As MnGQ; is electrochemically active in neutral aqueous electrolytes, it is thought that
asymmetric ECs using Mnould offer similar performance to currently aahie

devices while eliminating the need for potentially hazardous flammable solvents.
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Since the electrical conductivity of these alternative metal oxides is typically many
orders of magnitude lower than that of RUO mi ni mi si ng t hfe Adi ff
ionic speciess essential. Materials with increased surface area have been developed

with this aim, and electrodes employing conductive substrates covered with a thin

layer of pseudocapacitive metal oxide show particular profh2@ 123 133.

2.7.2 Lithium Intercalation Capacitors

Asymmetric cells, where a porous carbon electrode is paired with a doped lithium
intercalation compound, are devices that combine the charge storage mechanism of
an EDLC withthat seen in Lion batteries. Referred to as lithium intercalation
capacitors (LICs), these devices produce a higher specific energy than other ECs and
deliver a higher specific peak power tharidm batteries. LICs exploit the reduction

in open circit voltage caused by lithium doping to produce devices with higher

output voltages in comparison with symmetric ECs.

This technology was first realised using nanostructuredid®;, combined with
activated carbon in an organic electrolyte to construckewcd that produced a
specific energy equal to five times that of EDLCs available at the [ik34].
Subsequent to this study, adeas in this system and different materials
combinations in LICs were explor¢ii35142. Devices using LiTisO12 have been
shown to exhibit long cycle lives, as this compound does not exhibit a great degree
of expansion or contractiorudng Li" intercalation[134-136], a problem observed

with other hybrid devices. Graphite has also been investigated as an intercalation
host in LICs with increased specific energy due to a larger operating vfliage

138. However LICs, especially those using a graphite electrodee liae
disadvantage that excessive discharge rates can result in solid lithium forming on the
electrode surface which significantly reduces cycle life and is potentially hazardous.
In some Ltion batteries, the repeated solution and precipitation ouiithduring
charge and discharge causes the uneven deposition of metallic lithium in the form of
dendrites Excessive dendrite formation can produce a short circuit leading to

overheating and possible ignition of the flammable electrolytéliso, the
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interalation electrode can limit the power of these devices as the solid state diffusion
of lithium ions is a slow process in comparison with the EDLC mechajiSe:
13§.

To be competitive with established devices, LICs need to exhibit a specific power
and cycle life compardé with that of nomaqueous EDLCH?24, 143 as the
increased energy density can be met with available battery technology.

2.7.3 Electroconductive Polymers

Electroconductive polymer&CP9 that have been considered as electrode materials

for ECs includegpolythiophenes, polyyrrole and polyanilingl4, 26, 144).

A drawback associated witithese materials is the high ESfRom the random
deposition method utilised in manufacturing. To reduce the influence of the
resistance arising from ECPs they are usually found in composite electrodes with
fillers that exhibit high electrical conductivity armdhigh specific surface areae(

carbon materials). The use of activated carbon and carbon nanotubes as a substrate
allows for an enlarged active surface area of conductive polymer, which increases the

specific capacitance of composites to values akingehose seen in EDLCs.

The longterm stability of ECPs has been identified as a problem due to the repeated
swelling and shrinking that occurs during charge/dischgrge30] however this has

been mitigated slightly by the deposition of a thin layer of ECP onto a conductive
substratg145, 146.

2.7.4 Carbon

When considering the doublayer mechanism it is clear that the surface area of
electrode materials influences the capacitance of deviceskEgith2 indicating that
capacitance is proportional to the surface area of the electrode. This has led to a

great deal of interest in the use of porous carbon materials as EC electrodes.
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Carbon mateals are available in many different physical forms, many of which have
been used in the fabrication of EC electrodegs 17 19, 22, 25, 30, 31, 147. From

the available literature, it can be seen that the properties of carltenatsathat
render them useful in ECs are that they are electrically conductive, chemically inert
and can be produced with relatively high specific surface areas. These useful
physical properties arise from the extraordinary bonding mechanisms avadable

carbon atoms.

Carbon atoms have four valence electrons which allows for several different
allotropic forms of carbon to exist through hybridisation of 23eand 2p electron
shells. The majority of carbon forms exhibit some degre@-bbnding which
permits electron conduction through delocalised electron clouds. Diamond is a
highly ordered form of carbon formed exclusivelya sp3hybridisation (wherep-
bonding is not possible) and consequently has an extremely low electrical
conductivity. Graphite o the other hand is highly conductive along the basal plane
as a result of an extensigpzhybridised network. The difference between these two
bonding mechanisms is also manifested in other distinct physical properties; for
example, diamond and graphiefine opposite ends ofie Mohs scaleof mineral
hardness

2.7.4.1 Graphene

Graphite is a layered structure of parallel graphene sheets, which are plapés of
hybridised hexagonally arranged carbon rings. The remaining valence electrons
form p-bonds with adjcent carbon atoms which are stabilised by resonance
structures and form a layer of delocalised electrons above and below the graphene
plane. The plane in which the carbon atoms are bound to one another is termed the
basal plane (oab plane), and perperallar to this plane is the-axis as shown in

Figure 2.14. In graphite, &yers of graphene sheets are separated by a distance of
3.354 A[14g and are loosely held together through van \d&x a lintefctions.

The weak forces of attraction between layers results in graphene sheets being easily

cleaved from bulk graphite, and the ability tbeselayers to slide over each other
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allows graphite to be used as a lubricant. Stacking of graphene sheets can show a
high degree of thredimensional crystallographic order; however defects in the
crystal lattice, such as dislocations or interstitial atoms, are frequently found. As a
cormsequence of the anisotropic structure of graphite, electrons are easily conducted

along the basal plane but not along d¢keis.

Basal plane

Graphene layers

C-axis
a
Edge plane
B
0.3354 nm
A
0.142 nm

Qutline of unit cell

Figure 2.14: Structure of graphite [148

Amorphous carbons show no long range order but are considered to consist of
graphendike microstructures showing little order parallel to these layers. The
absolutedensity of amorphous carbon forms can be as low as t®%[149,
whereas pure graphite is notably derse2.267 g crit. A wide variety of carbon
materials can be prepared that have an absolute density and structural order between
those seen in graphite and amorphous caf@@h These carbon materials include
graphene, nanotubes, gldé® carbon, carbon fibres, carbon blacks, activated
carbons, templated carbons and cardideved carbons and are produced using

various techniques.

Graphite is unsuitablfor direct use as the primary component in EC electrodes as it
has a dense, ngrorous form although it is possible to increase the specific surface
area slightly by forming different morphologies such agpgite whiskers.

Graphite has been studied witbspect to the doublayer capacitance that can be
generated at the crystal surfamed t was found that the basal plane of graphite is

associated with doublayer capacitancealuesin the region of @ nF cm?, whereas
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the edge plane can generate valas high as 76F cm? [150.. Single layers of
graphene can however be isolated from pyrolytic graphite by mechanical exfoliation
[151, 152 which has inspired a rapidlygneasing amount of research. Alternative
processes focussed on the scale up of graphene production have been reported and
include the annealing of silicon carbide wafers, epitaxial growth, precipitation from a
molten transition metdLl53 and solvothermal synthedi$54. Graphene oxide can

also be reduced to yield graphene films but can results in a large amount of
functional groups remaining after treatmgty.

Graphene has a theoretical specific surface area of 2680 amd an electrical
conductivity that approaches that of grapHit&5 which are desirable properties for

EC electrode materials. The suitability of graphene as an electrode material has been
investigated by several groups with specific capacitances in the region of g35 F
being measured iaqueous media, and 94¢F using 1 M TEA Bk in PC[155.
Graphene materials currently display relatively low specific surface areas in
comparison with the theoretical maximum, especially when included in composite
electrodes using polymer binder. Current research is directed toward increasing the
amount of gaphene exposed to electrolytsq, and particularly by increasing the

surface area arising from edge plafEsy].

2.7.4.2 Nanotubes

An alternative stable arrangementspf hybridised carbon atoms was discovered in
1985[158 with the synthesis of buckminsterfullerene. Through the vaporisation of
graphite using laser pulses, reordering of the carbon atoms was observed to produce
stable Gy molecdes. The same production method led to the synthesis of another
allotrope, namely carbon nanotubes (CNas)l agreat deal of research concerning
CNTs followed a report in 199]159, although their existence was previously
reported[16(0. CNTs have a cylindri¢ananostructure and can be produced with
extremely large lengtto-diameter ratios. CNTs can be capped by a fulletgpe
structure and when the body of the cylinder is formed by one graphene layer, tubes

are termed singlalled nanotubes (SWNTs), and ulti-walled nanotubes
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(MWNTSs) are formed when multiple concentric layers of graphene sheets are present
in the structure. The arrangement of the graphene layers in the formation of CNTs
results in remarkable physical properties being observed, and aravidey of CNT
structures are possible. In particular, the conduction of electrons is affected by the
chirality and curvature of CNTs, with some arrangements resulting in semiconductor
behaviou{161].

As with graphene, nanotubes can exhibit an electrical conductivity similar to that of
graphite but their morphologysuallyrestricts the specific surface area of CNTs to
less than 400m’g’ [19, 22]. However, CNTs can be used produce large,
electrically conductive porous networks which have been seen as an ideal material
for use in EC electrodes. The specific capacitance of CNT electrodes has been found
to vary according to their morphology and frequently, a significant uainof
purification is required to remove catalyst particles and amorphous carbon residues
from CNTs. Electrodes mainly comprised of pure CNTs seldom produce specific
capacitance values greater than 1067 'F[22], however this can be increased by

activation or by the addition of surface functional grojif.

As CNTs possess a highly accessible porosity but exhibit a relatively low specific
surface area, research utilising CNTs is focussed on the preparation of composite

structures incorporating metal oxidesetectrically conducting polymers.

CNTs have been found to be a useful conductivity enhancer in place of the carbon
blacks that are commonly employed in the production of EC electrodes. The high
aspect ratio and electrical conductivity of CNTs allows fower relative
concentrations to be used amén offer an increase in the specific power of the
device. It was reported that the equivalent series resistance of an activated carbon
electrode was reduced from ¥8to 2.5Wby substituting acetylene blagarticles

for an equal mass of 10fin long MWNTS[162.
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2.7.4.3 Carbide-derived carbons

Carbidederived carbons are manufactured by takecive removal of atoms from
metal carbides through chlorination. By controlling the raw material and synthesis
conditions, carbon materials with a very narrow pore size distribution and highly
controlled pore structure are produddd3 164]. These structural features have
been especially useful in the elucidation of thHearge storage mechanism in
materials containing very fine porgs65168. Electrodes produced using a carbon
with a BET surface area of 1590°git derived from TiC, have been reported to

exhibit a specific capacitance of 12@Ein an organic based electrol\te54].

Graphengecarbon nanotubes and carbukrived carbons are produced by relatively
unconventional and costly methods whereas the majority of carbon materials are

produced using thermal treatments known as carbonisation and activation.

2.7.4.4 Carbonisation

The carbon content of organic materials is increased through thermal treatment under
an inert atmosphere. By heatiogrbonaceousaterials to temperatures in the range

of 700 - 1000°C[148, volatile compounds are generated and removed from the
structure, disproportionately stripping the original material of atoms other than
carbon. Residues are mainly composed of carbon planesnghtwo-dimensional

order (but no crystallographic order perpendicular to the hexagonal ring planes) and

are referred to as beimpn-graphitic.

Treatment at significdly higher temperatures (> 2500 148) can cause the sotd
state transformation of a namaphitic carbon to produce aligned graphene sheets
graphite. Carbon materials that can be converted to graphite in thisemare
classified asgraphitisable and usually undergo transformation into a fluid phase
during the carbonisation process. Coal tar pitch, for example, forrfigida
mesophase during carbonisation which allows for the partial alignment of large
aromaticstructures. Figure 2.15 illustrates possible structural transformations of a

graphitisable carbon with increasing tempera{d48]. When a fluid phase is not
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observed during carbonisation, the residual materials are usually referrechiarsas

and are ermuntered in the production of activated carbons.

Figure 2.15: Transformation of a graphitisable carbon[148§

2.7.4.5 Porosity

In the discussion of carbon materials it is clear that the specific surface area of
materials can be increased by incorporating voids into the solid phase. These voids
are known as pores and they influence phgsical characteristics of materials in
different ways. Solid materials can be defined as being porous ofpaoous based

on the presence of voids within individual particles, although any solid that contains
cavities, channels or interstices can beardgd as poroyd69. Irregularities in the
surface of solid particles are termsdrface roughnesas indicated irFigure 2.16

and a distinction between surface roughness and porosity is generally drawn at the

point where surface irregularities are deeper than they are wide.

Figure 2.16 represents a crosection of a roughly spherical porous particle, and
shows that pores can be loosely classified as being either closed or open with respect
to their availability to an external fluid. Closed pores are completely surrounded by

solid and cannot be accessed by an external fluid. Pores of this type influence the
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physical properties of the particles such as the bulk density, mechanical strength,
electrical conductivityetc.on the macroscopic scale, but are inactive with respect to
the flow of fluids and adsorption processes.

6l-b&attl e
Surface

roughness\.;

Closed
porosity

0Deaddo | ‘ Interconnected pore

Figure 2.16: Diagram of a porous patrticle

6Throug

The other pores shown iRigure 2.16 are termed open porositye. they are
accessible to an external fluid. When the pores are open only at one end, such as the
Geadend dainkébottled por e, they can be described

interconnectec n throlgltd pores can be considered to

Pores may also be classified based on their shape, with cylindrical/spherical or slit
shapes being emplogén the majority of models relevant to porous materials. In the
case of cylindrical pores the term Opor e
diameter of the pore whereas the same terms refer to the separation between the pore

walls for slitshape pores.

Pores are usually classified according to size, with the teicroporereferring to

pore widths less than 2 nmmesoporeandicating a pore width between 2 and 50 nm
and macropore denoting pores greater than 50nm in widiv(. Alternative
definitions are encountered but are not widely used; for example, the term
ultramicropore has been adopted to classify pores that are less than 0.7 nm wide,

with supermicroporeeferring to pores between 0.7 nm and 2.0 nm wide.
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Extremely high specific surface areas are usually associated with materials
containing a substantial quantity of veéinye micropores, as the ratio of surface area

to-volume varies inversely with pore width for an ideal pore.

2.7.4.6 Activation

Carbonisation produces materials that usually have a low level of porosity and
consist of graphitic crystallites separated by regiolhesdfwith disorganised tarry
carbon residues. Activation processes preferentially remove these disordered regions
from chars to leave rigid, complex materials with increased porosity. The amount of
each structure present in the final carbon materidégendent on the precursor and
carbonisation conditions. The heating rates, temperatures and processing times all

influence the final structure of the carbon.

Physical activation is used to describe the process of controlled carbon gasification at
an elevated temperature (7601100°C) in an oxidising atmosphere. Air, steam,
carbon dioxide, and mixtures of these gases provide suitable atmospheres for the
reaction of carbon, although using £éxtivation allows for more control over the

process.

Atmospheric oxygenreacts with carbon at elevated temperatures to produce carbon
dioxide or carbon monoxide through strongly exothermic reactions. As a
consequence, these reactions can bepseffagating and are difficult to control.
Activation in air is seldm used as the exothermic nature of the reactions can result
in appreciable combustion of the carbon structure and undesired pore structures.
[171,172.

When steam activation is used, the main reaction is the oxidation of carbon to
produce carbon monoxide and hydrogen through an endothermic reaction. However,
the exothermic r&ction of the produced carbon monoxide with steam introduces a
degree of instability into the activation process, but not to the same extent as air
activation. Due to secondary reactions, steam activation has been shown to produce

carbons with a broaderope size distribution in comparison with chemical or,CO
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activated carbonfl73 and in general produces materials with a largeruarnof

residual oxygen functional groups.

The reaction between carbon and carbon dioxide is endothermic and is known as the

Boudouard reactiofiL74] and is shown ircq. 2.8.
0 00z2c¢60 Eq. 2.8

Conversion to carbon monoxide fitg. 2.8 is favoured at temperatures greater than
700°C, and can be easily controlled by adjustihg reaction temperature.
Activation with CQ has been shown to prace activated carbons with a large

micropore volume, narrow pore size distribution and little surface functionality

[172.

Chemical activation differs from physical activation as it is usually carried out
simultaneously alongside carbonisation, and at lower temperatures in the region of
400 - 900°C[177. An activating agent such as phosphoric acid, zinc chloride or
potassium hydroxide is impregnated into the precursor and has a dehydrating effect
during carbonisationf172. In chemical activation processes the energy saved by
operating at lower temperatures is at the cost of additional procéssimgrequired

to add and recover the activating agent. Chemical activation has been found to yield
predominantly microporous activated carbons with specific surface areas as high as
3000 nfg'[177.

2.7.4.7 Templated Carbons

Templated carbons are produced by constraining the carbonisation of organic
material within a porous inorganic matrix. This is usually achieved by impregnating
a siica based template with the liquid form of a carbonaceous precursor such as
sucrosg 179 before carbonisation, however the decosition of hydrocarbon gases
(e.g. propylene[17€6) into the pores of a template has also been successful.
Templates are usuallyissolved using hydrofluoric acid toieyd carbon materials

with well-defined structural characteristics. By using templates such as ordered

44



silica, a regularly connected pore structure of controllable pore size is present in the

carbon structure.

Templatel carbons have been explored as electrode materials for ECs with an
extensive study reporting specific capacitance values in the region of 220heg
aqueous electrolytes were uddd7). Also, templated carbons have been found to
maintain their specific capacitance with increasing rate of discharge in comparison
with commercial devices whose performance is substantially dedredskeigher
rates of dischargel7§.

2.7.4.8 Glass-like Carbon

Glassl i k e, 6gl assyo, or 6vitreous©o6, car bon
controlled carbonisation of phenolic resins which are then treated at temperatures up
to 3000°C. The carbon atoms in glassy carbon have been shown to be bound through
spf hybridisation but there is little long range order between the gragikenglanes.
Consequently, gladgke carbons exhibit high electrical conductivigg]. Glasslike

carbon can be thought to consist of entangled graphitic ribbons that define cavities
within the stucture which can account for @of thebulk volume of the material

[22]. This closed porosity can be opened up by activation to increase specific surface
area and create a porous network. The development of an EC using activated glass
like carbon electrodes shows that free standing electrodes requiring no external
current collector, binder or conductivity enhancing additive can be prodagé&d

180 which may be useful in the development of hgiwer ECs.

2.7.4.9 Carbon Blacks

Carbon blacks are a group of carbon materials that are tf@sad by having
spheroidal particles of colloidal dimensions and are produced in the gas phase by the
thermal decomposition of hydrocarbons. Porosity can be developed by activation

with CO, to produce specific surface areas greater than 16g3 and \alues of
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specific capacitance in excess of 200°Hd81, 187. However relatively large
binder concentrations are required to produce mechanically stable electrodes using
carbon blacks, which has a detrimental effect on the resistance and power capabilities

of carbon black based electrodes.

Carton blacks are almost always added in relatively low concentratimnslQ
wt.%) to electrode mixtures when a polymer binder is used to form composite
electrodes, in an effort to enhance the overall electrode conductivity of the electrode.

2.7.4.10 Activated carbons

Activated carbons are usually produced by the carbonisation of an organic precursor
to produce a char whose specific surface area is enhanced by controlled oxidation.
Activated carbons displaying specific surface areas in excess of 1b are
commaplace and values as high as 300" are possiblé172. By varying the
temperature, duration and reagent concentrations usadtivation processes, the
degree of material removetdyrn-off) can be controlled to produce materials with a
range of surface areas. The widespread use of activated carbons in adsorption and
catalytic processes has occurred because they are easy téachaey display
relatively largespecificsurface areas, have a wd#veloped pore structure and can

be easily modified to include surface functionality. By far the majority of
commercially available ECs use activated carbons as the main componeait in th

electrodes.

Activated carbon can be produced from many materials with the main requirements
being that the precursor is predominantly composed of carbon and contains a low
amount of matter that cannot be remowvbdough gasification Many natural
feedstocks are available for activated carbon production as well as several by
products from industrial processes. Coconut shells, coals and woods are used to

produce the vast majority of activated carbi&?].
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2.7.4.10.1  Synthetic Carbon Precursors

Synthetic carbon precursors are generally more expensive and involve additional
processingn the production of activated carbormit offer severahdvantages over
natural/byproduct derived materials. The pore characteristics are controllable to a
greater extent using polymers or resins as a feedstock as carbonisation can produce a
carbon pseudomorph of the precursor. Pore size distributions genémal more
well-defined when using synthetic precursorise.( narrower) and are more
reproducible. There is also a significant degree of variability in the quality of natural
feedstocks, and by using synthetic precursors mineral contaminants can be
minimised to produce highly inert materials. Also, by employing synthetic
precursors specific macisrale forms of carbon materials can be produced in the

shape of monoliths or fibres.

Through a combination of reactioasd solgel processingused in the marfacture
of ceramics, organic compounds with controllable pore characterstitable for
carbonisation can bgroduced. Organic gels produced using resorcinol and
formaldehyde are the most widely studied and thegeblchemistry of many
compounds thaindergo similar reaction mechanisms have be@foeed; a few are

listed below:

Catcechofformaldehyde [183, Phloroglucinofformaldehyde [183 184,
Melamineformaldehyde [185 186, Phenolic (novolak} furfural [187],
Polyurethane[188], Cresolformaldehyde[189, Phenolic (resole]19(, Phenol
formaldehydd191], PVC[192, Polyured 193

2.7.4.10.2 Resorcinol Formaldehyde Gels

Resorcinol Formaldehyde (RF) gels were selected as the carbon precursor in this
work as they are widely used in the production of carbons for research into ECs
[194-194, and haveontrollable pore characteristics.
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Resorcinol undergoes an addition reaction with formaldehyde under alkaline
conditions which, through further condensation reactions, forms a-lanked
network. Under certain conditions the crisked network can egnd throughout a
liquid phase to produce an organic gel, in a similar manner to tgeekolanufacture

of ceramics. Removal of the liquid phase yields a porous solid with useful
characteristics such as a high pore volume (0.225 cnig?), low bulk censity
(0.06 - 0.103 g cri?) and large specific surface area (402000 nfg?) [197].
Subsequent carbonisation (and activatiar)dg a pseudomorph of the dried RF gel

with a large amount of open, connected porosity and a relatively high surface area.

Reaction mechanism

The reaction of resorcinol (:dhydroxy benzene, R) with formaldehyde (F) is
initiated by the formation of aesorcinol anion resulting from hydrogen abstraction.
Resorcinol anions are more reactive than uncharged resorcinol towards
formaldehyde, and react to produce hydroxymethylivddves Condensation
polymerisation between these hydroxymethyl compoundsatalysed by Hions,

which remove the hydroxyl group leaving a berzyde cation that undergoes an
electrophilic reaction with the benzene ring of another moldd9g. These cations

are connected by either methylen€H,-) or methylene ether-CH,-O-CH,-)
bridges[183 which occur mainly in the-4and 6 ring positions. The 2position of

the resorcinol ring has the highest electron density but is surrounded by two hydroxyl
groups which inhibit access. Successive condensation reactions create clusters wh
subsequently crodmk and agglomerate to produce a thddmensional network
structure. Cluster size and the resultant pore network are dependent on several
controllable parameters, which allows for the design of organic gels with desired
physical poperties. Factors that have been found to influence the pore structure of
RF gels include the ratio of reagents, degree of dilution, type and amount of catalyst
used, reaction temperature and the method by which the gel is dried.
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Factors affecting structure

RF Ratio

The molar ratio of resorcinol to formaldehyde (R/F) is usually maintained at a
constant value of 0.5 which corresponds to the stoichiometric ratio for the initial
addition reaction irFigure 2.17 i.e. all formaldehyde is consumed when the gel is
fully crosslinked. In an investigation of the effect of R/F on the porous structure of
aerogelg199, it was found that a gel did not form at a molar ratio of 1, and at values
less than 0.34, excess formaldehyde causes the mesopore structure to collapse. At
molar ratos greater than around 0.7, it appears that there is insufficient formaldehyde

present to allow the formation of a solid network. The BET surface area of the
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resultant gels was found to be independent of R/F for gels produitedn R/F ratio
between 0.4nd0.7.

Dilution

In the majority of cases RF gels are synthesised in aqueous solution and are
sometimes referred to as aquagels or hydrogels. The degree of dilution has been
found to affect the structure and density of the gel and hastvesnbject of several
investigations. R/W ratios commonlyags are between 0.05 and O0d&nd give a

rough indication of the bulk density of the dried gehder the assumption thab
shrinkage during drying occurs). Generally, a reduction in the ctratien of
reactants increases the void fraction of the dried gel. In the region 0.25 g cnit

the BET surface area of RF aerogels was not found to vary greatly, however the
mesopore volume varied from 0.5 to 3.0%ajit [199. At very low concentrations

of reactants a gel may not form, and the final product will be a suspension of

polymer in solvenf20(Q.
RC Ratio/pH

The most influential factor on the pore structure of RF gels has been found to be the
ratio of resorcinol to catalyst, which is an indireneasurement of the initial pH of

the reactant solution. From the reaction mechaniskigare2.17 it is seen that the
addition reaction is base catalysed whetbassubsequent polymerisation reaction is
acid catalysed, therefore there is a small range of initial pH in which gels are
produced (5.5< pH < 7.5). The pH of the reaction mixture decreases as the
condensation reaction proceeds. As the first stepeofeéhction mechanism is the
abstraction of hydrogen from a resorcinol molecule, higher concentrations of catalyst
enhance the reaction rate, producing many tightly dinked clusters. In general,

an increased level of catalyst results in materials iaither BET surface areas and

narrower pore size distributions.
Catalyst type

The nature of the compound that catalyses the initial addition reaction has been

found to alter the reaction mechanism and consequently affects the final pore
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structure of the ¢. Sodium carbonate (NaOs) is the most commonly used
Gatalysb f or the initiation of ,hdweveradngi ti on
other basic compounds have been explpi&8 201, 207.

The use of amines to basify the reagent mixture has been explored in an attempt to
incorporate nitrogen into the structure of a carbon matg2@B. However the
relatively low concentration of amines required to adjust the pH of the solution

results in very low nitrogen concentratioes.(0.4 wt.%).
Reaction temperature/time

At roomtemperature the gelation process proceeds very slowly, therefore after initial
mixing of the reagents an elevated temperature is required to promote the cross
linking reaction. Temperatures in the region of 85°C are usually used and produce
stable gels irapproximately 3 days. The reaction has also been carried out at 25°C
using a relatively high reactant concentration and was found to gel within 7 days.
[201] The time required for gelation at a constant temperature is dependent on the

R/W and R/C ratios used during synthesis.

Alternative reaction schedules have been used and typically increase the temperature
of the reaction mixtte in stage®.g.24 hours at 25°C, 24 hours at 50°C followed by

72h at 90°C[194, 199. In a comparison of reaction scheduliésyas found that

using a constant temperature of 90°C for 72bdpced RF xerogels with a well
defined, unimodal pore size distribution that varied predictably witha®@, shown

in Figure 2.18 (a) whereas xerogelproducedusing a reaction schedule similar to

that describe@bove,possessd broad, irregular pore 2 distributions as shown in
Figure2.18 (b) [195.
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ratios using (a) a constant temperature and (b) ghasedtemperature schedule

[199

Drying Method

The method of solvent removal from the gel has been found to have a pronounced
effect on the materials produced as the forces generated during drying can cause the
pore structure to rupre or collapse Figure2.19 shows a generalised phase diagram

for solvents used in organic gel manufacture, and the arrows indicate different drying

methods; the @nge arrow represents conventional evaporative drying (and vacuum
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assisted drying), the blue arrow represents freeze drying, and the red arrow signifies

supercritical drying.
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Figure 2.19: Phase changeduring solvent removal in RF gels The orange
arrow represents evaporative drying, the blue arrow represents freeze drying,
and the red arrow signifies supercritical drying.

Aerogels

Supercritical drying of organic gels is used to retain the morphalbthe gel phase
and produces materials known as aerogels. Aerogels usually have the lowest values

of bulk density and exhibit the highest surface areas.

In the production of aerogels, the water in thegalmixture is replaced with a fluid

that has a mpater miscibility with liquid C@ Solvent exchange is usually carried

out over a few days under constant agitation, and may be performed at an elevated
temperature to enhance diffusion. The solvent may also be replaced periodically to
ensure that allraces of water have been removed from the gel structure. To
exchange the solvent with GCa high pressure chamber with temperature control is
required and liquid C@is fed to the chamber with regular purges to remove any
remaining solvent. The tempeauat and pressure in the vessel is raised above the
critical point (the critical point for C®is 75.8 bar at 31°C) and the g€@ented to
produce a dry aerogel.
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Xerogels

Xerogels are produced when the solvent is removed subcritidadly,using
convecive and/or vacuum drying. Solvent exchange is usually carried out before
drying to replace the water used in gel synthesis with a liquid that has a lower value
of surface tension. For example the surface tension of water at 20°C is 72275x10
Nm' wherea acetone has a surface tension of 23.7xNin* at the same
temperatur¢20(. This is done to reduce the capillary forces that arise at theiquid
vapour interface as these forces have been found to be responsible for the shrinkage,
and in some cases the complete collapse, of the pore network. The drying rate has
been reported tmfluence the final texture of the materjdd4. Microwave assisted

drying has been found to produce xerogels with similaruutekicharacteristics to

those dried under vacuum, but in a much shorter t20§.
Cryogels

Freeze drying (lyophilisation) camlso be used to dry gels and avoids the capillary
forces associated with liquaapour interfaces. When freeze drying has been carried
out, gels are usually referred to as cryogels. In freeze drying, the temperature of the
sample is reduced to freeze gwvent, the surrounding pressure is then reduced and

the temperature gradually increased to allow the sublimation of the solvent.

In the case of freeze drying the water contained in the gel matrix is usually
exchanged witht-butanol[20§ as the change in volume of water on freezing can
rupture the pore network. Also ice crystal growth during the freezing process has

been found t@reate large fissures in the dried g2dQ.

RF gel derived activated carbons in EC electrodes

Carbon materials derived from RFelg have been studied by many groups with
respect to their performance in EC electrodes. Initially, carbonised RF aerogels were
considered as an ideal electrode material as monolithic forms can be produced which
display a significantly reduced resistanice comparison with electrodes formed

using a powdered carbon and polymer binder. In addition, the unique nanostructure
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that can be controlled in an organic aerogel was expected to perform well as
electrodes in EDLC$194. It was reported that for a fixed R/C ratio, the specific
capacitance was found to decrease with increasing material deflsity.in general,

gels produced wit a larger amounts of catalyste( R/C=50) produced the highest
values of specific capacitanet a onstant reactant concentratio® subsequent
study used similar RF aerogels to investigate the effects of the temperature used
during carbonisation orhné capacitance density of EC electrofl&37]. Maximum
capacitance density was observed at carbonisation temperatures of 80002@d 9
using a gel produced at an R/C ratio of 200. Activation of the carbon aerogels at
1050°C in CQ was also studied using a gel produced at R/C=200, and it was found
that the capacitance density of was increased by almost 50% after 1 hour, with a
substatially smaller increase being observed thereafter. Depending on the degree of
activation of RF gel derived carbons, specific capacitance values as high as'220 Fg
can be attainef20§.

However, the main benefit of using RF gels as a carbon precursor in the study of EC
electrodes is that the pore structure can be easily controlled by changing the R/C
ratio during synthesigs seen ifrigure2.18(a), and this has recently been exploited

to investigate the influence of pore size on the electrochemical behaviour of ionic
liquid electrolytes in ECH196].

2.7.4.11 Porosity in EDLC electrodes

An important area of research concerning carbon electrodes in ECs, particularly with

the use of ionic liquid electrolytd495 196, is the influence of electrode porosity

on capacitor performance. As douldger capacitance is theoretically proportional

to the surface area of the electroée].(2.2), activated carbons are commonly used

for EDLC production. In practice, a direct relationship between specific surface area

and specific capacitance is seldom observed buriilyes frequently assumed in the

analysis of the electrochemical behaviour of electrode materials.  Specific
capacitance values are wuswually oO6nor mal i :

measure of the charge storage capacity per unit surface Hneaassumes that the
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relationship inEq. 2.2 is satisfied under all conditions and that materials with the
same specific surface area exhibit the sapecific capacitancej.¢. (C/S) is a
constant for a material). However, the valuesQif) for graphite haveen found to
depend on crystallographic orientati@amd porous carbon materials can be expected
to produce values that lie between th® textremes seen in graphit&xperiments
carried out on the interface between an electrolyte and cleaved graphite crystal
oriented on the basal plane produced values in the region b2 8F cm? whereas
polished edge plane crystals produced valueseésst 50- 70 nF cmi® due to the

anisotropic electrical conductivity seen in graphit, 150.

Also, Eg. 2.2 (and the Grahame model Figure 2.9) is strictly applicable only to
planar electrodes whereas activated carbons are -dhmsmsional structures.
Normalisation on the basis of surface area introduces a possible sourcesoingoror
the data as many different methods <can
surface area obtained from nitrogen adsorption data at 77K is used as a standard
definition despite the well known limitations of this methaithough different
chaacterisations have been uge@9, 210. Furthermore, the exact surface area that
takes part in charge storage is subject to a certain degree of uncertainty which
complicates the interpretation of experimental data. For example, pores may be

inaccessible to the electrolyte solution or even toalkto permit ion insertion.

Several comprehensive studies have used activated carbons investigate the
relationship between porosity and electrochemical performance in EC electrodes.
Over 30 activated carbons with BET surface areas between 500 and Z2pb@ere

tested using KOH electrolyt®11, 212]. The single electrode specific capacitance
was observed to vary over the range-9413 F @', but the relationship between
surface area and specific capacitance was not directly proportional. Two reasons
were offered to explain this behaviourirdily, all surface area accessed by nitrogen

at 77K may not be accessible to the electrolyte and secotidly the local
electroadsorption properties are dependent on the size of the pore in which they
occur. Under the assumption that the entire medssudace area was accessible to
electrolyte during electrochemical tests and based on the fact that a nitrogen

molecule is of similar size to a hydrated & OHwion [19], the latter explanation
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was explored. It was proposed that the specific capacitance of an activated carbon
could be written as the sum of the capacitances arising from micropore surfaces and
from the remaining stace area, where different values @/ apply to each

region. This model provided a better fit to the experimental data and suggested that
the double layer capacitance per unit of micropore surface area is of a similar value

to that measured on th@sal plane of graphite.

The results of this study also show that the testing conditions influence the findings
greatly and require consideration before any conclusions can be drawn. Typically,
the highest values of specific capacitance are observee &iwest rates of charge

and discharge, as there is a greater amount of tim@rierto migrateto, and be
optimally packedon the electrode surface. As the specific current increased the
measured specific capacitance decreases, and this effect wapnmooenced in
activated carbons whose surface area originates mainly from micropores. In other
words, the study concluded that larger amounts of charge could be accepted or
released at high rates when activated carbons with a greater proportion of larger
pores were used. This is seen Rigure 2.20 [212 where a predominantly
microporous activated carbon {BD) yields high amounts of charge stored at low
rates and performance deteriorates rapidly with increasing current derstgas a
carbon with a larger average pore size3®) storesa grater amount otharge at

current densities greater than 708 g™.

