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Abstract

Graphene, a two-dimensional material comprised of sp*-hybridised carbon atoms, has
significant potential in energy storage as an electrode material for supercapacitors.
Unfortunately, strong intermolecular forces between the graphene sheets results in
aggregation during assembly and use, reducing the accessible surface area and
experimentally available capacitance. Prevention of aggregation during electrode
assembly and cycling will allow the development of graphene materials with better
energy storage capability. In this thesis work, molecular spacers grafted to few-layer
graphene (FLG) were investigated as a way of preventing aggregation of the graphene

sheets.

Molecular spacers were grafted to FLG using three strategies: the spontaneous reaction
with aryldiazonium salts, the Diels Alder reaction of an aryne, and the addition of an
amine. The aryldiazonium reaction was studied using five different salts. The results
indicated that at least two reaction pathways are operative for the spontaneous reaction,
giving a multilayer film with both -C-C- and -N=N- linkages. Furthermore, the
experimental protocol allowed the modified FLG to be collected with the film either
sandwiched between the FLG and the substrate, or exposed to the electrolyte. In the
sandwiched orientation two nitrophenyl reduction peaks were sometimes seen and
larger surface concentrations were measured, behaviour that has not been reported
previously for films grafted onto carbon materials from aryldiazonium salts. The Diels-
Alder reaction, which relied on the generation of an aryne from an anthranilic acid
precursor, provided an efficient route to monolayer growth. The amine addition
reaction provided an alternative route modifying FLG, though a Michael-like addition

or partial intercalation.

Supercapacitor electrodes were assembled from aryldiazonium modified FLG using a
layer-by-layer (LBL) strategy. The grafted film could efficiently separate the FLG
sheets during assembly and prevent restacking during cycling, with the full surface area
remaining accessible even after 20,000 galvanostatic charge discharge cycles.
Furthermore, the grafted film did not diminish the total capacitance of the FLG or
hinder ion movement to the surface of the sheets. To further enhance the capacitance

of the FLG, pseudocapacitive metal hydroxide films were electrochemically deposited
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on the FLG sheets prior to LBL assembly, which enhanced the total areal capacitance

of the system.

This thesis work successfully developed a novel LBL protocol that allowed electrodes
comprised of stacks of FLG to be assembled without diminishing the total accessible
surface area and therefore capacitance of each graphene sheet, which is an essential

step in the development of energy storage devices from graphene.
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1 Introduction

1.1 Graphene

Graphene is a two-dimensional material consisting of a single sheet of sp*-hybridised
carbon atoms arranged in a honeycomb lattice.'™ In 2004, graphene was first isolated
by Novoselov and Geim. Using a micromechanical approach involving repeated
peeling of highly ordered pyrolytic graphite (HOPG), they successfully prepared single
and few layer (2-9 layer) graphene (FLG) sheets.* Graphene is the basic building block
for many carbon materials such as carbon nanotubes, fullerenes, and HOPG, illustrated

in Figure 1.1.°

Figure 1.1: Structure of a single sheet of graphene, and illustration of the different graphitic
materials derived from graphene: Bucky balls (green), carbon nanotubes (purple), and HOPG
(blue).

Since the 2004 discovery of graphene, it has gained much attention due to its wide array
of interesting properties. This work focusses on utilising graphene in energy storage
materials, specifically supercapacitors. Graphene shows great promise in this area due
to its high electrical conductivity and large surface area (2630 m* g'), which is the

largest of any carbon material.®



1.2 Preparation of Graphene

1.2.1 Methods for Preparing Graphene

The original method for the preparation of graphene was via mechanical exfoliation.
This is also known as the “scotch-tape” method, and gives single to FLG that has very
few defects so exhibits the high conductivities and mobilities often associated with
graphene.” Unfortunately, this process is only able to produce small flakes of graphene

and is not particularly scalable.

Several solution-based techniques have been developed for the preparation of graphene
dispersions, which can then be collected onto various substrates. The most common
method is the reduction of graphene oxide (GO). GO can be formed from the oxidation
of graphite, typically via the Hummers method, which involves heating graphite in a
mixture of concentrated sulfuric acid, sodium nitrite, and potassium permanganate.®
This material can then be readily dispersed in water or other polar solvents due to the
presence of various oxygen containing functional groups, to give GO.’ Several
modified Hummers methods are also available for graphite oxidation, which typically
involve changing the oxidising agent.” GO can be reduced via a chemical or thermal
reduction process to give reduced graphene oxide (rGO)." There are numerous
examples of the preparation of GO and rGO in literature reports. Ruoffet al.'' prepared
GO using the Hummers method that was then dispersed in water and reduced using
hydrazine at elevated temperatures. This procedure resulted in rGO nanoplatelets with
improved electrical properties compared to the starting GO. Lu et al.'> also used
hydrazine as a chemical reducing agent. They reported that the addition of stabilising
polymers enabled them to prepare rGO sheets with dimensional control due to the
incorporation of rGO into the polymer matrix. Alternatively, thermal reduction

methods can be used. Chabal et al."

studied the thermal reduction of GO. An aqueous
dispersion of GO was drop-cast onto a Si0,/Si wafer, and then annealed at temperatures
up to 850 °C, giving rGO. For all of these examples, the sp>-hybridised carbon network
was only partially restored after reduction, which can alter the mechanical, chemical,

and electrical properties of the resulting graphene material.'®

Although most dispersion based techniques involve graphite oxidation as the first step,

graphite materials can be exfoliated in a limited number of solvents to give dispersions



of graphene. This typically requires an organic solvent and high intensity
ultrasonication. For instance, Coleman et al.'® generated a graphene dispersion of 0.01
mg mL™" with a monolayer yield of around 1% through exfoliation of graphite powder
in N-methyl-pyrrdidone. Tagmatarchis et al.'® reported that graphene dispersions could
also be produced in o-dichlorobenzene and the treatment of this dispersion with
amphiphilic block copolymers, in acidic conditions, allowed the graphene to be
transferred to an aqueous phase. However, the low yields and need for low boiling point
organic solvents mean these methods are not suitable in the manufacture of workable

1.'7 described the successful preparation of a

devices. More recently, Villar-Rodil et a
graphene dispersion in aqueous conditions. In this work, graphite powder was
exfoliated in an aqueous solution of a flavin mononucleotide, which stabilised the
graphene sheets, thereby allowing them to be dispersed in water. Hong et al.'® also
prepared graphene dispersions in aqueous conditions by exfoliation of natural graphite
flakes in water in the presence of the positively charged stabilising agent, 4-phenylene
vinylene. Unfortunately, the addition of stabilising agents in these situations can alter

the properties of the resulting graphene.

Electrochemical exfoliation is becoming an increasingly popular method for graphene
production. Electrochemical exfoliation can be done at positive or negative potentials,
however positive potentials are more common. Usually, a large positive potential (5-10
V) is applied, which causes the generation of hydroxyl radicals that can oxidise the
graphite electrode. Intercalation of anions is then possible, causing exfoliation of the
graphite electrode. Miillen et al."” used this approach, applying a positive voltage (10
V) to a graphite electrode in sulfuric acid electrolyte. They reported that when the
voltage was applied, the graphite began to expand, and quickly dissociated generating
a graphene dispersion. The dispersion had > 80% of one to three layer graphene flakes,
with a C/O ratio of 12.3, determined by X-ray photoelectron spectroscopy (XPS).
Further work aimed to decrease oxidation by adding a range of reducing agents to the
electrolyte (ascorbic acid, gallic acid, hydrazine monohydrate, sodium borohydride,
and hydrogen iodide), to eliminate the hydroxyl radicals formed.”” The C/O ratio was
greatly improved (25.3), indicating less oxidation of the graphene. Majumder et al.*’
used a different approach to eliminate hydroxyl radical production. They utilised shear
induced effects to enable the exfoliation process at potentials as low as 1 V. Around

16% of the formed graphene sheets were monolayer, with 75% being less than four



layers. XPS results showed the graphene flakes produced using this method had a very

low oxygen content, consistent with high quality graphene flakes.

As an alternative to solution based or “top down” approaches, graphene can be
synthesised using “bottom up” approaches such as epitaxial growth and chemical
vapour deposition (CVD). The epitaxial method typically involves heating a single
crystal silicon carbide substrate above 1000 °C in an ultra-high vacuum chamber. This
enables the sublimation of silicon atoms on the surface, and subsequent graphitisation
of the carbon, forming a graphene film.** On the other hand, CVD involves the thermal
decomposition of a hydrocarbon precursor over a transition metal catalyst. CVD can
produce large area graphene, which is convenient when preparing electrode materials,
and so CVD was used as the method of graphene preparation in this project and is

described in detail below.

1.2.2 Graphene CVD

The most common transition metal catalyst used in CVD for the preparation of
graphene is copper. Copper is used due to the low solubility of carbon in copper: at 900
°C the solubility is only 0.0078%.* This means the CVD process is self-limiting
because the low solubility results in a negligible amount of dissolved carbon that could
contribute to multilayer growth as the substrate cools.* A typical CVD process
involves heating the copper near its melting point (1085 °C) in a reducing atmosphere,
typically hydrogen or a hydrogen/argon mixture, and annealing at this temperature for
at least thirty minutes. This provides a better substrate for graphene growth as it
generates a smooth copper surface, which has been reported to reduce the defect density
of the resulting graphene.” After this, a carbon containing precursor is introduced into
the system for a specified growth period.”® During this growth phase a number of steps
occur at the surface of the copper. First, the carbon precursor adsorbs to the copper
surface and the copper catalyses the partial dehydrogenation of the carbon precursor to
active carbon species. These carbon species diffuse across the surface to nucleation or
defect sites where they nucleate and grow into a polycrystalline film."**® After this
phase, the carbon precursor is flushed from the system and the system is cooled to room
temperature under an inert atmosphere.” The resulting graphene is a mono- to few-
layer polycrystalline graphene sheet, consisting of pristine graphene domains

interconnected via grain boundaries composed of aperiodic heptagon and pentagon



carbon ring pairs.”” Grain boundaries can negatively impact the mechanical and
electronic properties of the film,* therefore a film consisting of large domains with

fewer grain boundaries is often desired.

Several parameters can be controlled during the CVD process to achieve the desired
graphene film structure, including copper pre-treatment, carbon precursor choice, and
hydrogen flow rate. Copper pre-treatment influences the size of the resulting graphene
domains, and therefore grain boundary density. To grow large graphene domains, the
number of defect sites on the copper needs to be minimised to provide fewer nucleation
sites.”’ Several methods have been developed to achieve this. Typically, the copper foil
is cleaned prior to the CVD process. Work by Kim et al.** demonstrated that a nitric
acid pre-cleaning step is able to improve the quality of the graphene by removing
surface impurities that can act as nucleation sites. An electropolishing step of the copper
prior to CVD is further able to decrease surface roughness and therefore nucleation
density. Griep et al.’” reported a 99% decrease in copper surface roughness after
electropolishing, allowing the formation of graphene with increased domain size and
decreased sheet resistance. Many literature reports have utilised liquid or resolidified
copper as the growth substrate. Heating the copper above 1085 °C during the annealing
phase melts the copper foil, typically on a tungsten support. The copper can then either
be resolidified or kept in liquid form for growth, which provides an extremely smooth
surface. By using a liquid copper surface, well aligned, monolayer graphene domains
of up to 200 um across have been prepared.’’** Gu et al.** used a resolidified copper
support as the catalyst; the resulting graphene domains had areas of up to 1 mm?,
indicating a very low nucleation density. An alternative method for decreasing the
number of nucleation sites is through passivation of the copper, for example via
oxidation. An oxide surface can suppress nucleation, allowing the synthesis of large
domains.”>” The oxide was also shown to accelerate growth rate, and change the
growth kinetics to be diffusion limited. Liu et al.”® described a different approach to
passivation and utilised melamine to passivate the surface prior to growth. A solid
melamine precursor was placed in the growth chamber with the copper foil. Prior to
growth, the melamine was heated to the point of sublimation. Argon was then used as
a carrier gas to transport the gaseous melamine to the copper, whereby it could passivate

the surface. The resulting graphene domains were up to 1 cm across.