57



24_ T T T I ] 1 1] i
p ‘ J
22 4 e ! -
204 L] = M-30 .
L]
S +—1—0 e M-20 ]
= " e 1
2 L = e S SO B —
\"g 4
£ 14 - -— — 1]
- 1 ¢y
> 124 '8 4
:‘5 ] ‘ o |"wm—ml
© 10 i \., — B — -
Q
© 8+ | . | \'"“-»_ ]
(@) LN .
6 —y— ——
1 .
4 ! ~e .
2 —
0 500 1000 1500 2000 2500 3000

Current Density (mA/g)

Figure 2.20: Charge stored against discharge current density for a microporous
activated carbon (M-20) and mesoporous activated carbon (M0)[212]

Activated carbons derived from bituminous coal were used to investigate the effects

of <changti gt Wrnamlnocharacteristicsd on <cap
organic medig213. Activated carbons were produced with BET surface areas
between 800 and 3038°g” and resulted in specific capacitances between 124 and

286 F g. It was concluded that mean pore size was rimop®rtant tharspecific

surface aredor enhanced specific capacitance, and the optimum pore sizes for

agueous and organic electrolytes wergand 0.8 nmespectively.

The narrow pore size distributionsathare achievable using carbiderived carbons
were utilised in the determination of the mechanism by which micropores become
accessible to iong165168. An apparently anomalous increase $pecific
capacitance was found when the electrochemical behaviour of a carbon with a modal
pore width of 1nm using an organic electrolyte was compared to that of a carbon
with a modal pore width of Bm [165. This was attributed to the desolvation of
ions upon entering the micropores. To confirm this supposition, ionic liquid
electrolyte was ambined with microporous carbigerived carbons and studied in

an attempt to match pore size to ion §i267]. When the average pore size was
matched to ion size, maximum specific capacitance of 160 E gas obtained
which was 40 F @ higher than that measured using an equivalent mesoporous
material. This indicates that ion adsorption is achieved in a more efficient manner

when average pore siematched to io size. It was established that as the average
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pore size increased above the optimum, specific capacitance decreased and below the
optimum pore width, ions were sterically hindered from entering the pores. This was
confirmed by a different study that wsenicroporous activated carbon with four IL
electrolytes of varying cation size (0.2 nm)[214]. It was observed that specific
capacitance decreased with increasing ion size, confirming the importance of the
relationship between pore size and ion size in the determination of capacitor

performance.

Traditionally, the most widely accepted EDLC model is based on the formation of a
doublelayer between planar electrodes and an electrgBi&]. However, this
model is insufficient where thredimensional netwdks of interconnected pores are
involved in the charge storage mechanism. In light of findings concerning the effect
of pore size on capacitance a heuristic model that incorporates the effect of pore
curvature on capacitance was proposed and was fouagply to carbons with
unimodal pore size distributiof®16. This model assumes that in the macroporous
region, curvature has niggble effect on the specific capacitance and the planar
electrode model remains valid, as illustratedFigure 2.21(a). In the mesopore
region a different model is appropriate, that of an electric dexydieder as shown

in Figure2.21(b). For micropores, it was proposed that the ions are aligned along the
pore axis when the electrode is charged, producing an electrieinaggdinder
capacitor which is a reduction of the doubidinder model, where the inner cyier

diameter is defined by the ion size. This is illustrateligure2.21(c).
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Figure 2.21: (a) an EDLC formed at the carbon/electrolyte interface (b)
schematic of a negatively charged mesopore forming an electrical double
cylinder capacitor (EDCC) with radii a and b for the inner and outer cylinders
respectively and (c) a negatively charged ieropore of radius b with solvated
cations of radiusa lining up to form an electric wire-in-cylinder capacitor
(EWIC) [21§

In Figure2.21 (a) thedoublelayer capacitance is fountthrough the planar electrode

relationshipseen inEq. 2.2.

Eq. 2.2

. 0
o -- =
Q

When the pore size is in the mesopore region, the capacitance is apprayriate
2.9, wherea andb represent the radii of the inner and outer cylinders respectively.

. --0
O T Eq. 29
wl 19 ¢

For the smallest pores where solvated or unsolvated ions are positioned along the
axis of the poreEq. 2.10 applies whee a, represents the effective size of the

counterions in the electrolyte.

. -- 0
O T
o oy Eq.2.10
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As indicated previously, porosity is not only an issue in defining capacitance but has
ramificationsfor the power densities displayed by ECs. This is illustrated by the
findings of a study that compared the values of specific capacitance obtained at high
discharge rates with those measures at low rates for three templated carbons. Each of
the templatecarbons exhibited a distinct pore regime; one carbon was exclusively
microporous, another possessed mainly small mesopores (~3 nm) and the third
primarily contained large mesopores (~16 faf)7]. At low rates ¢a. 1 mA cm?)

all carbon samples had a specific capacitance of 200. FHpwever, as the rate
increased, specific capacitance decreased in a different manner faadaah. The
microporous carbon showed a decrease in capacitance of 75%. For the carbon with
small mesopores, the reduction in capacitance was lower but showed a continual
decrease in capacitance with increasing current density. The carbon with larger
mesopores reached a minimum value of 100 Fagmuch lower current densities,

and would continue to allow for higher discharge rates with no further deleterious
effect on capacitance.

This discussion serves to highlight the complex relationship betwegotbsity of
electrode materials and the energy/power densities of EC devices. It is evident that
carbon materials with different pore characteristics respond to electrochemical tests
in a different manner and in the investigation of electrode matetiats,effect

always requires consideration before any conclusions can be drawn.

In particular, normalisation of specific capacitances on the basis of surface area
assumes that all surface area influences the capacitance in the same manner which
has been shlwn not to be the case. Ideally, when comparing different electrode
materials it is desirable for them to have the same surface area and pore size
distribution, however this is very unlikely to occur in practice. Therefore, when
experimental results reqei data normalisation, the uncertainty over the influence of
different pore sizes can be reduced by ensuring that the materials possess as similar a
surface area and pore characteristics as possidlso, the microstructure of the
carbon should be as siar as possiblén orderto negate the influence of different

proportions of surface area arising from edge or basal plane regions.
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In addition, if the surface area and pore size distribution of materials are similar, the
addition of binder can be expedt® influence each material in a similar manner and
the amount of porosity that is not wetted by electrolyte can also be expected to
similar for each sample This reduces the degree of uncertainty regarding these

factors in the analysis of electrochenhidata.

2.7.4.12 Surface Functionality

Carbon has an amphoteric nature which results in a wide range of electrochemical
behaviour from electron donor to acceptor stdt® 172, and the presence of
heteroatoms in graphene planes can affect the acid/base character of the surface by
either donating electren t o or withdrawing electrons

electrons associated with aromatic carfiB-22(Q.
2.7.4.12.1 Oxygen

After a high temperature process in the production of carbon materials there are
residual surface bonds, unfillegalencies, which behave as reactive free radicals
towards oxygen on exposure to the atmosphere. Many carbons contain regions that
are graphitic on the microscopic scale, and the distinct properties of the planes
present in graphite result in edge sitésdhe basal plane being substantially more
reactive towards oxidation. As oxygen is bound primarily to the edges of graphitic
planes the relative proportion is usually found to vary with the specific surface area
of the material.

Some oxygen functionalés are electrochemically active, and when present on EC
electrodes can contribute to the overall specific capacitance through
pseudocapacitance. It has been estimated tlaativatedcarbors pseudocapacitive
reactions can account fori510% of the tothcapacitancg10]. The distinction
between these charge storage mechanisms on plane surfaces is feasible using EIS,
however in poous electrodes the electrochemical behaviouheffunctional groups

becomes intéwined with the effects of the pore network.
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The reversible oxidationeduction of hydroquinonejuinone groups at the edge of

graphitic planes occuia the presence of protons as illustrateéigure2.22.

o} OH

] l o} ] ! OH
L. (L

Figure 2.22: Redox reactioninvolving quinone/hydroquinone groups

It can be seen that the pseudocapacitive contribution of this group has the potential to
be quite significant as this mechanism permits the storage of one electron per oxygen
group in comparison with the double layer mechanism that can store the equivalent
of 0.18 electrons per carbon at¢t®, 221]. The presence of this psewdpacitive
reaction in acid electrolyte is characterised by a noticeable peak in cyclic
Voltammograms centred at a potential of 0.55/%. BHE), as shown ifrigure2.23,

where the authors estimated thdéite contribution of quinonehydroquinone

pseudocapacitance to the overall capacitance wiasagstl to be around 30§221].
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Figure 2.23: Cyclic Voltammogram of carbon cloth (Spectracorp 2225) in 1.
M H,SO, at 1 mVs® showing redox pseudocapacitance of quinone/
hydroquinone functional groups [221]

Other oxygen containing functional groups were found to participate in

pseudocapacitive reactions, but to a much lessenettan the quinone couple. For
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example, the same study found that pyrone oxygen groups can be rendered
electrochemically active in basic electrolyte after being subjected to electrochemical
cycling in acidic electrolyte.

Carbon materials containing sace functional groups can also exhibit an acidic or
basic character which influences the wettability of the electrode. An increased
wettability is desirable for use in EC electrode carbons as this maximises the
accessibility of electrode surface to elettte. The elementalcomposition of
carbon blacks has been found to influence their wettability towards an external
solvent. Carbon blacks with an oxygen content in the region &f 150 wt.% were
found to exhibit increased wettability.§. smaller ontact angle with water) with
increasing oxygen conterj2?. It was also found that the residual hydrogen
content has a negatiwdfect on the wettability of the material. Another study found
that electrochemical reduction of a carbon surface resulted in a decreased wettability
[56].

However there is a major drawback associated with the inclusion of oxygen
functional groups on EC electrodes, namely that adistharge mechanism is
introduced to the system. Selischarge is of practical importance in theigesof

ECs asit can have a detrimental effect on operating efficiency, energy and power
density due to theadditional hardwarethat may be required to provide a

compensatorfloat current

If impurities present in the EC materials undergo redox reactions in the operating
potential range then the electrode becomespwbarisable to a certain exteand is
affected byan associated leakage current. In addjtmxygencan be reduced to
prodwce H,O, or HO,® which can then go on tact like a shuttle between the
electrodeswhere species react at one electrode, diffuse to the other electrode and are
reduced or reoxidisedas indicated in Equation 2.11. Thiapidly reducesthe

amount of chargstored in the cell10Q].

0 ¢O ¢Q z 00 Eq. 211
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Carbon materials that possess a higher concentrafiacidic surface functional
groups have l#n found to produce higher selischarge ratef223. Also, higher
leakage currentdave beenobserved in ECs using carbons with a larger oxygen
content which suggests that oxygen functional groups catalyse surface redox and/or

electrolyte decomposition reactiof24).

The presence of oxygen groups has also been found to correlate strongly with the
degradation of capacitance and increased B&ghafter extended periods at the
maximum operating voltage in propylemarbonate based electrolytes. Carbon
materials with higher oxygen contents were found to evolve gas through the
decomposition of electrolyte, possibly through overvoltage caused by an increased
potential of zero chard@?2, 225.

2.7.4.12.2 Nitrogen

Nitrogenenriched carbon materials have shown promisgeieral areas including

CO, capture[203, hydrogen storag¢226 and catalysig227], and are usually
produced by adding nitrogen tocarbon by treatment with ammonia or through the
carbonisation of a nitrogenous precursor. In some cases nitrogen containing
polymers are added to a carbon followed by subsequent heat treatment to introduce

functional groups to the carbon surface.

With the beneficial effects of oxygen functional groups in carbon materials being
known, the idea that similar effects.§.enhanced capacitance, increased wettability
etc) without the drawbacksanbe induced by incorporating alternative heteroatoms

is being widely explored. The most studied of these alternative heteroatoms is

nitrogen, although others such as bd@2d have received some attention.

Different methods of producing nitrogemriched carbons for use in EC electrodes
have been explored, with nitrogen being incorporated into carbon materials through
thermal treament with a mixture of ammonia and 4229234 or through the
controlled carbonisation of nitrogen containing organic compo{ihds, 209, 210,
235249.
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The majority of investigations into the behaviour of nitrogemiched carbon
materials as EC electrodes report a beneficial effect on capacitance resoitirtgdr
inclusion of nitrogen into the carbon structure. This is usually attributed to
pseudocapacitance between nitrogen functional groups and electrolyte §pédies
although this has not yet been confirnjgdy. As well as increasing the wettability

of the surface of the carbon material, the addition of nitrogen is also thought to alter
the electron donor characteristics of individual graphitic regions. The number and
location of nitrogen heteroatoms in graphene planes has been shown to affect the
enegy levels of the highest occupiedEromo) and lowest unoccupiedE(umvo)
molecular orbitals, and therefore on the band d&f Exowmo - ELumo) and electron

donor properties of the carb18-22(.

A summary of several studiencerning nitrogemnriched carbon materials and
their application as EC electrodes, with a discussion of their results in light of recent

findings, is given in the following section.

Ammoxidised Brown Coal [229

Under the premise that pseudocapacitance arising from oxygen functionalities is
limited to one electrode, and that oxygen goare usually acidic in character, the
addition of basic functional groups was investigated in an attempt to improve the
performance of the whole EC cell. Nitrogen containing functional groups usually
have an alkaline character and were added to derhgsetebrown coals through
ammoxidation, which is a treatment at elevated temperature under the flow of an
ammonia/air mix. The resulting nitrogenmriched precursors were subsequently
carbonised and activated, producing materials with BET surface ardssramge of

290- 930 nfg™ and nitrogen contents between 0.0 wt.% and 13.2 wt.%

The specific capacitance of a sample containing 13.2 wt.% nitrogen and a surface
area of 289 fy*, was 91 Fg* in acidic electrolyte which is similar to the value
obtainedusing a sample containing Ov&.% nitrogen with a significantly larger

surface area of 7024i*. However, these samplese notdirectly comparable, as
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the sample wereobtained undesignificantly different synthesis conditions and have
vastly different ash contents. The treatment temperature of carbon precursors can
drastically alter the chemical structure of the carbon, especially with respect to the

electrical conductivity of the resultant material.

Samples with a similar surface area (2889 nfg™) but different nitrogen content
showed significantly different values of specific capacitance. These materials were
produced under the same thermal conditions (700°C carbonisation) but different
ammoxidation conditions, and indicated that an increasérogen content resulted

in a significant increase in specific capacitance. A sample possessing 9.2 wt.%
nitrogen exhibited a specific capacitance of 2§'F whereas a sample containing
13.2 wt.% nitrogen displayed a specific capacitance of §1 i acidic electrolyte.
Nevertheless, these samples have significantly different compositions, especially a

markedly different oxygen content.

The pseudocapacitive effect of oxygen functional groups is clearly seen on the cyclic
Voltammograms presentedrfsamples that had underwent steam activatiben
testedin acidc electrolyte. Notably, a sample produced using @®the activating
agent did not show a similar pseudocapacitive peakcatingthat steam activation
results in the formation of oxygesurface functional groups. However it is not clear

to what extent the overall value of specific capacitance is enhanced by oxygen

related pseudocapacitance.

The specific capacitance of a material containing 3.2 wt.% nitrogen was almost
double that of aample containing noitmogen but also possessed a¥d%arger
micropore volume and 20 larger surface area. The authors acknowledged that the

pore structure of the materials studied has an effect on the capacitive performance as

the highest specific capgce nce was attri buted to At he

s t r u dn thersandple.e. interconnected pores with sufficient mesoporosity to
facilitate electrolyte access.

This study concluded that nitrogen content affects the capacitive performance of
carbon and activated carbon materials, however no clear trend between nitrogen

content and capacitance was observed. From this study it can be seen that the
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specific capacitance of nitroge&mriched carbons is dependent on many factors and
decoupling the féects of individual parameters is problematic, but suggests that the
presence of nitrogen in carbon EC electrodes is advantageous.

Also, activated carbons produced from coal precursors typically have a broad pore

size distribution and highly variable coms i t i on, i ncluding mineil
be electrochemically active. A more homogenous carbon precursor, such as carbides

or polymers, would be more suitable for the investigation of the effects of functional
groups. It is also evident that the usesteam as an activating agent, although
practical, complicates the interpretation of electrochemical measurements by

imparting oxygen functionalities on the carbon surface.

Ammoxidised Cellulose Fibres[23(

A further study treated cellulosic fibres using the same ammoxidation pracdss
addressed some of the issdéscussedbove. However, the ammoxidation process,

as well as stam activation, results in the inclusion of oxygen functional groups
which are likely to have a much greater influence on the character of the surface than
that of nitrogen groups. The main aim of this study was to investigate the effects of
nitrogen addion at different stages of the carbon production process and considered

the importance of the binding state of the nitrogen atoms in the carbon structure.
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Figure 2.24: Distribution of nitro gen atoms in agraphene plane

Nitrogen added at relatively low temperaturea. (250°C) binds to the edges of
graphene sheets, and at temperatures greater than 410°C can be incorporated into the
graphene ringsFigure2.24 shows that edge sites occupied by nitrogen can result in
pyridinic, pyrrolic and Noxide groupg23Q. It was envisaged that nitrogen present

on the edges of sheets would specifically interact with electrolyte ions and augment
double layer capacitance with pseudocapaxitharge storagewhereas nitrogen
incorporated into the graphesé&ucture would influence the electron density, and
therefore electrochemical behaviour, of the bulk material. When nitrogen is included

in the graphene plane&(aternar§in Figure2.24), the location of atoms in relation

to the graphene planes can result in electron donor behaviour which contributes to

the amount eelectrane. | ocal i sed

XPS data showed that similar nitrogen groups were present in materials that
underwent a high temperatustep after ammoxidation. Thgpectra contained
significant contributions from pyridine and pyridone/ pyrrole groups, which showed
that the nitrogen atoms were incorporated into aromatic rings. In a sample that was
ammoxidis@ afterboth carbonisation and activation of the fibres, the spectra is of a

substantially different shape with no nitrogen present in aromatic groups and the
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binding energies associated with imine, imide/ amide/ amine and ammonia groups

were evident.

Nitrogen adsorption isotherms show that ammoxidised materials have a reduced
porosity and smaller surface area than an untreated sample subjected to the same
carbonisation and activation methods. This is caused by heteroatoms blocking and
narrowing pores whitalso hinders the removal tfe vapours that evolve on further
heating. The reduced surface areas can be expected to reduce the contribution of the

double layer effect to the specific capacitance of ammoxidised carbon materials.

The nonammoxidised sane possessed the highest BET surface area (16g0)m
but did not display the highest specific capacitance. A value of 144 Was
obtained using EIS at 1 mHz in 4 M,$, which equates to aurface area

normalised specific capacitance of 14.4quf>.

Rather than being evidentdgat ammoxidation has beneficial effecbn capacitance

it is likely that this value is lower than expected due to incomgietetrochemical
utilisation of the carbon surface, an effect which is more pronounced in carbons
where a large proportion of surface area arises from micropores. The authors did not
mention how carbon materials were prepared for electrochemical testing however it
is highly likely that a polymer was used to produce a mechanically stable composite
electrale and enhanced values of surface area normalised capacitance are an artefact
of the electrode manufacture process. This could be attributed to some of the surface
area not being accessible to the electrolyte, an effect which is more extensive when

polyme binder is added to carbons that are predominantly micropdrous.

It was reported that ammoxidation of the cellulose fibres prior to carbonisation and

activation had little effect on specific capacitance. This was ascribed to an

'RF xerogel derived activated carbon wittsarface area of 1120°m" and micropore volume of
0.462cn’g™ produced an electrode of surface area 47§"rand micropore volume of 0.221 &gt

when mixed inan 80/10/10 weight ratio of sample/kynar/carbon black. Carbon materials of lower
surface area (1090 and 84GgT) and lower micropore volume (0.298 and 0.254gH produced
electrodes with greater specific surface areas 630 and 52busing the same process, indicating
that a larger degree of micropores are occluded by polyimeeiband that there is not a simple
relationship between sample surface area and electrode surfaf&Satea
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Ai nadeqguat e obonyluumdadmaoxyl grdups tcoaaccompany the nitrogen
groups imparted during ammoxidation. It should be noted however that this material
had a substantially reduced surface area in comparison with thenmooxidised
sample, and when specific capacitanceig@alare normalised based on surface area,

an increase of roughly 40% is observed.

By ammoxidation of the char and subsequent activation, an increase in specific
capacitance is observed. (The surface area normalised capacitance is 28% greater
than that ofthe nonammoxidised sample.) The authors associated the increased
capacitance with a Abalancedod amount of
comparison with the other ammoxidised samples the most notable differences are the
higher surface area ansurface oxygen content. The surface area normalised
capacitance is lower in comparison to the other ammoxidised samples which may
again be due to incomplete wetting of the electrode surface as this material has a

significant degree of surface area aridirggn microporosity.

In a sample that was ammoxidised after carbonisation and activation of thethibres
specific capacitance was the lowest of all samples tested. This sample has the lowest
surface area of 585 4gi* and can be expected to produce tmeallest specific
capacitance from double layer capacitance. In addition, it was stated that this
material would not store a great deal of energy through pseudocapacitance due to the
smaller number and less favourable composition of oxygen groups. lic cyc
Voltammograms no peaks associated with quinone redox reactions are observed with
this sample, but are seen at roughly 0.2v"§Hg/HgSOy) in samples displaying a

larger amount ofcarbonyl groups. When the surface area normalised specific
capacitanceas taken into consideration, this sample is comparable to the sample
ammoxidised before carbonisation and activatioa the sample with the highest
value of surface area normalised capacitance). As was previously mentioned, the
binding states of the mogen heteroatoms in this sample were substantially different

to those seen in other ammoxidised samples, and nitrogen groups were concentrated
mainly on the edge of graphene planes where interactions with electrolyte ions can
contribute to the specificapacitance. No noticeable deviations from the rectangular

cyclic Voltammograms produced by a purely double layer capacitive mechanism
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were observed, the presence of which would signify the presence of a
pseudocapacitive charge storage mechanism assowdtedionaromatic nitrogen
groups.

This study shows that nitrogen groups are frequently accompanied by oxygen
functional groups on the surface of a material and it is difficult to quantify the effect

that each heteroatom has on the electrochemical bemafisuch materials.

Ammoxidised Hard Coal [231]

Hard coals treated using ammoxidation were used to create carbon materials that
were tested as both the positive and negative electrode in three electrode cells using 7
M KOH and 4 M HSQ, electrolytes. In acid electrolyte, all electrode materials

produced higher specific capacitances when operating as the positive electrode. The
erhanced capacitance observed in alkaline electrolyte when working as the negative

electrodewasattributed to the small size of thé on.

Discerning between samples of different porosity and chemical composition is not
possible by considering only the wal of capacitance obtained at low frequency
therefore this sftruedg/u eunsceyd soOpceacptarcai 6t atna ee X
that the dynamics of the charging process may be altered by the presence of nitrogen

species.

Charge exchange dynamics of ngem containing materials as positive electrodes in
acidic electrolyte were found to improve with increased nitrogen contertjgher
values of specific capacitance are obtained for any given frequency. As with the
previous study, materials that hadeheammoxidised after carbonisation and
activation contain nitrogen groups of substantially different character in comparison
to samples that are heat treated after ammoxidation, (imine, imide, amine, amide,
lactametc). This may be reflected in the capance frequency spectra as this
material performs in a similar manner to the unammoxidised sample in acidic

electrolyte.
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Substantial differences in the capacitance frequency spectra were seen between the
samples that were ammoxidised prior to carbonigatiod activation depending on

the temperature of the ammoxidation step. When ammoxidation was carried out at
300°C, the resultant material contained 1.1 wt.% nitrogen whereas at 350°C, the
material contains 1.4 wt.% nitrogen. The specific capacitananebt under all
conditions was larger for the material obtained at the higher ammoxidation
temperature despite having a slightly smaller surface area, as well as substantially

better performance at higher frequencies in acidic electrolyte.

Mica Template [235

Another method of producing nitrogen containing carbon materials ase
expandable mica template to induce a structure ononapbecursors. By using
quinoline or pyridine to swell the mica template, materials with different nitrogen
contents were produced and were found to have an unusual structure. SEM images
reveal that the carbons were disc shaped and consisted of aimdiyrttsurrounded

by a thicker rim. Despite having a relatively I@pecificsurface area (87.5 ")

the carbon derived by carbonisation of templated quinoline at 750°C produced an
appreciable specific capacitance of over 100t Fg1 M H,SQ,. An even larger
specific capacitance of 156¢% was exhibited by pyridine derived carbon (83 &m

') synthesised at the same temperature. These equate to surprisingly large values of
surface area normalised specific capacitance in the range of 188 pF cm?,

which is over ten times the values usually seen when using porous cftbob6,

217. The difference in specific capacitance between these materials was attributed
to the substantial difference in their nitrogemtemt. Elemental analysis shows that

the quinoline derived carbon contained 10 wt.% nitrogen whereas the pyridine

derived carbon included 18 wt.% nitrogen.

In an effort to explain thee values of specific capacitance arising from apparently
low surface aga materials, the possibility of redox reactions between the electrolyte
and nitrogen surface groups.e( pseudocapacitance) was considered but no

characteristic peaks were evident on cyclic Voltammograms. The possibility of
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several indistinct pseudocagtive peaks combining to form a rectangular

Voltammogram (in a manner similar to Ruf[Q0]) was proposed.

The notion that the surda area of the electrode may have increased due to swelling
in the presence of electrolyte was also considered, however no evidence of this was
observed. Additionally, the idea that electrode wettability is improved by the
presence of nitrogen functiongloups was offered as a reason for the enhanced
capacitance of carbon materials enriched with nitrogen.

From this study it was suggested that the presence of nitrogen in a carbon material
enhances specific capacitance per unit surface aitdwugh the mehanism by

which this occurs is unclear.

A similar synthesis procedure using melamine was used to study the electrochemical
behaviour of nitrogemenriched electrode materials in a range of electrolyte solutions
[209 238. Melamine was polymerised with formaldehyde in the presence of an
expandable fluorine mica template to gav@itrogenous carbon precursor. By using
different carbonisation procedures, materials with a nitrogen content in the region of
7 - 30 wt.% exhibitingspecificsurface areas between 17ghand 442 rig* were
produced. As with the previous study using quinoline and pyridine, the melamine
derived materials produce large values of specific capacitance per unit surface area,
with a maximum of 366 pEm? being reported.

The low yield of the carbonisation process was in@@dwsy roughly 10 wt.% at any

given carbonisation temperature by prior oxidative stabilisation of the polymer at
250°C. Stabilisation was also found to yield materials containing a greater degree of
nitrogen, and a larger fraction of pyridinic nitrogen@ps. Samples that were not
stabilised before carbonisation generally have a larger degree of porosity and greater

surface area than stabilised samples.

The sample displaying the highest surface area produced the highest value of specific
capacitance, enmasising the fact that surface area is of critical importance in carbon

electrodes for electrochemical capacitors.
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Gravimetric capacitance values of stabilised samples are similar to, and in some
cases larger than, those obtained with unstabilised sardpkgste the sizeable
reduction in surface area caused by oxidative stabilisation. When the surface area
normalised capacitance for these materials is considered, unstabilised samples
display values between 7866 pFcmi® whereas the values obtained satabilised
samples are smaller and less variable-(@8 pFcm®). This appears to indicate that

the presence of nitrogen increases the specific capacitance per unit surface area of
electrode materials; however, thiaterpretation assumes that no etegactive

oxygen moieties were present in the sample.

The precursor material can be expected to contain a significant amount of oxygen
from the ether bridges created during polymerisation and unfilled valeroésced

during carbonisation and acid washinwhich can become oxygen groups on
exposure to the atmosphere. It can also be expected that stabilised samples would
contain more residual oxygen after carbonisation, however no quantification of
oxygen content was reported and the presence of oxygetidoal groups on the

material does not seem to have been considered.

Cyclic Voltammograms were presented for samples carbonised at 750°C although
only over a limited range of 90.5 V (vs Ag/AgCl) and at a very low sweapte of
0.1 mVs®. These cyclic Voltammograms are reproduceigure2.25[209.
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Figure 2.25. Cyclic Voltammograms of melamineformaldehyde derived
carbons produced at 750°C in 1 M HSO, at 0.1 mV s'. (a) Precursor was not
oxidatively stabilised (b) Precursor underwent stabikation prior to
carbonisation.
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For both samples, the Voltammogram deviates from the typical rectangular shape in
two aspects: a broad peak on the upper portion and a significant slope on the lower
portion. The peak has a maximum value at @mal of 0.1- 0.2 V (vs.Ag/AgCl)

for both stabilised and unstabilised samples, although the peak (and slope in the
lower portion) is more pronounced in the stabilised sanfitpre 2.25b). The
unstabilised sample was reported to have a surface area ofg42amd N/C ratio of

0.20 (from XPS) and the stabilised sample had a surface area of’g5@md N/C

ratio of 0.34.

The indistinct peak is possibly associated with the quinone/hydroquinone redox
reaction, and is more pronounced in the stabilised sample (which could be expected
to have a larger oxygen content). The slope that appears under negative polarisation
could ke attributed to electrode resistafieakage currerds the measurements were
performed at a very low sweep rate. In a later publicd®38 the resistance of

each electrode was measured and the stabilised sample was found to have a
resistance approximately 30% larger than the unstabilised sample, which corresponds

with a steeper gradient on the cyclic Voltammogram.

The initial stidy concluded that enhanced values of capacitance in sulphuric acid
electrolyte are associated with pseudocapacitance arising between nitrogen species
(especially pyridinic nitrogen groups) and protons from the electrolyte. However, on
closer inspectiontiappears that several unconventional experimental and analytical
methods were used in these studies that may have affected the interpretation of the
results. Surface areas were calculated from nitrogen adsorption data using the
subtracting pore effect rtteod (SPE)[250 which is based on a highe s ol ut i on
plot method[25]]. | nplottrtetaod, the experimental isotherm is compared
with the isotherm obtained using a Rporous sample of the same chemical
composition. The material used for comparison was raneercial carbon black
(Mitsubishi #32) which has a significantly different chemical compositien rfo
nitrogen content), as well as a significant surface area #3687g* [252 253.

The SPE method was proposed as method to allow for the over estimation of surface
area by the BET model (due micropore filling) and is applicable to materials with

a surface area greater than 2008y The application of this method to the
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materialsunder studys questionable as the results indicate that the surface areas are
substantially lower than 2008°g*and i n some cases l|l-ower t

porousd sample used as a reference mater.i

In the subsequent repofR23§ the electrochemical behaviour of the same materials
were evaluated in potassium hydroxide solution and an organic electrolyte (FEABF

in PC), as well as being physically characterised further., &fSorption at 298K

was carried out to investigate the micropgs nature of several samples. The higher
analysis temperature used in £@dsorption (in comparison with nitrogen
adsorption) enhances adsorbate diffusivity, and it was expected that even the smallest
pores would be accessible to the adsorbate. Higllees of micropore volume were
recorded for all samples when using £&@ther than nitrogen as an adsorbate, which
was attributed to the presence of ultramicropores (width less than 0.7 nm) in the
sample. However it is possible that specific interactimetsveen the adsorbate and

functional groups complicate the interpretation of experimental isotherms.

The resistanseof melamine derived carbons prepared using both stabilised and
unstabilised samples at temperatures of 750°C, 850°C and 1000°C werdeelalua
For materials produced at the same temperature, stabilised samples display higher
values of resistance. Also, resistance decreases with increasing carbonisation
temperature which could be attributed to several factors (i) decreasing porosity of the
material (i) possible increase in degree of graphitisation and (iii) decreasing

heteroatom content.

In KOH electrolyte, samples that were not stabilised prior to carbonisation produced
larger values of specific capacitance when compared with values exbtasing
H,SOy, electrolyte. The opposite is true for samples that were oxidatively stabilised,
which indicates that the charge storage mechanism present is affected by the
stabilisation process. As there is little difference in the binding state ofeitro
species due to stabilisation, it is unlikely that these groups are responsible for the

difference in behaviour.

The large values of surface area normalised capacitance for these materials achieved

in KOH, as with the values obtained in,$0;, were givem as proof that
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pseudocapacitance contributes significantly to the overall specific capacitance. It
was also proposed that the interactions between nitrogen functionalities;@hd H
ions are stronger than those with &nd that these interactions deterenthe overall

capacitance.

From these results it was concluded that nitrogenriched carbons from melamine
resins show good capacitive behaviour in KOH electrolyte despite the lack of protons
that were previously considered to be responsible for enhanced capacitance.

Pitch/Polymer [176, 236

Coal tar pitch (CTP) blended uifferent fractions with nitrogenous polymers was
used as an activated carbon precursor to investigate the role that nitrogen plays in the
electrochemical behaviour of carbon EC electrodes. Polyacrylonitrile (PAN) and
oxidised poly(4vinylpyridine) crosdinked with divinylene benzene (PVPox) were
co-pyrolysed with CTP to produce carbon materials with BET surface areas between
747 nfg* and 1420 rfg?, and nitrogen contents between 1.9 wafd 7.2 wt%.

The pH of the surface was found to increase in @ntogn with the nitrogen content

of the material varying between pH7.4 at 1.9 wt.% nitrogen to pH 9.3 at 7.2

wt.%.

Carbon materials were testeding cyclic Voltammetry, EIS and constant current
charge/discharge with the same trends in capacitancesvéleing observed using
each method. Electrochemical behaviour was investigated in two different
electrolytes, namely 1 M4$0, and 1 M TEA BR in PC. With the exception of the
materialderivedfrom PVPox the specific capacitance of the materials iases with
nitrogen content in acid electrolyte. (The PVPox derived material had a BET surface
area at least 500" greater than any other sample, and can be expected to display
a substantial double layer capacitance.) These samples were said torhpaeable
microtextural properties as the proportion of micropore volume to total pore volume
and BET surface areas were similar. However absolute values of the pore volumes

were not reported and the structural properties of the material cannot be assumed
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be identical due to the vast differences in the chemical composition of the precursor
blends. It is also worthwhile to note that the materials underwent steam activation
which imparted varying degrees of oxygen functionality onto the carbon surface (u
to 7.2 wt.%) and could therefore contribute to the overall specific capacitance
through pseudocapacitance to an unknown degree for each sample. In fact the
oxygen content rises in tandem with the nitrogen content, therefore any increase in

capacitancelsserved could equally be attributed to the oxygen content.

It was proposed that the larger values of specific capacitance in Sk} Mas due

to an enhanced wettability of the carbon surface as previpusposed 176, 231,

236 and that reactions between the electrolyte and nitrogen functionalities
introduced a Faradaic component to the overall specific capacitance. Specifically,
redox reactions involving pyridinic nitrogen were indicated as a possible source of
pseudocapatance. Further publicationgl47, 176 discussing the same results
introduced a few reaction mechanisms between protons and nitrogen functional
groups bound to a graphene plane, especially that between a pyridinic nitrogen
functionality and protons which could possibly account for the incdeapecific

capacitance value of nitrogen enriched carbons.

NH,

NH
) O
SO

Figure 2.26. Redoxreactions of nitrogenfunctional groups. (Aromatic rings
indicatea | arger o6graphened networ k)
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Cyclic Voltammograms recorded at different scan rates of the &&Ned material
(nitrogen content 7.2 wt.%) in 1 M,BO, are presented ifigure 2.27 [17¢§ and

show a fairly rectangular form at a scan rate of 2 sV This form becomes more

skewed when the direction of the sweep rate was switched at increased sweep rates.
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Figure 2.27: Capacitor performance of PAN derived carbon using cyclic

Voltammetry at three different rates in 1M H,SO, [176]

This |
th the

mitation a

Wi nitrogen

t hi gher | oad

functionalityo

wa s

cited

were in

significant amount of oxygen on the sampleface (almost identical to the atomic

concentration of nitrogen) it is possible that the effect seen on the CVs is due to an

increase in the internal resistance and exacerbation of thiel@eanbehaviour under

polarisation of the interphase due to oxygenctionalities[22] which is supported

by the same effect being observed in the aprotic organic medium. This effect was

seen to nmcrease with the oxygen content in the study of oxidised activated carbon

fabrics[224].

Furthermore, no appreciable peaks ttaild be attributed to a reaction were evident

on the CVs (except from a slight deviation at 0012 V, seen in the same region for

two electrode capacitorsn other studieswhich could be attributed to ¢h

guinone/hydroquinone couple).
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Electrospun PAN[244]

Porous nitrogerenriched carbon materials were produced from an electrospun
polyacrylonitrile (PAN) paper and tested as E@c#lbdes. Carbon materials
produced in this manner require no binder or conductive additives to manufacture
mechanically strong electrodes, which is beneficial in the production of devices with
a high power density. By altering the activation temperatised in synthesjs
carbon materials with nitrogen contents between 3.3 wt.% and 12.3 wt.% were
produced. However, this also resulted in different textural properties being exhibited
by each material whictagain complicates the interpretation of electreafical
results. Initial tests indicated that results from materials activated at 700°C and
800°C were highly influenced by the resistance of the materials which could be
attributed to the larger values of nitrogen contentifferences immaterial struture.
Therefore comparisons between two highly conductive materials were drawn over a
series of electrochemical tests. An activation temperature of 900°C produced a
material of specific surface area 365gt and a nitrogen content of 6.9 wt.%
whereasatemperature of 1000°C produced material with a surface area of g5 m
(Surface areas were determined by the BET method using nitrogen adsorption data,
and elemental analysis was conducted using XPS.) Moreover, these samples
contained a similar amoumf oxygen which allows for the assumption that any
pseudocapacitive effects associated with oxygen functi@saidibuld contribute to a

similar extent in each sample.

Cyclic Voltammetry was carried out in 1 M,8IO, and 6 M KOH and both samples
performed snilarly, producing larger values of specific capacitance in the alkaline
electrolyte. Although the surface area of the sample activated at 900°C is roughly
half that of the sample treated at 1000°C, similar values of specific capacitance were
obtained inboth electrolytes. It was assumed that if charge storage occurred only
due to the double layer mechanism, a substantial difference in the values of specific
capacitance would be observed and therefore the specific capacitance of the sample
activated at ©0°C included a significant pseudocapacitive component arising from

the higher nitrogen content. The higher specific capacitance values obtained for both
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samples in KOH seems to imply that nitrogen functionalities are more

electrochemically active in baselectrolyte.

Nyquist plots for both samples in KOH andS®, electrolyte were obtained and
compared with an equivalent circuit consisting of an equivalent series resistance,
double layer capacitance, Faradaic charge leakage and Warburg element (
Randesocircuit [10, 254]). In both electrojtes the Warburg element was found to
influence the impedance over a wider frequency range for the sample activated at
900°C, with the largest effect being seen in KOH. This was correlated with the
increased pseudocapacitive contribution to specific d@p@e by nitrogen
functional groups and it was asserted that the Warburg impedance region is
associated with Faradaic reactions and
l i ned. On the ot her handcahbemoddledhiyav i our
transmission lineand there is a significant difference in the pore characteristics

each sample. The sample activated at 1000°C has a micropore volume of 0:28 cm3g
and a mesopore volume of 0.22 cthighereas the sample activated at 900°C has a
significantly less porous structure exhibiting smaller volumes of 0.17 tin*ghe

micropore region and 0.10 cn®@ the mesopore region.

It was also stated that the low frequency behaviour seen in the Nyquist plot was
evidence that the entire surfacea of the electrode was wetted by the electrolyte
solution however this is usually associated witihe degree ofelectrode
polarisability. It is possible that a substantial degree of microporosity is not fully
wetted by electrolyte, an effect which wdube more pronounced in the electrodes
treated at 1000°C, which could account for the similarity in specific capacitance

values between the two samples.

From the XPS quantification, larger amountspyfrolic, pyridonic and pyridinic
groups present on thearbon surface were found to correspond to larger values of
surface area normalised capacitance in agreement with the findingsevabus

studies.

The performance of the electrodes at high rates was investigated through

Galvanostatic cycling between cuntedensities of 50 mAj* and 50 Ag™®. Both
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samples show typical behaviour with rate by exhibiting the highest values of specific
capaciance under low charging current ararly constant values are attained for
charging currents greater than 1g&. As with the cyclic Voltammetry results,
higher values of capacitance are achieved in basic electraigtel75 F g?) in
comparison with those using acid electrolyta.40 Fg?). A Ragone plot showing
the results of Galvanostatic cycling at differesties was presented that showed little
loss in power density over thei110 s time scale. It is likely that this is due to the
exceptional conductivity of the carbon fibre electrogdsch is not inhibited by
polymer binder and thentraparticle resistaces associated with powder based
electrodes. Exterdl Galvanostatic cycling over080 cycles at 1 Ag* showed
appoximately 36 loss in the value of capacitance in KOkhereas a loss of at least

10% was seen in acid electrolyte.

The materials were alstested using an organic electrolyte (1 MEA BF; in
acetonitrile) anda substantial difference their response to cyclic Voltammetry was
observed. The specific capacitance of the sample activated at 900°C was negligible
in comparisonwith the 100 Fg* displayed by the more porous sample that was
activated at 1000°C. In organic electrolyte it is assumed that dayee charging

is solely responsible for the specific capacitance as ther@dreeprotons available

to take part in pseudocapacitive reais.

In short, his paper indicates particularly good cycling performance and enhanced
specific capacitance of carbons enriched witrrolic, pyridonic and pyridinic

nitrogen groups in KOH electrolyte.
Activated Carbon/(melamine or urea) [21Q

Wood derived etivated carbon was oxidised and treated with melamine or urea
before further carbonisation to produce materials with varying amounts of surface
functionalgroups. These materials contained nitrogen in the region -08 @.&t.%,

had BET surface areas between 72thand 2176 rfg™ and were used to study the
effect of surface amistry on the performance of carbons as EC electrodes.
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As received carbon and oxidised carbon samples were tested as EC electrodes
however the cyclic Voltammograms obtained show erratic capacitive behaviour. Itis
likely that the structure of the mai@r changed significantly during thermal
treatment at 950°C tprodue@ a more conductive material. The use of wood derived
activated carbon also introduces impurities into the material as the ash content could
be as large as 2.0 wt.%, and a significardagpiorous content that could affect the
electrochenual performance of the materiahas reported21Q.

It was found that darger amount of nitrogen was incorporated into the material
when the precursor had previously underwent oxidation with nitric acid, and
melamine was found to affect the residual nitrogen content to a greater extent than
urea, but also had a greater effect oe fhore characteristics of the material.
Oxidised carbon was found to have a surface pH of 3.26 due to the increase in acidic
surface groups and removal of basic groups. After treatment with melamine or urea,
similar types of functional groups am®rmed although in different proportions.
Melamine treatment resulted in a higher proportion of pyridinic groupspyraalic/

pyridinic groups when compared to treatment with urea.

To investigate the effect of surface chemistry and porosity, the results nedyseal

by considering the O6nitrogen indicesd6 of
by multiplying the proportion of each nitrogspecies by the total nitrogen content
obtained from XPS deconvolution and dividing the resulabyeasure o$urface

area. This provides an indication of the surface density of specific functional groups
and allows for the identification of the influence that each functional group has on

the specific capacitance of the material.

Nitrogen indices were then plottedaag n s t the o6volumetric caj
determined by dividing the specific capacitance by the volume of the micropores.
Volumetric capacitance is perhaps a more useful measure of the energy storage
capability of porous electrode materials as thigegian indication of the efficiency

of space utilisation, but by only considering the volume of micropores, a significant
volume is ignored. A more appropriate volume to evaluate the capacitance with
would be the total pore volume added to the volume meduby the electrode

matrix, i.e. the bulk volume of one electrode.
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Also, by normalising the data on one axis with respect to micropore volume and by
normalising the other axis with respect to BET surface area, the data is still affected
by the pore chacderistics of the material. For example there can be expected to be a

good correlation between the BET surface area (a component ofititecls) and

the micropore volume (used in the cal cul

From t he -ipdicedvs® Vol uonBt ri c capaci tXaandc e 6
N-Q have the most pronounced effect on capacitance at high currents which was
unexpected as the majority of reports attribute enhanced capacitive behaviour due to
reactions involving pyridinic an@yrrolic species. The high positive charge on the
nitrogen atom in these group&55 was proposed as a possible reason for the
changes in electrochemical behaviour, specifically by assisting in electron transfer
through the electrode matrixdowever it is noted thahe sum of the M) and NX

type groups follows the same trend as theceatration of pyridinic groups which
showa significantly better correlation with sade area normalised capacitandsis |
therefore possible that tlodserved behavious not due to the M) and NX groups

but is rather a consequence of pyridinic rggngroups.

Through consideration of the electrochemical behaviour at different currents it was
concluded that the capacitasceonsistof a contribution from thedoublelayer
mechanism and a contribution fropseudocapacitance. It was argued that the
formation of a doublkayer is suppressed at high currents and that the contribution to
capacitance through the douldsrer mechanism reduced with increasing current.
However it could be argued that the converse is true as the time required to form a
doublelayer can be expected to be shorter than the time required for charge to

migrate tavardsand cross the interphase.

A similar technique using coconut shell derived activated carb4h was used to
further investigate the importance of nitrogen functional groups the
electrochemical performanag EC electrodesand also to consider the effects of
oxygen functional groups impartedurthg synthesis. Materials with a nitrogen
content up to 4.1 wt.% and surface areas in the region of Z®D nfg’ were

produced. As with the previous stesl[209 238 a larger amount of nitrogen was

85

t

i



incorporated into oxidised precursor materials, and melamine was fourfthemce

the restlual nitrogen content to a greater extent than urea.

An interesting difference between the studies is seen in the electrochemical
behaviour of the carbon samgldat were oxidised but not subjected to any further

heat treatment. In the case of the woadiveed material a substantially reduced
capacitance was observed in comparison with the other samples whereas the coconut
shell derived carbon gave capacitance values significantly greater than the other
samples. For wood derived carba) the poor capa@nce was attributed to a large
electrical resistance arising from a relatively high oxygen content. On the other
hand, the coconut shell derived carbon has a lower oxygen content and it was
postulated that the structure thfis material is more aromatiand therefore more
electrically conductivewhen compared to the wood derived carbon. Therefore a
large pseudocapacitive contribution to the specific capacitance was associated with
the latter material and was confirmed by cyclic Voltammetry where aqedked at

0.4V (vsAg/Ag’) is clearlyseen.( Thi's is illustra®©&di by t
Figure2.28[249.)

ONNnNdicesd6 as well as o0 Xy gimilar mamet itocttes wer
previous study although a differential surface afé@,was used. This was defined

as the difference between the surface area obtained by the BET equation (presumably
using a nitrogen adsorption isotherm) and the surface area fr@madsorption
measurements. The physical significance of this quantity was assumed to be equal to
the surface area of pores larger than 10 A where surface functional groups were
assumed to be localised. -avid O indices were then plotted against the dmec
capacitance divided bys (Cg), which would imply that either all capacitance
originates from pores larger than 10 A, or that the contribution from these pores is a

constant despite being present to varying extents in each sample.

By comparing howCgs varied with different combinations of surface functionality
0indicesd it was concluded that phenol
active in acidic electrolyte Cn was found to increase linearly with the sum of the

indices arising fronpyrrdlic, pyridinic, and quinonic groups. The indices ofQN
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and NX and their effects o€ were found to be in agreement with the previous
study, and it was suggested that the resistance of electrode carbons could be reduced

by adding a controlled amount thfese entities.

The cyclic Voltammograms obtained from nitrogen enriched carbons lacked the
presence of any redox peaks that could be associated with pseudocapastance
shown inFigure2.28[249.
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Figure 2.28: Cyclic Voltammograms of activatedcarbon (S, Calgon
S208), oxidised carbon (%) and melamine treated carbon (8V) in
1 M H,SO, at 5 mVs! [245]
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Summary

To summarise, various methods have been used to produce suitable nitrogen
enriched carbon materials for EC electrodes, but the iet@tpyn of electrochemical

data is influenced by differences in surface area and pore characteristics that
inevitably accompany the addition of nitrogen groups. An increase in the surface
area normalised capacitance with increasing nitrogen contentalyusatiributed to

three factors; pseudocapacitance through redox reactions, enhanced electron
conduction through the material and an increased electrochemical surface area. To
date, there has not been an appropriate method to estimate the surfacatasea th
contact with electrolyte, and it is generally assumed that the surface area determined

from nitrogen adsorption isotherms provides an accurate reflection of this parameter.

The contribution that the electron donor effect has on the specific tapaciof
carbon materials is difficult to determine as it depends on the nitrogen content, the
distribution of nitrogen atoms, and the size of the graphitic regions in which they are
located[218-220, 234].

Different reactions through which charge transfer with nitrogen functional groups
can occur have been proposed, but it has been noted that these mechanisms have not
been confirmed experimentally. The absence of any peaks during cyclic
Voltammetry experimets indicates that any pseudocapacitive contribution is
independent of the potential across the cell. However for this to be the case, the
voltages over which several reactions occur would be required to overlap, and
moreover the pseudocapacitandeom each reactionwould have to superimpose
perfectly to produce a consistent contribution towards the specific capacitance. This
behaviour is exhibited somewhat by Ry@here it is thought that at least three
reactions overlap within the operating range bé tEC [10], and noticeable
deviations from the ideal rectangular cyclic Voltammograms are still seen. It is more
likely that a diferent mechanism, probably related to the doldter mechanism, is
responsible for the enhanced values of surface area normalised capacitance seen in

nitrogenenriched carbons.
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Itis notedthate ports frequently use thetforerm
any values of surface area normalised specific capacitance greater thasutikt
associated with doublayer charging (assumed to be 480 pF cm®) whereas it
strictly refers to a change in the rate of charge acceptance with changes irapotenti
[10]. There is clearly some uncertainty over the role of nitrogen atoms in nirogen
enriched carbon electrodes and the mdgerand techniquegurrently used to
investigate this topic may be inadequate.

The process of nitrogen enrichment usually has a detrimental effect on the evolution
of porosity and specific surface area, anelquentlya complicated relationship
between thaitrogen content and pore characteristics exists. In order to decouple the
effects that surface area, porosity and nitrogen contéaive on the specific
capacitance ohitrogenenriched carbon materials, a process that could produce
materials with the saen surface area, pore and structural characteristics, but a
different chemicalcomposition would be desirablelt is also evident that the
influence of oxygen functional groups complicates the interpretation of
electrochemical behaviour as the quinone/bgdinone reaction can provide a large
contribution to the overall specific capacitance. Therefore any materials used to
investigate the electrochemical behaviour of nitregerniched carbons would ideally
exhibit no pseudocapacitive contribution from oggdunctionalities.

Nitrogen -enriched carbons through co -carbonisation

Nitrogenenriched carbon materials have been produced by a different procedure
where a polymeric precursor is simultaneously carbonised alongside a nitrogen
containing organic compound that has been impregnated throughout the structure of
the precursof203 227]. This method has been used to paalmaterials in the
investigation of nitrogen functional groups with respect to their catalytic activity
[227] and in the field of ©, capture[203. Carbon materials containing up to 10
Wt.% nitrogen with surface areas in the region of 3800 nfg™* were prodeed by

6 cpoy r o | ym-phengleneodiaminenfPDA) and a phendormaldehyde resin.

Previous investigations into the catalytic activity of nitrogemiched carbons were
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hindered by the presence of mineral matter, which was avoided in this investigation
through the use of a polymeric carbon precursor. The structanBDA is shown in

Figure 2.29 and was chosen as the nitrogen source due to the presence of an
Afar omatring that should easily get i nvol
carbonisation processmPDA contains approximately 26 wt.% nitrogen, and the
nitrogen content of the final material was controlled by adjusting the mass fraction of
mPDA added to thearbon precursor. The catalytic activity in the reduction of NO

with NH3 was found to correlate well with the surface nitrogen content of the carbon

H2N\©/NH2

Figure 2.29: Structure of m-phenylene diamne (mMPDA)

materials.

A subsequent study into the use of nitrogemiched carbon materials as an
adsorbent for C® capture used resorcinfdrmaldehyde xerogels as the carbon
precursor due to the ease with which different pore structures can be imparted on the
resulant carbon. Initially, amines were used as a catalyst in the synthesis of the RF
gels in an effort to incorporate nitrogen groups into the structure, however this only
resulted inca. 0.4 wt.% nitrogen being found in the carbon mater{@63.
Therefore, simultaneous carbonisation of the RF gels impregnated with suitable
nitrogerrcontaining compounds was explored as a method peosiuitable nitrogen

enriched carbon materials for study.

In this casemPDA as well as diphenylenimine (DPI) was added to the gels after
drying, and underwent simultaneous carbonisation to create a range of materials with
varying structural characterissicand nitrogen contents (up to 7 wt.%). As with
previous studiest was found that as the mass fraction of nitrogen precursor was
increased, the surface area of the materials decreased due to the blocking dhpores
addition,mPDA was found to enricthé nitrogen content of the resultant materials to

a greater degree than DPI.
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2.7.5 Objectives

Investigations into the use of nitrogenriched carbon materials in EC electrodes
indicate a beneficial effect of nitrogemrichment on the specific capacitanceeqf
electrodes, however the extent of any improvements in comparison with
conventional carbon materials is uncertain, and the mechanisms through which any

benefits arise have yet to be fully elucidated.

From the preceding discussion of the related literature it is clear that investigations
into the electrochemical behaviour of nitrogemriched carbon materials are
complicated by several related factors. The aim of this work welsridy the role

that nitrogen groups play in the storage of charge in ECsdégouping the
capacitive contribution from nitrogen groups with that from oxygen gramnalso

from the effectf changing the pore characteristasdspecific surface area of the
carbon electrde materits.

The use of different physical and electrochemical characterisation techniques could
hopefully provide someinsights into the mechanisms by which nitrogen groups
enhance the specific capacitance of carbon matesat$ indicateif thereis ary
practical benefito using these materials in higlower EC electrodes.

As RF gels have a pore structure that can be controlled easily through the synthesis
conditions and the nitrogen content of the materials can be tailored through
simultaneous carbosation withmPDA, this was seen as a convenient method to
create various nitrogeenriched carbon materialgith no electrochemically active
oxygen groups$or use in EC electrodes.

91



3 Characterisation

In this work various methods were used to investigaté @raracterise electrode
materials for use in ECs. These can broadly be separated into the physical/ chemical
and electrochemical characteristics of each material and the following section

introduces some of the theory behind each technique.

Nitrogen adsmption data has been used to estimate the specific surface area and
porosity of the materials, which has been compared with the results fromasmgia|
neutron scattering experiments. Also, the skeletal density of some carbon materials
was determined usg helium pycnometry. Thermal Gravimetric Analysis (TGA)

was used to develop a suitable method to produce porous carbons and to determine

the amount of ash contained in the samples.

The chemical composition of the materials was determined using combustive
elemental analysis which was compared with the results obtained usmag X

photoelectron spectroscopy (XPS). The use of XPS allowed the chemical
composition of the surface layer of the sample to be determined and the types of

functional groups present be identified and quantified.

Electrochemical characterisation was carried out to investigate the use of the carbons
in EC electrodes. Electrochemical Impedance Spectroscopy (EIS) was used to
determine the specific capacitance and resistances assowittiedells using the
materials. The complementary techniques of Galvanostatic cycling and cyclic
Voltammetry were also used to develop an understanding of how the
physical/chemical characteristics of the materials influence their electrochemical
behaviow in EC cellsthat use aqueous electrolytes
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3.1 Physical/ Chemical Characterisation

3.1.1 Nitrogen adsorption/ desorption

Gas adsorption measurements are useful in the determination of the surface areas and
pore size distributions of porous solids. In this wanitrogen adsorption data has

been used to characterise the carbon materials produced. Many different treatments
of adsorption data are available to characterise porous matevidis nonlocal

density functional theory (NLDFT) being regarded as statthefart[256. The
nuances of different NLDFT treatments complicate comparisons between findings
and more established dataatments allow for direct comparison with the relevant

literature.

The well known BrunaueEmmettTeller (BET) equatiorf257] is widely used to
evaluate the specific surface areas of electrode materials in ECs, and is a useful tool
that allows for comparisons to be easily made. The BalognerHalenda (BJH)
method[258], an extension of the Kelvin equation, has been used to define the pore
size distribution of carbon materials in the mesopore range. In the course of this
research it became apparent thatore detailedinalysis of the micropores present in

the samples would be necessary, requiring the use of the Du{sitakov [259

treatment of a lowpressure adsorption isotherm.

Adsorption is defined as the enrichment of a component in the interfacial layer
between a gas and solid. In the context of adsorption the free gas is referred to as the
adsorptiveand the solid under studys theadsorbent The interfacial layer is
thought to comprise of two layers, therfacelayer and thedsorption spacewhich

is a volume that can be occupied by the adsorptive. When the gas is in the adsorbed
state it is referred to as tlaglsorbate In addition,adsorptionis used to describe the
accumulation of adsorptive in the interfacial layer whermasorptionis used to

describe a decrease in the total quantity of adsorbate in thig1&r

The adsorption of a gas can occur due ploysisorption or chemisorption
Chemisorption involves a transfer of electrons between the adsorbate molecule and

sample surface, wherea physi sorption occurs purely
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Chemisorption is therefore limited to a single layer of adsorbed molecules on the
adsorbent surface while multiple layers of adsorbate molecules are formed during
physisorption. These mechanisoa be differentiated between based on their heats

of adsorptionas chemisorption usually has a significantly greater associated energy
than that of physisorption (although an exception to this may be found when studying
molecular sieves). As chemisamt occurs due to chemical reactions, there is an
activation energy required for adsorption to occur and there may be an increase in the
amount of adsorbed gas with increases in temperature. Physisorption is a reversible
and spontaneous mechanism wheeettbat of adsorption is of similar magnitude to

the latent heat of condensation of the adsorbate.

In the case of physisorption (which occurs when nitrogen is adsorbed on porous
carbons) the specific amount of gas adsorbed is a function of the systemateneper

T, pressureP, and interaction potential between the adsorbent and adsorptive,
This is indicated irEq. 3.1. The amount of gas adsorbady, is expressed as the
mass of adsorbate per gram of adsorbent, however this is also frequently expressed
as a volume of gas (at STP) adsorbed per gram of aa@260 .

~r

®  "QYDRO Eq. 3.1

The interaction potentidt is a measure of the resultant force of attraction between
adsorbent and adsorptive, and is also dependent on the extent of adsorption. In the
case of physical adsorption, the interaction potential is dominated by the attractive
dispersion forces that ag due to the synchronisation of the oscillating dipole
moments of molecules in close proximityofidon forces Other forces affecting the
interaction potential include iedipole, iorinduced dipole, dipolelipole, and
quadrapole interactions; these des are similar to those that result in the

condensation of vapours.
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3.1.1.1 Potential Theory

The potential theory of adsorptigh71, 261, 262 considers an adsorbed molecule to

be compressed by the forces of attraction acting from the surface into the
surrounding space. When the space above the surface of an adsorbent is thought to
consistofanumhe of O6surfacesd of equal adsorpti
Is considered to be confined to the volume between the adsorbent surface and the
equipotential surface where the adsorption potential is zero. Therefore, the
interaction potential field aries with the geometric and chemical nature of the

adsorbent.

In porous materials the potentiatlils from the pore walls combine to produce an
appreciably larger adsorption potential, and this effect increases when potential fields

overlap in smaller pores as illustrated-igure3.1 [263).

(@) (b)

Increasing
adsorption
potential

Figure 3.1: Adsorption potential fields (a) increasing near a pore and (b)
overlapping in a narrow pore
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When using gas adsorption to characterise porous materials it is usual to maintain a
constant temperature and measure the amount of gas adsorbed by the sample over a
range of pressures; a plot showing how the amount of adsorbate varies with pressure
is knowvn as aradsorption isotherm The system pressure is more usefully expressed

as arelative pressuréP/Py), as shown irEq. 3.2, wherePy is the sattation vapour

pressure of the adsorbate at the system temperature

O Q0T Eq. 3.2

3.1.1.2 Adsorption Mechanisms

Isotherm plots are unique for each system under consideration and can be classified
according to their shape. The type of isotherm gives an indication of the adsorption
processes involved, which can be categoriseth@asolayer adsorptionmultilayer

adsomption, capillary condensatiomndmicropore filling[170.

Monolayer adsorptions defined as occurring when the entire adsorbent surface is
covered by a layer of adsorbate molecules, each of which is in contact with the solid
surface. Themonolayer capacitys defined as the quantity of adsorbate required to
form a single completlyer of adsorbed molecules and can be used to estimate the
surface area of the adsorbent by considering the-sext®nal area of an adsorbed

molecule.

When the adsorption space has the capacity for more than a monolayer of adsorbate
and all adsorbed necules are not in direct contact with the adsorbent surface
multilayer adsorptionis said to have occurred. Adsorbents frequently support
multiple layers of adsorbate at some adsorption sites before completion of a single
layer of adsorbate is in contaegith the adsorbent surfacd-igure 3.2(a) represents

monolayer adsorption arkigure3.2(b) represents multilayer adsorption.
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(b)

Figure 3.2: Adsorption on a plane surface (a) monolayer adsorption and (b
multilayer adsorption

Capillary condensationoccurs after multilayer adsorption has taken place and
adsorbate occupies the remaining pore space, aedafrom the adsorptive by
menisci. When adsorption occurs by this mechanism the adsorption and desorption
isotherms are found to diffenysteresis This is illustrated ifrigure3.3 (a) and (b).

Figure 3.3(a) represents a cylindrical pore during the adsorption process where
multilayer adsorption has taken place. The red iimlicates the region available for
adsorptive molecules to enter the adsorption space and be adséigack 3.3(b)
represents the same pore during the desorptiocess where capillary condensation

has occurred, in this case the red line indicates the region available for molecules to
leave the adsorption space and be desorbed. The difference in these adsorption and
desorption Oar e as dortheaespedtite processes,hndfisfseem as n t
hysteresis loops on the isotherm plot.

309,
aiaialaialany

e
e

A

(&) (b)
Figure 3.3: Capillary condensation (a) during adsorption (b) during

desorption. (The red line is indicative of the surface area available for
adsorption/desorption processes toccur)
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Micropore filling describes the process that occurs when the diameter of a pore is too
small for a meniscus to be formed. In the micropore range, adsorption cannot be
descibed in terms of adsorbed layers, as tight packing of molecules is hindered by
the pore walls. As a result, the surface area associated with micropores cannot be

reliably determined by considering the cross sectional area of an adsorbed molecule.

The type of adsorption processes that occur are indicative of the pore structure
possessed by the adsorbent, and the form of the adsorption isotherm can give an
indication of the types of adsorption process taking place. Commonly encountered

isotherm forms are®wn inFigure3.2 [17(.

Type | Type lI

Type Il

P/R,

P/R,

P/P

Type IV

Type V

Type VI A

P/R, P/R, P/

Figure 3.2: Adsorption isotherm classification. W represents the mass of
adsorbate andP/Py is the relative pressure.

The first five types of adsorption isothermkigure 3.2 were defined by Brunauer,
Deming, Deming, and Teller (BDDT)264] by considering many experimental
isotherms. Type | isotherms are reversible and approach a limiting value as the
equilibrium relative pressure approaches the saturation pressure of the adsorbate.
Isotherms of this typ are obtained when the sample possess large degree of

micropores(e.g.zeolites,certain porous oxidg¢s®s the limiting factor for adsorption
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is the micropore volume rather than internal surface ft&dl. Chemisorption
processes also produce Type | isotherms as adsorption only occurs on active surface
sites.

Type Il isotherms are also fully reversible and are observed wieead$orbent is
nonporous. This type of isotherm occurs due to both monolayer and multilayer
adsorption, with the shift towards multilayer adsorption being indicated by the point
of inflection on the isotherm.

Type Il isotherms are uncommon and are produced when the interactions between
adsorbate and adsorbed molecules are stronger than those between the adsorbate and
adsorbate. This type of isotherm does not permit a reliable estimate of surface area
or poresize distribution to be mad51].

Type IV isotherms are characterised by the presence of a hysteresis loop where the
adsorptionand desorption isotherms differ significantly. At low relative pressures
the isotherm takes the form of the Type Il isotherms, indicative of the presence of
micropores, where the point of inflection is associated with monolayer coverage.
Deviations from Type Il behaviour occur at higher pressures where capillary
condensation takes place, producing the hysteresis loop, and a limiting amount of
adsorption is observed when the relative pressure approaches unity. This type of
isotherm is indicative of an aoldent possessing micropores and mesopores.

Type V isotherm is also characterised by a hysteresis loop; however it is more
closely related to a Type Ill isotherm where the interactions between adsorbate
molecules are stronger than the adsoraeisorbatenteractions. As with Type Il
isotherms, this type of adsorption behaviour is seldom observed in pfadiite

Type VI isothems are uncommon but were added to the BDDT classification system
to allow for the formation of adsorbate layers on a-porous, energetically uniform
adsorbent. The formation of each layer is represented by a step on the isotherm with

increasing relativpressure.
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H1

P/P, P/P,

P/P, P/P,

Figure 3.3: Hysteresis loop classification.W represents the mass of adsorbat:
and P/Py is the relative pressure.
The dashed line in isotherms of Types I, IV and V shows an increase imtumnia
adsorbed as the adsorbate pressure approaches the saturation vapour pressure of the

adsorbate.

Different forms of hysteresis loop are associated with the Type IV and V isotherms
and occur due to the difference in adsorption and desorption behaVicapilary
condensation in mesoporous solids. The relative pressure at which the desorption
curve meets the adsorption curve is dependent on the adsorptive and omzurs at
0.42 when using nitrogen at 7{K7(0. Hysteresis loops have been categorised into
four main types, illustrated iRigure3.3[170.

Type H1 loops are associated with a small range of relatessure, whereas H4
loops are spread over a relatively broad range. H2 and H3 loops can be considered
as intermediate forms of the H1 and H4 loops. The different types of loop have been
found to be associated with specific features of the porous alatbging studied.

H1 loops are associated with agglomerates of relatively uniform spheres with a

narrow pore size distribution. H2 loops are frequently obtained and have been
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ascribed to tihetplt edchpoa2dd®d hoWesar hkas also

been proposed that a network of interconnected pores may result in the same type of
hysteresis. Type H3 loops show no limiting uptake as the pressure appgroache
saturation and have been proposed to result frorstsiped pores that arise due to
platelike particles, and H4 loops are similar but associated with narrowshalited

pores.

3.1.1.3 Surface Area Determination

The BrunaedEmmettTeller method is a commaonlapplied technique used in the
determination of the surface area associated with porous solids. The BET method is
an extension of the Langmuir theory which relates the coverage of molecules on a
solid surface to the pressure of a gaseous adsorptive Himairface at a fixed

temperature.e. an adsorption isotherm.

The derivation of the Langmuir equation is based on several simplifying
assumptions; namely, that the adsorbate covers the surface up to a complete
monolayer, each adsorption site on the aefhas equivalent energy and can only
accommodate one adsorbed molecule, the adsorption of a molecule does not prevent
a molecule being adsorbed at an adjacent site and there are no lateral interactions
between adsorbed molecules.

3.1.1.3.1 Langmuir Adsorption The ory [265, 260]

The Langmuir theory is based on the kinetic theory of gases under the assumption
that the rates of adsorption and desorption of molecules are equal at equilibrium. A
derivation of the Langmuir equation is given in Appendx which can be

rearranged to gid Eq. 3.3.

0 0
5 ko o Eq. 33
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Applying Eg. 3.3 to an experimental isotherm allows for the determination of the
mass of adsorbate in a complete monolayéf, because a plot d?/W againstP
produces a linear slope of gradientMl/with an intercept of ¥W, (wherek is a

constant).

The surface area of the adsorhe®tcan then be calculated as the product of the
number of molecules in a saturated monolaigt,and the apparent cressctional
area of a single adsorbate molecude,as shown irEq. 3.4 where Ny represents
Avogadr o6 s Mdhe maldacuanweigh of the adsorbate.

w0,
5

Eq. 3.4

When nitrogen is used as the adsorptive at a temperature of 77K, it is generally
assumed that the cross sectional area, of an adsorbed molecule is equal to that of

nitrogen in the liquid stateé.¢. s = 16.2 £).

The Langmuir theory can be applied to Type | isotherms, but does not allow for
multilayer adsorption or capillary condensation, and overestimates the surface area of
adsorbents displaying other forms of isotherm. It should also be noted that the
relationdip in Eq. 3.4 relies on the assumption that there is a uniform packing of the
adsorbate molecules and that the apparent -sexdfonal area of a gifte adsorbate

molecule is a constant in the system.

3.1.1.3.2 Brunauer -Emmett-Teller Theory [257,260]

The BET method follows on from the Langmuir theory by allowing for the formation

of multiple layers of adsorbate, under the assumption that the top layer of adsorbed
molecules is in equilibrium with thadsorptive. Similar assumptions to those made

in the Langmuir method are maintaindce.(an energetically uniform surface, no
lateral interactions between adsorbed molecdty although the inclusion of

multilayer adsorption required a few more asstioms to be made. Specifically, it
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was assumed that the energy associated with adsorption in layers not in direct contact
with adsorbent is a constant, and is equal to the heat of condensation as the
molecules were deemed to be sufficiently far from tindase to be considered as
being in the liquid state.

A summary of the BET method is given in Appendixwhich can be summarised
by the linear form of the BET equation, givenkq. 3.5. As with the Langmuir
equation Eq. 3.3) W, represents the mass of adsorbate in a monolayen\and
represents thmass adsorbed at a pressur®.0P, represents the saturation pressure
of the adsorptive R/P, is referred to as the relative pressure) &d the BET

constant.)

5 ® Eq. 35

From this equation, a plot df/W[(Py/P)-1] againstP/P, (known as a BET plot)
yields a straight line over a discrete range of relative pressures. The slope of the line
from the BET plots, and the intercepi, are then used to solve for the masm
adsorbed monolayew, and the BET constant, usifg|. 3.6 andEq. 3.7.

& i P Eq. 3.7

The calculated mass of an adsorbed monolayer can then be used to obtain the total
surface area usingqg. 3.4 (the same relationship used with the Lanug equatioi).