Another controlling factor in CVD growth of graphene is the choice of carbon
precursor. Graphene has been grown from solid,” liquid,*® and gaseous'* 2" #!
precursors. Solid precursors include polystyrene and other polymers, whereas liquid
precursors can be hexane, benzene, and alcohols. However, gaseous precursors are
usually advantageous because they have a higher purity than liquid or solid
hydrocarbons, therefore do not dope the resulting graphene.** Use of three different
gaseous precursors has been reported: methane, ethylene, and acetylene.*' Of these,
methane is the most popular due to its higher activation temperature. The higher
reactivity of acetylene and ethylene means they are more likely to decompose to give
amorphous carbon, thus degrading the quality of the resulting graphene. Hydrogen and
argon gas are also often added to the system. Hydrogen is often introduced during the
annealing stage as it provides a reducing atmosphere to assist in removing contaminants
from the copper surface. During the growth phase, hydrogen plays two major roles.
First it can catalyse the activation of the adsorbed hydrocarbons thereby encouraging
graphene growth.*® Also, it can act as a highly selective etchant to promote the growth
of hexagonal graphene domains. The addition of argon to the system during growth
dilutes the concentration of methane at the surface, which influences the number of

layers of graphene grown.

1.2.3 Transfer of Graphene

After growth, the polycrystalline graphene film is typically removed from the copper
support for transfer to a more useful substrate. Usually, the graphene layer is coated
with a polymer support, often polymethylmethacrylate (PMMA), to prevent damage
during the subsequent etching process.** The copper is then oxidised and completely
dissolved by either iron chloride (FeCl;)*> or ammonium persulfate ((NH),S,05)*
solution and the graphene transferred to a different substrate. The PMMA layer is
removed either by chemical dissolution or thermal annealing.*® Unfortunately, both
these methods can leave polymeric residues on the graphene surface, which can be
detrimental to subsequent applications. Furthermore, graphene transferred this way is
often cracked and wrinkled on the substrate. Protocols to improve the transfer
procedure have been reported during this thesis work. Cho et al.*’ recently published a
novel transfer method that reduced the formation of cracks and wrinkles in the
graphene. The graphene was still spin coated with PMMA prior to the transfer, but

before the graphene was collected and dried onto the new substrate, a small amount of



heptane was dropped onto the substrate. This procedure minimised the formation of
lamination wrinkles and cracks. It is believed that the high contact angle of the transfer
medium (water) trapped between the graphene and the substrate causes these wrinkles,
so trapping a low surface tension liquid such as heptane prevents this. In another
example, Unwin et al.*® demonstrated a novel biphasic transfer method. The
graphene/copper coupon is floated on the etchant solution, and a thin layer of hexane
is added to the top of the etchant solution. Once the copper is completely etched, the
monolayer graphene will sit at the organic/aqueous interface and the etchant is replaced
with water. The graphene can then be scooped out with the required substrate. They
demonstrated that this technique is applicable to a wide range of substrates including
atomic force microscopy (AFM) tips and transmission electron microscopy (TEM)
grids. The transfer of monolayer graphene or FLG after CVD onto an appropriate
substrate is still problematic, and methods must continue to be developed, both to

prevent damage to the graphene and eliminate the need for a polymer support.

1.3 Molecular Functionalisation of Graphene

Chemical functionalisation is often used to overcome some of the limitations of
graphene including its strong tendency to aggregate,”” and limited chemical diversity.”
In this work different modification protocols were used to functionalise graphene and

these are described below.

1.3.1 Reactions of Aryldiazonium Salts
Aryldiazonium salts have been used to modify a wide variety of carbon surfaces

including glassy carbon (GC),”' > HOPG,’ "’ carbon powders and fibres,**®' diamond-
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like carbon,”* and graphene. The grafting reaction can be electrochemically
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driven, S ontaneous,6l’ %4 or initiated through the addition of a chemical reducin
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agent such as hypophosphorous acid and typically leads to disordered multilayer
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films. The reaction can be carried out in aqueous, acidic, non-aqueous,

>0 and high pH solutions.”

For spontaneous grafting in aqueous conditions the first step is believed to be the
physisorption of the aryldiazonium cation at the carbon surface. Work by Colavita et
al.”" and Strano et al.*”' on amorphous carbon and carbon nanotubes respectively,

indicated that spontaneous grafting involved an initial adsorption step, followed by



decomposition into the covalently bonded species. Raman spectroscopy results from
Stark et al.”’ indicate that this is also true for reactions involving graphene. In aqueous,
acidic, and non-aqueous conditions the final reactive species is an aryl radical, an aryl
cation, or the diazonium ion itself. The formation of a carbon-carbon bond with the
surface via an aryl radical is a well-understood and accepted process. The physisorbed
aryldiazonium ion undergoes a one electron reduction via electron transfer from the
carbon, resulting in the formation of an aryl radical that can subsequently form a
covalent bond with the carbon surface.®® This is illustrated in Scheme 1.1; the initial

physisorption step is also shown.
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Scheme 1.1: Mechanism for the reaction of a carbon surface with an aryldiazonium ion through
an aryl radical intermediate.®" """

An alternative mechanism, leading to grafting via a carbon-carbon bond is through the
generation of an aryl cation that results from a heterolytic dediazoniation reaction
(Scheme 1.2).°>7*7 Unlike the radical mechanism, this pathway does not require an
external electron source. The cation mechanism is most favourable in acidic conditions

(pH < 4) in the absence of an electron source.””"*
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Scheme 1.2: Mechanism for the reaction of a carbon surface with an aryldiazonium ion through
an aryl cation intermediate.”



It is also possible to form azo bonds with the carbon surface. Belanger et al.” proposed
a mechanism for carbon black modification based on the reaction of f-naphtol with
diazonium salts that relies on the presence an ortho phenolic functionality (Scheme

1.3).7

No*

Carbon surface

Carbon surface

Scheme 1.3: Reaction of aryldiazonium cation directly with a carbon surface. Taken from
Belanger et al.”

Typically, with aryldiazonium salt chemistry, a multilayer is grafted. A mechanism
commonly reported in literature and shown in Scheme 1.4, was initially proposed by
Pinson et al.”® and describes the formation of multilayers on the surface of carbon and
other conducting substrates.”>”*”” This film growth mechanism explains the presence
of both carbon-carbon and azo bonds in the film. For simplicity, an unsubstituted
aryldiazonium ion has been used, the initial bond to the surface was assumed to be
generated via the aryl radical route, and the physisorption step has not been shown. The
first step is the single electron reduction of an aryldiazonium ion to give an aryl radical.
The aryl radical can then bind to the surface (Scheme 1.1). The generation of a second
aryl radical and subsequent reaction with the already grafted group gives a
cyclohexadienyl radical (R3). This then opens two possible reaction pathways. The first
(R4) involves the generation of a third radical via an electron exchange leading to
reoxidation of the cyclohexadienyl radical and reduction of an aryldiazonium ion. This
can then form a carbon-carbon bond with the already grafted group. This mechanism
has been investigated experimentally on glassy carbon using time of flight-secondary
ion mass spectrometry,” as well as on gold using an electrochemical method.”
Repetition of this cycle (R5) results in a multilayer phenyl film. The second pathway

generates azo linkages. The first step (R6) is the reaction of the diazonium ion with the



cyclohexadienyl radical, followed by a reduction step (R7). Reoxidation (R8) will then
take place to restore aromaticity and conjugation. Both pathways may continue to occur

1'65

to give multilayer growth. Belanger et al.” suggested both are operative for the

modification of graphite and graphene.
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Scheme 1.4: Mechanism explaining the formation of multilayer films through the reaction of

aryldiazonium salts with a carbon surface. Adapted from Pinson et al.”®

Alternatively, grafting may involve the formation of a diazohydroxide species, which
has been reported in aqueous, weakly acidic, and high pH conditions (Scheme 1.5).”

The diazohydroxide can decompose to give an aryl radical that can react with the



surface as illustrated in Scheme 1.1. Furthermore, the diazohydroxide exists in
equilibrium with its diazoate form. The diazoate can react with a second aryldiazonium
ion forming a diazonium anhydride. Homolytic cleavage of this results in the formation

of two radical species, which can both form covalent bonds with the carbon surface.*
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R
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Scheme 1.5: Generation of reactive species from aryldiazonium ions after the formation of a
diazohydroxide species.

1.3.2 Diels-Alder Reactions

Graphene can also be covalently functionalised via a Diels-Alder reaction. This is a
[4+2] cycloaddition reaction, between a diene and a dienophile, resulting in a six-
membered ring.®" As graphene is a highly aromatic, chemically stable system, it would
not typically be expected to take part in such a reaction, because aromatic molecules do
not usually participate in thermal (ground state) reactions. However, the unique
electronic structure of graphene means Diels-Alder reactions are possible. Graphene is
defined as a zero-band gap semiconductor, meaning that the conduction and valence
bands meet at the Dirac point (see Section 1.5).** This absence of an energy gap means
graphene can exist in a number of resonance forms, shown in Figure 1.2. This allows

graphene to act as either a diene or a dienophile in the Diels-Alder reaction.” ™

11



%
%
>:

PN

X

7\

®
J— A
®

Diene “Clar” Representation Dienophile

=<0
=X~

7\

Q
7 N\_/ \_/ \
>—\</\

=
X

Figure 1.2: Resonance forms of graphene.81

Haddon et al.** has reported the Diels-Alder reaction of graphene with a variety of

modifiers. These are shown in Figure 1.3.

A B C D
NC CN \T \;,
: O O O
NC CN W MeO OMe
Figure 1.3: Dienes and dienophiles used by Haddon et al. for the Diels-Alder reaction of

graphene: (A) tetracyanoethylene; (B) maleic anhydride; (C) 2,3-dimethoxy-1,3-butadiene; (D)
9-methylanthracene.

In Haddon’s work, graphene was used as both a diene and a dienophile. As a diene,
graphene could be readily functionalised by the highly reactive dienophile
tetracyanoethylene (Figure 1.3A) at room temperature. The resulting Raman spectrum
showed a high degree of functionalisation, indicated by a very prominent D band. The
reaction scheme is shown in Figure 1.4. The dienophile maleic anhydride (Figure 1.3B)
was less reactive towards graphene. The reaction required heating to 130 °C for
dispersed graphene and 70 °C for epitaxial graphene. For both starting materials, the

product underwent a cycloreversion process at 150 °C.
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Figure 1.4: Diels-Alder reaction between graphene (diene) and tetracyanoethylene (dienophile).

This work also investigated the use of graphene as a dienophile by investigating the
reaction with 9-methylanthracene (Figure 1.3D) and 2,3-dimethoxy-1,3-butadiene
(Figure 1.3C). The reaction with 9-methylanthracene required heating to 130 °C, while
the optimum temperature for 2,3-dimethoxy-1,3-butadiene was only 50 °C. The
reaction scheme for the latter diene is shown in Figure 1.5. The different temperature
requirements for the Diels-Alder reaction with each precursor compound indicates that
tetracyanoethylene is the most reactive species towards graphene Diels-Alder reactions.
This work demonstrates the versatility of the Diels-Alder reaction for graphene

functionalisation.

OMe

X
F

OMe

p-xylene, 50 °C

Figure 1.5: Diels-Alder reaction between graphene (dienophile) and 2,3-dimethyoxy-1,3-
butadiene.