The fact that monolayer coverage may not occur but the amount of adsorbate in a
theoretical monolayer can be calculated using the BET method enables the surface

area of porous solids that do not display Type | isotherms to be quantified.
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Typically, when an adsorption isotherm is expressed as a BET plot, a straight line is
obtained for relative pressures between 0.05 and 0.35. Deviations from linearity at
low relative pressures can occur due to the presence of very high adsorption

potentiak associated with microporous adsorb¢Rés).

3.1.1.4 Pore Size Characterisation

3.1.1.4.1 Barrett -Joyner-Halenda Method [258]

The BarrettJoynerHalenda (BJH) technique is a method that can be used to analyse

the pore size distribution in materials that exhibit npesosity. This technique

considers a pore that has been filled through capillary condensation to consist of two
distinct regions, which is illustrated Figure3.4 where multilayer adsorption occurs

on the pore wall s, and condensation occu
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Figure 3.4: Capillary condensation within a cylindrical pore. t represents the
multilayer adsorption thickness, r, is the pore radius and k is the inner capillary
radius.

The thickness of the adsorbed layteican be calculated using a statistical models of
the forms proposetly Halsey(Eq. 3.8 [26€6]) or Harkinsand Jurg267 and, the
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inner capillary volume is then assumed to behave according to the Kelvin equation
[268. InEq.3.8 the parameters, B, andC represent adsorbate dependent constants
that have been determined experimentally.

L. o)
0 o 10 Eq.3.8
0

In this work, where nitrogen is used as the adsorbate, the Halsey equation takes the

form shown inEq. 3.9, and the thickness has units of Angstroms.

v
Op o® T—s Eg. 3.9

~U
| 12—
U

Capillary condensatiorsiobserved in mesoporous materials when liquid adsorbate in
a pore is separated from gaseous adsorbate by a meniscus, as is illustfagackin
3.4. The radius of a capillary, can be related to the relative pressuréPq)
through the Kelvin equatiorE(. 3.10 [268) wheregrepresents the surface tension
of liquid adsorbatey the molar volume of the adsate, R the gas constant, the
absolute temperature, addhe contact angle between the liquid adsorbate and solid
surface.

I |3 Lmsl — Eq. 3.10

V) 1Y

The BJH technique is particularly useful the determination of the pore size
distribution of the adsorbent as it does not assume a standard mathematical
distribution of pore sizes, nor is it assumed that the thickness of the physically
adsorbed layer is constant. As with other models used tonde&e pore size
distribution a standard geometry is assumed, in the case of the BJH model it is

assumed that pores are cylindrical and rigid.
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A summary of the derivation of the BJH method is giveiAppendixD, and the
typical output is a plot of differeial pore volume against pore width. Although the
derivation of this method considers the desorption process, the adsorption curve of an
isotherm should be used to determine the pore size distribution due to complications

arising from networks during degion[170.

By including the Kelvin equation, the range of relative pressures over which the BJH
model is applicable is limitedo relative pressures greater than 0.3. At lower

pressures the formation of a meniscus by a liquid in a cylinder of the corresponding
radius is unlikely; the BJH model is therefore used only to characterise the

mesoporous structure of an adsorbent.

3.1.1.5 Micropore Volume

3.1.1.5.1 Dubinin -Radushkevitch Model [260]

In the analysis of microporous materials the DubiRadushkevitch model (DR)
assumeshat the adsorbate in is in the liquid state, therefore this theory is limited to
systems where the temperature is significantly lower than the critical temperature of
the adsorbate (¥ 0.8T).

In such a system the volume of pores filled with adsorbé&tes, defined as the mass

of adsorbateW, divided by the density of the adsorbate in the liquid statas
shown inEg. 3.11, and as with the previous models, this assumption does not allow
for any variation in adsorbate density with adsorption potential.
W

W Eq.3.11

The adsorption potentiak, is defined as the isothermal work required to compress
adsorbate from equilibrium pressuRe,to saturation pressurBy, in the liquid state

and is calculated according Em. 3.12.
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. .0
ToYYis Eq. 3.12

The affinity coefficient,b, relates the adsorption potential for the adsorbate to that of
a reference adsorbate, as shown inEq. 3.13. (For carbon material adsorbents the

reference adsorbate is usually benZ@6€)).

—n

e Eq.3.13

In adsorbents where adsorption potentials are enhanced by the overlapping fields of
extremely narrow pore walls, the occupied adsorption space has been found to be a

function of adsorption potential as showrEig. 3.14.
w 0wQ Eq.3.14

Vo represents the limiting micropore volume, and the parameiera constant that
reflects the pore size distribution of the adsorbent with respect to pore volume.
Substitution ofb and Yin Eq. 3.14 yields Eq. 3.15, which can be combined witq.
3.11to produce a linear fornitq. 3.16.

— — Eqg.3.15

- LA YUY oo
I b | lw” I I [ Eq.3.16

cq &2

Therefore a linear plot of W vs [In(Py/P)]*> will have an intercept of IMyr)
allowing for calculation of the micropore volume. Linear plots are usually found at
relative pressures lower than Odind generally require adsorption data at relative

pressures as low as 10

107



3.1.1.5.2 Dubinin -Astakov Model [259, 260]

The DubinirAstakov (DA) model is a modification of the DR model where the
function relating occupied adsorption volume to adsorption potential is replaced by
Eq. 3.17, where n is known as the heterogeneity parameter and provides an
indication of the sharpness of the pore size distribution. Valuagjocéater thar8
correspond to pes of a weldefined width €.g.zeolites, carbide derived carbons)
whereas values less than 2 indicate a broadly distributed range of pore.gize (
biomassderived activated carbong6(.

®w wQ Eq. 3.17
The corresponding linear form of the DA equation is give)y3.18.

. Eq.3.18

oA, YUY
I o | lw” I I

cq &2

From the DA method, the characteristic enelgyof the system can be determined
and along with the value of the heterogeneity parameter, this allows for a
quantification of the pore size distribution indicated by adsorption data. A simple
method that yields the modal pore width of the pore sizeilalisivn was proposed

by Medek[269 and is given irEq. 3.19, wherek represents the interaction constant

i ot _Q Eq. 3.19
o)

Alternative treatments of low pressure adsorption isotherms are available atith th
proposed by Hatath and Kawazo¢27( being encountered occasionally, but the

DR and DA method appear more frequently in repootscerning materials for ECs.

The t-plot method[271] can also be used to indirectly determine the surface area
associated with mropores, by considering a model of adsorbed film thickness, such

as the Halsey equation, although it strictly determines the surface area of the sample
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after micropore filling is completed(e x t er n al §. Assimilaf naethed isdhe e a
as-plot [25]] where a reference isotherm obtained using apwous sample of a
similar material to the sample under study is used rather than a model of film
thickness.

In some reports, adsorption at 273K of carbon dioxide is used to overcome the
diffusion limitatiors that occur when using nitrogen at 77K. However, under these
conditions the analysis temperature of the adsorbate is much closer to the critical
temperature of the adsorbate and there is also a degree of uncertainty regarding
specific interactions betweeCQO, molecules and the surface functional groups

present on porous carbons.

3.1.2 Gas Pycnometry

The density of a materiad] is defined as the mass of the matenaldivided by the

volume occupied by that mass, This relationship is represented By. 3.20.

;e Eq. 3.20
0

However, when considering particles and porous materials there are many different
definitions of density, each based on a different metsfodetermining the sample
volume Several different volumes are defined, which are; the volumes occupied by
the sold material, the pores present in the sample, closed porosity, interstitial voids
arising from the spaces between particles, and voids due to surface irregularities.
When all of these volumes are included in the calculation of density, it is referred to
asthe bulk density(Figure 3.5(a)) and when the interstitial volume is excluded the
density is referred to as thenvelopedensity (Figure 3.5(b)). The skeletal (or
apparenj density excludes the volumes that are available to an externa{Rlgide

3.5(c)) whereas thabsolute(or true) density is based solely on the volume occupied

by the solid phas@~igure3.5(d)).
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Interstitial voids Single particle Open porosity Closedporosity

(d)

(@) (b)

Figure 3.5: Representations of the different volumes used ithe determination
of density.

A gas pycnometer measures the change esqure resulting from thasplacement
of a gas by a solid; a diagram of a simple measurement system is ghigane3.6.
A known massm, of solid sample, whoseolume, Vx, is placed into a sample
chamber of known volumé/s. After sealing the chamber, flushing the system with
analysis gas and allowing the system to equilibrate, the pressure in the sample
chamberPs is measured. The sample is required tdlushed with analysis gas to
remove any moisture or adsorbed species that could contribute to errors, and to allow

sufficient time for diffusion of the analysis gas into the pore structure of the sample.

The isolated reference chamber (of known voluiig,is then charged to a known
pressure which is greater than that of the sample chafkerThe valve between
the two chambers is then opened and the presgyyemeasured after a suitable

equilibration time.
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Figure 3.6: Schematic representation of a gas pycnometer systerRr and Ps
represent the pressure in the fixed volume reference and sample chambers
respectively.

Reference
Chamber

The volume of the sample is determined by applying the gas law under the
assumptionshiat there is no change in temperature during the measurement and that
the system is weltealed i(e. the number of gas molecules in the system is constant

during each measurement).

Before the valve is opened, the system can be represenksgl 821 wheren is the
number of gas molecules in the systdnis the gas constant, afdis the system

temperature.

VL w W ULw &YY Eq. 3.21
After equilibration of the systenthe system can be representedny3.22.
L ® W €YY Eqg. 3.22

As the number of gas molecules is identical for both conditiBgs3.21 and Eq.
3.22 can be combined to gi\ieg. 3.23.

bw o 06 0o o o Eq.3.23
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Eq. 3.23 can be rearranged to determine the volume occupied by the sample, as
shown inEq. 3.24.

W ————0 ® ® 0V® 0w Eq. 3.24

Sample density is then determined udity 3.20. As a gas pycnometer allows for
the analysis gas to access any open porosity in the sample, this mpeifiokts a

way to characterise the skeletal density of a porous sanglthe volume of solid
material and any closed porosity is used in the calculation of material density.
Helium is typically used in a gas pycnometer as it readily diffuses into the pore
structure ofthe samplepther gases may be used to investigate etiecholecule

size on accessible vaohe or how gases react with a sample surface.

3.1.3 TGA/ Proximate analysis

Thermal gravimetric analysis (TGA) is a technique that measures the change in
weight of a sample with changes in temperature under a contetitedsphere.

TGA can be used to characterise materials with respect to their composition, and is
used to investigate the processes that occur during carbonisation. At a constant
heating rate under an inert atmosphere the weight loss profile of a sampigean

indication of the temperatures where bonds in the sample are broken. The derivative
of the weight loss profile of a sample can be used to identify the points where the rate

of weight loss is highest.

TGA can also be useto perform proximate ahesis where the composition of coals

and cokes can be defined on the basis of moisture, volatiles, fixed carbon and ash
content. In this procedure, timoisture is removed from the sample and the mass
recorded The sample is then heated under an inartogphereto remove any
volatile componentsintil a constant mass is recorde#inally the analysis gas is
changed to oxygen anile mass lost in this step through combustion is equivalent to
the fixed carbon content of the sample. The remaining incorbusbmponent of

the sample is referred to as the ash content of the sample.
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3.1.4 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a quantitative technique that is used to
measure the elemental composition of a sample surface. A athjantage of this
technique is that all elements bar hydrogen and helium are detectable. From the
obtained spectra, the binding state of the elements on the sample surface can also be

determined, which allows for quantification of the surface functigralps present.

The sample under analysis is irradiated with softays (wavelength>0.1nm) and
core electrons are ejected. The number of pbotidted electrons is detected and
their kinetic energy measuredXPS is performed under an ukihggh vacuumto
prevent interference from gas molecules with photoelectrons before they are
analysed. XPS is a surface specific technique as only the photoelectrons that
originate from within the top 1@m of the sample can escape into the instrument
vacuum and be detted.

Under the assumption that the photoemission process is elastic in nature, the kinetic
energy of the photoemitted electror&, is equal to the energy of the incident
photons i Bless the binding energy of the electrés, and the work function ahe
surfacel, as shown irEq. 3.25 andFigure3.8.

O O O - Eqg.3.25

Es the binding energy of the electron is conventionally measured with respect to the
Fermi level of the sampleg(The precise value of the work functi@nis dependent on

the sample and spectrometersp}
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Figure 3.8: Photoelectron emission by Xrays

The output from an XPS experiment is usually a spectrum of the binding energy of
electrons detected. The energy of emitted electrons is determined using a concentric
hemispherical analyse(CHA) where photoelectrons are focussed into the gap
between two concentric hemispheres that have a known potential difference between
them. The resulting electric field allows only electrons of a narrow energy band to

pass through the analyser to thetde ct or . This &édpassd ene
recording of a spectrum, and can be altered to allow for better resolution of
complicated spectral regionsThe instrument set up is illustrated kgure 3.7.

Concentric Hemisphericalnalyser

X-Ray
source

1

Electron

Ultra-high Vacuum Chambel
detector

Photoelectrons

Figure 3.7: XPS instrument schematic with Concentric Hemispherical
Analyser
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The most widely employed -Xay sources in XPS systems emit M@ lér Al Ka
radiation as these types produce narrow lines (<1.0 eV wide) that do not limit the
resolution of the detector. The energies associatgdtiaese types of radiation are
1253.6 and 1486.6 eV respectively, which is large enough to eject a suitable amount

of core electrons for analysis.

The spectrum from an unmonochromatiseda) source consists of a principal
characteristic line, but theeer e al so O0satellited6 charact
backgr ound, brenksstrahlung , aswhdé ch i s due to i nel
electrons. Satellite lines create additional features in the spectrum and need to be

taken into account when analygiapectra.

In the absence of a monochromatisedla}( source, the continuous background can

be subtracted from the spectra using several methods. This is an important aspect of
the data analysis process as incorrect subtraction alters the intensity diod bs

peaks. One method is linear subtraction where the background is treated as a straight
line between the first and last points in a spectrum. This can be used when a
relatively small change in background is found in the region of interest and is
commonly wused when studying pol ymers. An
suitable for conductive samples, assumes that each electron is associated with a flat
background of | osses. In Shirleyb6s met
proportionalto the intensity of the total peak area above the background by iteration

and produces a curved background over the region being analysed. More accurate
methods of background subtraction have been developed by considering the losses
associated with inesdic scattering. In the calculation of surface composition of
nitrogene nr i ched <car bons, Shirl eyds method o
commonly used255, 277.

Each element has a characteristic spectrum with peaks at specific values of binding
energy that correspond with electroonfiguration. This allows for the identification

of the elements present on a sample surface; some line positions whérRislgs

are used as the excitation source are given in the table below. It should be noted that
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the values given indicate a rangeeam characteristic peaks can be found, as they

shift in binding energy due to sample charging and the chemical state of the element.

Element Line Position [eV]
C 281 - 293
N 396 - 408
0] 529 - 534
F 684 - 695
Na 1071 - 1079

Table 3.1: 1sphotoelectron line positions from Mg XxRays[277]

Quantification of the @ments present in the sample can be perfousetdy XPSas

the number of electrons detected in each of the spectral peaks is directly related to
the amount of each el ement within the
signal to atomic percentage, tAeea under each principal peak is corrected using an
empirically derived relative sensitivity factofgiven in Table 3.2 [277) and is
normalised to give elemental composition values that are sensitive to roughly 0.1

atomic percent.

Element Relative Sensitivity
Factor

0.25
0.42
0.66
1.00

mTmozZz0

Table 3.2: Empirically derive d atomic sensitivity factors relative to F 1s[277
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Shifts in the spectral peaks away from the characteristic core values provide
information about the chemical state of the element. In nitrogen containing carbon
materials there are many possible binding states, each with a different binding
enagy, which produces a spectral peak that is the result of several smaller peaks
overlapping. Some of the nitrogen forms found in carbon materials are shown in
Figure3.9, along with binding energig8.E.) that were determined using carbonised

model compounds and model calculati2s5 .

O Y N e @

pyridine amine cyano nitroso pyrrole
398.9eV 399.4eV 399.5eV 400.1eV 400.4eV
| )
N OH N, N¥,
+
NH, NO,
pyridone pyridinium ammonium pyridine-N-oxide nitro
400.6eV 401.2eV 401.5eV 403.2eV 406.1eV

Figure 3.9: N 1selectron binding energy of graups found in carbonmaterials

Usinghigh resolution scans over the $\hnge ¢a.396-408eV), the resultant peaks

can be analysed to quantify the existence of different groups of nitrogen forms.
Deconvolution is usually carried out by curve fitting, where the summation of several
theoreti@l curves is fitted to the raw data using the least squares approach. However
when the accuracy of XPS measurements is considered (typicallye¥).4everal
groups cannot be differentiated between, and the nitrogen groups found in carbon
materials are acamonly reported255 as consisting of four groups, roughly defined

by the binding energies ifable3.3. For example, the {8 group is a combination of

the pyrrolic (BE. 400.4 eV) and pyridonic (BE. 400.6 eV) contributions which
cannot be reliably separated into distinct peakbe binding energiesn Table 3.3

were chosen based on values used in related litefaudse 209, 210, 228, 23034,
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236, 237, 24@42, 244246, 248, 249, 255, 282p allow for comparisons with

previous work.

Group Binding Energy [eV]
N-5: pyrrolic 400.6
N-6: pyridinic 398.7
N-Q: quaternary 401.2
N-X: oxidised 403.0

Table 3.3: Binding Energies of Nitrogen Groups

Quaternary nitrogen, 4D, represents nitrogen that has been incorporated into the
graphitic structure of the carbon material and is usually found to be fitted with a
relatively broad curve in comparison withSNand N6 curves. This indicates that
slightly different forms of quaternary nitrogen exist in these materials. An even
broader curve of low intensity is usually found to fit theXNgroup which is

associated with pyridinic fdxides.

3.1.5 Neutron Scattering

Neutrons have unique characteristics thatvalthem to penetrate very deeply into
matter, which makes them extremely useful in the study of porous mafeid]s
Neutronshave neutral charge, an imperceptibly small electric dipole moment and, in
contrast with other probes typically used to study matter (electrons aagsX
interact with atoms through the residual strong force rather than the electromagnetic
force. Conglering the mode of interaction, solid matter is not dense from the point
of view of neutrons as the distance between nuclei is many orders of magnitude
greater than the size of the nuclei themselves. Therefore neutrons can travel

relatively large distanseinto matter without being absorbed or scattered.

There are two different processes that can be used to produce neutrons suitable for

scattering experiments. The first requires a nuclear reaction where each fission event
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of uranium235 releases a few rneons. An example of this type of reactor used for
research is the 58.3 MW higlux reactor at the Institut Max von Laudraul
Langevin (ILL) which produces the most intense continuous neutron flux currently

available.

An alternative approach is used gakation sources where neutrons are produced
through the use of particle accelerators and synchrotrons that generate intense proton
beams. The high energy protons are directed at a target containing heavy nuclei
which disintegrate to release neutrongalftion is used at the ISIS pulsed source,
where a beam of higanergy protons from the synchrotron are directed at a tantalum
target. In comparison with the flux of-pays available at synchrotron facilities, the
values of neutron flux available fromoth reactor and spallation sources are
miniscule and the neutron scattering is a signal limited technique that requires many

different instruments tailored to the study of one aspect of neutron scattering.

In both of these arrangements, free neutrons @extdd towards a moderator
material to reduce the kinetic energy associated with the neutrons to a useful value.
Liquid hydrogen and deuterium are common moderator materials in neutron
scattering experiments, and the temperature of the moderator difeneserage
energy of the neutrons available for scattering experiments. Neutrons are then
guided towards specific instruments in the form of a collimated beam.

The mode of operation for instruments using the different neutron sources differs
although theresults are often similar. At reactor sources, a continuous stream of
neutrons leave the moderator with a spectrum of energies, although in most
experiments the neutrons need to be reduced to narrow band of energies through the
use of a monochromator atal. On the other hand, at spallation sources the entire
energy spectrum of neutrons can be used due to the pulsed nature of the neutron
beam. By measuring the time that it takes from neutrons leaving the moderator to
detection, théime-of-flight, thewavelength of each neutron can be determined.

There are several different techniques that can be used to provide information
relating to the structure of a sample using neutrons, and at a neutron source there are

typically many different instruments desegh to make use of these techniques.
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Spectroscopy and diffraction can be used to investigate the relative positions of
atoms whereas larger length scales can be studied using small angle scattering
techniques. In this work, small angle neutron scattdragybeen used to investigate

the surface area of the carbon materials under study.

3.1.5.1 Small Angle Neutron Scattering (SANS)

The theory and mathematical foundations of small angle neutron scattering are
extensive treatments and are discussed in several odsti®¥4-276. Only a brief

introduction to the relevant theory is given in this section.

In a SANS experiment the sample under study is placed in the path of a collimated
neutron beam. Incident neutrons are isotropically scattered by the nuclei in the
sample and scattered neutr@re detected at a distancdrom the sample. This is
illustrated inFigure 3.10 where the parameters associated with a SANS experiment
are indicated[27€. The scattered neutrons of wavelendthare detected at a
scattering angle of. Neutrons are elastically scattered in SANS experiments, where

no transfer of energy occurs as a result of the scattering event.

Scattering
Centre
Neutron P
Beam :
ki

Figure 3.10: SANS experiment. Incident neutrons of wavelength are
scattered itropically and are detected at a distancé from the sample.

120



The wavelength/, of the incident autrons can be calculated from their velocity
using the de Broglie relationship given yg. 3.26, wherehr epr esent s P
constant (6.6261x1Y¥ Js), m the mass of a neutron (1.6749¥%1(kg) andv the

velocity of the neutron.

Q
= T Eq. 3.26
av

The incident neutrons have a wavevector kof(in the direction ofv) whose
magnitude depends on the de Broglie wavelength and can be calculatedqising
3.27.

o = Eq. 3.27

Scattered neutrons have a wavevectok:@nd the scattering vectdd, is equal to
the momentum transferred in the scattering eventthe resultant between the

incident and scattered wavevectors as shoviyir8.28.

Eq. 3.28
The modulus of), g, is the independent variable in a SANS experiment and can be

determined from the de Broglie wavelength uskgy 3.29 wheren is the neutron

refractve index, which is assumed to be unity.
n —OE Jcr_ Eq. 3.29

In the case of SANS instruments, the scattering angle is small and the value of
sin(g/2) is approximately equal ta/{). This produces an equivalent form B&f.

3.29, when the scattering angle is smghy. 3.30.
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“ é‘
n r IT Eq. 3.30

Braggds | aw of di ffraction relates the
scattering angle and a distande,which is a property othe samplg277), in the
manner shown iiq.3.31.

Qi Q%T Eq.3.31

Substituting the de Broglie wavelength o

distancead can be related to the wave vector thro&gh3.32.
Q — Eq. 3.32

The relationship irEq. 3.32 provides an indication of the length scales that can be
probed i n SANS experimentsogrbayngeodnsoifdert
instrumen{276. (Although this is sometimes erroneously taken as a direct measure

of the interatomic distances in real space, it definespheing in reciprocal space.)

The g-range of an instrument is related to the type of neutron source, as different
measurements and modes of operation are required to make use ofstitady
(reactor) or pulsed (spallation) sources. At a reactor source the neutron beam used in
scattering rperiments is of fixed wavelength.. monochromatic) and different
values ofg are measured by altering the distance between the sample and detector.
Therefore fixed wavelength instruments are suited to experiments requiring data over
a narrowg-range. Pulsed neutron sources on the other hand, usually supply an
instrument that has a fixed geometry, and by measuring the time of flight for the
neutrons, a relatively widg-range can be investigated in one scattering run. In
addition, theg-resolution atfixed geometry instruments is usually better than that

found at instruments supplied with a monochromatic beam.
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The instrument chosen for use in this work, LOQ at the ISIS pulsed sourceghas a
range of roughly 0.006 to 1 Awhich allows length scales tveeen 0.6100 nm tobe
investigated using the timaf-flight method.

3.1.5.1.1 Scattering Cross-Sections

The probability of a neutron being scattered by a single scattering centre can be
described in terms of a cresection that represents the effective area of the
scattering centre presented to a passi
cross section it is either absorbed or scattered with equal probability in any direction.
The absorption crossection Saps IS an indication of the likelihood that @utron

will react with the scattering centre. Tleherent scattering crossection Scon,
represents the probability of a neutron being scattered that has the ability to interfere
with other scattered neutrons, whereasitit®herent scattering crossedion, Sinc,

represents the occurrence of scattered waves that cannot interfere with each other.

The absorption, coherent scattering and incoherent scattering-sexgms of

selected nuclides relevant to this warlegiven inTable3.4[278].

Nuclide Scoh Sinc Sabs
[x10%* cm?] [x10™* cm?] [x10%* cm?]

Hydrogen (‘H) 1.75 80.26 0.333
Deuterium (°H) 5.59 2.05 0.0005
Carbon (C) 5.55 0.001 0.0035
Nitrogen (N) 11.01 0.50 1.90
Oxygen (O) 4.23 0.000 0.0002
Argon (Ar) 0.46 0.225 0.675

Table 3.4: Coherent, incoherent and absorptiomeutron scattering cross
sections of relevant nuclide$278§

Neutrons are uniquevhen compared tdight or X-rays as the scattering cress
sections with these methods increases in direct proportion to the number of electrons,

whereas neutron scattering cross sections vary irregularly with increasing atomic
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number. Amajor strength of neutron scattering occurs due to the difference seen in
the coherent scattering cressction between hydrogen and deuterium. Not only can
neutrons detect different isotopes of hydrogen (that cannot be detected wayg) X

but the ality to distinguish between them is also extremely useful.
3.1.5.1.2 Scattering Equations

The flux of neutrons detected in a SANS experimKqg), can be represented as the

product of several different componeratsndicated inEq.3.33[274.

(@ 4] O_w —_ "Y_ ooT— n Eqg. 3.33

lo represents the incident fluxp Wis the solid angle element the detector
efficiency, T is the transmission of the sample avslis the illuminated volume of

the sample. The solid angle element is defined by the size of a detector pixel, and the
detector efficiency depends on the type of detector used therefore these parameters,
as well as the incident flux, are instrument specific. illbminated volumeys, is

simply the product of the area of the incident neutron beam and the thickness of the
sample. Different designs of cuvette are used to hold samples in the neutron beam,
however a small path length {2 mm) is required to ensutieat multiple scattering

does not occur and to minimise transmission losses as far as possible. Sample
transmission], is dependent on the sum of the coherent, incoherent and absorption
cross sections of the sample and allows for the evemre incidat neutrons do not

reach the detector.

dSdW represents the differential scattering cross section which is the measured
guantity in a SANS experiment and is specific to the material under study. This
quantity contains all of the information relating te thize, shape, and interactions

between the scattering centres within the sample, represenkefd 2184 [274.

,I—r'] bw Y 0R°YQ 6 Eq. 3.34
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In Eq. 3.34 N represents the numerical concentration of scattering ceMrtds
volume of one scattering centr@ J° is the system contras®(q) the form factor

and S(q)the interparticle structuriactor. B is any background signal present in the
scattering data due to incoherent scattering, which can usually be subtracted from the

scattering data as it contains no information pertaining to the sample structure.

The form factor,P(q), and structurdactor, S(q) contained in the first term d&q.

3.34 are the result of coherent scattering. The form factor is a dimensionless
function that descriteehow the differential scattering cressction is modulated by
interference effects between neutrons scattered by different parts of the same
scattering body. The form factor is therefore dependent on the size and shape of the
scattering centre and diffent analytic expressions for commonly encountered
shapes such as spheres, discs and rods have been developed. In the situation where
these scatterers vary in size, the form factor can be adjusted to take a suitable size

distribution function into account

As an example, in the case of some porous materials, a suitable form factor has been
fitted to experimental data by considering the voids in the material to consist of
polydisperse, interpenetrating sphdizad.

The structure factor describes how the differential scattering -sexd®n is
modified by interference effects between neutrons scattered by different scattering
bodies in the same sample. The structure factor is dependent on the degree of local
order n the sample and usually takes the form of a damped oscillating density
distribution function that approaches unitycatends to infinity. In dilute systems

the structure factor is generally assumed to be equal t¢2&@k however in the

case of porous materials it is inappropriate to consider the concentration of scattering
centres as being dilute and a suitable structure fagtogquired. In the case of
materials that exhibit scattering from a mass fractal, a structure factor incorporating
the fractal dimension and an appropriateaffitength has been found to adequately

model the observed scatterifz1].
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3.1.5.1.3 Contrast and Coherent Scattering Length Density

The system contrastD }?, is dependent on the existence of a difference between the
scattering éngth density of two phases in the sample, specifically the contrast
between two materials of different scattering length densitieand r,, is defined

by Eq.3.35[276].

Yy’ " " Eq.3.35
The neutron scattering length density,can be determined usity. 3.36 whereb,

is the bound coherent scattering lengtfi"béf n atoms in a malcule with molecular

volumev,.
» bﬂ & Eq. 3.36

The molecular volume can be expressed in terms of the sample dehagyshown
in Eq. 3.37 where MW is the molecular weight of the sample aNg represents
Avogadrods cofisof)ant, (6.022x10

0 — Eq. 3.37

Selected coherent neutron scattering lengtisand atomic weights used in the
calculation of scattering length densities in this work are giv8iaie3.5 [27§.
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Nuclide b, [fm] Atomic Weight [u]

Hydrogen (lH) -3.7423 1.00794
Deuterium (°H) 6.674 2.0141
Carbon (C) 6.6484 12.0107
Nitrogen (N) 9.362 14.00674
Oxygen (O) 5.805 15.9994
Argon (Ar) 1.909 39.948

Table 3.5: CoherentNeutron Scattering Lengths and Atomic Weights of
relevant nuclides[278

3.1.5.1.4 Data analysis

The output from a SANS experiment is a plot of the differential scattering cross
section varieyversusscattering vector and, when plotted on a logarithmic scale, can
provide an indication of the structures present in the sample. This becomes clear in a
log-log plot as linear regions correspond to power law behavieurd@d WU g™,

and the value oh indicates the type of structures present in the sample. For
example, whem=1 the scattering structures have been found to be rods or filaments
whereas surface fractals have been found to=#tbehaviour.Fractal is a term used

to describe an objedhat displays the same type of structure at all length scales, and
scattering from a fractal structure results in linear behaviour over several orders of

magnitude ofj.

0T OT A6O , Ax

For samples that consist of two distinct phases, scattering atcdhigues is

inversely proportional tg’ (i.e. d9dWUq?) . This relationship |
Law, and is usually seen when the interface between the phases is well defined and

relatively smootH287. Poroddés Law indicat &sfort he exX

the product ofg* and the differential scattering cressctionasq tends to infinity.
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The value of the constarK, is dependent on the volumetric surface area between the

two phases present in the samflgand the system contrast as showk@n3.38.

o 1_EA g— N ¢ w” " Y Eq. 3.38
Poroddés Law does not apply to some porou
phases ipoorly defined or cannot be considerasismooth. These situations can be
attribued to the existence of a finite surface region in the solid phase exhibiting a
variable scattering length density or where highly convoluted surfaces are present,

for example in fractal structures. In the case of porous carbon materials analysed in

the pesence of air it is reasonable to assume that the phase boundary is well defined

and that Porod scattering can be observed at high valages of

The Porod Invariant

The Porod Invariant is defined as the integral of the differential scattering cross
sectionover reciprocal space, as represente@dn3.39, and is independent of the

structural features present in the sanipg].
. QL
U N g non Eq.3.39

Practically, the integral cannot be determined for the limits indicatédiB.39, as
experimental limits are imposed by theange of the instrumen Clearly, as wide a
g-range as possible should be used to determine the val@imfa scattering
experiment although several extrapolation methods have been used to approximate

the 6actual 6 value of the Porod I nvari ant

To evaluag the integral in the lowy region, the differential scattering cross section
has been extrapolated =0 either linearly[276 or by fitting a fourth order
polynomial [283]. When a plot of differential scattering cross sectagainstthe
square of the sti@ring wave vector is linear at the lower end of the experimegntal
range {ie. d9dWU ), extrapolation provides an estimate of the valugé Wfor

g=0. This linear behaviour is known as the Guinier approximation, which also
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allows for the calculadn of the molecular weight and radiasgyration of polymer
sampleg283. As the integral inEq. 3.39 increases withg” and tas a theoretical
upper limit of infinity, it is necessary to introduce an upjgegrallimit, although

the selection of an actual value is somevarhbitrary.

The Porod Invariant is directly related to the contrast in the system, and for scattering
systems that consist of two phasesgy(porous materialsf) can be expressed in

terms of the phase volumé, As with Poroddos Law, the
quantities, given irEq. 3.40, is only applicable when the interface between the two

phases iglistinct and relatively smooth.
O ¢ Y o p o Eqg. 3.40

The system contrast and phase volume can be ascertained using alternative
techniques to provide a theoretical value of the Porod Invariant. (Thensyst
contrast can be estimated using the procedure desgileetuslyand the phase
volume can be ascertained using adsorption/intrusion techniques.) The Porod
Invariant can therefore be used as an indicator of the relative interfacial surface areas

of sanples having the same compositj@84].

More detailed analysis of scattering data can be carried out by fitting an appropriate
model to the experimental data. For example, the fully penetratable polydisperse
spheres mode[285 has been successfully fitted to scattering data to give an

indication of the pore size distribution and surface area of porous carbon materials

[286).

SANS is uniquely suited to the study of microporous materials as a finite electron
density is likely to be found in these regions which is known to influence the results

of tedniques such as-Kay scattering or gas adsorpti&87].

SANS is a rarely encountered technique in literature relevant to B@wuglt it has
been used to characterise the changes in surface area introduced through oxidation in
thin sheets of low surface area pyrolytic carbea. 8.5 nfg™) and to compare this

with the effects on specific capacitarj@é8(. SANS has also been used to study the
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pore structure of RF aerogel derived carb§p8g and hypercrosslinked resin
derived carbon$263. In these studies,oPr o d0s Law has been

indication of the relative surface areas possessed by materials of similar composition.

3.1.5.1.5 Contrast -Matching

The strength of neutron scattering techniques is in the ability of the scattering length
density of solventsot be adjusted through partial deuteration. Tikigossible
becausehe coherent scattering length of hydrogen and deuterium differ in sign and
therefore the scattering length density of solvents can be controlled by mixing a
conventional solvent with anown fraction of the deuterated form of the solvent.

As the measured differential scattering cross section is proportional to the contrast
between the phases present in the sample, 3.34) by matching the scattering
length density of two phases, scattering can provide information about the structure
of another particular phase. Thichnique is known as contrasftching SAN
(CM-SANS) and has been used to investigate and quantify the degree of closed
porosity in a variety of porous materials including c¢ags, 289, 290 and polymer
derived char$263 277, 286. In this case the contrastatched solvent is assumed

to occupy all open porosity, and any residual scattering can be ascribed to the

presence of closed porosity.
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Figure 3.11: Contrast-matching SANS showing scattering from (a) a porous
sample, (b) a porous sample completely filled with a liquid of the same
scattering length density and (c) a porous sample partially filled with contrast
matching liquid.

CM-SANS s illustrated inFigure 3.11 where (a) represents the scattering from a
porous sample measured in the presence of &igure 3.11(b) represents the
situation where all of the open porosity in the sample is filled with a liquid of the
same scattering length densifye(contrastmatched) and no scattering occurs. In
this event any closed porosiwill scatter in the same manner as in the conventional

or 6drydéd SANS run.

As any regions of porosity that are accessible to nitrogen during adsorption
measurements, but not accessed by electrolyte are effectively closed porosity, it was
proposed that CMBANS could be used to investigate the degree of porosity that is

not accessed by electrolyte in porous carbon materials for use in EC electrodes. This
situation is illustrated ifrigure3.11(c) where a portion of the pusity is unfilled by
contrastmat chi ng | i quid and scatters in the

which is the same as the behaviour of closed porosity.
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3.2 Electrochemical Characterisation

Different dectrochemical techniques to evaluate the behaviour of ECs are widely
used, each being suitable for the determination of different cell parameters. Of
importance in the design of ECs are the operating conditions, associated resistances,
rate dependent permance, selflischarge, cycling behaviour and of course, the

capacitive performance of the materials being investigated.

3.2.1 Electrode systems

A threeelectrode cell 3e) consists of a working electrode containing the material
under study, a countetectrode, and a reference electrode. The counter electrode is
usually a platinum ribbon or nickel mesh, and is required to maintain neutral charge
over the entire cell. It is assumed that the capacitance of the counter electrode is very
much greater thathat of the working electrode, and the capacitance determined in a

threeelectrode system is equivalent to the capacitance of the working electrode.

Using an unpolarised reference electrode permits the study of individual electrodes
under positive or negive charging. Reference electrodes such assthedard
hydrogen electrode (0.0 V), saturated calomel electrode (+0.242 V) or silver/silver
chloride electrode (+0.197 V) and are suitable for use with different combinations of
electrode and electrolyte.

However real devices consist of two electrodes, and the electrochemical behaviour
observed in a threelectrode cell may not be achievable in practice. Measurements
made on tweelectrode cells better represent the charge/discharge performance that
can berealised in EC systems.

132



3.2.1.1 3-electrode and 2-electrode cells

An important distinction in the reporting of capacitance values arises from the use of
three electrode cells using a reference electrode when compared to values obtained

from practical deviceR217.

The capacitance determined in a three electrode Cegl, is equivalent to the
capacitance of the electrode material, and 8®especific capacitance can be
calculated by dividing by the mass of the electraaleas shown ifEqg. 3.41.

. 5 8
& 2 Eq. 341
a a

In a practical device, equivalent to a teiectrode cell, the measured capacitance,
Coe is equal to the capacitance of each electrode connected in series, and can be

calculated using the relationship showrkm 3.42.

A Eq. 3.42
0 0o O
For symmetrical cells where the capacitive contribution from each electrode is equal,
the capacitance from one electrod®, is equal to the measured thiaectrode
capacitance and this results in te&ationship shown ikq.3.43.
P CQ
= 2 Eq. 3.43
5 q
Under the assumption that the specific capacitance (and therefore mass) of each
electrode is identical, the specific capacitance of the material on a two electrode basis
is given byEq.3.44.

@ — Eq. 3.44
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Therefore the specific capacitance reported with respect to aeleceode cell is
equal to 4 times that reported for a talectrode cell. Although a twelectrode cell
was used in the determination of cell capacitances in this work, all values of specific
capacitance are reported with respect to a thleetrode cell to allow for

comparison with the relevant literature.

3.2.2 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is commonly used in the
determination of capacitances, resistances and frequency dependent behaviour of
ECs. The potential across the cell is subjected to a small anepsitnd wave over
several decades of frequency and the resulting alternating current response is
measured. Through comparison of the impedance associated with the current
response and a suitable equivalent circuit, fundamental cell parameters can be

deternmined.

3.2.2.1 Impedance

Electrical resistance is a measure of the ability of a circuit to oppose the flow of
electrical currenf29]]. Ohmés | aw and the idea of resi
ideal resistors, where the value of resistance is independent of signal frequency and
alternating currentoltage signals are in phase. ImpedanZg i€ a concept

analogous to resistance but appties wider range of circuit elements and is defined

by Eqg. 3.45.

(0]
D = Eq. 3.45
w 0 q

For a smaHlamplitude Ep) sinusoidal potential, the response is pselitkar .e. a
sine wave of the same frequenay, but exhibiting a phase shiftp). For an ideal

resistor, no phase shift is observed and the impedarstenjidy equal to resistance
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An excitation signalcan berepresented b¥q. 3.46 and the current responsé a

capacitor is definetly Eq. 3.47.

00 OAT @ %o Eq. 3.46
Q0

0 66— Eq. 3.47

00 D q

The derivative ofEqg. 3.46can be substituted intieg. 3.47to give Eq. 3.48, which

can also be expressed in the form showaqn3.49.
o 6 WOOEW f Eq. 3.48
o 6 wOAT @ f 2 Eq. 3.49
As the amplitude, phasshift and angular frequency are indeparidef time, the
relationships inEq. 3.46and Eq. 3.49%can beexpressed in the form of phasors
shown inEqg. 3.50and Eq. 3.51respectively with only the real component being

relevant (When dealing with electrical circuifsi s used t-G@tomwigr es en:

confusion with instantaneous current, usually denoyed b

F 0'Qf Eg. 3.50
L wsoq’” Eq. 351
E "@as0Qf Eq. 3.52

Using the simplified form of the current phasor showiEip 3.2 (sincej = e!'?)
the impedanceanthenbedefined as shown i&q. 3.53.
oQf 0

LI _ Eq. 353
T @0’ @b q

Therefore the phase shift between the voltage and current in an ideal capaeitor is

p/2 (i.e. imaginary) and the impedance is a function of the frequency of the
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excitation signal. Z can be divided into two components, the real and imaginary,

which are typically represented on the complex plane in the form of a Nyquist plot.

3.2.2.2 Resistance

In realcells many different factors contribute to the values of resistance exhibited by
ECs. This resistance is termed the equivalent series resistance (ESR) and is of
practical importance as the maximum power output of the cell is dependent on the
value of theESR Eq. 2.4). The factors that affect the ESR of the cell are the
resistances encountered by the flow of current from one electrode to another; this
includes the raistances imparted by the current collector, electrode, separator,
electrolyte and the interfaces between these components. The inherent resistance of
carbon electrodes is in turn affected by several factors including particle size, relative
degree of gnahitisation, micropore volume and the presence of heteroatoms, which

wasdiscussegbreviously
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3.2.2.3 Equivalent Circuits

In the analysis of EIS data, a suitable equivalent circuit that represents the
components in an EC is usually fitted to the experimental data to determine the
different cell parameters. An ideal capacitor generates a complex plane frequency
response thaexhibits no real impedance component at all frequencies, and the

imaginary component tends towards zero with increasing frequency as shown in the

Nyquist plot given irFigure3.12.

A

40

'Zm

increasing
frequency

Lre

Figure 3.12: Nyquist plot for an ideal capacitor

Incorporating a resistor in series with an ideal capacitor, to represent the impedance
arising from the electrolyte, results in the sameudesgy response plot described for

the capacitor but shifted along the real axis by the value of this resis@nbe real
component of impedance is a constant at all frequendiéss is shown inFigure

3.13
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Figure 3.13: Nyquist plot for a resistor and @pacitor in series Rsrepresents the
solution resistance in an EC

The addition of a resistor in paraltel the capacitor in the aforementioned circuit (to
represent a leakage resistance) produces a markedly different cepigriex
response. This arrangement can be used to describe the behaviour efl@atgn
polarisable interphase where a small currentraquired to maintain a constant
potential across the cell. Wé¢he value of this resistance is sufficiently large, the
Nyquist plot generated is similar to that seen for the series circiigure 3.13,
whereas for relatively small values of leakage resistance a semicircular plot, as
shown inFigure3.14, is observed. The menum real component value is obtained

as the frequency tends towards zero, which is equal to the sum of both resistances.
As the frequency is increased the plot follows a semicircular path in the negative
imaginary region, tending towards a real impe@analue that is equivalent to the

series resistor.
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Figure 3.14: Nyquist plot for a resistor and @pacitor (with parallel leakage
resistance in series Rsrepresents the solution resistance and R the ionic
resistance in an EC

If the value of the parallel resistor is dependent on potential and impedance spectra
are recorded at different values of applied potential, the diameter of theisamis

altered accordingly. Aeal, norideally polarisable interphase generates a current
response somewhere between that of a pure resistor and a pure capecitoz (
phase angle is between 0° aA0°) and is manifested as a slope in the low frequency

range on the Nyquist plot.

The complex plane respondiesm the above models cannot be reliably fitted to the
experimental data obtained using porous electrodes. The equivalent circuit of a pore
has been modelled as consisting of net wit
l ined) that wtopaof resdsame and damcitahceslawn thélength of

an ideal por¢10, 297. The frequency response behayv
model produces a characteristic phase anglésfthat is independent of frequency.

Although being a relatively simple model, this approach introducesdheept of

different charging rates being present in porous electrodes as well as allowing the

introduction of a different element with a phase angle between that of an ideal
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capacitor and resistor into equivalent circuits. An electrode containing pbres o

uniform distribution results in the frequency response indicatédyure3.15[10].
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Figure 3.15. Nyquist plotforad Tr an s mi s Ressta and Warbairg /
element in series. Brepresents the solution resistance in an EC

The frequency response of an RC transmission line has been shown to be similar to
the behaviour of a Warburg diffusiampedance element at a planar electrode. In a
finite-length Warburg element, behaviour is modelled based on the diffusion of
reactive species and produces a phase anglé56f as both the capacitance and
resistive impedance components vary with the sguaot of frequency over a finite
frequency region. However, as the fitted parameters are not relevant to the systems
under study but only used to approximate the porous behaviour of the electrode,
details of the Warburg impedance element are not giees, ibut a comprehensive
derivation is given if291].
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An equivalent circuit that is frequently used to represent the impeddnme EC
incorporates a Warburg impedance element in parallel with the double layer
capacitance and is known as Randt@scuit [10, 254, this is represented figure

3.16, alongside a schematic of the fregay reponse. In this work Randi&circuit

was fitted to EIS results to determine the cell parameters such as solution resistance,

charge transfer resistance and cell capacitance.
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Figure 3.16: Nyquistp| ot f or Ra n drepeeseits tiRisalutiami t .
resistance and R the ionic resistance in an EC

An indication of the cell capacitanc€&, was found by the value of imaginary
impedanceZnm,, at a low frequency of valué, using the relationship seen Eq.

3.54.

Eq. 3.54

3.2.3 Galvanostatic Charge-Discharge

Charge/discharge cycling is a technique that can replicate the operating conditions of

an EC and is widely used in the determination of cell performance. Current is added
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to or drawn from the cell at a constant rate(j.e. Galvanostatically) between tw
cut-off limits usually determined by the decomposition of the electrolyte. The range
between these limits is known as the operating voltage of the cell. Constant current
cycling is usually employed in preference to constant potential or constant power
cycling, as the electrical control systems required in such systems are usually simpler
[10]. Figure3.17 represents the changes in current and potential with time for two
cycles at a constant currenbetween the cuff limits, Vimin andVimax
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Figure 3.17: Variation of current (top) and potential (bottom) with time for
Galvanostatic charge/ discharge process

When the discharge profile of a cell is fairly linear, as sedfigare3.17, the total
capacitance of the cell under study can be calculated over a discharge cycle by
determining the quantity of charge transferred and theiding this by thevoltage

drop during disharge, as shown i&q. 3.55.

e Eqg. 3.55
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The ESR of an EC can be measiiusing the voltage response to Galvanostatic
cycling. The drop in voltage measured on the reversal of the current direction from
charge to discharge is referred to asikhdrop, indicated irFigure3.18, and can be
used to calculate the ESR a®&q.856dvhareg t o
the equivalent series resistance is denotedRdyy; the iR drop by DVig, and the

current byl.

Y = Eq. 3.56

Potential

>

Time

Figure 3.18: Variation of potential with time for Galvanostatic charge/discharge
process exhibitingiR drop

The amount of energy that can be stored at different rates of cligsgearge has

been found to vary significantly depending on the rate used, with the highest values
of specific capacitance being obtained at the lowest rates of charge (or current
density). It is therefore important that the rates used in the determination of

capacitive performance reflect the operating conditions in a practical device.

Changes in cap#ance with repeated cycling are usually investigated using
Galvanostatic chargedischarge cycling over many thousands of cycles, as the
stability of capacitive behaviour determines the lifetime of the device. Where
pseudocapacitance contributes sigaifity to the specific capacitance of carbon
electrodes, an appreciable fade in capacitance with repeated cycling is usually

observed.
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3.2.4 Cyclic Voltammetry

Linearsweep Voltammetry, also known as cyclic Voltammetry (CV) when applied

repetitively, is used tcstudy the potential dependent behaviour of ECs and is

particularly useful in the study of materials displaying pseudocapacitance. Cyclic
Voltammetry is usually employed as the first lineareep can produce a

significantly different response in compariseith subsequent sweeps.

In this procedure the variation of current with applied potential and time is measured
at a constant sweep rate between tweofupotentials. The sweep rate represents

the change in potential with timel\(/d) and is usuallyof the order mVs. The
direction of the observed current is dependent on the direction of the sweep rate
which reverses periodically when a -@ff potential is reached. The limiting
potentials are defined by the decomposition limits of the electrolyte being used, or a
cut-off current associated with electrolyte decomposition can be applied to determine

the operating voltage of new electrolytes such as ionic liqa®@s 19q.

Results are usually displayed in a plotiafs V known as a cyclic Voltammogram,
illustrations of which are given iRigure3.19 andFigure3.20. For constant values
of cell capacitance, rectangular current resggnsimilar to that seen iRigure

3.19a) that are roughly symmetrical around the zmroent axis are generated.
Deviations from the rectangular shape at the fupatentials are usually indicative

of electrolyte decomposition.

The capacitance of a cell under study can be estimated from a cyclic Voltammogram
using the relationship(s) fg. 3.57.

. QQ 000

. 0 Eq. 357
Vo q
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For an ideally polarisable interphase the only process occurring in a given potential
region is double layer charging which generates a Voltammogram of the form seen in
Figure3.19(a) [293. In the case of a nemleally polarisable interphase, illustrated

in Figure3.19(b) the leakageurrentmay cause a skewing of the current response to
produce a parallelogram shaped cyclic Voltammogram, especially when measured at
relatively low sweep rates.

A

J >
j Potential

@) (b)

Current Density

Figure 3.19: Cyclic Voltammogramsfor (a) an ideally polarisable interphase
and (b) a non-ideally polarisable interphase

In many electrode systems however, the cell capacitance is not constant with changes
in potentid due to the influence of kinetic or diffusion limited currents. In the case
of a pseudocapacitive system, significant deviations from the rectangular, or
parallelograrrshaped, response are generated. Peaks in the current response occur at
the potentiawhere specific interactions become thermodynamically favourable and
result in a change in the rate of charge acceptance with changes in potential. The

derivative that occurs from this change is equivalent to a capacitance, as indicated by
Eq.3.58.

QUQ o6

e Eg. 3.58
QA w
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For example, the highest reported values of specific capacitance have been found in
the study of thin films of hydrous ruthenium dioxide, the cyclic Voltammograms of
which show the pience of three distinct peaks, each coordmg to a particular

reaction, as indicated Byigure3.20[10].
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Figure 3.20: Cyclic Voltammogram indicating pseudocapacitance associate
with thin -film RuO

To a lesser extent, pseudocapacitance can augment the thydsleapacitance in

carbon based ECs through the reaction of certain surface functional.groups

3.2.5 Self-Discharge

When fully charged, ECs have high free energy in relation to an uncharged device
which is equivalent to a driving force for selischarge. This has a detrimental
effect on the performance of ECs as the voltage across the cell dedadges
quickly after charging. Theedf-discharge of ECs is of practical importance as the
useful energy and power densities are adversely affégtede mechanismyhich
results in asubstantiatlegree of redundant energy storage capadigo, additional
hardware maye required to provide a float current to counteract thedsstharge

process.
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Seltdischarge can be investigated relatively easily by charging the cell up to the
maximum operating potential and recording the voltage decay over time, although
determinaion of the current required to maintain a steady potential can also provide
a measure of selfischarge of a cel{leakage current Different selfdischarge
mechanisms have beedentified based on the relationship found between cell

potential and time.

Activation controlled Faradaic processes have been shown to 6§o3/59.

o 00— Eqg. 3.59

In Eq.3.59,i1 ( répresentshe current density at an overvoltage represented| by

is the exchange current density diiis known as the trafex coefficient. This can

be expressed in terms of the voltage across the cell at any iNgtas,a proportion

of the initial voltagey;, wheret represents the time that the cell has been under open
circuit conditions, and\ andUare constants iEg. 3.60.

®w o ol T« T Eqg. 3.60

The relationship inEq. 3.60 shows that under these circumstances a plot of the

decline in cell voltage against log (time) yields a straight line.

In this case the leakage current can be attributed to a Fapdeittial dependent
reaction, the rate of which decreases as thedsstharge process progresses. For
example, this applies to the decomposition of electrolyte by overcharging as the
species involved can be considered at a high concentration. Tlus epalicable to

redox reactions occurring between electrolyte species and surface functionalities

[294.

It has also been showthat the process of charge redistribution, a consequence of
uneven charging in porous electrodes, results in a linear relationship between the

decline in cell voltage and log (timg)9g.
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An alternative relationship is found when species present in a low concentration are
involved in Faradaic sellischarge mechanisms. In this case the leakage current
does not followEq. 3.59, but is controlled by the diffusion of reactive species that
participate in Faradaic reactions within the operating potential of the cell. These
species are typically impurities in the electrolyte solution that can act like a shuttle
between the two elaodes with the reduced and oxidised forms of the species
interchanging and diffusing in both directions. Iron ions are a typical example of
depolarising shuttle species, however dissolved oxygen species in the electrolyte can

also undergo redox reactioasd discharge the cgll(].

The diffusion of redox species can be shown to yield thedsgtharge relationship
given inEq. 3.61 wherez represents the amount of charge transferred according to
the discharge reaction stoichiometyjs the diffusion coefficient of the specidle
initial concentration of which isy A represents the electrochemically active surface

area andC again represents the cell capacitance.

&OB0F “ € &
CC . of

Eq. 3.61

The relationship irEq. 3.61 shows that under diffusion controlled sdiécharge a

plot of the decline in cell voltage against (tifig)elds a straight line.
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4 Experimental

4.1 Carbon Material Production

4.1.1 Precursor Synthesis

Organic hydrogels were synthesised in a manner similar to those used in many
previous investigationg183 194197, 203 where he polycondensation of an
aqueous solution of resorcinol (R) with formalgeéd (F) was catalysed by the

addition of sodium carbonate (C).

A typical synthesis procedure involved the dissolution of 0.10 moles of resorcinol
(1,3-dihydroxybenzene, Aldrich, 99%) in 110 cm?3 of deionised water (W). The
desired mass of sodium carbondis,COs, Aldrich, >99.5%) was added to the
solution under stirring to increase the pH, a crucial factor determining the structure
of the resultant gel198. 0.20 moles of formaldehyd€K,O, Aldrich, 37 wt%,
stabilised by 16 15 wt% methanol) were added by volume under stirring, which
was carried out for a further 45 mins to obtain an homogenous solution. The R/F
molar ratio wa kept constant at 0.50 and R/W was maintained at 0ctfi’g R/C

molar ratios between 100 and 500 were initially investigated. The solution was
sealed in a bottle to prevent solvent evaporationkapd at 85°C for lays. The
colour of the gels as bund to vary with R/C ratio and this was more noticeable at

the early stages of gelaticas evident in the photographs giverFigure4.1.
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(b)

(d)

Figure 4.1: RF gels at various stages throughout gelation-() RC100 (yellow
caps), 300 and 500 (a) after mixing (b) after 1h at 85°C (c) after 3h at 85°C (i
after 24h at 85°C

The resultant RF hydrogels were cooled to room temperature and drained of liquid
before maceration into pieces roughly 10 mm in diameter. Gels were then rinsed
thoroughly with approximately 10&ms3 acetone (Fluka, 98%) before being
submerged in approximatel00 cm?3 of fresh acetone. Solvent exchange was

carried out over a period of 3 days in an orbital shaker maintained at 25°C.

The required mass afrphenylenediamine (1;BhenylenediamineAldrich, 09 9 %)
was solvated in roughly 100 cm3 acetone and addédetalrained gel, which was
then sonicated for 15 mins to encourage the thorough impregnationP DA
solution. Impregnated gels were then agitated fortadu3 days.In samples where
no mPDA was added, the same procedutiagipure acetone was perfoeth

Gels were then heated to-68°C in a water bath under a fume hood, to evaporate
the majority of acetone present without removing eDA, before being dried to
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constant mass at 80°C under vacuum. Dried xerogels were prepared for
carbonisation by miihg for 5 mins in a benckop ball mill using a tungsten carbide
vial and balls.

4.1.2 Carbonisation

1000
800 f
600 F

400 |

Temperature [°C]

200 F

0 100 200 300 400 500 600
Time [mins]

Figure 4.2: Carbonisation temperature schedule

Carbonisation was carried out in a Carbolite 2408 fub@ace under argon flowing

at 300 cm3 miit. Roughly 4 g of milled carbon precursor was added to a ceramic
crucible which was then placed in the centre of the furnace tube. The tube was
purged with argon for 3@nins to remove oxygen before heatiogmmenced A
heating schedule developed for the carbonisation of resoifamoblldehyde

xerogeld 197 was used (with minor modificatig) and is illustrated irFigure4.2.

The temperature was raised to 150°C at a rate of 5°C arid soaked for 30 mins,

then raised to 450°C at a eabf 5°C min* and again soaked for 30 mins. The
temperature was then raised to the final carbonisation temperature of 850°C at 10°C
min™ where it was maintained for 120 mins. The furnace was allowed to cool slowly
to room temperature under flowing argoThe alterations to the heating schedule are
discussed at the beginning of the following chapter.
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4.1.3 Activation

Activation was carried out to open up the porosity contained in carbonised samples.
The furnace was heated to taetivation temperature at a rate of 10°C ™in an

argon atmosphere, and carbonised samples were then activategfiov@q at 200
cm3min™ for 60 mins at 850°C. The furnace was allowed to cool slowly to room

temperature under flowing argon.
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Figure 4.3. Activation temperature schedule

4.1.4 Hydrogen Treatment of Carbon Materials

Nitrogen groups weraemovedfrom the sample surfadey heatingto 1000°C in a
hydrogen atmosphere. Approximately 1 g of carbon material was added to a ceramic
crucible which was then placed in the centre of the furnace tube. The tube was
purged with hydrogen for 120 mins prior to heating to ensure all oxygen was
removed from the tube. The furnace was heated to 1000°C at a rate of 10°C min
under hydrogen flowing at 200 cm#in™. The sample was then soaked at 1000°C
for 120 mins before being allowed to cool slowly to room temperature under flowing
argon. This prcedure was repeated under an argon atmosphere to provide a suitable
material for comparison. An intermediate material was produced using the same

procedure where the gas fed to the furnace was switched from hydrogen to argon
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after the material had beepaked for 60 mins at 1000°C in order to maintain the

same thermal treatment conditions.

4.1.5 Milling of Carbon Materials

Particle size was reduced to <@8 by milling the activated carbon materials for 60
mins in a SPEX SamplePrep 8000M Mixer/Mill using &sih nitride vial and balls.
Samples were added to the vial under argon in a glove box (Saffron Scientific
Equipment Ltd.) to prevent oxidation of the carbon materials during-édnghgy

milling.

4.2 Physical/ Chemical Characterisation

4.2.1 Thermal Gravimetric Analysis (TGA)

Thermal gravimetric analysis was carried out using a Mettler Toledo TGA/DSC1
STARe instrument. Approximately 20 mg of sample was transferred to an alumina
crucible and placed alongside a reference crucible at the appropriate position on the
horizontal balance. The sample mass was recorded as the furnace was heated from

room temperature to 1000°C at a rate of 5°Chuinder flowing nitrogen.

Proximate analysis was performesing the same instrumenSamples were heated

to 400K at a rate of Kmin' under nitrogen flow, and this temperature was
maintained for 10 mins. The temperature was then increased to 1200K at 13pKmin
and the sample was soaked at this temperature for 5 mins to allow for complete
removal of volatile species. The fuoeawas cooled to 1100K and the gas was
switched to oxygen for a period of 30 mins to ensure complete combustion of the
carbon in the sample. The furnace was then cooled back to room temperature. As
with previous TGA experiments, the results were corteatsing data from an

experimentafun using an empty sample pan.
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4.2.2 Nitrogen adsorption/ desorption

Nitrogen adsorption/desorption isotherms were obtained using a Micromeritics

ASAP 2420 instrument at the temperature of liquid nitrogen (77K) from a helium/

nitrogen mixture. (Physical adsorption of helium does not occur as the analysis
temperature is significantly greater than the critical temperature of helium.)

Carbon materials were dried for several days at 50°C before being transferred to a
clean sampleube that was weighed accurately. Roughly 0.2 g of sample was used
for each analysis. Samples were degassed under an initial slow vacuum to 5 mmHg
at room temperature to remove the majority of physically adsorbed molecules. A
fast vacuum was then appliadtil a pressure of 1@mHg was obtained. The sample

was heated to a temperature of 50°C and held fom8@s, before raising the
temperature to 200°C which was maintained for 10 h. Degassed samples were
cooled to room temperature and backfilled witlalgsis gas before reeighing to

ascertain the 6degassedd sample mass.

Samples were analysed using two different methods. An initial isotherm was
produced for each material for relative pressures between roughly 0.05 and 1.0,
(consisting of 40 adsorptioand 30 desorption points). In this method a filler rod

was added to the sample tube after degas to accelerate analysis.

Selected samples underwent a more rigorous analysis over the relative pressure range
of 0.005- 1.0, using a low dose rate of 3.0 cih3ger increment until a relative
pressure of 0.1 was achieved. A further degassing step is advised for this method to
ensure that all molecular species were removed, and was carried out on the analysis
port. Filler rods were not added to the sample wgieg this method but seal frits

were used to prevent any particulates being carried over into the vacuum system.
Samples were heated at 150°C under vacuum for a period of 2 hours and were not

backfilled with analysis gas prior to analysis.
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4.2.3 Pycnometry

Helium pycnometry was used to determine the skeletal density of carbon materials
using a Micromeritics AccuPyc 1340 instrument. Roughly 0.25 g of sample was
weighed accurately in the sample cup and transferred to the pycnometer. The system
was flushed wth helium prior to measurements being taken. Density measurements
were taken using the Micromeritics software, using an equilibratienf€of 0.0050

psig min® until a value within 1% error was obtained using four consecutive

measurements.

4.2.4 Elemental Analysis

The carbon, hydrogen and nitrogen corg@ftthe carbon materials were determined
using a Perkin Elmer 2400 Series Il CHNS/O Elemental Analyser. Approximately 2
mg of sample was weighed accurately in a tin capsuhéch was therfolded and
tranderred to the analyserThe capsule wabeated to 925°C in oxygen and the
products of combustion were catalysed and interferences removeg. HEDand

NO, were carried by helium to a gas chromatography column where they were
separated. The detector rséds were then converted to a percentage of the total

sample mass by comparison with an acetanilide standard.

4.2.5 X-Ray Photoelectron Spectroscopy

XPS was performed in an ion pumped VG Microtech CLAM 4 MCD analyser
system using 200 W unmonochromated MgaX excitation 20 mA at a potential of

10 kV). The CLAM 4 has variable slits for small area analysistaec mm slit was

used in this case with no apertures selected. Md&tonsamples were supported

on stubausing conductive carbon tape and wereodticedto the instrumenthrough

a turbo molecular pumped entry lock. The entry lock was evacuated for about 15
mins before the sample was intumed into the analysis chambeAn annotated

photograph of the instrument is givenFigure4.4.
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CLAM 4 Analyser

X-ray
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i Entry Lock
Analysis
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Figure 4.4: XPS setup (Dept. of Materials, University of Oxford, U.K.)

The analyser was operated at constant pass energy of 100 eV for wide scans and 20
eV for detailed scans. Sample charging was not observed. Data was obtained using
SPECTRA version 8 operating systeaand dita processing was performed using
CASA XPS softwae. Peak areas were measured after satellite removal and
background subtractioi29q. Elemental compositicnweredetermined by dividing

the obtained peak areas by their relative sensitivity fagjimen inTable3.2 [272.
Deconvolution of the Ndpeak was performed using the binding energies given in
Table 3.3 with mixed 3®@6 GaussiariLorentzian line shapes with a FWHM of 1.0 eV

for the groups Ab, N-6 and NQ, and the FWHM for NX being in the range 1.5

2.0 eV to give the best fit.

4.2.6 Small Angle Neutron Scattering

Smallangle neutron scatteringANS) was performed using the LOQ smalhgle
diffractometer at the ISIS Pulsed Neutron Source (STFC Rutherford Appleton
Laboratory, [dcot, U.K.)[297, 298. A schematic of the LOQ instrument is given
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in Figure 45 [299. LOQ is a fixedge omet ry i wh i-af-#ight b e a mo
instrument which utilises neutrons with wavelengths betweeraiid21 nm. Data

was simultaneously recorded using an 8mm diameter beam on -tvmeBsional
positionsensitive neutron detectors, to provide a simultaneous Q range of 1608

nm?®. Each sample was placed a2 mm path length rectangular quartz cuvette
(Hellma Analytics) Pure deuterium oxidd¢O, Aldrich, 99.9atom % D) was used

for contrastmatching experiments, and samples underwent brief sonication to

encourage the penetration of contnassttching fluid into allaccessile pores
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transmission measurements)
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Monitor 1

Neutrons

Soller Supermirror Bender

Figure 4.5. Schematic of the LOQ smaHangle diffractometer at the ISIS pulsec
neutron source. (STFC Rutherford Appleton Laboratory, Didcot, U.K.)

Transmission data was collected for 8 pAh,N&Afor 60 pAh and CMSANS for
roughly 150 pAh in order to gather data of high statistical precision. SANS
experiments were carried out for a shorter time than theSBIMS runs to prevent
saturation of the detector. Transmission data showed that no Iendtattering

effects occurred.

Each raw scattering data set was then corrected for the detector efficiencies, sample

transmission and background scattering, and was converted to scattering cross
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section data d B/ d/9Q) using the instrumerdpecific COLEHTE software.
Results were placed on an absolute scale using the scattering data from a standard
sample in accordance with established proced3@3.

4.3 Electrochemical Characterisation

4.3.1 Electrode Production

Electrodes were manufactured by mixing 240 mg of the material stutdy with 30

mg polymer binder (Kyn&2801) and 30 manilled carbon black (Cabot XC72), to

give an 80/10/10 ratio by mass of sample/binder/carbon blaClarbon black was

milled for 60 mins before use to ensure that uniform sheets of electrode were cast
1.7 cm3 acetone was added to the dry powder and an homogenous slurry was formed
by stirring in a closed samplgal for 4 hours. The slurry was then cast onto a glass
plateand spreatb a wet film thickness of 500 um using a micrometer adjustable gap
paint applicator (RK Print Coat Instruments, Ltd.). Electrode sheets were dried by
heating overnight in an oven at 85°C. This facilitated the removal of the electrode
from the glass by causing the polymer binder to soften slightly. Electrode sheets
were removed using a wide, flat blade anfl the electrode was found to curl
excessively, it was pressed overnight in an oven at 85°C betweesntalb glass

plates Discs 13 mm in diameter were pressed from the flat sheet and any discs with
noticeable defds (cracks, irregular edges, pinholek) were discarded. It is
estimated that the thickness of the dried electrode sheets {2500um. Electrode

discs were weighed and matched as closely as possible to a counter electrode of the
same composition.The average electrode mass was roughly 10 mg, and paired

electrods differed in mass by 0.1 mg at most.

Pairs of electrodes were soaked in potassium hydroxide solution (Aldrich, 28.5 + 0.5

wt.%) and sonicated for 15 mins to encourage electrolyte diffustonthe smallest

2 This procedure wafound to produce mechanically stable electrodes where the pore volume of the
sample was less than 0.5 cidgFor greater pore volumes, a larger proportion of binder was found to
be necessary.
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pores. Electrodes wersoakedin electrolyte for at least three days prior to cell

manufacture.

Symmetric tweelectrode EC cells were constructed using a modified version of a
test cell used in previous investigatigd®5, 301, 302 196. A schematic of the

cells used is given iRigure4.6 [195. 13 mm diameter discs &0 pm thick nickel

foil (Goodfellow, >99.99%) were used as current collectors to protect the steel
components from corrosion. A 13 mm diameter disc of glass fibre filter paper was
used to separate the electrodes and was soaked in electrolyte before being inserted
into the cell to ensure & an excess of electrolyte was availablde plunger screw

was fingertightened to ensure good contact between the electrodes, current

collectors and external plates.

Electrode

Separator~y

\“

Figure 4.6: Test cellwith symmetric electrode arrangement (inset)

Electrochemical tests were carried out using a Solartron Analytical 1470E
Multichannel PotentiostatGalvanostat with 1455A Frequency Response Analyser
and MultiStatvl.1b software, (Scribner Associates, IncThe cell temperature was

maintained at 25°C (= 0.1°C) using a Friocell temperature control cabinet.

Cells were initially conditioned by cycling 10 times between 0.0 and 1\BW@CP)
at a rate of 100 mA. The cell was subsequently charged to 1.0 V rmAlénd

? A modified test cell to enable vacuum filling of the aglamber was manufactured, however the
electrodes were not mechanically strong enough to withstand the flow of electrolyte through the
chamber.
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switched to open circuindéfetedd wmems.

necessary to produce reproducible results.

4.3.2 Galvanostatic Charge/ Discharge

Cells were cycled between 0.0 and ¥.@vs OCP) at rates of 100, 64, 32, 16, 8, 4
and 2 mA foughly 0.1 to 5 Ag™, depending on the actual mass of the electrodes
used for twenty charge/discharge cycles. The value of cell capacitance was

calculated on the tenth discharge cycle at each rate.

4.3.3 Electrochemical Impedance Spectroscopy

Electrochemial impedance spectra were obtained at a potential bias of Ov& V (
OCP) using a 10 mV signal over the frequency range 100 kHz to 10 mHz. Each
spectrum was measured twice, as the data from the initial runs were found to be
erratic. The value of cell capgance was obtained at 10 mHz from the imaginary
component of the impedanasing the relationship given i&q. 3.54. Nyquist plots

and equivalent circuits were evaluated using ZVsaftware(Scribner Associates,

Inc.).

4.3.4 Cyclic Voltammetry

Cyclic Voltammetry was performed between 0.0 and\1(@s OCP) atsweep rates
of 10 mV s* (for 2 cycles) and 100 m¢* (for 10 cycles). Cell capacitance was
obtained using the magnitude of the average current response to a particular sweep

rate.
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4.3.5 Self-discharge

Cells were charged to 1.0 VJOCP) at a constant current of 50 mA and switched to
open circuit for 60 mins to monitor the voltage decay resulting froradgsiharge

mechanisms.