An alternative approach for the Diels-Alder reaction is to use a mechanochemically

driven solid-state reaction. Braunschweig et al.** demonstrated this using various
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cyclopentadienes with either Raman or electrochemically active tags. These
cyclopentadienes were coated onto an elastomeric tip mounted onto an atomic force
microscopy cantilever. This could be used to exert a localised force between the
cyclopentadiene and the graphene sheet, allowing the Diels-Alder reaction to proceed.
The functionalisation was then characterised using either Raman spectroscopy or cyclic
voltammetry. This process enabled covalently patterned sheets of graphene to be
obtained at ambient temperature and atmospheric pressure. A similar force-accelerated
reaction was demonstrated by Baek et al.,*> however, here a ball-milling approach was
used, where graphite and maleic anhydride or maleimide were crushed together. The
resulting product was easily dispersed in various solvents to give functionalised

graphene nanoplatelets.

An alternative, and extremely reactive intermediate that can be used as a dienophile in
the Diels-Alder reaction is an aryne.*® An aryne is a neutral, highly reactive species that
is generated from the abstraction of two ortho substituents on an arene.”® Two common
methods exist for the generation of an aryne. Firstly, arynes can be derived from the
reaction of 2-trimethylsilylphenyl triflate with caesium fluoride.*”*® Alternatively, the
aryne can be generated from an anthranilic acid precursor. Anthranilic acids consist of
a benzene ring with a primary amine and carboxylic acid group positioned ortho to one
another. The treatment of the anthranilic acid with isoamyl nitrite generates a
benzenediazonium-2-carboxylate species that will thermally decompose to give an

aryne accompanied by the loss of carbon dioxide and nitrogen.* These two protocols
are shown in Figure 1.6.

R Ry R
Ry R
CsF, CH;CN Base, reflux Isoamy] nitrite
Heat
NH,

Ry R R
TIO ™S Aryne HoOC Ny* HooC

Figure 1.6: Different protocols for the generation of an aryne.

Ma et a.*” reported the use of the triflate precursor for reaction with a graphene
dispersion. They reported a degree of functionalisation of one group per 17 carbon
atoms after a 24 hour reaction at 45 °C. Kalugin et al.*® also reported the successful
modification of both HOPG and CVD graphene using the triflate precursor.

Conversely, Cougnon et al.” utilised an anthranilic acid as the aryne precursor. They
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reported that after a 24 hour reaction, a carbon powder could be successfully modified.
Interestingly, the application of this reaction to a carbon powder implies it is applicable
to both basal plane carbons such as graphene and HOPG, as well as edge plane carbons

such as activated carbon.

1.3.3 Other Molecular Functionalisation Methods

Many other reactions have been reported for efficient graphene functionalisation. The
1,3-dipolar cycloaddition reaction is a popular choice for graphene modification. This
is a [3+2] cycloaddition reaction between a 1,3-dipole and a dipolarophile (graphene).
For graphene, the 1,3-dipole is commonly an unstable azomethine ylid, generated from
a decarboxylation reaction between N-methyl-glycine and a carbonyl species.’
Trapalis et al.”> demonstrated this reaction using a graphene dispersion. The
thermogravimetric analysis of the resulting product indicated one functional group per
40 carbon atoms, and the functionalised material was readily dispersed in several
solvents. Prato et al.” showed via TEM that this reaction takes place on both the edges
and the basal plane. Miranda et al. described a novel way to modify graphene surfaces
is using cyanomethyl radicals.”* The radicals were generated by electron bombardment
of acetonitrile in ultrahigh vacuum. The cyanomethyl radical reacted with the double
bonds of graphene forming a C-C single bond. By introducing curvature to the graphene
sheet, Miranda and co-workers could dictate the site of functionalisation. A different
approach to covalent modification of graphene is through the introduction of single
atoms. Hydrogen, fluorine, chlorine, and oxygen atoms have been successfully added
to graphene sheets.”” For example, graphene can be halogenated by treatment with a
halogen based plasma. Although these modification approaches are an ongoing area of

research, they are beyond the scope of this thesis work, so will not be discussed further.

1.4 Deposition of Metal Nanoparticles onto Graphene

An alternative way to modify graphene is through the deposition of metal nanoparticles.
Metal nanoparticles possess many interesting optical, magnetic, electrical, and
chemical properties that are unique from the bulk material. When combined with
graphene, the hybrid materials can display the unique properties of graphene and the
nanoparticles, as well as novel properties resulting from the synergistic relationship
between the two materials.”® Of the available metal nanoparticles, gold is the most

commonly seen in the literature for graphene/nanoparticle hybrids, although examples
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of silver, palladium, and platinum graphene hybrid materials have been reported.””
Gold/graphene hybrid materials have been shown to have numerous applications. Work
by Vacarcel et al.'” demonstrated that rGO decorated with gold nanoparticles is a
potential substrate for surface-enhanced Raman spectroscopy, and utilised this to detect
the antibiotic metronidazole. Gold nanoparticles encapsulated by FLG were shown to
be an effective non-enzymatic glucose sensor.'’! Zhang et al.'” used a gold/graphene
hybrid material as a field emission device. Finally, Chen and Ju deposited gold
nanoparticles onto nitrogen-doped graphene. This material showed high selectivity and

sensitivity for the electrochemical detection of hydrogen peroxide.'®

A range of different preparation methods exist for depositing gold nanoparticles onto
graphene. Often a gold film is thermally evaporated onto graphene and subsequent
annealing of the film in argon allows nanoparticles to form.'**'% Work by Kim et al.'”
showed aggregation of these nanoparticles occurred at grain boundaries and wrinkles,
and therefore used this technique to visualise these different surface features of
graphene. Another option is to make the nanoparticles ex sifu, typically through the
citrate reduction method, and then dropcast them onto graphene.'®” '’ The distribution
of these nanoparticles on graphene is not always uniform. Interestingly, gold
nanoparticles can be spontaneously deposited onto graphene grown via CVD. Work by
Toth et al.,'®® illustrated that when CVD graphene, on its copper support, is submerged
in a tetrachloroaurate aqueous solution, the copper foil is able to reduce the gold salt,
causing nanoparticles to deposit at the graphene surface. Substantial nanoparticle
growth was reported after only a one minute immersion. This process is possible
because the reduction potential of the Cu/Cu*" couple (+0.34 V vs. standard hydrogen
electrode (SHE)) is significantly less positive than the reduction potential of the
Au/[AuCl4]” couple (+1.002 V vs. SHE). This means that copper metal can reduce gold
salts in aqueous solution. The gold nanoparticles grown ranged from 5 to 10 nm in
diameter. Furthermore, it was possible to decorate the other side of the graphene with
a second type of metal nanoparticle after removing the copper foil by oxidation. The
free-standing graphene/gold nanoparticle sheet was floated, gold side upwards, on an
aqueous solution containing either PdCl,*” or PtCly, and an organic solution
containing decamethylferrocene was then added over the graphene/gold sheet. The

decamethylferrocene reduced the metal salt at the liquid-liquid interface, resulting in
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deposition of the palladium or platinum nanoparticles on the underside of the graphene.
Finally, gold nanoparticles can be electrochemically deposited onto graphene.
Application of a negative potential reduces the gold salt to Au(0) that can nucleate at
the surface as nanoparticles. Benvidi et al.'”’ applied a potential of —0.2 V vs. Ag/AgCl
to a rGO electrode in a tetrachloroaurate aqueous solution for a fixed time, which

allowed nanoparticles to deposit. Yang'”

showed that the electrochemical deposition
process enabled the size and shape of the nanoparticles to be efficiently controlled by

varying the applied potential and current passed.

Work has also involved depositing metal oxide and metal hydroxide nanoparticles onto
graphene. Metal oxide and metal hydroxide nanoparticles can increase the energy
storage capability of the system, as will be explained in Section 1.6. Several different
metal oxides and hydroxides have been deposited onto graphene for this purpose,
including iron oxide, manganese dioxide, cobalt oxide, nickel hydroxide, and cobalt
hydroxide. The most common way to prepare the composite materials is through a
hydrothermal synthesis. For instance, Gao et al.''’ heated a dispersion of GO in an
aqueous solution of iron(II) sulfate and hydrazine for 24 hours at 160 °C, in a Teflon
lined stainless steel autoclave, resulting in rGO decorated with iron oxide nanocubes.
Similarly, Jin et al.""' heated a GO dispersion with manganese acetate in an ethanol
water mix for 11 hours at 180 °C, to give rGO decorated with 37-50 nm manganese
dioxide particles. Alternatively, electrochemical deposition can be used to deposit
metal oxide and metal hydroxide nanoparticles. Cobalt hydroxide nanoflakes were
deposited onto a graphene foam using cyclic voltammetry (CV) between 0 to —1.2 V
vs. Ag/AgCl in cobalt nitrate electrolyte. Reduction of the nitrate results in the
generation of hydroxide ions, which forces the precipitation of cobalt hydroxide at the

112
surface.

1.5 Doping of Graphene

According to computational tight binding calculations, graphene is a zero-band gap
semiconductor or semimetal.'” This means that the valence and conduction band meet
at the Fermi level. The addition of dopants to the graphene can open a band gap, and
will increase the carrier concentration. This has important consequences for electronic
applications. The influence of carrier concentration on capacitance will be discussed

later. Two types of doping have been shown for graphene, namely electrical and
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chemical doping. Electrical doping can be gate- or substrate-controlled. Chemical
doping is achieved via doping with heteroatoms, or molecular functionalisation,
including using the functionalisation methods outlined above. If graphene is
functionalised, for example using aryldiazonium chemistry, with an electron-
withdrawing group (eg. nitrophenyl), the group will locally remove electrons from the
valence band, which will introduce holes and therefore p-dope the graphene. On the
other hand, for graphene functionalised with an electron-donating group (eg.
methoxyphenyl), the group will donate electrons and therefore n-dope the sample.®
This is analogous to doping in extrinsic semiconductors. Furthermore, doping will shift
the Fermi level towards the conduction band in n-doped samples and towards the

valence band for p-doped samples, resulting in band gap opening.''*
1.6 Graphene Supercapacitors

1.6.1 What are Supercapacitors

Batteries are one of the most well-known energy storage devices. In batteries, energy
is stored as chemical potential energy, as an active material in the two electrodes. The
energy can be released by connecting a load across the terminals of the electrodes,
allowing the electrode materials to react electrochemically, resulting in current
generation.'"” Unfortunately, batteries have a number of unsatisfactory aspects,

116

including their limited shelf and cycle life, a low charge/discharge rate, "~ and their

construction from toxic materials such as lead, or scarce metals such as lithium.'"’
Supercapacitors (also known as ultracapacitors or electrochemical capacitors) are an
attractive alternative. Unlike batteries, supercapacitors have a large cycle life, high
charge discharge capability, and are typically made from much safer materials, such as
carbon,''® however they have a significantly lower energy storage density than
batteries, so the technology must be developed.'"” The Ragone plot below illustrates
the difference in performance between the two devices (Figure 1.7). Batteries have a

high energy density but a low power density (the rate at which energy can be supplied),

whereas supercapacitors have a high power density, but a low energy density.
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Figure 1.7: Ragone plot for common energy storage materials. Reproduced from Liu et al.'*

The construction of supercapacitors is similar to batteries in that there are two
electrodes submerged in an electrolyte, with a separator between the electrodes.'"”
There are two modes of energy storage possible in a supercapacitor: electrical double
layer capacitance and pseudocapacitance.'”' Electrical double layer capacitance is a
result of the double layer formed by accumulation of electrostatic charge at the
electrode-electrolyte interface.'** Energy storage is a result of charge separation at the
interface. It is therefore an electrostatic mode of energy storage, rather than chemical.
Figure 1.8 illustrates the development of different models of the electrical double layer.
The first model of the electrical double layer was proposed by Helmholtz in 1879, and
considered the double layer as a compact layer of equal and opposite charge at the
electrode surface. The Helmholtz theory ignored the diffusion or thermal motion of the
ions near the electrode and thus oversimplifies the double layer. The Guoy-Chapman
model, developed independently from the Helmholtz model, considers the thermal
motion of ions near the charged surface. They suggested the electrolyte side of the
double layer consisted of a diffuse layer comprised of both anions and cations. The