4.3.6 Galvanostatic Cycling

Further chargedischarge cycles between 0.0 and 1.v¥Q§CP) were carried out at

a constant current of 100 mA with the specific capacitance being determined
periodically. EIS and sellischarge measurements were repeated after 1000 and
10000 cycles.
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5 Results & Discussion

To ascertain if there is any practical benefittie additionof nitrogen groups to
carbon materials used in the manufacture of agueous based EC electrodes, materials
were produced using the method of simultaneous carbonisation outlined in the
previous chapter. As the pore structure of RF xerogels can be easiiylledrand

the nitrogen content of carbon materials can be tailored throughmgnegnationof
m-phenylene diaminanto the Xxerogelsbefore carbonisation, this process was
explored as a method to investigate the influence of nitrogen content on the& specif

capacitance of carbon materials.

The development of the method used to produce carbon materials for study is
outlined at the start of this chapter, and the reasons for carrying out future

experiments in a particular manner are discussed.

The electrochernal behaviour of some of these materialsliscussed with respect
to their physical and chemical characteristiasd t was found that several of the
same problems seen in the literature were also applicable to the interpretation of the

results in thisvork.

In an effort to clarify the role that nitrogen heteroatoms play in the mechanism(s) that
affect the electrochemical behaviourtbésematerials, it was proposed that further
thermal treatment under hydrogen could be used to selectively removeemitrog
groupsfrom the materials without influencing the physical structureny great
extent These materials arthen discussed with respect to their physical and

chemical characteristics.

Additionally, contrastmatching small angle neutron scatter{@M-SANS) has been
put forward as a technique that can be used to investigate the degree of inaccessible

porosity in electrode materials.
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5.1 Adjustment of synthesis procedure

A reproducible method for the production of RF xerogels has been previously
establisked and these materials have been well charactdi9ed197). However, it
should be noted that the additionnaPDA requires an additional processing step that
can be expected to adversely affect the pore characteristics of the resultantsnaterial
Typically, mPDA in solution (ethaml [227] or acetone[203) is added to the
precursor and the solvent is removed through evaporation. In the production of RF
gels the solvent exchange step offers an opportunity to imsddA into the pore
structure of the gel before dryingndas the volume of the gshrinks substantially
during drying, a more thorough impregnationraPDA into the precursor can be

expected.

Additionally, preliminary experiments wheraPDA was added to the RF xerogel
after drying produced a sticky material that was difficult to handle. When adding
mPDA before drying the precursor, the established drying procdd@® 197
required a slight alteration. In the usual method, excess solvent is decanted or
filtered off whereas, te@nsure that almPDA remains in the precursor, all of the

solvent was removed through evaporation in this work.
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5.1.1 Development of Carbonisation Schedule

From TGA data obtained using different formulations of RF xerogel, it has been seen
that the removal of volatile components is virtually complete at temperatures greater
than 800°C[195 197, 198. The mass loss profiles offRjels at a heating rate of
10°C min' is almost identical for R/C ratios between 100 and[304].
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Figure 5.1: TGA profile of RF xerogel (R/C = 500)heated at a rate of 5°C mift
to 1000°Cunder nitrogen
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Figure 5.2: DTGA profile of RF xerogel (R/C = 500) heated at a rate of 5°C
min™* to 1000°Cunder nitrogen
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The mass loss profile obtamhdor a sample RF xerogel is shownHimgure5.1 and,

when considered alongside the derivative cunvEigure 5.2, can be broken down

into four distinct sections. At temperatures less than 300°C, mass loss is attributed to
the removal of anyesidualsolvents from the structure. Despite drying theumeler
vacuum at 80°C until a constant mass was obtained, there is likely to be a small
amount of solvent in the sample that can only be liberated by further heating due to
the strong adsorption potential present in micropores. ApproximatétyaiGhe

total sample mass is due to the removal of residual solvents and/or species adsorbed
from the atmosphere. An increased rate of mass loss is observed over the
temperature range of 300800°C, with two distinct derivative peaks appearing in

this region. Thealerivative curve approaches maxima at values of 380°C and 550°C
and indicates that there are two different decomposition processes associated with
carbonisation. It has been postulated that the peaks are associated with the cleavage
of C-O bonds at the lwer temperature and-B bonds at the higher temperature
[198. The first mechanism seems to be complete at a temperature of 45®€
derivative curve approaches a constant value at this point. The removal of volatiles
is virtually complete at a temperature of around 800°C. (The small amount of mass
loss observed at temperatures greater than 8@9¥igure 5.1 is not seen in the
literaturebutis likely to be due to the slow&eatingrateused)

Considering the different processes that occur during carbonisation, a phased heating
program vas developed that allowed more time for these reactions to complete
before progressing to the next stg#y@7]. This allows volates to evolve slowly and

to be removed from the sample before further reactions occur to leave an accessible

porous network in the resultant char.

Samples weralsoanalysed using a heating schedule analogous to that used in the
carbonisation process, aranple of which is shown iffigure4.2. This indicates

that under this carbonisation schedule, mass loss is complete after a final isothermal
step lasting roughly 120 mins at a temperature of 850°C. The char yield resulting
from this procedure is roughly 48 based on the mass of sample after vacuum
drying. When carbonised in a tube furnace, the yield achieved wa%.52The

disparity between the yields produced by the two methods may be down to a
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combination of several factorfr example, the gas used in the TGA experiments
was nitrogen whereas the tube furnace was operated under argon, the yield was
calculated based on the sample mass at 850°C in the TGA and at room temperature
in the tube furnace, and the ratio of gas flansample mass is very much greater in

the TGA when compared to that in the tube furnace.

5.1.2 Carbonisation Temperature
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Figure 5.3: Specific surface areaagainstfinal carbonisation temperaturefor
R/C = 100RF xerogel [197]

The maximum temperature used in the carbonisation process affects the final pore
structure and surface area of the char, as well as influencing the electrical
conductivity of the material. Using thphasedcheating progranillustrated inFigure

4.2, the effect of the final temperature on the specific surface area of the char was

investigated197] and the result is shown Figure5.3.

Figure 5.3 shows that the maximum specific surface area of the chabt&ned
when a carbonisation temperature of 80800°C is used. A similar trend to that
shown inFigure 5.3 was found in a different study using a more concentrated gel

precursor solution (R/W ~ 0.3 g €in[203, and in this case a maximum specific
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surface area of the char was observed at the lower temperature of 700°C. In other
studies, a decrease in specific surface area with increasing carbonisation temperature
has been observe[B03 but in the majority of casegesults are not directly
comparable as there are too many differences in the experimental condtipns (

different R/W, drying methods, heating ra&s)

Fromseveral studies into the relationship between the carbonisation temperature and
electrochemical performance of carbonised RF gel electrodes, results indicate that
temperaturgin the region of 800 900°C produce the highest values of capacitance
on a graimetric and volumetric basis. A typical example of this relationship is
shown inFigure 5.4 [207]. This is probably a consequence of the relatively large
specific surface area developed at these temperatures in combination with the fact
that complete carbonisation has occurred to leave behmatexial with a reasonable
amount of graphitisation that can be expected to be highly electrically conductive.
For the aforementioned reasons, a final carbonisation temperature of 850°C was
chosen for use in this study.
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Figure 5.4: Capacitance densityscarbonisation tenperature for R/C 200 RF
aerogel[207]
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5.1.3 Variation of R/C Ratio

To evaluate whether the adjustments to the synthesis and carbonisation procedures
significantly affects the pore characteristics of the chars obtained, carbonised RF
xerogels were produced using the procedure descpbmdouslyat R/C ratios of

100, 200, 300 and 500 (with moPDA added). From nitrogen adsorption isotherms,
specific surface areas and pore characteristics were determined and are summarised
in Table5.1. The experimental errors associated with the calculation of specific
surface areas for these samples has been determined to be ledSthég* and the

pore volumes given have an error¥01 cm3g. For comparison, data reported for
xerogels produced usingpmparablgechniquegi.e. same R/W, drying methoekc.

but carbonised at 800°C for 180 mins) are also includéalite5.1.

Specific Total Micropore Mesopore Average

R/C surface Pore volume volume _pore [Ref.]
area Volume diameter*

[m2g~] [cm3g™]  [ecm3g™]  [cm3g’] [nm]
100 515 0.28 0.18 0.07 2.1 [this work]
200 625 0.43 0.18 0.25 2.8 [this work]
300 590 0.56 0.17 0.39 3.8 [this work]
500 615 1.10 0.18 0.82 7.1 [this work]
100 670 0.38 0.33 0.05 2.2 [197]
200 700 0.71 0.18 0.53 6.6 [197]
500 645 1.23 0.21 1.01 21.7 [197]
100 410 0.21 0.18 0.04 2.2 [195, 196]
200 615 0.42 0.20 0.23 35 [195, 196]
300 655 0.64 0.18 0.46 4.9 [195, 196]
500 640 0.92 0.19 0.73 8.9 [195, 196]

Table 5.1: Surface area and pore volumes afarbonisedRF xerogels(*modal
pore widths are reported for this work and refs[195 196 whereas the mean is
reported in ref [197])

Similar trends in the pore volume data are seen for each R/C series and comparable

values of surface area are produced u#iregaltered synthesis procedure. For each
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R/C ratio the altered synthesis procedure produces smaller values of average pore
diameter but the same trend with increasing R/C ratio is observed. The narrowing of
the average pore diameter may be due to iseckacapillary forces during the
evaporation of the solvent, but it is more probable that the increased carbonisation
temperature is responsible for this effect. (It is also likely that the particle size
differs for each of the R/C series Tiable5.1, asit has been found that the specific
surface area and pore volumes attributed to carbonised RF xerogels decrease with

reductions in average particle s{2©5.)
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Figure 5.5: Nitrogen Adsorption Isotherms (at 77K) of carbonised RF xerogels
(R/C =100, 300 and 500)

The nitrogen adsorption isotherms kiigure 5.5 show that thenaterialsproduced
vary in their degree of porosity and pore structufidnere is a similar quantity of
nitrogen adsorbed at low relative pressure for all sam{ped40 cnisteg™) which
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suggests that the micropore volume does not vary greatly withr&i@€ The
carbonised R/C = 100 RF xerogel displays a type | isotlteahis usually seen
when the adsorbent is predominantly micropoidiig). A typical type IV isotherm
is exhibited by the R/C = 300 material and tblkserveddifference between
adsorption and desorption isotherms is indicative of mesoporosity. The hysteresis
loop is best approximated by the type H2 I¢speFigure3.3) which indicates that a
network of interconnected pores is present in the adsoffi&df. This type of

hysteresis loop has also bderked to the presence openended cylindrical pores

[304.

A type IV isotherm is also obtained using the R/C = 86fivedmaterial, however
the hysteresis loop differs from the H2 type as a definite limiting uptake is not
observed at high relative pressures. The loop is perhaps better elsasb
belonging tothe H3 type which is associated with adsorbents that are composed of

agglomerated platkke particles that form slit shaped pofd3(Q.

Figureb.5 illustrates the diversity of the pore structures that are produced through the
carbonisation of RF xerogels. Teeisotherms also reflect the change in reaction
rates with R/C ratio; at R/C = 100 the formation of primary particles is dominant
whereas at lower catalyst concentrations primary particles are produced at a slower
rate and form loose agglomerates befagkatgpn. The differences between the pore
structures are more obvioushigure5.6 where the quantity adsorbed relative to the
total uptake is plotted against the relative pressure. These plots give a better
indication of the pore size distribution present in the materiats example the pore
volume of the R/C = 100 material consists largely of micropores as the uptake is
almost 80% at low relative pressure, whereas the R/C = 500 material shows only
20% of the total uptake at the same relative pressure, and can be guesube

predominantly mesoporous.
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Figure 5.6: Nitrogen Adsorption Isotherms (at 77K) of carbonised RF xerogels

(R/C =100, 300 and 500ormalised to volume adsorbed at maximum uptake

From the nitrogen adsption data, the mesopore size distribution was determined
using the BJH method for each of tmaterials producedsing the altered synthesis
procedure, and are shown kigure 5.7. Despite the apparent narrowing of the
average pore diameter, control over the pore size distribution by adjusting the R/C
ratio was still maintained using the altered synthesis procedure, and similar structural

characteristics to flished results were obtained
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Figure 5.7: Mesopore size distribution of carbonised RF xerogels (R/C=100, 300
and 500)

5.2 Addition of mPDA

The degree to which the -@arbonisationmechanism affects the carbonisation
process was investigated using the sar®\ methoddescribedpreviouslyfor a
sample that was impregnated witlP40y mass omPDA. Figure5.8 shows the rate

of mass loss as the temperature of the sample is increased to 18@0fgside the

TGA profile of pure RF xerogel frorRigure5.1), andthe corresponding derivative
curve is given inFigure 5.9. Pure mPDA under the same conditions begins to
decompose at around 150°C and is removed completely by 28U In a
comparison of the derivative curv@sgure5.2 andFigure5.9) it is clear that the co
carbonisationprocess shows a substantially different mass loss profile, especially
with the absence of the dip centred at 550°C. This results in the majority of mass
loss occurring beford00°C in the sample ecarbonisedwith mPDA, whereas a
larger proportion of mass loss occurs at temperatures greater than 400°C during the

carbonisation opureRF xerogels. This indicates that the presengaRIDA inhibits
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the carbonisation of RF xerogels, which could be expected to some extent as the
pores present in the carbonisation precursoroaceipiedby mPDA. As with the

pure RF xerogel, carbonisation is virtually complete at a temperature of 800°C.
When the impregated sample was carbonised using the same procedure as that in
Figure4.2, the yield was roughly 46 and the mass loss profile is shownFigure

5.10. For comparison, the same procedure in a tube furnace achieved a yield of
51.%%.
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Figure 5.8: TGA profile sof R/C = 500 RF xerogehnd R/C = 500 RF xerogel
impregnated with 40% mPDA by mass, heated at a rate of 5°C mihto 1000°C
under nitrogen

173



[

=

<,
o

dwW/dT [g (°g)'1]

Lo v v vy v vy byya gy 138

210°

-3 10’5 1 1 | 1 L 1 | 1 1 1 | 1 1 1 | 1 1 1
200 400 600 800 1000
Temperature [°C]
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Figure 5.10: TGA profile of R/C = 500 RF xerogel impregnated with 40%
mPDA by mass, using the indicated heating scheduleder nitr ogen

When compared to previous results, where the same materialcavbmnisedut
mMPDA was addedfter drying the RF gel, there is a much smaller amount of mass
loss at temperatures less than 300203. This indicates that by addimgPDA
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during solvent exchange, a more thorough impregnation into the pore structure was
achieved, which should create a more homogenous distribution of nitrogen

throughout the material.

The melting point omPDA is 63°Cso it can be expected that during the first stage
of carbonisation (heating to 150°C at 5°C Minor even during the drying of the
gel, mPDA would form a liquid phase and agglomerate in the pores of the
impregnated RF xerogels. The presence®DA may hinder the second phase of
the carbonisation process by trapping volatiles inside the pore® d®Rhgel and

therebypreventing the removal of heteroatoms from the RF gel.
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5.2.1 Physical Characterisation

Carbonised RF xerogels were produced using the procedure descrilibé in
experimental sectioat R/C ratios of 100, 300 and 5@&&jchbeing impregnatedith

10, 20, 30 and 2@ of mPDA (based on the mass of dried gel withnfeDA added).

From nitrogen adsorption isotherms the surface area and pore volumes were

determinedand are summarised Trable5.2.

Specific Average
surface  Total Pore  Micropore  Mesopore pore
R/C mPDA area Volume Volume Volume diameter
(%] [m%g?]  [ecm3g]  [em3g’]  [em3g’] [nm]
100 0 515 0.28 0.18 0.07 2.1
100 10 385 0.22 0.14 0.05 2.3
100 20 200 0.13 0.07 0.04 2.6
100 30 46 0.04 0.02 0.01 3.7
100 40 27 0.03 0.01 0.01 4.3
300 0 590 0.56 0.17 0.39 3.8
300 10 525 0.56 0.14 0.40 4.3
300 20 455 0.53 0.12 0.40 4.7
300 30 395 0.41 0.11 0.28 4.1
300 40 335 0.35 0.10 0.24 4.1
500 0 615 1.10 0.18 0.82 7.1
500 10 525 0.80 0.17 0.63 6.1
500 20 440 0.70 0.13 0.55 6.3
500 30 335 0.61 0.09 0.50 7.3
500 40 245 0.48 0.07 0.39 7.8

Table 5.2: Surface Areas and Pore Volumes of RF xerogels-@arbonisedwith
mPDA
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Figure 5.11: Nitrogen Adsorption Isotherms (at 77K) for R/C=100 RF xerogels
co-carbonisedwith mPDA

The nitrogen adsorption isotherms for the R/C = 100 derived materials are shown in
Figure5.11. Thegeneraform of the isotherms is the same for each of the méteria
although the initial uptake at low relative pressure decreases with increasing fraction
of mMPDA. Therefore caarbonisationcan be seen tinhibit the generation of
microporesandthe extent of thigffectincreases withncreasing fraction omPDA

added The isotherms are best categorised as a combination of type | and type IV
forms, although the degree of hysteresis is very small. At relative pressures less than
P/Ry = 0.42 the discrepancy between the adsorption and desorption isotherms is due

to the presence of strongly adsorbing micropores in the sarfipiés

The pore size distributions of the materials, illustrateigure5.12, are also similar
in form but theporevolumes corresponding to each sample decrease with increasing

fraction ofmPDA.
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Figure 5.12 Mesopore Size Distributions for R/C=100 RF xerogels €o
carbonisedwith mPDA

The nitrogen adsorption isotherms for materials produced using R/C = 300 RF
xerogels are shown iRigure5.13. Each of these isotherms is of a similar form that
can be described as belonging to the type IV category, which is indicative of the
presence of mesoporosift7(d. As with the R/C = 100 derived materials, the
volume of nitrogen adsorbed at low relative pressures decreases with increasing
fraction of MPDA added. Théysteresis loops ifigure5.13 are best described as
belonging to the H2 type and are of remarkably similar form. This can be taken to
indicate that the coarboniséion process influences the mesoporous structure to the

same extent, especially for addeBDA fractions up to 20% by mass.

Mesopore size distributions from the nitrogen adsorption isotherms are given in
Figure5.14 and show thamPDA addition influences the pore characteristics of the
materials, particularly by shifting the modal pore width irregularly with increasing

mass fraction omPDA added.
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Figure 5.13: Nitrogen Adsorption Isotherms (at 77K) for R/C=300 RF xerogels
co-carbonisedwith mPDA
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The nitrogen adsorption isotherms for materials produced using R/C = 500 RF
xerogels are shown iRigure5.15. In a manner similar to that sea the isotherms
produced using R/C = 100 and 300 derived materktpufe 5.11and Figure 5.13)

the uptake at low relative pressures decreases with increa$ipA addition,
signifying that microporosity is blocked in proportion with the amountmBDA

added. Again, as observed witlhCR= 100 and 300 derived materials the isotherms
are of a similar type IV form, but in this case the hysteresis loop is present over a
much narrower range of relative pressures and is better categorised as belonging to
the H3 type. Figure 5.16 shows the mesopore size distribution obtained from the

nitrogen adsorption isotherms
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Figure 5.15: Nitrogen Adsorption Isotherms (at 77K) for R/C=500 RF xerogels
co-carbonisedwith mPDA
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Figure 5.16: Mesopore Size Distributions for R/C=500 RF xerogels €0
carbonised withmPDA

From the nitrogen adsorption isotherms and derived data it is clear that materials
with varying pore characteristics were produced, and that isotherms are of the same
general form for a particular R/C ratio. €arbonisation mainly influences the
nitrogen uptake at low relative pressures indicating that the micropore volume of
materials is reduced with increasing fractiom®DA added. It should also be noted

that in the cases of R/C = 300 and 500 derived materials the pore size distribution is

bimodal,whereas R/C = 100 derived materials ard Hescribed as being unimodal.

Considering these results it would seem that specific capacitance values for materials
produced using the same R/C ratio could be usefully compared to investigate the
effect of eleatode nitrogen content, but the uncertainty over the influence of pore
size distribution on capacitance does not allow for comparisons between materials
produced using different R/C ratiodn the casesof R/C = 300 and 500 derived
materialsthe addition & mMPDA alters the distribution of pore sizegnificantly,

which also influences the electrochemical behaviour of the materials.
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5.2.2 Electrode manufacture

In the study of carbon materials for use in ECs it is typical to add a small quantity of
polymer binde (ca. 10%) to the carbon and to form a pellet electrdui®ugh
compaction. Using this method it is likely that the polymer is forced into the pores
of the carbon and can block a great deal of surface area.

An alternative method, based on a techniquel usebattery production, has been
developed which allows for the production of thin, flexible films that can be used in
EC cells[195. This methodnvolvesthe mixing of the carbon material under study
with polymerbinder and carbon black in an 80:10:10 rgbg mass)and forming a

slurry with a small volume of acetone. It was found that stirring the slurry for at
least 4 hoursand a fine carbon particle size (8 pm) produced uniform,
mechanically stable films when cast on an aluminium foil current collector. The
acetone evaporates quickly from the cast slurry to leave behind a thin electrode film
that reflects the pore chatadstics of the carbon material under study. Also, the
removal of acetone in this manner indicates that an accessible porous network exists

within the film.

However, this method was developed for use with ionic liquid electrolytes and
required some modification for use with corrosive aqueous electrolytes. The sheet of
aluminium current collector was replaced with nickel foil to permit the use of KOH
electrolyte but the electrode film was found to spall when discs were punched from
the foil. (This problem was encountered when using several different thicknesses of
nickel foil and could be attributed to the differences in the ductility and malleability
of nickd when comparedavith the aluminiumfoil.) It was therefore decided to cast

the slurry directly onto a glass plate and form electrodes from the freestanding film.
The production of nitrogeenriched carbon materials for use in ECs is summarised
in Figure5.17 from the synthesis of the carbon precursor through to electrochemical

testing.
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Figure 5.17: Electrode production process tock diagram

Different proportions of binder and acetone were used to produce electrodes with the
carbon materials describedTable5.2. Using 106 binder in the slurry, only R/C =

100 xerogels produced electrodes stable enough for use in the test cell; the majority
of R/C = 300 and 500 electrodes fractured and disintegdatexg the production of

test cells. Considering the total pore volumes related to each materiah{geb.2)

and the integrity of the electrodes formed using thethod, it was seen that stable
electrodes could not be produced when the total pore volume was greater than around
0.5cn gl

Increasing the amount of binder to 230% produced mechanically strong films for

all of the carbon materials tested, butidg electrochemical test®latively large

values of resistance were observed and this overwhelmed the response from the
carbon material being investigatedVith an increasing volume of binder in the
electrode it can be expected that a greater amoyrarefblocking would occur, and

the pore characteristics of the electrode may not reflect that of the material under
study. Also bearing in mind that ECs are used in high power applications, it is

desirable to keep the resistance of the cell, and thertti®i@nder content, as low as
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possible. In hindsight it may be more appropriate to add binder on a volumetric
rather than a gravimetric basis when investigating different carbon materiala with
highly variable bulk density to allow for the disproporta® reduction in electrode

conductivity that arises from the addition of polymer binder.

As materials withtotal pore volumes up to 0.5 émg* could be used to produce
reliable electrodes, R/C = 100 RF xerogelscadbonisedwith up to 486 mPDA
charswereactivated in C@for 60 mins to open up some porosity and increase the
specific surface area. This was necessary because the relatively small specific
surface areas of the materials produced using higher loadingBDA resuledin

very low electrical esponses whictwere difficult to measure. Buroff was
typically less thar20% of the original sample massA greater degree of bwoff

was undesirable as the nitrogen content was foun@toease with increasing burn

off, andthe oxygen contentf activated carbon materiateanbe expected to increase

with increasing activation.

The surface area and pore volumes of the activated ma@eided from nitrogen

adsorption isothermare summarised ifable5.3. Hereafter, all RF xegels were

produced at R/C = 10@he amount omPDA added beforearbonisations referred

to, and their subsequent thermal treatmentindicated for e x0aGmpd e A X
denotes the carbon material obtained through theadoonisatiorand activation of

R/C = 100 RF xerogel impregnated withe3dy massnPDA.
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Average

Specific Total Pore Micropore Mesopore pore
Sample surface area Volume Volume Volume diameter

[m2g~] [cm3 g7] [cm3 g7] [cm3 g7] [nm]
XoocC 515 0.28 0.18 0.07 2.1
X10C 385 0.22 0.14 0.05 2.3
X20C 200 0.13 0.07 0.04 2.6
X30C 46 0.04 0.02 0.01 3.7
X40C 27 0.03 0.01 0.01 4.3

After activation at 850°C in CO, for 60 mins

X00CA 775 0.43 0.30 0.08 2.2
X10CA 430 0.25 0.16 0.06 2.3
X20CA 420 0.26 0.16 0.06 2.5
X30CA 310 0.18 0.13 0.03 2.4
X40CA 150 0.11 0.06 0.03 2.9

Table 5.3: Surface Areas and Pore Volumes oActivated R/C=100 RF xerogels
co-carbonisedwith mPDA

From Table 5.3 it can be seen that the activation process increases the micropore
volume of the materials and is accompaniedabyassociated increase in surface
area. When the isotherms of the activated carbgh®n in Figure 5.18, are
compared with those obtained from carbonised materials it is clear that the same
shape of isotherm is present with a larger uptake of adsorbate in the low relative
pressure region. However, aetfion does not affect each material to the same
degree. The nitrogen adsorption isotherms indicate greater uptakes at each value of
relative pressure, and this is most noticeable in the difference between X30CA and
X40CA. Rather surprisingly, the isoties produced for X10CA and X20C#imost

lie directly on top of one another, suggesting a near identical pore structure, and
produce more or less identical values of BET surface area. Despite undergoing the
same activation processQBCA shows an increasa iotal pore volume by around

15%, whereas the increase is almost Z0@r X20CA. These results indicate that
there is a degree of closed porosity in the materials produaetb-carbonisation

that becomes accessible during activation. It can be exp#wieas the amount of
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mPDA used in cacarbonisationncreases, the volume of disordered regions (that are
easily removed during activation) increases. Also, it can be expected that the rate of
gasification increases with the specific surface area ofséimeple and that these

effects both influence the pore structure of the final activated carbon materials.

300
1| —— 0% mPDA ads
— 250 —| —=—— 0% mPDA des
—
(@] || —=—— 10% mPDA ads
o
5 1| — = 10% mPDA des
. i
g 200 | —a— 20% mPDA ads
; 1| ——=— 20% mPDA des
g 1| —=— 30% mPDA ads
o i
(CI)) 150 —| ——<—— 30% mPDA des
o |
< -
>
= ]
c 100 1
G i
> .
o _
50 1
0 i 1 1 1 I 1 1 1 I L 1 1 I 1 1 L I 1 L 1 I i

Relative Pressure [P/P]

Figure 5.18: Nitrogen Adsorption Isotherms (at 77K) for Activated R/C=100
RF xerogels cecarbonisedwith mPDA

The mesopore size distribution of the activated materials is giveigume5.19 and
shows a similar form to that seen in the carbonisaténals Figure5.12) with each
material being predominantly microporous and with the values of pore volume at any
given pore width decreasing with increasing amaminPDA added. (The small

peak atca. 3nm seen for the sample wherew% mPDA was added is an artefact

of the method used to determine pore size distribution, as the incremental volumes

involved are very small.)
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5.2.3 Chemical Characterisation

Using elemental analysis the ratio of carbon: hydrogen: nitrogen present in each
material was determined and is expressed as a weight percentage of the total sample
mass as given iffable 5.4. Naturally, the nitrogen content of the-carbonised
materials was found to increase with increasnRPA addition.

Sample C H N balance
[wt.%)] [wt.%] [wt.%)] [wt.%)]
X00CA 83.9 1.3 0.2 14.6
X10CA 79.7 1.7 2.3 16.3
X20CA 79.5 1.6 3.6 15.3
X30CA 77.4 1.8 4.6 16.2
X40CA 78.5 15 55 14.5

Table 5.4: Elemental composition(wt.%) of activated R/C=100 RF xerogels co
carbonised withmPDA on adry basis

Whenusing elemental analysisis usually assumed that the remainder of the sample
ma s dalafca [wt.%]0 Tahle5.4) is dueto the oxygen content of the sample,
howeve proximate analysis of the samples indicates a smakifatficantamount

of incombustible material presente( ash), and XPS measuremenevealed a
significant sodium contribution present in each sample. This arises from the catalyst
usedin the syithesis of the RF gand from a rough estimat& can be expected that

1.0- 1.5% of thesamplemass after activation can be attributed to the presence of
sodiunf. An acid wash stage could be added to the synthesis procedure to remove
somesodium fromthe materialgrior to carbonisationbut it is likely that sodium is
deeply embeddedithin the RF xerogel structure.

* For a typical xerogel formulation at this R/C ratio, roughly 46 mg of sodium is present in
approximately 14g of xerogel, which is reducedcto 5.6 g after carbonisation arwh. 4.5 g after
activation.
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Proximate analysis was carried out to determine the amount of incombushithé

present in the samples, and the results oly dakisare given inrable5.5.

Sample Volatiles Fixed Carbon Ash

[wt%] [wt%] [wt%]
X00CA 6.4 91.8 1.8
X10CA 6.1 88.2 5.7
X20CA 6.6 92.3 1.1
X30CA 5.4 88.9 5.6
X40CA 5.1 93.3 15

Table 5.5: Composition (wt.%) of activated R/C=100 RF xerogels coarbonised
with mPDA on a dry basis determinediy proximate analysis

As the ash content of the materials in some cases is greater tharuththaalcan be
ascribed to the presence of sodium of the sanaplether source of incombustible
matterin the sample is present. It is likely that this contamination occurred during
the ball milling of the sample, and it was noted that the two sampiesivei highest

ash content were milled at a different time, corresponding to a period when it was
noticed that thailicon nitrideballs were deterioratingt a faster rate than usual.is
estimated that after 60 mins of milling approximately 1 gabon material, 30 mg

was bst from the mass of the balls.

Using the ash contentsom Table 5.5, the data inTable 5.4 was corrected to
quantify the composition on a dry aBke basis, and the oxygen content was

calculated by difference; the results are givemable5.6.
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C H N o

Sample (by difference)
[wt.%)] [wt.%] [wt.%)] [wt.%]
X00CA 85.5 14 0.2 12.9
X10CA 84.5 1.8 25 11.2
X20CA 80.4 1.6 3.7 14.3
X30CA 82.0 1.9 4.9 11.2
X40CA 79.7 15 5.6 13.2

Table 5.6: Elemental composition (wt.%) of activated R/C=100 RF xerogels €0
carbonised withmPDA on a dry, ashfree basis

Through quantification of the Xay photoelectron spectra as descripegliously a
different elemental composition of the materials is obtained, and is described in
Table5.7.

Sample C N 0] Na
[at.%] [at.%] [at.%] [at.%]
X00CA 89.9 trace/nil 8.7 1.4
X10CA 85.2 2.0 11.2 15
X20CA 88.6 3.1 8.3 trace/nil
X30CA 83.9 3.7 11.2 1.2
X40CA 83.5 5.1 10.0 14

Table 5.7: Elemental Composition (at.%) of activated R/C=100 RF xerogels €0
carbonised withmPDA on a dry basis determined by XPS

As the quantification of XPS dat@moduces an elemental composition asagmic
percentage of the top-12 nm of the carbon particles, to make comparisons with the
combustive elemental analysis results, the datdahle 5.7 was expressed as a
weight percentage using the atomic weights and densities of the elements present
[278 and is given iMable5.8.
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Sample C N (0] Na

[wt.%)] [wt.%] [wt.%)] [wt.%]
X00CA 86.3 trace/nil 111 2.6
X10CA 80.8 2.2 14.1 2.9
X20CA 85.8 35 10.7 trace/nil
X30CA 79.6 4.1 14.2 2.1
X40CA 79.2 5.6 12.6 2.6

Table 5.8: Elemental Composition (wt.%) of activated R/C=100 RF xerogels €0
carbonised withmPDA on a dry basis determined by XPS

Differences between the two methods can be attributed to several factors including
the surface specific nature of XPS (which may be responsible for the discrepancy in
sodium/ash content), that XPS is unable to detectpitesence of hydrogen atoms,

and that oxygen content is not measured directly by elemental analysis, but evaluated
by difference. Additionally, small discrepancies may arise from the fact that XPS is
performed under a vacuum whereas in the microanalyscegure the samples were
exposed to the atmosphere and considering their microporous nature have a
propensity to adsorb moisture/ gases. For all samples, excluding X20CA, it appears
that there is a greater concentration of sodium atoms in the surfaceofatfe
material which suggests that sodium diffuses towards the surface during treatment at
elevated temperatures. Quantification of the broad XPS spectra revealed only trace
amounts of sodium present in X20CA, which corresponds to the low ash cdntent o
this material determined by proximate analysis but also contradicts the above finding
that sodium is concentrated in the surface layer of the material after thermal
treatment. It is possible that a greater proportion of sodium was removed from the
wet xerogel during synthesis of X20CA, as the sodium content of the water decanted

from gels before solvent exchange was not determined.

There also seems to be a correlation between the values of oxygen content as X10CA
and X30CA vyield higher values than avexaghen determined by XP&¢q. in the
surface region) and lower than average when determined using combustive elemental

analysis. This could also be indicative of the migration of oxygen atoms towards the
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surface during high temperature treatment, bigt more likely to be associated with

the high concentrations of ash determined for these samples and may be an artefact
of the corrections made to the data to obtain the composition on a dingadiasis.
Nevertheless, the values of nitrogen contenaioled are generally comparable and
within the bounds of experimental error. (The error associated with the
determination of nitrogen content by elemental analystsOs3 wt.% andt 0.1 at.%

by XPS).

Deconvolution of the nitrogen spectra was achievefittiyg four curves centred on

the binding energies of nitrogen bound to carbon in different configurations (see
Table3.3). An example of the deconvolution processlustrated inFigure5.20and

the deconvolution analyses for X10CA, X20CA and X30CA are givehppendix

E.

Mame Fos. Yfrea
M5 400.465 37.83

388511 38.83
MO 401.242 1598
MX 402.883 T7.35

— 71t - - Tr - - 1 - T 1 T T T 1T T r T T
406 404 402 400 398 396
Binding Energy (eV)

Figure 5.20: N1s X-ray photoelectron spectrafor X40CA (with deconvolution
analysis)

The composition of the nitrogen conteatdrived by deconvolution of XPS data for

each of the samples is givenTiable5.9.
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Sample N-5 N-6 N-Q N-X

[at.%)] [at.%] [at.%)] [at.%]
X10CA 36.9 36.6 18.7 7.8
X20CA 37.7 34.2 16.9 11.2
X30CA 37.4 35.9 154 11.3
X40CA 37.8 38.8 16.0 7.4

Table 5.9: Nitrogen group compositionfor activated R/C=100 RF xerogels co
carbonised withmPDA

The values given ifable59s houl d only be considered as
value because the curve fitting process is dependent on many different factors such
as the curve type chosen for fitting.g. Gaussian, Lorentziaatc), the values of

FWHM used, and of course thact that the experimental spectra are not smooth.

The relative proportions of each nitrogen group are broadly comparable at each value
of mPDA loading, which allows for the electrochemical behaviour cfehsaterials

to be directly compared. The mostrsigcant deviation seen is the presence of more
N-X groups is in X20CA and X30CA, which signifies a greater amount of nitrogen
groups that are bound to oxygen atoms. It is likely that more oxygen becomes bound
with nitrogen during activation with CQasthe larger values of X correspond to

the samples that underwent a greater degree of activatiogbkxb.3) and should

theoretically display a greater amount offace oxygen.