Helmbholtz and Guoy-Chapman model both consider the ions to be point charges.
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Figure 1.8: Models of the double layer: (A) Helmholtz model; (B) Gouy-Chapman model; (C)
Stern model; (D) Grahame model, with solvent molecules also shown. Adapted from Conway.'*

In 1924, Stern combined the two models to describe the double layer as a compact layer
of ions at the electrode surface (Helmholtz layer) next to a diffuse layer of anions and
cations (Guoy-Chapman). Furthermore, Stern considered the solvated ions as having a
finite size that dictated the distance of closest approach to the electrode surface.
Grahame extended this model to consider ion solvation. Some ions (typically anions)
can lose their solvation shell, meaning they have a smaller radius than their solvated
counterparts, and so can approach closer to the electrode surface. This means three
different regions can be distinguished: the inner Helmholtz layer, consisting of
desolvated ions, the outer Helmholtz layer, consisting of solvated ions, and the diffuse

123-125
layer.'*

According to Grahame’s model, the electrical double layer capacitance is influenced

by both the Helmholtz layer and the diffuse layer. The electrical double layer

capacitance (Cpr) can therefore be represented by Equation 1.1,
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CpL. Cu  Cpiff

(1.1)

where Cy is the capacitance arising from the Helmholtz layer, and Cpis is the
capacitance arising from the diffuse layer. In concentrated electrolytes, the diffuse
capacitance is very large, therefore the double layer capacitance is approximately the

same as the Helmholtz capacitance. The electrical double layer capacitance arises at all

electrode interfaces, and has values between 15 and 50 uF cm™.'* This value can be
estimated from Equation 1.2,
CoL ~ Cy = % (1.2)

where Cpr is the double layer capacitance in F, g is the dielectric constant for the
electrolyte in F m™, A4 is the surface area in m?, and d is the charge separation distance
in m. Electrode materials that exhibit good electrical double layer capacitance are
typically high surface area carbon materials including activated carbons, ordered

. 119
mesoporous carbons, carbon aerogels, and carbon nanomaterials.

The second method of energy storage is pseudocapacitance, where storage results from
Faradaic charge transfer processes.'”' Typically, redox active materials are either

1. Transition metal oxides and

chemi- or physisorbed to an electrode materia
conducting polymers are commonly used as pseudocapacitors, as they can undergo fast
redox reactions. Pseudocapacitors typically have much higher capacitance values than
electrical double layer capacitors, however unlike electrical double layer capacitance,
pseudocapacitance is not fully reversible, due to the charge transfer resistance
associated with the redox process, hence they suffer from reduced cycle stability
compared with electrical double layer capacitors. Electrical double layer capacitors and
pseudocapacitors are commonly combined in hybrid electrode materials that benefit

from both the superior capacitance of the pseudocapacitor, and the high cyclability and

conductivity of the electrical double layer capacitor.

In this project, graphene was used for the construction of an electrical double layer
capacitor. Graphene is an ideal material because of its high surface area and good
conductivity. Unfortunately, graphene capacitance is often limited due to aggregation
of the graphene sheets, which limits the accessibility for electrolyte ions. Furthermore,
graphene suffers from an intrinsic property known as the quantum capacitance that

limits the total electrode capacitance.

21



1.6.2 Quantum Capacitance of Graphene

Graphene electrodes have a double layer capacitance that is unusually small (< 10 pF
cm™?) compared to metallic electrodes (~ 20 puF cm™)."*” This is believed to be caused
by the quantum capacitance of graphene. Quantum capacitance is widely assumed to
be a direct result of the limited density of states near the Fermi level of graphene.'*®
The capacitance of graphene is therefore controlled by three components, and Equation

1.1 can be rewritten to account for this (Equation 1.3),

=g (1.3)

Cp. Cq Cx Cpifr

where Cj is the quantum capacitance. Tao et al. have studied the quantum capacitance
of single layer graphene in detail. An expression for the quantum capacitance of an
ideal graphene sheet has been derived based on a two-dimensional, free electron gas

model (Equation 1.4),

Cq = 22keT [2(1+ cosn=er)] (1.4)

T n(hvp)? kgT
where f is the reduced Plank constant, e is the electron charge, kg is the Boltzmann
constant, v is the Fermi velocity of the Dirac electron, and Vg, is the potential of
graphene. When eV, is significantly larger than k7, the equation can be rewritten as

Equation 1.5,

Cqme? 2l = 2 ng (1.5)
where nc is the number of charge carriers in the graphene. Based on Equation 1.5, a
plot of Cq vs. applied potential (V) can be drawn, as shown by the red squares in
Figure 1.9. This shows a minimum at the Fermi level, which is close to zero.
Furthermore, the quantum capacitance increases linearly with potential, with a slope of

23 uF cm™ V™' on both sides of the minimum.

Tao et al. reported that this model was unable to accurately fit experimental data
because various impurities and defects exist in graphene, therefore they added an
additional term for the carrier concentration induced by charged impurities (holes and

electrons) in the graphene, resulting in Equation 1.6,

2e? 1
Cq = 7= (Ingl + Ins) /2 (1.6)
where ng and ng are the carrier concentration caused by the applied potential and

charged impurities respectively, and ng can be calculated using Equation 1.7.
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_ eVen 2
ng = (o) (1.7)
If this model is used to plot quantum capacitance against applied potential then Figure

1.9 (blue, purple, and orange points) is obtained.
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Figure 1.9: Theoretical quantum capacitance vs. potential for graphene, derived from (red)
Equation 1.5, and (blue, purple, and orange) Equations 1.6 and 1.7.

Figure 1.9 shows that as the carrier concentration increases, the minimum quantum
capacitance increases and the plot becomes increasingly rounder, with the slope on
either side of the minimum decreasing with increasing carrier concentration. This
model is much more appropriate than Equation 1.5 in explaining experimental results

for single layer graphene.'*” '*1%!

The consequence of this is that increasing the carrier concentration will increase the
quantum capacitance and therefore the overall capacitance of the system. This was

illustrated by the work of Pope and Aksay.'*?

They controlled the capacitance of
graphene by varying the degree of oxidation of rGO, as oxygen containing defects can
introduce additional carriers to the system. A plot of defects (expressed as the intensity
ratio of the D/G Raman bands) versus minimum capacitance is given in Figure 1.10.
Above a certain defect concentration, the number of carriers is sufficiently high that the
quantum capacitance is larger than the Helmholtz capacitance, and the system is
therefore limited by the Helmholtz capacitance, like a metallic electrode. However, the

introduction of defects must be carefully controlled as too many defects may

compromise other properties such as conductivity.
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Figure 1.10: Variation in minimum capacitance for rGO with different numbers of defects.
From Pope & Aksay.'”

Recent studies have also suggested the number of layers of graphene influences the
total capacitance. Theoretical predictions indicate that the minimum capacitance

increases with increasing layer number in a linear fashion, however, experimentally the

133-134 1 134

capacitance does not increase beyond 3-4 layers. Jiang et a attempted to
rationalise this by introducing a fourth component to Equation 1.3, labelled the
dielectric capacitance. This is related to the graphene’s ability to screen the electric
field, which increases with the number of graphene layers. The exact origin of this layer

dependence is still under investigation.

1.6.3 Graphene Capacitors in Literature Reports

Graphene based supercapacitor electrodes are commonly reported in the literature.
Much work looks to overcome the limitations of graphene, both in terms of preventing
aggregation and minimising the impact of the quantum capacitance component. To
determine the capacitance of devices three main techniques are used: cyclic
voltammetry (CV), galvanostatic charge discharge testing (CD), and electrochemical

impedance spectroscopy (EIS).

The capacitance of CVD graphene has been reported previously. Ajayan et al.'>
evaluated the capacitance of CVD graphene in a polymer gel electrolyte, using CV and
CD. A capacitance of 80 uF cm™ was reported at a current density of 281 nA cm™.
Furthermore, the rectangular CV and triangular CD curves indicated good charge

propagation and efficient formation of the double layer. The device showed very little
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degradation after 1500 cycles. Ruoff et al."*' also looked at the capacitance of CVD
graphene with different layer numbers and minimum capacitances, derived using EIS,

of 2-4 uF cm™ was reported for single to five layer graphene.

rGO materials are often used to give porous electrode materials. Various types of
activation process can be used to convert rGO films into porous graphene films. Porous
graphene films are good for capacitance as they have a high surface area to volume
ratio, and the porous structure allows for faster ion transport and better transport

pathways for electrolyte ions. For example, Shi et al.'*

adhered a rGO film to a polymer
surface, then used electrochemical activation to prepare a porous material. The
electrochemical activation left a porous material because water trapped between the
sheets decomposed to a gas, which forced separation of the graphene sheets. The
resulting electrode gave a high areal capacitance of 15 mF cm™, at 0.1 mA cm™, and
had a 94% capacitance retention after 10,000 cycles. Dickerson et al.">” deposited a
rGO hydrogel onto a nickel foam. This porous material gave a capacitance of 161 F g’
"at1 A g, with an 80% retention after 10,000 cycles. Freeze drying rGO films is also
an effective way to make porous graphene materials. Costa demonstrated that freeze
drying hydrothermally reduced GO gave electrodes with capacitance values up to 441
Fglat 1 A g'"”® Similarly, Kaner et al."”” used freeze drying to give a three-
dimensional porous graphene film with a capacitance of 284 F g’ at 1 A g'. An
interesting approach to synthesising graphene electrode materials was reported by
Kaner."* A GO film was coated on a current collector, and then this was converted to
rGO using flash conversion. A flash lamp, like that in a camera, was used to reduce the
GO and leave a highly porous graphene film. Capacitances of approximately 64 F g
at 1 A g were reported, which are lower than other methods for forming porous
graphene, however this system had a significantly higher power density than previously

reported porous graphene.

Porous graphene is one popular option for building graphene capacitors. An alternative
is to use holey graphene. This is graphene that has been treated, often through

chemically etching the graphene or by air oxidation, leaving holes in the carbon

141 1 141

lattice.”™ Hu et al. ™ reported a holey graphene electrode generated by air oxidation.

The holes in the graphene enabled efficient ion transport, as well as increasing the
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number of defects within the graphene sheet. A capacitance of 61 F g at 0.1 A g was
reported for this system. This is not significantly higher than the non-holey graphene
(59 F g'"), however the system had a much higher rate capability due to increased ion
diffusion. Lin et al.'** also reported the use of holey-graphene in electrodes. They
prepared the holey graphene through edge oxidation, and then pressed this into a disk
electrode. The measured capacitance was 37-45 F g at 0.25 A g”'. They also showed
an extremely high areal mass loading, meaning the volumetric capacitance was

improved compared with a non-holey system.

Pseudocapacitive materials typically have significantly higher specific capacitance
values than electrical double layer capacitors. Graphene has been combined with
conducting polymers to give electrodes with high specific capacitance. Conducting
polymers are famous for their high flexibility, and good capacitive performance
resulting from their redox active nature. Conducting polymers perform especially well
when dispersed on a conductive, high surface area material such as graphene. Wei et
al.'” developed a graphene/polyaniline composite that gave a good capacitance of 1046
F g at 1 mV/s, compared with 183 and 115 F g for the graphene and polyaniline
respectively. Furthermore, Liu et al.'* have reported a rGO/polyaniline/cellulose
material. The cellulose frame acts as a support for the graphene/polyaniline
architecture. This gave an areal capacitance of 6.15 F cm™ at a current density of 1 mA
cm™. Polypyrrole is also used as a conducting polymer. Zhang et al.'* reported a

rGO/polypyrrole composite with a capacitance of 482 F g at 0.5 A g,

Metal oxides have very high specific capacitance, but suffer from a low electrical
conductivity and cycle stability. Coupling metal oxide nanoparticles with conductive,
high surface area materials such as graphene has been shown to overcome these issues,
while retaining a high specific capacitance. Various metal oxides have been used for
this, including ruthenium oxide, manganese dioxide, nickel oxide, copper oxide, and
iron oxide. Roy et al.'*® recently reported a rGO/iron oxide composite material. The
oxygen containing groups of the rGO acted as anchor points for the nanoparticles. The
capacitance was found to be 576 F g™ at 10 mV s, compared with 132 and 60 F g' for
pristine iron oxide and rGO respectively. Moshkalev'*’ also synthesised a rGO/iron
oxide hybrid material with a maximum capacitance of 455 F g' at 8 mV 5.

Furthermore, the capacitance retention after 9600 cycles was 91.4 %, showing good
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stability. Manganese dioxide has also been combined with graphene. Kurungot et al.'*®
electrochemically deposited a manganese dioxide nanograss onto a graphene substrate.
At 0.5 A g, a maximum capacitance of 776 F g was recorded. This was shown to
rely heavily on metal oxide loading, with a thin film performing best. Li et al.'*’
deposited manganese dioxide nanoflowers onto a 3D graphene electrode, supported by
a nickel foam. The composite material gave a capacitance of 559.4 F g at 0.5 A g™
Metal hydroxides have also been combined with graphene to give extremely high

capacitances. Jun et al.'"?

used an electrochemical deposition process to grow cobalt
hydroxide nanoflakes on a 3D graphene foam. The composite material gave a high
specific capacitance of 1030 F g at a current density of 9.09 A g, with only a 6%

decrease in capacitance after 5000 cycles. Zhan et al."®

electrodeposited nickel
hydroxide flakes onto a graphene foam. This gave an extremely high capacitance of

1433 F g™

As discussed here, a wide range of methods exist for preparing graphene based
supercapacitor electrodes. These can increase the electrical double layer capacitance of
graphene, through maximising surface area, or increase the overall capacitance of the
system by adding pseudocapacitive groups. In Chapter 5 of this thesis, preventing
restacking of graphene sheets to increase the electrical double layer capacitance of the
system will be considered. In addition, Chapter 6 will consider depositing cobalt and

nickel hydroxide materials onto graphene to increase the total capacitance.
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1.7 Project Aims
The overarching goal of this project is to build electrode materials for supercapacitor
devices from FLG, with a maximum available surface area. FLG has a strong tendency

to aggregate, so molecular spacers will be used to prevent this. This is illustrated in

Figure 1.11.
— Modify LBL stacking
—_— & — "
FLG Modified FLG
Capacitance = n Capacitance = n

Stacked modifed FLG
Capacitance = 3n

Figure 1.11: Cartoon illustrating the overall aim of this thesis.

If the FLG has a capacitance of n, then it is desired that modified FLG has a capacitance
of at least n. Upon stacking the modified FLG, the capacitance of each sheet should be
preserved. For example, a stack of three sheets should give a total capacitance of 3n.
This overall goal can be broken down into components, which are addressed in the
following chapters:
Chapter 3:
e To successfully synthesis FLG using chemical vapour deposition
e To modify FLG using aryldiazonium chemistry
Chapter 4:
e To modify FLG using the Diels-Alder reaction of an aryne
e To modify FLG via the addition of primary amines
Chapter 5:
e To measure the capacitance of pristine FLG and modified FLG through CV,
CD, and EIS
e To develop a LBL protocol for stacking modified FLG and establish the
optimum surface concentration of modifiers for complete sheet separation
Chapter 6:
e To increase the overall capacitance of the system by depositing cobalt and

nickel hydroxide nanoparticles onto modified and unmodified FLG
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2 Experimental Methods

2.1 Chemicals

Unless otherwise stated, all chemicals were purchased from commercial sources and
used as received, and all solvents were HPLC grade. The gases used for CVD were
purchased from BOC New Zealand. Aqueous solutions were prepared using Milli-Q
water (resistivity > 18 MQ.cm). EPO-TEK 301, two-part epoxy resin was used to

fabricate Au/epoxy substrates and to define working electrode areas.

2.1.1 Aryldiazonium Tetrafluoroborate Salt Synthesis

Aryldiazonium salts were synthesised using a standard procedure.'” The amine
precursors used were 4-nitroaniline, 4-(4-nitrophenylazo)aniline, 4-aminobenzoic acid,
4-iodoaniline, and 4-methoxyaniline. The amine precursor (5 mmol) was dissolved in
a solution of water (1 mL) and tetrafluoroboric acid (48%, 1 mL). Sodium nitrite (5
mmol), dissolved in a minimum amount of water, was added dropwise to the amine
solution, with stirring. The resulting mixture was cooled for 30 minutes in an ice bath,
and filtered. This solid was dissolved in a minimum amount of ice-cold acetonitrile in
a 250 mL beaker and ice-cold diethyl ether was subsequently poured slowly down the
side of the beaker to precipitate the aryldiazonium tetrafluoroborate salt. This was
filtered and washed 3x with ice-cold diethyl ether. All aryldiazonium salts were stored

at —4 °C in the dark (yield ~ 1 g, 85%).

2.1.2 2-Aminoterephthalic Acid 4-Methyl Ester Synthesis

The synthesis and characterisation of 2-aminoterephthalic acid 4 methyl ester has been
described previously.* A mixture of 2-aminoterephthalic acid (2.5 g), sulfuric acid
(95%, 2.5 mL), and methanol (25 mL) was stirred at 60 °C for 7 hours. This solution
was concentrated to half its volume, poured onto ice, and adjusted to pH 8 using solid
sodium carbonate. The solution was washed 3x with dichloromethane, acidified to pH
2 with concentrated hydrochloric acid, and the resulting yellow solid filtered. The
yellow solid was dissolved in 10% sodium carbonate solution, and this solution was
washed 3x with dichloromethane, acidified to pH 2 with concentrated hydrochloric

acid, and filtered, giving 2-aminoterepthalic acid 4-methyl ester as a yellow solid (yield

=2 g, 75%).
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2.1.3 Tetraoctylammonium Tetrachloroaurate ((TOA)[AuCl,]) Synthesis

A previously reported procedure was used for the synthesis of (TOA)[AuCl].’
Tetraoctylammonium chloride (2 g) in ethanol (10 mL) and HAuCl4.3H,0 (1.56 g) in
ethanol (10 mL) were mixed. The solution was gently heated to reduce the volume of
ethanol, until crystallisation began, then refrigerated for 2 hours and filtered, giving

yellow (TOA)[AuCly] crystals (yield = 3 g, 87%).

2.2 Substrate Preparation

Potassium bromide (KBr) disks (Sigma Aldrich) were polished prior to use with a
LECLOTH pad (LECO) wet with methanol. Highly ordered pyrolytic graphite (HOPG)
surfaces (SPI supplies) were freshly cleaved prior to use. Silicon wafer samples were
prepared by protecting a larger Si(100) wafer with photoresist, that was then cut into 1
cm x 1 cm pieces, and subsequently sonicated in acetone twice, methanol once, and

dried under nitrogen.

2.2.1 Pyrolysed Photoresist Film (PPF) preparation

PPF surfaces were prepared using a previously described method.! A small amount of
photoresist (2-3 drops of AZ4620 (Clariant)) was spin coated onto a I cm x 1 cm precut
Si(100) wafer for 30 seconds at 3000 rpm. The photoresist covered wafer was soft-
baked for 20 minutes at 95 °C, cooled, and a second layer of photoresist was applied.
The wafers were placed in a furnace, within a quartz tube, and heated over 3 hours to
1100 °C in a forming gas (95% nitrogen and 5% hydrogen) atmosphere (flow rate =
1500 sccm). This temperature was maintained for 1 hour, after which the furnace was
cooled to room temperature under forming gas flow. The samples were briefly
sonicated in successive baths of acetone, methanol and isopropanol, and dried under

nitrogen prior to use.

2.2.2 Au/Epoxy Working Electrode Surfaces

Au surfaces were prepared by thermally evaporating 50 nm of Ti, followed by 50 nm
of Au onto a large Si(100) wafer. This was then protected using photoresist and cut into
approximately 1.5 cm x 1 cm pieces. Once cut, the surfaces were soaked twice in
acetone, once in methanol, and dried under nitrogen. A drop (~ 0.1 mL) of an epoxy
resin (EPO-TEK 301, two-part resin) was added to the centre of each wafer (diameter

~ 3 mm) and cured to give a Au/epoxy surface (Figure 2.1).
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Au surface

Epoxy Resin

Figure 2.1: Au surface with epoxy resin droplet in the centre.

2.3 Preparation of FLG

2.3.1 CVD of FLG

Protocol A was derived from Wu et al.® Copper foil (99.999%, 25 um thick, Alfa Aesar)
was cleaned in 10% nitric acid, MilliQ water and finally isopropanol, and dried under
a stream of nitrogen. The copper foil was cut into 1 cm x 1 cm pieces and placed in a
furnace within a quartz tube. The furnace was heated to 100 °C with 50 sccm H, and
400 sccm Ar for 30 minutes, then heated to 1050 °C under 500 sccm H, and this
temperature was maintained for 30 minutes. Methane (5 sccm) was introduced for 7
minutes, after which the furnace was cooled for 1 hour to approximately 600 °C under
500 sccm H; only. The samples were withdrawn from the heating zone of the furnace

to cool rapidly to room temperature.

In protocol B, after the 30 minute step at 100°C, the furnace was heated to 1050 °C
under 1000 sccm Ar and 300 scem Hj, and this temperature was maintained for 30
minutes. The furnace was then heated to 1060°C and held at this temperature for 30
minutes, after which the Ar flow rate was increased to 1500 sccm, the H; decreased to
200 sccm, and methane introduced at 5 sccm for 5 minutes. The furnace was cooled for
1 hour to 600 °C, under 1500 sccm Ar and 50 sccm Hy. The samples were withdrawn

from the heating zone of the furnace to cool rapidly to room temperature.

2.3.2 Polymer Free Transfer of FLG

The FLG/Cu coupon prepared via CVD was floated on ammonium persulfate solution
(0.5 M) for 15 minutes to remove the FLG from one side. The same coupon was re-
floated on fresh ammonium persulfate solution (0.5 M) in a watch glass overnight,
leaving a sheet of free-floating FLG on the solution surface. The FLG was washed 5x
with water by solution replacement. The FLG could either be modified (Section 2.4) or

transferred to a desired substrate for analysis by lifting the substrate from below the
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FLG, and subsequently drying for 1 hour in air, and 30 minutes in a 60 °C oven. Figure
2.2 shows the different steps of the etching and transfer process. The FLG in Figure 2.2
was collected onto a Au/epoxy surface, however this could be replaced with any of the

substrates described in Section 2.2.

Au surface

Epoxy Resin
FLG

Figure 2.2: Steps for etching copper and collecting FLG onto a substrate: (A) FLG/Cu coupon
floating on ammonium persulfate solution; (B) FLG floating on water; (C) & (D) collecting FLG
onto a Au/epoxy surface by lifting the surface from below the FLG; (E) FLG on Au/epoxy. In
(B), (C), and (D) the FLG has been outlined for clarity.
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2.4 Modification Methods

2.4.1 Aryldiazonium Salt Reaction

2.4.1.1 Free-Floating Modification

Free-floating FLG (Figure 2.2B) was transferred to a 5 mL aryldiazonium salt aqueous
solution (20 mM, unless otherwise specified) by removing the water and replacing it
with modifier solution using a plastic pipette. The FLG was left on the aryldiazonium
salt solution for between 1 and 72 hours in the dark, then washed with water 5x via
solution replacement. The modified FLG could be collected onto various substrates in

the sandwiched orientation (see Chapter 3, Scheme 3.1).

2.4.1.2 On Copper Modification

The FLG/Cu coupon was floated, FLG side down, on a 5 mL aqueous solution of the
aryldiazonium salt (20 mM, unless otherwise specified) for 1 to 72 hours in the dark,
then rinsed with MilliQ water. The modified FLG was removed from the copper, as
described in Section 2.3.2, allowing modified FLG to be collected for analysis in the

exposed orientation (see Chapter 3, Scheme 3.1).