5.2.4 Electrochemical Characterisation
5.2.4.1 Electrochemical Impedance Spectroscopy

EIS measurements were made using the cells descrbedously and the
parameters determined using dypropriataelationships. The spectra are shown in
Figure5.21. Cell capacitance values were calculated at a frequency of 10mHz and

are expressed as specific capacitances based on the mass of electrochemically active
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material in one electrodé €. capacitances are expressed on a tbleetrode basis).

The maximum specific power was calculated based on the ESR determined at 1 kHz,
and thetotal mass of the electrodes in the c@le. including binder and carbon
blak). (It is noted that this determination of specific power does not take into
account the mass of electrolyte, separator, current collectors, paclagiagd it

has been estimated that these valuesbeareduced by a factor of 4 to idgive an
indication of the specific power realisable in a useful cell.) The values given in
Table 5.10 are averages obtained from at least three cells, and the maximum
deviation fom the average specific capacitance in cells assembled using the same

material was less than 243
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Figure 5.21: Nyquist Plotsfor cells usingactivated R/C=100 RF xerogels co
carbonisedwith mPDA
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EIS Specific EIS Specific Capacitance Max. Power

Capacitance / BET surface Area density
Sample (at 10mHz)
[Fg™ [MF cm?] [kW kg™]
X00CA 128.7 16.6 124
X10CA 109.2 25.4 153
X20CA 114.5 27.3 154
X30CA 96.1 31.0 101
X40CA 66.3 44.2 110

Table 5.10: Specific capacitanceand maximum capacitance densityrom EIS
using activated R/C=100 RF xerogels coarbonised withmPDA

The Nyquist plot of the real and imaginary impedance components over the whole
frequency range given iRigure 5.21, shows that all of the cells have a capacitive
natue at low frequencies but are not equivalent to a pure capacitor element. The
presence of a phase angle at low frequencies shows that the interphase between the
electrode and electrolyte is not ideally polarisable, and that the deviation from ideal
capador behaviour increases when larger amountsmBDA are used in co
carbonisation The extent to which each material is ideally polarisable may be
influenced by their composition; however the presence of binder complicates the

interpretation of the impedaa response associated with each material.

The resistances measured for each cell are influenced by the binder content of the
composite electrodes. As the porosity of the materials decreases with increasing
mPDA addition it can be assumed that the bulksity of the samples increases.
Binder was added on a gravimetric basis which would result in a greater proportion
of binder being present in lower porosity materials on a volumetric basis. This has a
detrimental effect on the conductivity of the eled&o On the other hand, a material

with lower degree of porosity could be expected to display a higher electrical
conductivity due to the increased density of electron percolation pathways. These
competing effects manifest themselves in the variation isetlie values of specific

power, which initially increases with increasind®’DA addition before decreasing
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for X30CA and X40CA. With the benefit of hindsight, the conductivity of the

electrode would be less affected if binder was added on a volumetisc ba

The higher frequency behaviour, illustrated in the insefFighire 5.21, shows a
similarity tothoseof the models that describe transmission line beheand that of
Randlesd circuit which is used to describe EC behavifil®, 254. For all samples

there is a short frequency region that has a phagk af -45° (Warburgtype
behaviour), and there is a small degree of curvature for all samples as they approach
the real axis. The plots are best approximated by that described for electrode
materials with avell-definedunimodal pore size distributidd0] and from plots of

this form the resistance of the electrolyte within the pore is defined as the value of
the real impedance ogonent as the frequency approaches zero. However, as the
electrode is not ideally polarisable, the value of the real impedance component does
not approach a constant value at low frequencies and the impedance associated with
the electrolyte in the poreand that associated with the polarisability of the
interphase cannot be separated.

The values of solution resistance, determined by the intercept of the spectra with the
real axis, vary little with the electrode materials and no trend with any measured
physical characteristics could be found. Essentially, the solution resistance could be
considered to be a constant when the variations in cetimddg are taken into

account.

> To ensure that the electrolyte solution could bensidered constant for the duration of
electrochemical testing, electrical conductivity was tested periodically and dropped from 580'mS cm
to 575 mS cni over the entire testing period due to reaction with atmospheric CO
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Figure 5.22. EIS specific @pacitance againsspecific surface area (BET for
activated R/C=100 RF xerogels caarbonisedwith mPDA and (inset)
approximate errors for X10CA and X20CA

From Figure5.22 it can be seen that the materidls notfollow the relationship in

Eq. 2.2, namely hat specific capacitanc#goes not increaswith surface area.lt

should be noted that each of the points representi$eaedit material with not only
different nitrogen contenst but also dissmilar pore size distributions. T
highlights the problem dentified in the discussion of related literature with
normalisation of capacitance on the basis of specific surface area, as this approach

tacitly assumes th&q.2.2 is valid.

In the inset ofigure5.22, it is seen that the sample with a surface area of £20'm
produces a higher specific capacitance than the sample possessing a marginally
larger surface area of 430°m>. Firstly, it stould be stressed that using the BET
method to determine surface area has an associated error of rougtlg10which

is of the same order as the difference in values being discussed. (Repetition of these
measurements resulted in similar values ofaigfarea.) It is also noted that the
values of specific capacitance are in close proximity and may be considered to be
within the margin of error. Repetition of the EIS measurements for different samples

producel fairly well defined values of specific pacitance, indicated by the error
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bars in the inset dfigure5.22 that represent the maximum spread of the values used

to determine the average specific capacitance.

Also, if it is assumed that the ash contained in the matesialstielectrochemically
activeand islikely to have a negligible stace area but significant magke values

of specific capacitance ifmable 5.10 can be adjusted for the presence of ash to
estimate the behaviour of uncontaminated materials. As the ash contents of X10CA
and X20CA differ, the result is that both materials have a specific capacitance of
115.8 F ¢-

The discrepancy in specific capacitance between the two samples of similar pore
structure and surface area indicates that the chemical composition of the material
influences the electrochemical behaviouof the electrodes with respect to EIS

measurements
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Figure 5.23. EIS specific capacitance againgtitrogen contentfor activated
R/C=100 RF xerogels caarbonised withmPDA
Figure 5.23 shows that specific capacitance generally decreases with increasing
nitrogen content and also highlights the difference between the nitrogen content as
determined using XPS and elemental gsigl The surface specific nitrogen content
is also expressed in terms of atomic percentage (at.%) as this better reflects the
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proportion of atoms available direct contact with electrolyteDespite the highest
value of specific capacitance being asst@d with X00CA, a small beneficial effect
of increased nitrogen content is seen when comparing samples X10CA and X20CA.

As wasdiscussed earliethe surface area of the samples decreases with increasing
nitrogen content andn an effort to decouple thiafluence of surface area on the
capacitance of the material, values of capacitance are usually normalised on the basis
of BET surface area. These values are indicatefiable 5.10 and plotted against

nitrogen content ifrigure5.24.
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Figure 5.24: Surface area normalisecEIS specific capacitance againshitrogen
contentfor activated R/C=100 RF xerogels ce@arbonised withmPDA

The trend seen ifrigure 5.24 roughly agrees with thospreviowsly reported and
seems to indicate thatlargemitrogen content increases the amount of energy stored
per unit surface area of carbon electrode materials. From results like this, it initially
appears that the presence of roughly 5 wt.% of nitrogeneircoimpmsition of EC
electrodes can resuib a twofold increase in the amount of energy stored when
compared to a material of the same specific surface arebtainingno nitrogen.
Unfortunately, a practical difficulty is encountered as the surfaea af materials
generally diminishes as more nitrogen is added to the material. Activated carbons
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with specific surface areas in the region of 100fyare commonplace bu
method that can reliably produceaterials with an equivalent surface araad a
uniform distribution of nitrogen heteroatorfigit no oxygen heteroatomisas not yet

been found

However any analysis on the basis of surface area normalisation relies on several
assumptions. Normalisation of data on the basis of surface areaeasthamnall of

the surface area determined by the BET method is electrochemically active, and that
all of the surface area behaves in an identical manner with respect to the quantity of
charge stored. These have been proven to be inaccurate for vaasusstdrom the
unreliability of BET surface area estimation, to the fact that pores of different sizes
are best modelled by different charge storage mechanisms. In addition, it is
commonly assumed that values of surface area normalised specific cajgaaitan
excess of roughly 3&F cmi? indicates the occurrence of charge transfer reactions,
but this definition is far from rigorous and the presence of electrode reactions is

better identified through the use of cyclic Voltammetry.

The behaviour of X10CA ahX20CA reveal an interesting effect where an increase

in nitrogen content is accompanied by an increase in specific capacitance and surface
area normalised capacitance. Galvanostatic cycling was employed to better reflect
the operating conditions encoargd in a functional device, and to establish whether

or not the difference in behaviour observed between X10CA and X20CA has any
practical benefits.

5.2.4.2 Galvanostatic Cycling

At all values of discharge current, all materials largely follow the linear charge
voltage relationship displayed by an ideal capacitor (as showigure3.17). An
example of the chargalischarge profile &hronopotentiogras)ofor each of the
materials at a rate of 2 mA (0.2 A'yis given inFigure5.25. The data has been
adjusted to reflect a constasihgleelectrode mass of 10.0 nfgcluding binder and

carbon blackjo allow for comparisons between materials to be made.
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Figure 5.25: Charge/Discharge profiles foractivated R/C=100 RF xerogels co
carbonised withmPDA at 2 mA (electrode mass is normalised to 10.0 mg)

By calculating the area under each profile, the energy supplied to the cell during
charging and that drawn from the cell during discharge can be determined and the
efficiency of the cell determined. For the pledi shown inFigure 5.25, the
efficiency of each chargalischarge cycle is roughly 8 with the exception of
X40CA which has an efficiency of 8 These efficienes seem to be very low in
comparison with those usually claimed for ECa.9%%), but this is probably due to

the low chage discharge rate usdavhich resulted in a discharge time between 140
and 280 ¥ and that the cell design had not been optimisguke low efficiency can

be attributed to the existence of a small leakage current which can be approximated
by a value of 0.016 A Yat this rate of charge. The leakage current may be
associated with the degree of polarisability of the electrode dseliarge

mechanisms, cell resistancds.

As ECs are typically applied to processes that have a time scale in the regien of 1
10 s (sed-igure 1.1) substantially greater rates of charge and discharge are used in a
functional device, anFigure5.26 shows examples of the chargigécharge profile
obtained at 106nA (10 A gY).
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Figure 5.26: Charge/Dischargeprofiles for activated R/C=100 RF xerogels co
carbonised withmPDA at 100 mA (electrode mass is normalised to 10.0 mg)

Specific capacitances were calculatédeveral discharge rates to determine if there
was any ratelependent behaviour associated with nitrogen content. The values of
specific capacitance obtained at each discharge rate are giVableb.11, and are
averages obtained from at least three cells. The maximum deviation from the
average specific capacitance in cells assembled using the same materialwas 9.0

a rate of 2 mA and 4% at 100 mA, but the typical deviation wea. 2.5%.
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Galvanostatic discharge specific capacitance

Sample [F gdd]

2mA 4mA 8 mA 16 mA 32mA 64 mA 100 mA
X00CA 140.3 135.0 129.9 125.2 121.1 117.6 113.6
X10CA 104.7 99.8 98.6 95.0 90.2 83.8 76.3
X20CA 123.2 117.9 112.0 105.8 99.4 93.2 86.3
X30CA 101.2 94.7 87.6 80.4 73.2 66.1 59.8
X40CA 69.2 62.0 55.3 49.3 44.0 38.8 334

Table 5.11: Specific capacitance obtained by Galvanostatic discharge at
different rates for activated R/C=100 RF xerogels coarbonised withmPDA

At each value of discharge current, the specific capacitance is seen to follow the
same trend as those obtained using Ekasurements at 10 mHz.
discharge current lower than 1 A groduced values of specific capacitance which

are similar to the values determined using EIS. Each material shows the same

In general, a

behaviour with increasing discharge current, namely that highest values of

specific capacitance are obtained at the lowest rate, and reduces to an approximately
constant value as the rate increases. Plots of this form are typical of EC cells. The

data inTable5.11 is plotted inFigure5.27 where the discharge current is expressed

in A g* based on the average mass of one electrode.
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Figure 5.27: Galvanostaticdischarge specific capacitance againslischarge
current for activated R/C=100 RF xerogels c@arbonised withmPDA

As with the values obtained by EIS, the specific capacitance of X20CA is larger than

that of X10CA, and this is seen at all values of disghaurrent. However, unlike

the EIS measurements a difference is maintained after the values have been adjusted

to take the ash content of the electrodes into account. The data obtained from these
samples is given ikigure528i n bot h t he O6as obtainedd al

error bars indicating the spread of data used to calculate the average value.
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Figure 5.28: Galvanostatic discharge specific capacitancagainstdischarge
current (with error bars) for X10CA and X20CA

It is clear that the spread of the data increases with increasing discharge current
which may be due to the accuracy with which the potential can be determined at each
step. Initially, the potential was found to frequently exceed the limit stated for the
cell at higher rates due to the frequency of measurements. The time between
measurements was therefore reduced when using higher rates, nevertheless a greater
amount of variability occurs at higher rates due to the collection of less data points
(usuallymorethan 1000 points were obtained during discharge at low rates, and less
than 100 weravailableat higher rates).

Discharge rates less than 2 A ¥20CA produceaverage specific capacitances that
are about 1% larger than those obtained using X10CA¢gdhe spread of the values
used in their calculation is sufficiently narrow to state that differences in the
composition of the electrodes is responsible for the difference in their
electrochemical behaviour. For rates greater than 2A agbroadly siritar
relationship between the average values is seendrger average values) but the

spread of values makes the difference less definite.
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When the data iMable5.11 is normalised on the basis of BET surface area and
plotted against the surface nitrogen content (from XPS measurerasrgBpwn in
Figure5.29, a similar behawur as seen ifrigure 5.24 (using specific capacitance
values obtained usinglS) is displayed at low rates (28 mA), however as the rate

is increased the surfaceea normalised capacitance seems to be less affected by
nitrogen content. The value of surface normalised capacitance seems to approach a
constant value that is independent of nitrogen content as the rate increases, and the
difference between the value$ surface area normalised capacitance obtained at
high rate and that obtained at low rate, increases with increasing nitrogen content.
This behaviour implies that the presence of nitrogen in the electrodes enhances the
specific capacitance measured at lates to a greater extent than at high rates. This
apparent rate dependent behaviour could indicate that the nitrogen content
contributes to the capacitance of the material to a greater extent as the rate decreases,

and that gpseudocapacitiveeaction nay occur.
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Figure 5.29: Surface area normalised capacitance againsitrogen content
(XPS) for activated R/C=100 RF xerogels cearbonised withmPDA
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An alternative explanation for this apparent rdépendent behaviour could be that
the effects of pore structure in the samples with varying nitrogen content influences
the electrochemical results. As there is a reduction in the amount of micropore
volume with increasing nitrogen content it can be grated that the rate response

will be poorer in more microporous materials.

Also, as there is a relationship between nitrogen content and surface area as well as a
correlation with the specific capacitance of the materigigure 5.29 cannot be
considered as proof that reactions with nitrogen groups oddug. uncertainty over

these results again serves to highlight the problem encountered when data is
normalised onhe basis of surface area for materials where the pore characteristics
are noticeably dissimilar.

5.2.4.3 Cyclic Voltammetry

A common method used in the determination of pseudocapacitive reactions is cyclic
Voltammetry, where the current induced by a changingnpieteis measured as a
function of the applied potential. In this situation the presence of pseudocapacitive

reactions are usually identified by a brdad distinctpeak.

Cyclic Voltammograms obtained at a sweep rate of 10 havs illustrated irFigure

5.30 and have been adjusted to reflect a constangle electrode mass of 10.0 mg
(including binder and carbon blactg allow comparisons between materials to be
made. The form of each of the current responses is similar for each material and

takes the shape of that eqbed from an ideal capacitor.
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Figure 5.30: Cyclic Voltammograms at 10 mV § for activated R/C=100 RF
xerogels cecarbonised withmPDA (electrode massiormalised to 10.0 mg)

No discernible peaks that would indicate pseudocapacitance are evident over the
operating potential of the ceind if the presence fonitrogen does enhance the
specific capacitance of an electrode material, an alternative mechanism may be
responsible. The possibility remains that a Faradaic reaction which is favourable
over the entire operating potential occurs between nitrogen he&isre and the
electrolyte, however it is unlikely that a single reaction is responsible for the
response seen, as the majority of pseudocapacitive reactions occur over a fairly
narrow range of potentiak(g. quinone/hydroquinonea. 0.4V [10, 221]) In the

highly unlikely event that different ndgen functional groups react with the
electrolyte in overlapping regions of potential to produce a roughly constant current
response,d.g.in RuQ, threeseparateeactions are superimposed over 1V), further
experimental evidence where the type fohctional group is altered would be

required to disprove this hypothesis.
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In several reports he term Opseudocapacitanced has

where the doublayer capacitance is apparently augmented to some degree, (usually
on the basis thasurface area normalised capacitance values are in excess of that
reported for activated carbons) whereas it should be reserved for cases where the
extent of charge acceptance varies with changes in potet@&al\) and charge is
passed across the douldgrer. Also, this is usually on the basis of increased
normalised specific capacitance with increasing nitrogen content which assumes that
all of the surface area accessible to nitrogen is accessible to electrolyte. The
behaviour seen iRigure5.30 andFigure5.31is better described by the doudéyer
mechanism operaig overdifferent surface areas, or with an enhanced amount of

charge displaced through the doulalger mechanism.

Of particular interest is the difference in specific capacitance seen between X10CA
and X20CA which display comparable surface siead pore sizeigtributions, and

all other things being equal, can be expected to have a similar value of accessible
surface area. As the nitrogen content of these samples differs, a reasonable
hypothesis is thalydrophilic groupsattract electrolyte into otherwise ewessible

pores andanenhance the electrochemically active surface area. Using the values of
specific capacitance obtained from CV at 10MVghe normalised specific
capacitance could be used as an indicator of the relative utilisation of surface area
with X10CA showing approximately 90% of the surface area utilisation seen in
X20CA. If this is the case, the values of resistance associated with each material
could be expected to differ due to the presence of unfilled voids within the electrode.
From he measurements made, it is difficult to discern the origin of the different
resistances in these materialsd an alternative technique to probe the degree of

electrachemicallyactive surface area is necessary.

At the higher sweep rate of 100 mV seenin Figure5.31, the differences between

each material become more apparent and the values of specific capacitance follow
the same trend as those obtained at 10 tVThe form of the Voltammogram at the
higher sweep rate is nearly identical to that recorded at the lower rate for XOOCA and
as the quantity afPDA added is increased, the difference between the 10'mv

100 mVs' Voltammograms become larger.
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Figure 5.31: Cyclic Voltammograms at 100 mV & for activated R/C=100 RF
xerogels cecarbonised withmPDA (electrode massiormalised to 10.0 mg)

The values of specific capacitance calculated for the disehatgp of each

Voltammogram irFigure5.30 andFigure5.31 aregiven inTable5.12.
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CV Specific Capacitance
Sample [F gdd] [mF cmdd]
10mvst  100mvs'  10mvs' 100 mvs™

XO00CA 130.9 120.0 16.9 15.5
X10CA 115.0 98.5 26.7 22.9
X20CA 124.5 106.1 29.6 25.3
X30CA 102.5 82.5 33.1 26.6
X40CA 70.4 50.7 46.9 33.8

Table 5.12. Specific capacitance determinedby Cyclic Voltammetry for
activated R/C=100 RF xerogels cearbonised withmPDA

As the values of specific capacitance derived from the cyclic Voltammograms in
Figure5.30 are in the region of those obtained from Galvanostatic dischargeat 2

mA (seeTable5.11) it is not unreasonable to suggest that any proposed reactions
involving nitrogen would also occur under the conditions used during cyclic

Voltammetry.

A similar effect between the differerse specific capacitance obtained at high and
low sweep rates with those obtained by Galvanostatic charge and discharge at high
and low sweep rates is evident, namely that the difference increases with increasing

nitrogen content.

5.2.4.4 Summary

In this study 6nitrogenenriched carbon materieds EC electrodes similar trewl to
those previously publisheldetween the surface area normalised capacitance of the
materials was found, but the mechanism by which this occurs waslezat It
remains possible thakactions between nitrogen functional groups and electrolyte
ions occur, however this is highly unlikely as cyclic Voltammograms show no

evidence that pseudocapacitive reactions occurred.
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Interestingly, one sample that possessed more nitrogen bmargially) smaller
surface area was found to produce a specific capacitance that was larger than that
recorded for a similar material with a lower nitrogen content. This difference,
though small, is indicative of a practical use for nitrecgeniched carbonsiECs

that use KOH electrolytand isa seldom seeinstance where a higher specific
capacitance can be attributed to the presence of nitrogen in the material rather than
changes in surface area or the presence of oxygen functionalities. Further studies
into this effect were designed in an attempt to decouple the effects of surface area
and electrode composition, to clarify the difference in behaviour seen between
nitrogenrrenriched samples, and to perhaps gain an insight into the mechanism(s) by
which anychanges in specific capacitance occur.

5.3 Hydrogen Treatment

From the previous experiments it became clear that there are several difficulties
encountered when studying nitrogenriched carbons for use in EC electrodes. In
particular it is difficult tocontrol both the nitrogen content and pore structures of the

materials under study.

In the studiesdiscussed previouslythere is usually a complicated relationship
between the nitrogen content and surface assaciated witeach material. As has
been ascussed previously, the electrochemical behaviour of such materials is usually
normalised on the basis of surface area which is based on several flawed
assumptions. Ideally, materials withe samepore structure and varyinchemical
composition would b@roduced to investigate this further, however it was proposed
that further treatment of the samples alrestigiedcould have a similar result. By
treating a nitrogemnriched carbon at an elevated temperature under a hydrogen
atmosphere, it was propasehat surface nitrogen groups could be selectively
removed while leaving behind a carbon material with a similar pore structure.
Sample X20CA was chosen for further study as it possessed a reasonable nitrogen
content while retaining a significant amouwfitsurface area and produced a sizeable

specific capacitancelHHowever, to remove nitrogen from the matesjaltemperature
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of 1000°C was used which resulted in a significant change in the pore structure and
surface area of the material. As this tempemris significantly greater than that

used during carbonisation and activatioa.@50°C) further structural changes occur

in the sample during treatment which cannot be attributed solely to the removal of
nitrogen groups, but are due to graphitic reoirty processes dtustrated inFigure

215( 6 Transf ormati on o0][148&.) Also, the bixygen cendebtl e ¢ a
diminishes fromca. 11% to ca 8% when the samples are subjected to further
thermal treatmentvhich implies that a substantial changephmysicalstructure has

occurred.

Therefore, the values of specific capacitance obtained using this new material cannot
be directly compared to those previously discussed due to the substantial difference
in the stucture and composition of the materials. The same thermal treatment was
carried out under an inert gas (argon), and under a mixed atmosphere to provide

materials for comparison.

5.3.1 Physical Characterisation

The nitrogen adsorption isotherms for these sample shown ifrigure 5.32, and

the surface area and pore characteristics derived from these isotherms are
summarised ifMMable5.13. (X20CA H refers to the material produced by treating
X20CA in hydrogen at 1000°C. X20CA Ar and X20CA H_Ar refer to materials

produced under argon, and under a mixture of hydrogen and argon, respgcti
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Figure 5.32. Nitrogen Adsorption Isotherms (at 77K) of X20CA treated at
1000°C in different atmospheres

The nitrogen adsorption isotherms for the materials treated at 1000°C are of similar
form and can be categorised as type IV isotherms. The uptake at low relative
pressures differs for each sample which indicates that the micropore volume of the
sample vaes depending on the gas used in the high temperature step. The hysteresis
behaviour of the samples can be classified as type H3 as no limiting uptake is
observed as the relative pressure approaches unity. This type of loop is associated
with slit shapedores[17( and may indicate thatome degree ajraphitisation has
occurred during thermal treatment. A kink is evident in edaiption isotherms at a
relative pressure of roughly 0.45 which is typical when using nitrogen as an
adsorbent and the hysteresis seen latwer relative pressures arises from the
microporosity in the sample.
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Average

Specific Total Pore Micropore Mesopore pore

Sample surface area Volume Volume Volume diameter
[m2 g7 [cm3 g7] [cm3 g7] [cm3 g7] [nm]
X20CA H 580 0.33 0.22 0.08 2.3
X20CA H_Ar 535 0.33 0.21 0.08 24
X20CA Ar 465 0.28 0.18 0.08 24
X20CA 420 0.26 0.16 0.06 25

Table 5.13; Surface Areas and Pore Volumes of X20CA treated at 1000°C in
different atmospheres

From Table 5.13 it can be seen that by treating X20CA at 1000°C the micropore
volume and surface area are enlarged, with this elffeiciy more pronounced with
increasinghydrogenconcentration Consideringthat X20CA is a product of eo
carbonisationit is likely that some micropores are blocked by small crystallites or
tars which are subsequently remou®d treatmentat high temperature. It is also
likely that some micropore volume is renderedccessible by the presence of

nitrogen groups which are then abstracted through reaction with hydrogen.

The isotherm obtained using the material that was produced using a mixture of
hydrogen and argon is closer to the isotherm of X20CA H than that cEX20 in

terms of quantity adsorbed. This may be due to an increase in reaction rate as more
surface area becomes accessible during the process or may belt eofrahe
procedure useftather than using a 50:50 feed stream, the furnace was flushed with

hydrogen and the gasasswitched to argon after 1 hour at 100p°C

The mesopore size distributions givenFigure 5.33 have a very similar shape for
X20CA H and X20CAAr, however the sample treated in a mixed atmosphere shows
a slightly different form and exhibits the lowest value of mesopore volume. This
may be a consequence of the greater amount of contamindé&onfied in this

sample(determinedvia proximate aalysig.
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Figure 5.33: Mesopore Size Distributions for X20CA treated at 1000°C in

different atmospheres
To ascertain the pore size distribution belowmr, the ubininrAstakhovmethod
was applied to isothers obtained at a low dose raf€hese isotherms are of almost
identical form to those given iRigure5.32, with many more points being taken in
the low pressure regiorlinear fits (R>0.995)for the DA methodvere found over
relative pressures in the ran§g°<P/R<0.1 and the relevant calculated quantities

are given inTable5.14.

Limiting micropore Heterogeneity Modal equivalent

Sample volume parameter, n pore width
[cm3g7] [nm]
X20CAH 0.24 2.72 1.40
X20CA H_Ar 0.23 2.75 1.40
X20CA Ar 0.21 2.39 1.37
X20CA 0.20 2.15 1.31

Table 5.14: Micropore characteristics of X20CA treated at 1000°C in different
atmospheres
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In a comparison of the micropore volumes calculated for the materials treated at
1000°C by the-plot method Table5.13) and those calculated using the DA method
(Table 5.14) the valuesare slightly different but theame trend is seen, with the
values for X20CA H and X20CA H_Ar being comparable and rough®p Bger

than thabbtained for X20CA Ar. The discrepancy betweentthit and DA values

is possibly due to the method used to obtain the different isotherms. Many more
equilibrations at low pressure were used to obtain the isothesed in the
calculation of micropor@olume using the DA methoghich may have facilitated a

greater degree of micropore filling.

The untreated material possesses a lower value of micropore volume than those
treated at 1000°C which confirms that the structure of the material changes through

heat treatment alone.

The heterogeneity parameter from DA analysis is also lower for the untreated
material which indicates a slightly broader distribution of pore sizes than the other
samples. A narrowing of pore size distribution occurs during heamieea and the
larger values of heterogeneity parameter seen for materials treated in hydrogen
possibly reflects the fact that surface groups are removed from the material which is
also seen by a shift in the peak position. For the mategated in argo the
differential pore volume distribution peasa pore width of 1.31 nshifts to 1.37

nm due to reordering of thgraphitic regions in the carbon materidlreatment with
hydrogen results in a marginally larger value of modal pore width of 1.400nm f
both X20CA H and X20CA H_Ar.
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5.3.2 Chemical Composition

Using the same technique lsfore the ratio of carbon: hydrogen: nitrogen present
in each material was determined and is expressed as a weight percentage of the total

sample mass ifable5.15.

Sample C H N balance
[wt.%)] [wt.%] [wt.%)] [wt.%]
X20CAH 91.9 0.5 1.1 6.5
X20CA H_Ar 89.0 0.7 1.6 8.7
X20CA Ar 89.3 0.4 23 8.0

Table 5.15. Elemental composition (wt.%) of X20CA treated at 1000°C in
different atmospheres on a dry basis

As anticipated, the quantity of nitrogen present in each of the samples dewi#ase
hydrogen concentration during treatment at 1000°C. This shows that treatment with
hydrogen at a high temperature providessaful methodby which to control the
amount of nitrogen in nitrogeenriched carbon materials. The nitrogen content of
the untreated material was determined to be 3.6 wt.% (fi@hle 5.4) and the
reduction to 2.3 wt.% seen in X20CA Ar indicates that some nitrogen is removed
during treatrent at 1000°C in an inert atmosphere. This was to be expected as the
temperature is greater théimat used durindpoth carbonisation anactivation,and

the gasification of some materiahs recordegica. 10 wt.%).

Previously, it was found that the carbomaterials contained a small amount of
mineral mattefrom the sodium carbonate used during synthesis and contamination
from the ball milling process. Proximate analysis was carried out to determine the
amount of incombustible material present in eacthefmaterials treated at 1000°C,
and the results on a dry basis are givenahle5.16.
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Sample Volatiles Fixed Carbon Ash

[wt.%] [wt.%] [wt.%]
X20CA H 4.5 94.0 15
X20CA H_Ar 4.9 87.9 7.2
X20CA Ar 5.3 92.9 1.8

Table 5.16. Composition (wt.%) of X20CA treated at 1000°C in different
atmospheres on a dry basis, determined by proximatagnalysis
Proximate analysis shows that the samples X20CA H and X20CA Ar show
comparable amounts of ash present which is slightly larger than that of the precursor
material which contained 1.1 wt.% adrable5.5). This is to be expected ssughly
10 wt.% is lost during treatment at 1000°C, and the mineral matter effectively

becomes concentrated in the carbon material.

A substantially larger ash ctamt was found for X20CA H_Ar which may
correspond to a greater amount of contamination from ball milling due to the
different times at which materials were prepared. The relatively high ash content of
this material clearlyinfluences the results of physal and electrochemical
characterisationand thereforelata has beeadjusted where possible to take the ash
content into account; however a degree of uncertainty over the composition of this

specific sample remains.

The values imrable5.15 were adjusted to give the composition of the materials on a

dry, ashfree basis and are shownTiable5.17.
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C H N o

Sample (by difference)
[wt.%)] [wt.%] [wt.%)] [wt.%]
X20CA H 93.4 0.5 11 5.0
X20CA H_Ar 95.8 0.8 1.7 1.6
X20CA Ar 91.0 0.4 2.3 6.3

Table 5.17: Elemental composition (wt.%) of X20CA treated at 1000°C in
different atmospheres on a dry, asHree basis

The compositios indicated inTable5.17 remainaffected ly the ash content as the
oxygen content of the mineral matter was not determined, but was assumed to be
oxygenfree to permit calculation of the valuesTiable5.17. This is reflected by the
relatively low value of oxygen content associated with X20CA H_Ar a&sntbe
expected to have a value between that obtained for X20CA H and X20CikeAr (

5.0 - 6.3 wt.%). Nevertheless, the adjusted values still show thatuhetity of

nitrogen present in each of the samples decreases with the hydrogen concentration
during treatment at 1000°C.
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5.3.2.1 X-Ray Photoelectron Spectroscopy

X-ray spectra from the materials were quantified to provide a measure of the
composition of their surface layer. The results are shown in terms of atomic % in
Table 5.18 which were converted to wt.% (given ihable 5.19) to allow for

comparisorwith elemental analysis results.

Sample C N 0] Na
[at.%] [at.%] [at.%] [at.%]

X20CAH 92.1 0.8 6.5 0.6

X20CA H_Ar 93.6 1.1 5.0 0.3

X20CA Ar 92.3 1.9 55 0.3

Table 5.18: Elemental Composition (at.%) of X20CA treated at 1000°C in
different atmospheres on a dry basisletermined by XPS

Sample C N 0] Na
[wt.%)] [wt.%] [wt.%] [wt.%]

X20CA H 89.6 0.9 8.4 11

X20CA H_Ar 91.7 1.3 6.4 0.6

X20CA Ar 90.1 2.2 7.1 0.6

Table 5.19: Elemental Composition(wt.%) of X20CA treated at 1000°C in
different atmospheres on a dry basis determined by XPS

The elemental composition determined by XPS shows the same trend as that found
by combustive analysis, namely that the nitrogen content is diminished by reaction
with hydrogen.

As was noted previously, the sensitivity of each technique is limited as oxygen
content is unable to be ascertained through combustive analysis, and XPS is
unsuitable for the determination of hydrogen content. It is therefore inevitable that

221



there are some differences between the values obtained using both techniques.
Notwithstanding the disparity between the bulk and surface composition may be
taken to indicate that the majority of nitrogen present in the samples is contained in
the surfaceegion of the material. The oxygen concentration determined by XPS is
higher than that obtained by elemental analgsid can be attributetb valencies
created by high temperature treatment reacting with oxyge exposure to the

atmospherehowever thee is no systematic variation seen between samples.

Detailed spectra were obtained for the materials over a range of binding energies

between 395 407 eV which corresponds to the presence of nitrogen groups.

Name  Pos. %Area i
] 401.2 5672
ME 3987 1167
MX 403.021 1834
M5 4005 13.27

r - '~ '~ T+~ * 1 " r T 1 T T L
406 404 402 400 388 396
Binding Energy (eV}

Figure 5.34: N1s X-ray photoelectron spectra for X20CA H
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Figure 5.35: N1s X-ray photoelectron spectra for X20CA H_Ar
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Figure 5.36: N1s X-ray photoelectron spectra for X20CA Ar
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In contrast to the spectra obtained for thecatbonisatiorproducts Figure5.20 and
Appendix B that have a very simitdorm, Figure5.34, Figure5.35 andFigure5.36
show that treating the material with hydrogen removes certain nitrogen groups
disproprtionately, specifically the peak at a binding energy of 398.4 e¥)(id

markedlydiminished when hydrogen is present during thermal treatment.

Deconvolution of these spectra was performed in the same masbeforeand the

results are expressed apgacentage of the total nitrogen compositioif @&ble5.20.

Sample N-5 N-6 N-Q N-X
[%] [%] [%] [%]

X20CA H 13.3 11.7 56.7 18.3
X20CA H_Ar 21.7 11.6 48.1 18.7
X20CA Ar 38.3 27.4 21.6 12.7

Table 5.20: Nitrogen group composition for X20CA treated at 1000°C in
different atmospheres

The absoluteoncentratios of nitrogen groups were determined by multiplying the
atomic percentagef the N1 peak by the relative compositi®from Table5.9 and
Table5.20; the resultsre given inTable5.21.