2.4.2 Diels-Alder Reaction of an Anthranilic Acid

The FLG/Cu coupon was immersed in a solution of isoamyl nitrite (150 pL) in 1,2-
dichloroethane (10 mL) in a 2-neck round bottom flask. The solution was brought to
reflux under a constant flow of nitrogen. The anthranilic acid precursor (5-
nitroanthanilic acid or 2-aminoterephthalic acid 4-methyl ester) dispersed in 1,2-
dichloroethane (final concentration = 0.14 M) was added slowly to the refluxing
solution over a period of 30 minutes. The precursor dissolved once added to the
refluxing solution. The solution continued at reflux for between 30 minutes and 6 hours.
The coupon was removed from the reaction solution and washed with fresh 1,2-
dichloroethane and MilliQ water. The FLG was removed from the copper and collected
for analysis, as described in Section 2.3.2. Note that this protocol was only carried out
using the FLG/Cu coupon as free-floating graphene was damaged by the reflux process.

PPF surfaces were modified using the same protocol.

2.4.3 Primary Amine Addition
Free-floating FLG (Figure 2.2B) was transferred to a 5 mL N,N-dimethylformamide
(DMF) solution of diisopropylethylamine (100 pL) and the primary amine (4-
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nitrophenethylamine or 2-aminoanthraquinone, 50 mM) by removing the water and
replacing it with modifier solution using a plastic pipette, and left to react for 1 to 25
hours. The FLG was washed 1x with fresh DMF, and 5x with MilliQ water via solution

replacement, and collected for analysis.

For physisorption trials, the free-floating FLG (Figure 2.2B) was transferred to a 5 mL
DMF solution of diisopropylethylamine (100 pL) and the physisorption analogue
(nitrotoluene or anthraquinone-2-sulfonic acid sodium salt, 50 mM) by removing the
water and replacing it with modifier solution using a plastic pipette, and left for 20
hours. The FLG was washed 1x with fresh DMF, and 5x with MilliQ water via solution

replacement, and collected for analysis.

2.4.4 Gold Nanoparticle Deposition

All electrochemical processes were carried out using an Eco Chemie Autolab
PGSTAT302N or PGSTSAT302 potentiostat running Nova software. For gold
deposition, the working electrode was a 1 cm x 1 cm FLG/Cu coupon, with a copper
foil electrical contact. The copper coupon had FLG on both sides, and both sides were
exposed to the electrolyte solution. A Pt wire and Pt mesh were used as the pseudo-
reference and counter electrodes respectively. Depositions were carried out in a DMF
solution of (TOA)[AuCl4] (0.36 mM) and tetrabutylammonium perchlorate (TBACIO4,
0.1 M), by applying a fixed potential of 0.4, —0.6, or —0.8 V vs. Fc/Fc" for 30 seconds
to 10 minutes. After deposition, the FLG/Cu coupon was rinsed with fresh DMF and
MilliQ water, and removed from the copper, as described in Section 2.3.2. To confirm
the potential of the [AuCly]™ reduction, a CV was obtained (scan rate = 100 mV s™) in
the same deposition solution, using a separate Pt wire as the working electrode, with
added ferrocene (Fc). The half wave potential (E},) value for the Fc/Fc' couple was 0.1
V vs. the Pt wire pseudo-reference electrode, and it was assumed that the same £,
value was applicable to the FLG/Cu working electrode, so this was used to report all

potentials vs. Fc/Fc'.

2.4.5 Cobalt-Nickel Hydroxide Nanoparticle Deposition
Protocol one: A FLG/Cu coupon was used as the working electrode, with a copper foil
electrical contact. There was FLG on both sides of the copper, and both sides were

exposed to electrolyte solution. The electrodeposition was carried out in an aqueous
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solution of Co(NO3),.6H,0O (0.03 M) and Ni(NOs),.6H,O (0.1 M), with a Pt mesh
counter electrode and a saturated calomel electrode (SCE) reference electrode. A
potential of —1.0 V was applied for 1 minute, after which the FLG/Cu was washed with
water. The FLG was removed from the copper and collected for analysis, as described

in Section 2.3.2.

Protocol two: Free-floating FL.G (Figure 2.2B) was collected onto a Au/epoxy surface,
and dried. The FLG on the Au/epoxy surface was used as the working electrode, with
a copper foil electrical contact. The electrodeposition was carried out in an aqueous
solution of Co(NO3),.6H,O (0.03 M) and Ni(NOs),.6H,O (0.1 M), with a Pt mesh
counter electrode and a SCE reference electrode, by applying a potential of —1.0 V for
between 30 seconds and 5 minutes, with the entire Au/epoxy/FLG surface submerged
in the deposition solution. The FLG surface was washed with water and dried. This
protocol was also carried out with carboxybenzene diazonium modified FLG (FLGcp)

that had been modified via the free-floating method (Section 2.4.1.1).

2.5 Layer by Layer Assembly of Three-Sheet Stacks of Modified
and Unmodified FLG

2.5.1 Aryldiazonium Modified FLG

A Cu coupon bearing NBD modified FLG with the modifying layer in the exposed
orientation (Section 2.4.1.2) was taped to a glass microscope slide. A second, NBD
modified FLG sheet (Section 2.4.1.2), that had been modified on copper and removed
from its copper support, was collected onto the FLG/Cu surface (with the modifying
layer in the exposed orientation), by lifting the substrate from below the floating
modified FLG. This was dried at room temperature for 60 minutes, and at 60 °C for 30
minutes. Another NBD modified FLG sheet could then be collected onto the
FLG/FLG/Cu surface in the same manner, giving a three-sheet stack of NBD modified
FLG on copper. The copper was removed, as described in Section 2.3.2, to give a three-
sheet stack of modified FLG that could be collected on an appropriate substrate for
analysis. This process was also repeated with unmodified FLG, giving a three-sheet

stack reference sample.
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For CBD modified FLG, the modification was carried out via the free-floating method
(Section 2.4.1.1). The modified free-floating FLG was collected onto a Au/epoxy
electrode surface in the sandwiched orientation (Section 2.4.1.1) by lifting the substrate
from below the free-floating modified FLG and dried first at room temperature for 1
hour, then at 60 °C for 30 minutes. A second and third modified free-floating FLG sheet
was collected onto this Au/epoxy/FLG surface in the same manner, giving a three-sheet

stack of CBD modified FLG on the Au/epoxy electrode substrate.

2.5.2 Gold Nanoparticle Decorated FLG

Three-sheet stacks of gold nanoparticle decorated FLG were assembled as described in
Section 2.5.1, however the NBD modified FLG/Cu was replaced with FLG/Cu
decorated with gold nanoparticles (Section 2.4.4).

2.5.3 Cobalt-Nickel Hydroxide Nanoparticle Decorated FLG

A free-floating, unmodified FLG sheet was collected onto a Au/epoxy wafer and dried.
Cobalt-nickel hydroxide nanoparticles were deposited onto the FLG as described in
Section 2.4.5. A second unmodified FLG sheet was collected on the Au/epoxy/FLG
surface, and the deposition process was repeated. A third, unmodified FLG sheet could
be collected onto the Au/epoxy/FLG/FLG substrate and the deposition process repeated
a final time to give a three-sheet stack of cobalt-nickel hydroxide modified FLG on a
Au/epoxy surface. This entire protocol was also carried out using FLGcp sheets rather

than unmodified FLG.

2.6 Characterisation Methods

2.6.1 Error Analysis

Throughout this thesis, when the presented results are the average of three or more
samples, the reported error/error bars are the standard deviation, and when the results
are an average of two samples, the reported error/error bars are the range of values

obtained from the two samples.

2.6.2 Infrared (IR) spectroscopy

For IR spectroscopy, the FLG was collected onto a KBr disk. IR spectra were obtained
using a Bruker Vertex 70 spectrometer operating OPUS software. All spectra were
recorded using 32 scans at 4 cm™ resolution from 600 to 4000 cm™ using a liquid

nitrogen cooled wide band mercury cadmium telluride (MCT) detector. For KBr/FLG
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samples the spectra were measured using transmission mode. A non-transparent cut-
out was used to define the sample area. After recording each IR spectrum, the KBr/FLG
disk could be resubmerged into a large petri dish containing water. Due to the solubility
of KBr in water, the FLG was released from the surface to re-float on the water, so the
FLG could be collected onto a second substrate for further analysis (Figure 2.3). For
powder samples of the modification precursors, spectra were recorded using a diamond
internal reflection element in an attenuated total reflectance arrangement (ATR mode).
For ATR mode an air background, and for transmission mode a KBr background, was

collected prior to spectral acquisition.

Collecton

FLG floating on water FLG on KBr

Submerge
¢ I [ >

Re-float FLG on water
Obtain IR spectrum

Figure 2.3: Protocol for collection of FLG on KBr for IR spectroscopy and releasing FLG for
further analysis.

2.6.3 Ultraviolet (UV)/Visible spectroscopy

For UV spectroscopy, the FLG was collected onto a glass microscope cover slip. The
UV spectra were obtained on a Cary 50 UV-visible spectrometer. Spectra were recorded
at 600 nm min™' from 800 to 400 nm, with a 1 nm resolution. A clean microscope cover

slip background was recorded prior to spectral acquisition.

2.6.4 Raman Spectroscopy

2.6.4.1 Aryldiazonium and Diels-Alder Modified FLG

For Raman spectroscopy of aryldiazonium and Diels-Alder modified FLG, the FLG
was collected onto a Au surface with no epoxy resin. The Raman spectra were obtained
using a 532 nm (2.33 eV) laser, with 5 mW power in a confocal microscope
arrangement with a 40x objective lens. The spectra were collected in a backscattering

mode using 20 exposures at 5 second exposure times. The spot size was approximately
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2 um. For each sample, three spectra were recorded, and the results presented are the
average of these. Spectra were obtained by Ms. Haidee Dykstra at Massey University,
New Zealand.

2.6.4.2 Nanoparticle Deposition

For Raman spectroscopy after gold nanoparticle deposition, the modified FLG was
collected onto a silicon wafer. The Raman spectra were obtained using a Renishaw RM
264N94 (532 nm laser) spectrometer operating at power < 1 mW. For each sample,
three spectra were recorded at three separate points on the surface. The results presented

are an average of the 9 spectra from each sample.

2.6.5 Atomic Force Microscopy (AFM)

2.6.5.1 Topographical Measurements

For AFM topographical imaging (Digital Instruments Dimensions 3100) the FLG was
transferred to either HOPG or a gold substrate. Images were obtained at 0.65 Hz with a
resolution of 512 samples per line in non-contact tapping mode using a silicon

cantilever (Tap300Al-G) operating at resonant frequencies of approximately 280 kHz.

For AFM imaging after gold nanoparticle deposition, the FLG was collected onto a
silicon wafer. AFM topographical images (Multimode 8 from Bruker, USA) were
obtained in peak force quantitative nanomechanical mapping mode with scan assist
activated using a silicon cantilever (SNL-10), with 512 samples per line at a scan rate
of 0.65 Hz. The particle height and density were measured using Nanoscope analysis
software. The particle height was determined by taking a line profile across the
nanoparticle, and measuring the height as the vertical distance from immediately before
the nanoparticle to the highest point of the nanoparticle. For each sample, the height of
15 nanoparticles was measured, and the presented data is the average of these. To
calculated the particle density, the particle analysis tool was used over a 2.5 um x 2.5

pm area.

2.6.6 AFM Scratch Testing
Depth profiling measurements using scratch testing of modified PPF were performed

using a previously described technique.” A chip with three silicon cantilevers of
different lengths was used (MikroMasch CSC37/AIBS). The AFM laser was focused

on the shortest cantilever while the camera visual system was aligned with the longest.
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When the shortest cantilever engaged with the surface, the longest dug into the film.
The shortest cantilever was scanned multiple times over a 10 um x 2.5 um area at a
scan rate of 1.0 Hz so the long cantilever could scratch the film from the surface. The
chip was replaced with a new single cantilever chip, and imaged as described above.
The edge height of the scratch was determined using the box tool on Nanoscope
analysis, which averages all the line profiles from within a boxed area. An example of

a boxed area, and associated profile is given in Figure 2.4.”

Figure 2.4: Box profile across AFM tip scratch on modified PPF. Scale bar = 3.0 um.

2.6.7 Scanning Electron Microscopy (SEM)

2.6.7.1 Gold Nanoparticle Decorated FLG (FLGa,)

The FLGa, sample was collected onto a silicon wafer, and a thin film (< 1 nm) of Pt
was evaporated onto the surface to improve conductivity. The SEM images were
obtained using an FEI Quanta 650 ESEM-FEG operating in high vacuum at 20.0 kV.
SEM images were obtained by Dr. Patrick Hill at the University of Manchester, United

Kingdom.

2.6.7.2 Metal Hydroxide Nanoparticle Decorated FLG

FLG after metal hydroxide nanoparticle deposition on a Au/epoxy surface were imaged
using a JEOL 7000F scanning electron microscope with JEOL Ex-2300 energy
dispersive X-ray analyser, operating in high vacuum at 15.0 kV. SEM images were

obtained by Mr. Mike Flaws at the University of Canterbury, New Zealand.

2.6.8 X-ray Photoelectron Spectroscopy (XPS)

For XPS measurements the FLG was transferred to either a silicon or gold substrate
(with no epoxy resin). XPS data were obtained using a Kratos Axis Ultra DLD
spectrometer equipped with a monochromatic Al Ka source operating at 150 W. The
wide scans were recorded with a step size of 1 eV and pass energy of 160 eV. Data

were obtained by Dr. Colin Doyle at the University of Auckland, New Zealand.
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2.6.9 Electrochemical Surface Concentration Measurements

The modified FLG was collected onto HOPG or PPF and dried, washed with methanol
and redried. A circular working electrode area was defined using the two-part epoxy
resin. The electrode was photographed and analysed using ImageJ software to establish

the working electrode area, as shown in Figure 2.5.

Figure 2.5: Image of FLG collected on HOPG with epoxy defined working electrode area used
for ImageJ analysis of working electrode area. Dashed line shows working electrode area.

The cell was assembled with the working electrode placed horizontally between an
insulated metal base plate and a glass solution cell with a hole in the base. A copper foil
electrical contact was taped to the working electrode. A 0.13 ¢m” O-ring and four
springs from plate to the cell sealed the electrolyte solution above the sample (set up

shown in Figure 2.6)

Nasddll/]]

>

Figure 2.6: Electrochemical cell used for surface concentration measurements. SCE reference
electrode and Au counter electrode shown.
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2.6.9.1 Nitrophenyl (NP) Surface Concentration

NP reduction measurements were carried out in 0.1 M H,SOj4 that was sparged for 15
minutes with nitrogen. A large area gold wire was used as the counter electrode and a
SCE was used as the reference electrode. CVs were recorded between 0.6 and —1.0 V
at 200 mV s, starting at 0.6 V. Two cycles were recorded for each reduction
measurement. For the PPF modified via the Diels-Alder reaction (Section 2.4.2) the
same protocol was used, however no epoxy resin was used and the working electrode

area was defined by the O-ring only (0.13 cm?).

The surface concentration of NP groups was calculated based on the charge associated
with the reduction of NP groups and the oxidation of hydroxylaminophenyl groups (see
Chapter 3, Figure 3.22)."""? The reduction and oxidation peak area was calculated using
LinkFit software.”® To determine the area under the reduction curve, a baseline was
fitted. In preliminary work, three different baselines were considered, and these are

illustrated in Figure 2.7.
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Figure 2.7: Different baselines considered for determining the area under the NP reduction peak.
Option 1 treats the baseline as the linear function of the voltammetric slope prior to the
reduction peak. In option 2 the baseline is positioned between the pre and post
voltammetric slopes, and option 3 uses the second CV cycle as the baseline. All three
options were examined using 18 recorded CVs, and option 2 was chosen as the most
appropriate. Option 1 and 3 were both excluded, due to complications from unknown
capacitance contributions that may influence the background current. Also, option 1
and 3 appeared to overestimate the area when the reduction peak was small. Equation

2.1 was used to give the surface concentration,

r=— 2.1)
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where I is the surface concentration in mol cm?, Q is the charge in coulombs (Q is
calculated from the area of the NP reduction and hydroxylaminophenyl oxidation
peaks), n is the number of electrons involved in the process (n=6), F' is Faraday’s

constant, and A is the working electrode area in cm’.

2.6.9.2 Anthraquinone Surface Concentration Measurements

Anthraquinone surface concentration measurements were carried out in 0.5 M H>SOg4
that had been sparged for 15 minutes with nitrogen. A large area gold wire was used as
the counter electrode and a SCE was used as the reference electrode. CVs were recorded
between 0.5 and 0.7 V, at 200 mV s, starting at 0.5 V. The surface concentration of
anthraquinone groups was calculated based on the charge associated with the reduction

eak (Figure 2.8)."* Equation 2.1 was used to calculate surface concentration, where
p g q
n=2.

Current Density / pA cm™

l l l l l l
-06 -04 -02 0.0 0.2 0.4

Potential (SCE) / V

Figure 2.8: Reduction peak area used in AAQ surface concentration calculation.

2.6.10 Capacitance of FLG after Aryldiazonium Modification or Gold
Nanoparticle Deposition
The modified FLG and FLG stacks were collected onto a Au/epoxy surface and dried,
rinsed with methanol and redried. A circular working electrode area was defined using
two-part epoxy resin. The electrode was photographed and analysed using Imagel
software to establish the working electrode area, as described above. The cell was
assembled with the working electrode placed horizontally between an insulated metal
base plate and a glass solution cell with a hole in the base (Figure 2.9). A copper foil
electrical contact was taped to the working electrode. A 0.13 c¢m” O-ring and four

springs from plate to the cell sealed the electrolyte solution above the sample. A large
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area gold wire was used as the counter electrode and a SCE, housed in a Luggin
capillary, was used as the reference electrode. For capacitance measurements, the
electrolyte was 1 M HCIO4, which was sparged with nitrogen for 15 minutes prior to

measurement.

Au/epoxy/FLG |

Figure 2.9: Electrochemical cell with Luggin capillary used for capacitance measurements. SCE
reference and Au wire counter electrodes shown.

2.6.10.1 Cyclic Voltammetry
CVs were recorded between 0 and 0.4 V, starting at 0 V, at scan rates of 200, 100, 50,
20, 10, 5, and 2 mV s, in order of decreasing scan rate. The areal capacitance was

calculated based on the area enclosed by the CV plot using Equation 2.2,

_ Acv
Ca = 20AVA (2.2)

where Cj is the capacitance in F cm'z, Acv is the area enclosed by the CV in AV, v is
the scan rate in V s, AV is the potential window in V, and 4 is the working electrode

area in cm>.

2.6.10.2 Galvanostatic Charge Discharge (CD) Measurements

CD measurements were always recorded after the CVs described in Section 2.6.10.1,
from 0 to 0.4 V at current densities of 6.25, 10.0, 12.5, 25.0, and 50.0 pA cm™, in order
of increasing current density. The areal capacitance was calculated based on the

discharge portion of the plot (Figure 2.10) using Equation 2.3,

Ca / 2.3)

~ (@v/w)
where C, is the capacitance in F cm™, J is the current density in A cm™, AV is the

potential window, and #p is the discharge time. Energy density and power density were
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calculated using Equations 2.4 and 2.5 based on the areal capacitance determined via

CD testing,'®"”

_0.5CA(4V)?

E
A 3.6

(2.4)

where E, is the energy density in mWh cm™, and C, is the areal capacitance in F cm™,
P, = f—g x3600 (2.5)

where P, is the power density in mW cm™. Equation 2.4 and Equation 2.5 can also be

used to give the gravimetric energy density (Wh kg™') and gravimetric power density

(W kg™, if the areal capacitance is replaced with the gravimetric capacitance (F g™).
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Figure 2.10: CD plot of FLG on Au/epoxy in 1 M HCIO,, with discharge time and potential
window shown.

2.6.10.3 Electrochemical Impedance Spectroscopy (EIS) Measurements

CVs were recorded between —0.6 and 0.3 V, and —0.3 and 0.3 V, at 200 and 20 mV s’
before and after all EIS measurements. EIS data were collected using a perturbation
amplitude of 10 mV at 50 frequencies, from 0.1 MHz to 0.1 Hz, between —0.5 and 0.3
V at 50 mV steps. The DC potential was held for two minutes before beginning each
measurement to allow the system to achieve a steady state. Unless otherwise stated all
EIS measurements were started at the most negative potential and stepped to more

positive potentials.

2.6.11 Capacitance of Metal Hydroxide Modified FLG

A circular working electrode area was defined using two-part epoxy resin on the
Au/epoxy/FLG surface after metal hydroxide nanoparticle deposition. The electrode
was photographed and analysed using Image] software to establish the working

electrode area, as described earlier. The cell was assembled with the working electrode
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placed horizontally between an insulated metal base plate and a glass solution cell with
a hole in the base (Figure 2.9). A copper foil electrical contact was taped to the working
electrode. A 0.13 cm® O-ring and four springs from plate to the cell sealed the
electrolyte solution above the sample. A large area gold wire was used as the counter
electrode, and a Hg/HgO, 1 M KOH reference electrode was used, housed in a Luggin
capillary. For capacitance measurements, the electrolyte was 1 M KOH, which was

sparged with nitrogen for 15 minutes prior to measurement.

2.6.11.1 Cyclic Voltammetry
CVs were recorded between —0.2 and 0.65 V at scan rates of 200, 100, 50, 20, 10, 5,
and 2 mV s™, in order of decreasing scan rate. The capacitance was calculated based on

the area enclosed by the CV plot, as described by Equation 2.2.

2.6.11.2 Galvanostatic Charge Discharge

CD measurements were always recorded after CVs obtained as described in Section
2.6.11.1. CD curves were recorded from —0.2 to 0.65 V at current densities of 0.8, 1.6,
3.2, and 6.4 mA cm?, in order of increasing current density. The capacitance was

calculated based on Equation 2.3.

2.6.11.3 Electrochemical Impedance Spectroscopy

EIS measurements were carried out as described in Section 2.6.10.3.

2.6.12 Four-Point Probe measurements

The FLG was collected onto a glass microscope cover slip that had been cut into 1 cm
x 2.5 cm pieces. After drying, four ohmic contacts were added to the corners of the
FLG sample by thermally evaporating 50 nm of Ti followed by 50 nm of Au. The FLG
was masked using aluminium foil, so that only the corners of the FLG were exposed
during Ti and Au contact deposition. An ECOPIA SPCB-01 spring clip-board was used
to mount the sample. Measurements were made using a EGK Corp. HEM-2000 Hall
Effect Measurement System, with a 0.51 T magnet. For each sample, four currents were
used, and the voltage output recorded. The choice of current was automated and
selected to give a voltage reading close to 200 mV, and therefore was unique for each
sample. Figure 2.11 shows a sample collected onto a glass microscope cover slip with
ohmic contacts in each corner, and the spring clip-board. Appendix A.2 outlines the

calculations required for the four-point probe measurements. The Van der Pauw method
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was used to determine sheet resistance, as this method compensates for the geometry

dependence of resistivity measurements.

Figure 2.11: Left to right: FLG collected onto glass microscope coverslip, with Ti/Au contacts
in each corner of the FLG; ECOPIA SPCB-01 spring clip board used for Hall effect
measurements.