Sample N-5 N-6 N-Q N-X
[at.%] [at.%] [at.%] [at.%]
X20CA H 0.1064 0.0936 0.4536 0.1464
X20CA H_Ar 0.2387 0.1276 0.5291 0.2057
X20CA Ar 0.7277 0.5217 0.4096 0.2407
X20CA 1.1681 1.0618 0.5236 0.3463

Table 5.21: Nitrogen group concentrationfor X20CA treated at 1000°C in
different atmospheres
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The presence of all nitrogen groups is diminished through heat treatment at 1000°C.
Significant reductions in the amount of edge nitrogen groups, (N-6 and NX)
accompany thermal treatment, and quaternary groups are less affected. Of particular
intereg$ is the disproportionate removal of8Nand N6 groups that corresponds to

the presence of hydrogen during thermal treatment. Also, the larger quantity of
quaternary nitrogen seen in X20CA H and X20CA H_Ar suggests that some nitrogen
atoms located at thedge of graphene sheets are converted into quaternary nitrogen
during thermal treatment under hydrogen. It has been reportegytinalic (N-5)

and pyridinic (N6) nitrogen groups undergo a gradual conversion to quaternary

nitrogen at temperatures ina@ss of 600°¢255.

By comparing the types of nitrogen groups present in samples X20CA Ar and
X20CA H it is reasonable to proposkat differences in the electrochemical
behaviour seen between these two materials arises mainly from the significantly

greater concentrations nitrogenedge groups in X20CA Ar.

5.3.3 Pycnometry

The skeletal density of the carbon materials was estimated huslingn pychometry

to allow for the calculation of thecattering length densities of the samples for SANS
experiments The skeletal density of X20CA H_Ar was not determined but it is
reasonable to assume that the value lies between that obtained for X2@@Q4
X20CA Ar.

The slightly higher skeletal density of X20CA H in comparison with X20CA Ar
indicates that less ordered regions of the material are removed by reaction with
hydrogen. Also, as the value of skeletal density approaches that of theonatical p
graphite (2.28 g cm>[149) it can be posited that the material exhibits a subiatan

degree of graphitisatioand very litte closed porosity.
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X20CAH  X20CA H_Ar  X20CA Ar

Skeletal Density  [gcm™] 2.19 * 2.14

Table 5.22: Skeletal density for X20CA treated at 1000°C in different
atmospheres(*not determinedgl

5.3.4 Small-Angle Neutron Scattering

Parameters relevant to the SANS experiments were determined using the pycnometry
data Table5.22), elemental analysis rdssl (Table5.15) and the method described
in Chapter 3.

X20CAH  X20CA H_Ar X20CA Ar

Coherent Scattering Length, b, [10'12 cm] 5.2203 5.0733 5.4243
Scattering Length Density, 7 [10"°cm?  6.884 6.546 -6.690* 6.764
System contrast, (D ) [10®'ecm™  4.733 4.280 - 4.470* 4.570
Max. Porod Invariant, Qmax [10%cm™  2.3356 2.2058 2.2551

Table 5.23. Calculated neutron scattering parameters for X20CA treated at
1000°C in different atmosphereg*estimate using determined skeletal densities)

A plot of the scattering cross section versus wave vector for each of the SANS

experiments igjivenin Figure5.37.

226



1000 = T 1 1 I T T T T T T T T I T T :
- X20CA Ar ]
B X20CA H_Ar 1
100 = X20CA H -
IE i |
o
> 10 F -
= F 3
k=) - ]
) [ ]
© - i
1 F 3
01 F E
1 ' | 1 1 1 1 1 1 L 1 [
0.01 0.1
-1
q[A7]

Figure 5.37: SANSplots for X20CA treated at 1000°C in different atmospheres

The form of the plots seen Figure5.37 is similar to that reported for other porous
carbon material§263 284, 286, 287 however the fitting of fractal models was
deemed unsuitabl®r this dataas power law behaviour over a significaptange
was notpresent. (Linear behaviour over at least one decadgi®frequired for

fitting fractal models.)

The subtle differencesn the scatteringoetweendifferent samplesn Figure 5.37
correspond to distinct features associated with the porous characteristics obtained
using nitrogen adsorption isotherms. At low valueg,ofhich correspond to larger

pore sizesand particle size effecgt$he values of scattering cross tg@e are similar

for each of the materials with X20CA H_Ar showing the highest values. This
corresponds to the mesopore size distribution generated using the BJH method for
pore sizes greater than 10 nkigure 5.33) which indicates that there is a slightly

greater volume associated withrger mesopores in X20CA H_Ar.As stated

227



previously, this may be an attributed to the relatively high level of nuntdion

found by proximate analysis in this sample.

The differential scatteringross section associated with X20CA H becomes greater
than the other samples at ~ 0.03 A which corresponds to the increase in
differential pore volume seen iRigure5.33 for pores less than 6.5 nm. For samples
X20CA H_Ar and X20CA Ar the cross section plots cross at0.04A™ andq ~
0.08 A which corresponds to the changes imtigk pore volume seen at values of

roughly 5.5nm and.® nm inFigure5.33.

For values ofq greater than 0.&™, which corresponds to the micropore region
[284), X20CA H and X20CA H_Ar indicate significantly greater amount of
scattering in comparison with X20CA Ar, which agaiorrdates well with the

micropore volumes determined from analysis of nitrogen adsorption isotherms.

Porod type behaviour, where the cross section variesqflitlis approachedat the
highest values ofj studied. However, the errors associated with eachevafu
differential scatteringross section increase with increasing wave vector, and in the
region where Porod scattering is identified, the errors are of the same order of
magnitude as the measured quantifihe individual plots fronfFigure5.37 with the
associated errors are givenAppendixF.) For this reason, an upper limit gf=
0.275A™ was chosen to allow for a meaningful analysis of the experimentdiistesu

To obtain data with lower errors fay > 0.2752, experiments would need to be

performedusing an instrument with a different geometry.

5.3.4.1 Porod Invariant

The Porod Invariastwerecalculatedusing Eq. 3.39 for each of the samples over the
range 0.00% q < 0.275A™" and are given imable5.24. The actuavalue of the
Porod Invariant in these experiments is significantly larger than the values given in
Table5.24 due to the limited)-rangeanalysed.As the integral irEq. 3.39 has limits
ofg=0andq =D, S c adiata everithe gntire range qfvalues would be

necessary to accurately determine the Porod Invariant for the system, and only
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qualitative information can be astaned from the scattering data Figure 5.37.
Nevertheless, the Porod Invariant calculated over the analysete can be used as
an indicator of the volumetric surface area of the sanaplé can be useéd compare

surface areawhen the samples are of similar composi{ib80, 263 284, 28§).

X20CAH X20CA H_Ar X20CA Ar

Porod Invariant, Q [arbitrary units] 2.201 2.089 1.552

Table 5.24: Experimental Porod Invariant valuesfor X20CA treated at 1000°C
in different atmospheres
The trend seen in the values of Porod Invansrgimilar tothat seen imable5.13,
i.e. the specific surface areand Porod Invariandf X20 CA H > X20CA H_Ar >
X20CA H. However, to quantify the volumetric surface area of the samysies)
Eq. 3.38, accuratedeterminations of the limiting valseof g*-dgdW (the Porod
constant are needed. The scattering data appears to follow tRerod Law(i.e.
dgdwU q? in the high-q region but as oscillations around the limiting valoé
q*-d9dWoccur[276 and the errors are at their largest in this regiowas felt that
more scattering data at larger valuesgofvould be required to calculatbe true
limiting value of q*-d9dW/ Therefore further experimental runs usinglifferent
instrument geometryould be required to ascertain reasonably accurate values of

volumetric surface area for these samples.

It is noted thatX20CA H_Ar has a hydrogen content of 0.8 wtwhich is greater

than the other samplega; 0.4 wt.%) andthat hydrogen has a relatively large
incoherent scattering cross section (821P** cn? [27g). Subtraction of
incoherent scattergqiwas deemed to henecessary as the amount of contamination
was very small and carbon, nitrogen and oxygen have extremely small values of
incoherent scattering cross section (0.00150x10* cn? [27§).

Additionally thePorod identity may not be satisfied if the boundary between the two
phases has a diffent density than the bulk solid, and the difference between the
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chemical ompositions determined using elemental analysis and XPS indicates that

the matemls are inhomogenous which coumdluencethe scatteringbserved.

5.3.5 CM-SANS

As it has been proposed that the presence of nitrogen groups in a carbon material
enhances the wability of the electrode surfagd76, 231 236, 238 240, 242, 243,

247, 248, thereby increasing thelectrochemically surface areaan EC, Contrast
Matching SANS (CMSANS) could be used to probe the degree of inactive surface
area in an e@ctrode/electrolyte system.CM-SANS has previously been used to
investigate closed porosity in porous materialsgd pores not filled with contrast
matching liquid effectively scatter in the same manner as closed potbsigore it

was proposed that a comparison betwS&NS data for dry and contrastatched

samples could provide an indication of the inactw@ccessed surface area.

In contrastmatching experimeatit is typical to obtain scattering data for the same
sample using different liquid mixtures of controllable scattering length desusity
the optimummixture is identified where the contrast betweemetsolid and liquid
phases is at a minimuf283. However, fom Table 5.23 it can be seen that the
scattering length density of the carbon materials under studg. 8.7x10*° cm?
which is similar to that of deuterium oxide (6A®*° cm?) which can be
considered to represent an aqueous electrolyte solution-SANE plots obtained
using DO as the contrashatching liquid for the carbon materials treated at 1000°C
are given inFigure5.38.
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Figure 5.38. CM-SANS plots using D,O for X20CA treated at 1000°C in
different atmospheres

In comparison with the SANS data for the materidgyfre 5.37) the contrast
matching experimentsF{gure 5.38) show that contrastnatching with deuterium
oxide reduced the differential scatteringosssection by about three orders of
magnitude in the lovg range. The effect of contrastatching is clearer ifigure
5.39 where the scattering from dry and contnasttched samples are displayed on

the same plot.
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Figure 5.39: SANS andCM-SANS plots using D,O for X20CA treated at
1000°C in different atmospheres

Also, the value of the differential scattering cross section is roughly constant for each
material forg values between 0.04 and 0.82. This can be taketo indicate that

the contrastmatch between the solid and liquid phase is attained usig dndthat

the porosity of all the samples isespand filled with the contrashatching liquid.

It is possible that the slight differences between the ®AMNS curves arise from a
residual contrast between the solid phase agd, @s the carbon materials have
different compositions and skeletal densitidsis is likely as the relationship q.

3.34 shows that the differential scattering cross sectioresawiith the square of the
contrast between the two phaselowever, contrastnatching experiments using
different liquidsto ascertain the ideal contrasfaitching liquid composition were not
carried out due to time constraints. Also, there is no cooeléetween the values

of scattering length densityf§ble5.23) and the differential scattering cross section,
which suggests that this effect is negligible. It adedl that deuterated cyclohexane

has a scattering length density closer to that calculated for the materials under study

(6.70x10™ cm®), however it was felt that D better reflects thphysicalproperties
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of an aqueous electrolyte in an electrochenseglacitor. For example, it was noted
that an organibased electrolyte wetted electrodes rapidly in comparison with an

agueous solution.

Also, the small value adSdWseen in the CMBANS experiments may be attributed
to the existence of incoherent baokgnd scattering which increases with the
hydrogen content of the materials. This would correlate well with the findings from
elemental analysisTéble 5.17) where tle hydrogen content of X20CA H_Ar is
largest (0.8 wt.%) and X20CA Ar is lowest (0.4 wt.%).
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Figure 5.40: CM-SANSplots using D,O for X20CA treated at 1000°C in
different atmospheresi n t h @ 66 h i@@hwreor bars)

At higher values of scattering wave vector in the range ~ 022 4 < 0.275 A*
(illustrated inFigure 5.40 with error bars}the differere in satteringbetweenthe

aryd and catrastmatched samples is reduced by approximately a factor of 4. In
this region the errors associated with the values are of similar order to the measured

quantity but the data shows a slight upward trend, which mayspame to the

presence of unfilled voids in the sample.

Although the absolute values of the differential scattering cross section for the CM
SANS curves at all values gfare lower than those using dry samples, the upward

deviation may be indicative of gal filling of the smallest pores (or in a similar
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fashion to the adsorption of nitrogen, the assumption is made that the density of the
liquid phase is unaffected by the proximity of the solid phaBkis effect can be

expected to occur to a greateretas the size of the pores decrease).

Overall there are no significant differencégtween the CM SANS curves for each
of the samplesvhich indicates that the amount of porosity accessed A iB not

influenced by the surface nitrogen concentratioarty great extent.

5.3.6 Electrochemical Testing
5.3.6.1 Electrochemical Impedance Spectroscopy

EIS measurements and the calculation of cell parameters were made in the same
manner as described previously. Examplegxgerimentalspectra are shown in
Figure5.41 and the average values of capacitance and specific power are given in
Table5.25. The values given ifable5.25 are averages obtained from at least three
cells, and the maximum deviation from the average specific capacitance in cells

assembled usg the same material was less tha¥b.8

It is noted that the deviation for materials that had underwent treatment at 1600°C
larger than those discussed previousBuring cell manufacture, markedly different
behaviour on the addition of electrolyteswabserved. Specifically, materiateated

at 1000°C exhibited a more hydrophobic nature, and required immersion in
electrolyte for a significantly longer time before sinking to the bottom of the
container. Also, differences in the variation betweeltscgere seen for materials
heat treated in different atmospheres. The highest variation %f\8z& seen when
using X20CA Ar whereas a much smaller variation of/@was seen for X20CA H
(over a greater number of cells). This suggests that the mateatdd in hydrogen

has a more homogenous structure and/or composition. Hydrophobicity also indicates
that wetting of the entire solid surface with aqueous electrolyte may not, occur
although the results from the GBANS experiments indicate that this mot
problematic It is also possible that the change in energy required to overcome
hydrophobicity and fill the previously inaccessible volume occurs when the electrical
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potential of the electrode is changed. This may acca@inkast partiallyfor the

longer charge times observed during the first Galvanostatic cycle.
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Figure 5.41: Nyquist plots for cells usingX20CA treated at 1000°C in
different atmospheres

EIS Specific EIS Specific Capacitance/ Max. Power

Capacitance BET surface Area density
Sample (at 10mHz)

[Fg’] [uF cm] [kW kg™
X20CA Ar 93.1 19.9 74.1
X20CA H_Ar 70.6 13.1 103.3
X20CA H 83.9 14.4 97.4

Table 5.25. Specific capacitance and maximum capacitance density from EIS
for X20CA treated at 1000°C in different atmospheres
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The Nyquist plot of the real and imaginary impedance components over the whole
frequency range ifigure5.41, shows that all of the cells have a capacitive nature at
low frequencies but are not equivalent to a pure capacitor element. The low
frequency behaviour is similar to that observed for the sanmplEgure 5.21 with

the presence of a phase angle at low frequencies indicating that the interphase

between the electrode and electrolyte is not ideally polarisable.

The deviation from ideal capacitor behaviour decreases with increasing hydrogen
concentration during thermal treatment. As stated previously, the extent to which
each material is ideally polarisable may be influenced by their composition. In
particular he surface nitrogen content (from XPS) seems to correlate well with the
phase angle of the spectra at 10 mHz. This suggests that the degree of polarisability
of the electrode is diminished by the presence of surface nitrogen grmgs,
indicatesthat chage is passed across the double layer during chdiggiarge to a

greater extent with increasing nitrogen con{ég\.

The higler frequency behaviour, illustrated in the insetFagure 5.41, shows a
significantly different form to that previously obseryes the presence of a semi
circular ction is quite clear. Moreover the apparent diameter of the semicircle
varies with the gas used during treatment at 1000X20CA H shows the most
similar spectrum to that obtained for the untreated carbons tested previously,
however the Warburtype bénaviour seen at higher frequencies is replaced by an arc
segment that represents a parallel RC circuit. The arc becomes more pronounced for
X20CA H_Ar and X20CA Ar, and the apparent diameter of the circle indicated by
the arc increases with decreasing rogetn concentration used during thermal

treatment.

In the previously discussedamples it is possible that the resistance of the solid
phase allows the Warburg component to dominate, whereas in the case of materials
treated at 1000°C the resistance of #wdid phase is likely to have decreased
significantly {ia graphitisationandbr the increase in quaternary nitrogen), reducing
the influence of the Warburg component which revealsreular aspect in the

spectra.
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All materids can be represented by Rasdkircuit [10, 254 over a finite frequecy
region €a 20 Hz- 20 kHz) and the equivalent resistances obtained by fitting this
model to the experimental data are givermable5.26. At frequencies lower than
roughly 20 Hz, the polarisability of the electragkems to influencthe experimental

dataunduly,rendering the data unsuitabte f f i t ti ng t o Randl es o

Sample Solution Resistance Faradaic Resistance
W W

X20CA Ar 0.093 0.0754

X20CA H_Ar 0.096 0.0450

X20CAH 0.094 0.0351

Table526: Resi stance values obtireuitto ElSidatay f i t t i
for X20CA treated at 1000°C in different atmospheres
The values of solution resistances was observed in previous experiments, did not
vary to any great extent when different electrode materials were used. The Faradaic
resistanes céculated by fitting Randicircuit have an associated error of between
5.2% and 10.96 andshow a clear dependence on the hydragercentratiorduring
thermal treatment. There is an apparent linear dependence between the Faradaic
resistance of a matefiand the quantity of nitrogen present in the surface region of
the material (determined by XPS) which is showFRigure5.42.
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Figure 5.42: Faradaic Resistanceagainstsurface nitrogencontent (XPS) for
X20CA treated at 1000°Cin different atmospheres(with linear fit)

This confirms the relationship indicated by the phase angle correlation, namely that
the pesence of nitrogen influences the polarisability of the electrode which results in
charge crossing the double layer during chadggtharge. This may be due to self

dischargemechanismsccurring during the charge and discharge processes.

Faradaic resiances suggest that a sdifcharge mechanism is present or that
pseudocapacitance is theedominantharge storage mechanism in the deyidd.

It is highly unlikely that pseudocapacitance accounts for the majority of the amount
of charge stored in cells using these materials. Firstly, the dtay|e mechanism

for carbon materials with BET surface areas of roughly 5&§'roan be expected to
contribute a minimum of 50 § to the total specific capacitance, which accounts for

the greater part of the specific capacitances giverTable 5.25. Also, the
concentration of surface nitrogen is far lower than that of oxygen in the carbon
materials mentioned previously, where the charge stored through pseudocapacitance
has been estimad to account fo30% of the total capacitance at mostSelf

discharge igar more likely to be respondifor the Faradaic resistances observed.

The Faradaic resistance does not have a direct influence on the ESR (and hence

maximum power output) of thdevice as the real component of the impedance at
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1kHz is closer to the value of solution resistance, but may have an adverse effect on

the efficiency othe chargedischarge process.

The values of specific capacitanceTiable5.25 determined using EIS are lower in
comparison with values obtained using the previous matd(ii@lsTable 5.10).
Curiously, although treating X20CA at 1000°C increases the BET surface area, the
values of specific capacitance decrease. However this has been shown to occur for
other carbon materials treated at temperatures in excess of BHC

One possibility is that thdensityof the solid phase hascreased after treatment at
1000°C which influencgthe ratio of phase volume to surface arédso, by treating

the materials at 1000°C it is likely that some degree of graphitisation occurs which
increases the hydrophobicity of the electrodes, as was previously noted. It is then
possible and that a fthon of micropores, and therefore surface area, may not be

electrochemically active.

Another consideration is the influence that the polymer binder has on the pore
characteristics of the electrode. It was previously mentioned that the binder
adversely affects microporous materials disproportioatén comparison with
predominantly mesoporous materiags)d it is likely that this affects the results
associated with materials treated at 1000°C. As the micropore volume associated
with X20CA Ar, X20CA H_A and X20CA H has been shown to be larger than that

of X20CA, and that the BET surface area is augmented mark&dhblg5.13) it is
reasonable to assume that a gmneamount of BET surface area arises from
micropores in these samples. This results in a greater proportion of the total surface
area being blocked by hkier and herefore the electrochemical behaviour of
materials treated at 1000°C cannot be directly areqgh to the behaviour of

untreated materials.

Unfortunately, there was an insufficient quantity of sample remaining to allow for a
useful nitrogen adsorption analysis of the tested electrodes, and it could be debated
that the analysis procedure would yialdreliable results. For example, &ating

under vacuumo degas the sampleay alte the distribution of binder,aoling to

77K for analyss may also affect the polyméoscillations in the heat flow were
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observed during DSC experiments whichynibe dued phase changgsand pecific
adsorption mechanisms between the adsorbate and polymer binder may complicate
interpretation of the isotherms.

When considering the specific capacitance of treated materials it is possible to adjust
the values to remove thefiuence of ash content (particularly in the case of X20CA
H_Ar) under the assumption that the mineral matter is electrochemically inarctive

the same manner as befordowever there remains a degree of uncertainty over the
extent to which the additionf dinder influences the surface area of the composite
electrode. Therefore the BET surface area of the carbon mdtasidleerused to
normalise and compare the electrochemical results between samples despite being
larger than the actual surface areshef electrodes tested. As the micropore volumes

of the carbon materials after heat treatment are broadly similarreasonable to
assumethat the binder influences each material to the same deigeeby blocking

the same proportion of surface areall samples.
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Figure 5.43: Specific capacitance against nitrogen conteribr X20CA treated at
1000°C in different atmospheregdata adjusted for ash content)
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The relationship between specific capacitance and nitrogen content (determined by
both elemental analysis and XPS) is seeRigure5.43 which shows that X20CA H

hasa specific capacitance of 85.2 B.gThe slight increase in nitrogen content of
X20CA H_Ar in comparison with X20CA H is accompanied by a decrease in
specific capacitance. It is possible that the lower surface area of X20CA H_Ar is
responsible for thelserved reduction in specific capacitance, however it is likely
that theash contenhas influenced the results.

A more interesting finding is that the gravimetric capacitance of X20CA Ar is greater
than that of X20CA H and X20CA H_Ar despite these sampldsbiting larger
BET surface areasThis is similar to the findings of the previous experiments using
X10CA and X20CAandindicates that the presence of nitrogen groups can augment
the specific capacitance of carbon materials, and moreover, this @uofdobactical
benefit in the manufacture &Csthat use KOH electrolyte. However it is important
to bear in mind that any increase in the amount of energy stored will prdiably
accompanied bgnincrease irFaradaic resistance.

The influence of nitrogn content on capacitance is more evident when the specific

capacitance is normalised on the basis of BET surface area, as sHegurab.44.

241



25 LIS L ) L L B N I L B B Y L L Y L B L L B L B B B

20

15

10

Normalised Capacitance [nF crﬁz]

——o—— CHIN [wt%)]
—=—— XPS [wt%]
—a— XPS [at%]

0 PR T S TN A T S T S [N S T ST TN AN T SN TN S [ TN ST SN T AN ST T MY

0 0.5 1 1.5 2 2.5 3

Nitrogen Content

Figure 5.44: Surface area normalised capacitancagainst nitrogen contentfor
X20CA treated at 1000°C in different atmosphere¢data adjusted for ash
content)

The surface area normalised specific capacitance fibr XB0CA H and X20CA
H_Ar is approximately 14.4F cm? (when adjusted for ash content), whereas a

value of 20.47F cmi? is obtained for X20CA Ar.

A rough connection between the XPS spectra and the surface area normalised
specific capacitance can be maaethe form of the nitrogen specific spectra are also
grouped in this manner with only X20CA Ar showing an appreciable peak at the
binding energy associated with pyridinic nitrogen groups. A plot of normalised
specific capacitances the concentration opyridinic groups in the surface region
approximates straight lineas indicated irrigure5.45.
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Figure 5.45. Surface area normalised capacitance against pyridinic nitrogen
(N-6) concentrationfor X20CA treated at 1000°C in different atmospheregdata
adjusted for ash content)

This finding indicates that the specific capacitance of these materials is enhanced by
the presence of pyridinic nitrogen groups. VkHatercept of the fitted linsuggests
that a surface area normalised specific capacitance ofnE2@n? corresponds to
the doubldayer capacitance of a carbon material with the same pore structure and

degee of graphitisation, but no pyridinic nitrogen content.

It is noted that this treatment of results assumes that all of the surface area
contributes to the specific capacitance uniformly, whereas it has been found that the
pore size influences the mechami by which charge is storedHowever the pore

size distribution and surface area of the materials being discussed are fairly similar

which reduces the overall uncertainty associated with this assumption

It is also possible that the-Blgroups are respsible for the increase in normalised
specific capacitance as the quantities indicatedable 5.21 correlate in a similar
manner to the M groups. However, the degree of correlatis reduced for this
guantityand the N5 group in XPScorresponds to two distinct nitrogen groups which
can be expected to behave differently under chatigeharge in @ electrochemical

capacitor. The presence of bayrrolic and pyridonic nitrogen in an unknown ratio
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is also complicated by the existence of three tautomeric fornmrafine [255,

which makes it unlikely that there is a linear relationship between the concentration

of N-5 groups and surface area normalised specific capacitance.

The apparent

correlation seen may simply be a reflen of the fact that the absolute concentration

of N-5 groups follows the same trend as that fe@ Nroups, as they are both edge

groups removed by the presence of hydrogen during thermal treatment.

5.3.6.2 Galvanostatic Cycling

Galvanostatic cycling was used better reflecthe operating conditions encountered

in a functional device, and to establish whether or not the same differences in

behaviour observed during EIS apply to practical cells.

An example of the chargdischarge profile for each of the hésaated materials at a

rate of 2 mA (~ 0.2 A Q) is given inFigure5.46. The data has been adjusted to

reflect asingle constant electrode mass of 10.0 (mcluding binder and carbon

black)to allow for comparisons between materials to be made.
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Figure 5.46: Charge/Discharge profiles at 2mA for X20CA treated at 1000°C

in different atmospheres(electrode massiormalised to 10.0 mg)
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The chargetlischarge efficiency associated with each material was determined for
the profiles given irFigure5.46 and a value of roughly 85%as found for X20CA

H and X20CA H_Ar which is similar to that obtained for the previous materials. A
significantly greater degree of asymmetry between the charge and discharge profiles
for X20CA Ar is evident at this rate, and a significantly loweulomnbic efficiency

of 53% was determined for the profile figure5.47. This may be a result of the
higher Faradaic resistance (or degree of-ideal pdarisability) that was found for

this sample, as a leakage current will adversely affect the charging efficiency of the

cell.
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Figure 5.47: Charge/Discharge profiles at 100 mAfor X20CA treated at

1000°Cin different atmospheres(electrode massiormalised to 10.0 mg)

Specific capacitances were calculated at several discharge rates to identify any rate
dependent behaviour associated with nitrogen content. The values of specific
capacitance obtained at eatischarge rate are given Trable5.27, and are averages
obtained from at least three cells. The maximum deviation from the average specific
capacitance in cells amsbled using the same material was ¥d& a rate of 2 mA

(for X20CA Ar) however a huge variation in the behaviour of X20CA H_Ar at 100
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mA was found, and may be a consequence of inhomogeneous distribution of the

contamination found in this particular mas.

Galvanostatic discharge specific capacitance

Sample [F gud]

2mA 4mA 8 mA 16 mA 32 mA 64 mA 100 mA
X20CA H 89.6 83.5 77.9 72.8 67.8 63.2 58.2
X20CA H_Ar 69.9 66.3 61.9 57.5 53.5 47.1 42.7
X20CA Ar 88.0 87.7 85.1 81.5 77.5 74.3 71.0

Table 5.27. Specific capacitance obtained by Galvanostatic discharge at
different rates for X20CA treated at 1000°Cin different atmospheres

At rates of chargedischarge greater than 4 mA the values of specific capacitance
determined by Galvanostatic discharge follow the same trend as the EIS values in
Table5.25. Quantitavely, the values obtained by the two methods correlate well for

a Galvanostatic discharge rate of 4 mA.

Anomalously, at the lowest rate of 2 mA (roughly 0.2°8,dghe specific capacitance

of X20CA H is marginally larger than that of X20CA Ar. This isolpably a
consequence of the higher Faradaic resistance associated with this sample as the
leakage current will have more influence at lower rates of chdrggilarge. This is
clarified by a plot of specific capacitance against specific discharge cwinasit is

given inFigure5.48.
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Figure 5.48. Galvanostaticdischarge specific capacitance against specific
discharge currentfor X20CA treated at 1000°Cin different atmospheres

As with the materials discussed previously, these samples show similar behaviour
with increasing discharge curremherethe highest values of specific capacitance are
obtained at a lowate which reduces to an approximately constant value as the rate

increases.

From Figure 5.48 it can be seen that X20CA Ar produces a significantly larger
specific @pacitance than the materials treated with hydrogen at rates of discharge
greater than 0.3 Ahand, as the typical discharge time of ECs corresponds to rates
well in excess of this value, this effect may be of practical udevites using KOH

electrolyte.

When the specific capacitance values obtained under Galvanostatic discharge are
normalised on the basis of surface afEable5.28) and plotted against the specif
discharge rate, the difference between the behaviour of X20CA Ar and the materials

treated with hydrogen becomes more apparent as is indicateglire5.49.
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Normalised Galvanostatic discharge specific capacitance

Sample [nF cm™@]

4mA 8 mA 16 mA 32 mA 64 mA 100 mA
X20CA H 15.7 14.6 13.6 12.7 11.9 11.1 10.2
X20CA H_Ar 14.1 13.4 125 11.6 10.8 9.5 8.6
X20CA Ar 19.3 19.2 18.6 17.8 17.0 16.3 155

Table 5.28: Specific capacitance obtained by Galvanostatic discharge at
different rates for X20CA treated at 1000°Cin different atmospheres(data
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Figure 5.49: Surface area rormalised specific capacitanceagainst specific
dischargecurrent for X20CA treated at 1000°Cin different atmospheres

Figure 5.50 shows a plot of normalised specific capaataragainst the surface

nitrogen content of the materials, at different rates of chaigetharge.The plot has

a similar form at all rates of Galvanostatic chargistharge, with the normalised

specific capacitance values for each material decreasthgnereasing rate.
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Figure 5.50: Surface area rormalised specific capacitancat different rates
against ritrogen content(XPS) for X20CA treated at 1000°Cn different
atmospheres

The lines in Figure 5.50 are also of similar form to the relationship seen using the
data derived from EIS experiment&idure 5.44) and confirm that there is a
significant difference in the electrochemical behaviour of X20CA Ar in comparison
with the materials treated with hydrogen at 1000°C. This again indicates that the
concentration of pydinic nitrogen groups has an influence on the specific
capacitance of carbon materials using KOH electrolyte.

A plot of normalised specific capacitance at different rates of chaligeharge
against the concentration of pyridinic groups in the surfacemegpproximate

straight lines as indicated Hgure5.51.
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Figure 5.51:. Surface area rormalised specific capacitanceagainstpyridinic
nitrogen (N-6) concentration for X20CA treated at 1000°Cin different

atmospheres

Although the degree of correlatios not as good as the EIS datilae correlation
coefficient increases with increasing rateThe y-intercept of the fitted lines
decreases with increasing rate of charge which, if taken as an indicator of the double
layer capacitance arising from a pure carbon surface, could be attributed to the
reduced time available for the charges in the electratytbftuse toward the surface

and form a densely packed layer. It seems reasonable to suggest that this is the case,
as it is merely a reflection of the influence of the discharge rate used to determine
specific capacitance. This behaviour is typical lotgof Galvanostatic discharge
specific capacitance against discharge current where only the daybtecharging

mechanism is presefi0, 164 .

Also, if the gradient of the fitted lines is taken as a measure of the relative influence
that pyridinic groups have on the normalised specific capacitance, it could be argued
that these groups contribute a greater proportion of the total capacitanghet hi
rates. Thisouldindicate that a reaction between the electrolyte and pyridine groups
is unlikely as the extent of reaction (and hence charge transferred across the double

layer) would be expected to increase with the amount of tinter charge It is
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possible thatons are preferentially adsorbed at pyridinic sites during charging and
that a greater amount of charge is displaced at these sitegtinifte doubldayer

mechanism.

In one study[24Y it was claimed that NQ and NX type groups have a beneficial
effect on capacitance on the strength of a correlation between the sum of these
quantities (effectively the surface raeentration of these groups) and a measure of
surface area normalised capacitance. No such correlation wasugngadhe results
obtainedin this work. In the aforementioned report, the sum of th@ Bind NX

type groups follows the same trend as tbhacentration of pyridinic groups which

has a significantly better correlation with surface area normalised capacitance, and it
is therefore possible that the trend seen is not due to-tQeahd NX groups but is

rather a consequence of pyridinic nitrogaagmenting the specific capacitance.
There is also a sizeable contribution to the specific capacitance by quinone group
pseudocapacitance, indicated by peaks in cyclic Voltammograms, which are more
pronounced for sampseawith a larger oxygen content.

To investigate the possibility that oxygen pseudocapacitance contributes to the
specific capacitance of the materiatsder study in this worlkdetailedXPS data was
obtained over a range of bindienergies between 52540 eV. Each of the spectra

is of similar form with one major peak centred at a binding energy of 532.6 eV. This
indicates that all of the oxygen present in the samples is bound in the form of phenol
or ether groups and that no electroactive quirtgpe groups are present.
Considering thesynthesis method and treatment conditions used to produce the
materials, it can be expected that oxygen bound in the form of ether groups would be
found, as the resorcinébrmaldehyde xerogel is connected through ether bridges
(Figure2.17). Ether bonds are likely to be the most robust form of oxygemot

easilyrenoved during thermal treatment.
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5.3.6.3 Cyclic Voltammetry

To identify if the increased specific capacitarassociated with the presence 66N
groups arises from a pseudocapacitive reaction, cyclic Voltammetry was carried out

on the materials over the operating potential range of the.eeD.0- 1.0 V).

Cyclic Voltammograms obtained at a sweep rate ofml0s* and 100 mV ¢ are
illustrated in Figure 5.52 and Figure 5.53, and hae been adjusted to reflect a
constantsingle electrode mass of 10.0 n{gcluding binder and carbon black)

allow for comparisons between materials.
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Figure 5.52: Cyclic Voltammograms at 10 mV & for X20CA treated at 1000°C
in different atmospheres(electrode massiormalised to 10.0 mg)
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Figure 5.53: Cyclic Voltammograms at 100 mV & for X20CA treated at
1000°Cin different atmospheres(electrode massiormalised to 10.0 mg)

The form of each of the current responses is similar for each material and is a closer
match to the response from an ideal capacitor in comparison with those obtained for
the untreated material&igure 5.30 and Figure5.31). The specific capacitances of

the materials were calculated for the cyclic Voltangnaons and are given ifiable

5.29. The values determined at a sweep rate of 10 thite in agreement with the
values determined through Galvanostatic discharge at 2Tablg5.27 and Table

5.28).

There are no distinguishable peaks over the operating potential of the ¢éllthad
presence of pyridinic groups enhance the specific capacitance of an electrode
material, an alternative mechanism is probably responsililés unlikely that the
enhancement of capacitance is due to a pseudocapacitive reaction, as it would be
requred to be favourable over the entire operating potential, and to influence the
specific capacitance to the same extent independently of the potential across the cell.
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