2.6.13 Inductively Coupled Plasma Mass Spectrometry (ICPMS)
Measurements

For ICPMS measurements, a circular area was defined using two-part epoxy resin on
the Au/epoxy/FLG surface after cobalt-nickel nanoparticle deposition. An area was
defined prior to immersion so that the measured concentration could be converted into
a surface concentration after analysis. This substrate was immersed in 5 mL of 2%
ultrapure nitric acid for 24 hours, after which the substrate was removed. The
concentration of cobalt and nickel in the solution was determined using an Agilent
7500cx ICPMS with a standard set up, then converted into a surface concentration of
cobalt-nickel on the FLG prior to immersion. ICPMS measurements were performed
by Mr. Robert Stainthorpe at the University of Canterbury, New Zealand. Standards of
0.1, 1, 10, 100, and 1000 pg L™ were used for calibration prior to analysing samples.
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3 Chemical Vapour Deposition of Few-Layer Graphene and

Subsequent Modification with Aryldiazonium Salts

3.1 Introduction

CVD graphene is chemically inert and can be difficult to process due to its tendency to
aggregate caused by strong Van der Waals interactions between the sheets. Chemical
functionalisation of graphene is a possible way to overcome this. Functionalisation can
also add different groups that will be useful to the final application. As explained in
Chapter 1, Section 1.7, one aim of this project is to use covalent functionalisation
methods to add spacer groups that will prevent aggregation of the FLG sheets during
assembly into supercapacitor devices. Covalent modification is a particularly attractive
option because covalently bonded groups are unlikely to be removed during assembly
and use of the final device. One convenient technique to covalently modify graphene is
via reaction with aryldiazonium salts. The mechanism for this reaction was discussed

in Chapter 1, Section 1.3.1.

The reaction of aryldiazonium salts with graphene has been explored in various
literature reports. Examples of both spontaneous and electrochemical grafting of
aryldiazonium salts exist, in both aqueous and non-aqueous conditions. Several
different forms of graphene have been modified using aryldiazonium salts. Tour et al."”
? studied the solution phase reaction of rGO. They found that the addition of a surfactant
to the reaction mixture enhanced the efficiency of the reaction due to a more
concentrated dispersion of rGO. Thermogravimetric analysis indicated there was one
functional group per 55 carbon atoms, and functionalisation significantly improved
dispersibility in several solvents. Haddon et al.’ studied the spontaneous reaction of
epitaxial graphene with aryldiazonium salts. An epitaxial graphene sample was
submerged in a non-aqueous, nitrobenzene diazonium (NBD) solution for 20 hours.
The modified graphene sample was then analysed by IR spectroscopy, XPS, and
resistivity studies. Electrochemistry was used to show a high surface coverage of 1 x
10" molecules cm™. Finally, Ago et al.* modified CVD single layer graphene by
submerging the graphene, still on the copper, into an aqueous NBD solution. The

spontaneous reaction was monitored using Raman spectroscopy.
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Studies have shown the reactivity of monolayer, bilayer, and FLG systems are
dissimilar.””’ Monolayer systems are reported to be significantly more reactive than
bilayer or FLG, with one literature report highlighting a 10x increase in reactivity for
monolayer graphene compared to bilayer graphene.” The suggested reason for this
increase in reactivity is that bilayer and FLG have less flexibility to accommodate the
local sp® geometry that results from functionalisation due to the underlying carbon
lattice.’ For this study, micromechanically prepared graphene was submerged in an
aqueous solution of the aryldiazonium salt, and the reaction was observed via Raman
spectroscopy. The edges of graphene have also been reported to be more reactive than
the basal plane, with one literature report indicating a 2.5x increase in reactivity,”
assumed to be due to the presence of defects and dangling bonds, as well as a greater

ability to accommodate conversion to sp’-hybridisation.’

Strano et al.® demonstrated the influence of the underlying substrate on the
functionalisation of graphene with aryldiazonium salts. Four different substrates were
chosen to act as supports for CVD graphene, namely silicon oxide, sapphire, hexagonal
boron nitride, and a surface coated in an alkyl terminated monolayer. The graphene was
then submerged in an aqueous solution of an aryldiazonium salt, in the presence of
sodium dodecylsulfate (SDS). The SDS was added to improve the wettability of the
graphene. The reactivity of the graphene was determined using the changes in the
Raman spectrum for each graphene sample, along with AFM and contact angle
measurements. The highest reactivity was achieved with strongly p-doping substrates
(silicon oxide and sapphire), while the mildly p-doping substrates, (hexagonal boron

nitride), resulted in a reduction in reactivity.

Examples of the different aryldiazonium salts that have been used to functionalise
graphene are given in Figure 3.1. De Feyta et al.” modified graphene surfaces using the
bulky 3,5-bis-fert-butylbenzene diazonium salt, via the electrochemical pathway. The
bulkier aryldiazonium salt limited the grafting reaction to a monolayer, rather than the
disordered multilayers typically formed from less bulky aryldiazonium salts. Strano et
al.'” modified both CVD and dispersed graphene flakes using an aqueous solution of 4-
propargyloxybeznene diazonium salt, which could then be used as a tether molecule to
add short chain polyethylene glycol molecules to the graphene surface. Daasbjerg et

al.'' also reported using an aryldiazonium grafted film to tether further functionality to
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the graphene. First a 4-(2-hydroxyethyl)phenyl film was electrografted from an
acetonitrile solution. This was then used to attach polymer brushes to the surface. The
ability to tether additional molecules to the phenyl group is advantageous in the
development of biosensors and catalysts from graphene systems. Palermo et al.'?
utilised an aryldiazonium salt with a long aliphatic chain as the ‘R’ group (Figure 3.1E).
The aryldiazonium salt initially physisorbed onto the CVD graphene into a two-
dimensional, ordered pattern, from a non-aqueous solution. Electrochemical reduction
then forced the formation of the aryl radical that could covalently bind to the surface.

Scanning tunnelling microscopy (STM) images confirmed an ordered pattern of grafted

ﬁ OH
CooHus
A <> © ﬁ@X D[ j E[O/j
No* No* Ny* No* No*
Figure 3.1: Structure of (A) NBD; (B) 4-propargyloxybenzene diazonium; (C) 3,5-bis-tert-

butylbenzene diazonium; (D) 4-(2-hydroxyethyl)benzene diazonium; (E) 4-docosyloxybenzene
diazonium.

molecules.

Recently, aryldiazonium chemistry and the electrochemical exfoliation of graphite have
been coupled to give a dispersion of functionalised few- to multilayer graphene sheets.
Dryfe et al.”” reported the electrochemical exfoliation of graphite at negative potentials
(-4 V vs. Ag wire) in the presence of either NBD or 4-bromobenzene diazonium, to
give a functionalised dispersion of graphene sheets. An intercalating agent
(CsClO4/LiCl0O4) was also added to the electrolyte to assist the exfoliation process and
it was suggested that the generation of nitrogen gas during the diazonium reduction
further enhanced exfoliation. Ossonon and Belanger'® reported the electrochemical
exfoliation of graphite and simultaneous grafting of an anthraquinone diazonium
derivative. Unlike the work by Dryfe, a positive potential (+10 V) was applied. They
suggested that the application of a positive potential facilitated the exfoliation of
graphite, and then the aryldiazonium ion could spontaneously react with the freshly
cleaved graphene sheets in solution. They reported that this “one-pot” synthesis was
faster than a typical two-step process, presumably a result of the enhanced reactivity of

the freshly generated graphene sheets.
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Thus, the modification of graphene using aryldiazonium salts is an efficient and simple
way of adding functionality. Although this reaction has been studied in some detail
previously, little is known about the chemical composition of the resulting film, or the
reactivity of free-floating graphene. In this work, the modification of FLG, prepared via
atmospheric pressure CVD, using five aryldiazonium salts (Figure 3.2), has been
studied and spectroscopic analysis gave insight into the types of bonding within the
film. Furthermore, the modified FLG was interrogated using electrochemistry and Hall

effect measurements.

NO,

NO, 1
A B Cc D
//N
N
No* Ny*

No*

COOH OCH,4

|
N,*

Figure 3.2: Aryldiazonium tetrafluoroborate salts used in this work: (A) 4-nitrobenzene
diazonium (NBD); (B) 4-nitroazobenzene diazonium (NABD); (C) 4-iodobenzene diazonium
(IBD); (D) 4-carboxybenzene diazonium (CBD); (E) 4-methoxybenzene diazonium (MBD).
Tetrafluoroborate anion (BF,) not shown.

No*

3.2 Experimental Methods

The experimental methods have been described in Chapter 2. The CVD growth
protocols are given in Section 2.3.1. The synthesis of the five aryldiazonium salts
investigated in this chapter is given in Section 2.1.1. The aryldiazonium salt
modification strategy and subsequent characterisation techniques are explained in

Sections 2.4.1 and 2.6, respectively.
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3.3 Results and Discussion

3.3.1 Preparation and Characterisation of FLG

3.3.1.1 Tuning the CVD Parameters

Graphene was grown on copper foils by atmospheric pressure CVD. The two growth
protocols are illustrated in Figure 3.3. In this work, the gas flow rates were selected to
give the desired graphene domain shape and layer number. As explained by Wu et al.,"”
and others, a high hydrogen flow rate gives hexagonal graphene domains,'® hence
during the 7 minute growth phase the gas parameters were initially set as 500 sccm
hydrogen and 5 sccm methane. This gave graphene of 6-7 layers with a hexagonal
domain shape. The characterisation of this FLG will be described later in this chapter.
For capacitance studies, 3-4 layer graphene was desired. To decrease the number of
layers, argon was added to the gas mixture. Diluting the methane concentration at the

surface of the copper has been shown to reduce both the number of layers and the
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Figure 3.3: Different CVD protocols used in this work to grown FLG on copper: (A) 6-7 layer
graphene; (B) 3-4 layer graphene.
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3.3.1.2 UV/Visible Spectroscopy

The layer number of a graphene sample can be determined using UV/visible
spectroscopy. Work by Geim et al.*’ demonstrated that graphene has an opacity of 2.3%
that is independent of wavelength over a wide wavelength range (400 to 750 nm),
moreover with each additional graphene layer, the transparency decreases by a further
2.3%. Wan et al.”! demonstrated the effectiveness of UV/visible spectroscopy in
establishing layer number by differentiating between mono-, bi-, and tri-layer graphene.
The UV/visible spectra for FLG after transfer to a glass microscope coverslip are given

in Figure 3.4.
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Figure 3.4: UV/visible spectra from 400 to 800 nm of FLG produced via CVD on a glass
microscope cover slip. Each spectrum is an average of four separate FLG samples.

The FLG for protocol A gave an average transparency of 76.0% corresponding to 6.9
layers while for protocol B the average transparency was 82.7 % corresponding to 3.9
layers. The FLG samples likely have regions of different layer numbers, due to
variations in the copper surface prior to growth. As each spectrum is recorded over the
entire 1 cm x 1 ecm FLG coupon, it is an average of different layer number regions
across the surface and so is not a whole number. This result confirms that manipulating
the gas flow rate gives good control over the number of graphene layers. All

experiments described in the remainder of this chapter utilised 6-7 layer graphene.

3.3.1.3 AFM Imaging
AFM was used to image the FLG on its copper foil support and after transfer to HOPG.
Figure 3.5A and B show as grown FLG on copper foil. In both images, wrinkled,

hexagonal graphene domains can be seen, which are interconnected by less well-
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defined grain boundaries. The domains are approximately 5 um across the longest axis.
The hexagonal domain shape is typically seen for graphene grown on a Cu(111)
surface.”” The CVD process here uses a temperature of 1050 to 1060 °C, which is close
to the melting point of copper (1085 °C). At these high temperatures, the copper atoms
can rearrange to give a predominantly Cu(111) surface prior to methane introduction

causing hexagonal growth of graphene.”>*

37.1 nm 29.4 nm
-32.7 nm -29.5 nm
15.4 nm 26.9 nm
-10.6 nm -20.9 nm

Figure 3.5: AFM images of as grown, 6-7 layer FLG: (A) and (B) on the copper support; (C)
and (D) after transfer to freshly cleaved HOPG.

As shown by the UV/visible spectrum (Figure 3.4), the graphene grown is FLG. It is
therefore likely that each hexagonal domain is made up of multiple graphene layers.
Through carbon isotope labelling, Ruoff et al. have shown that once the first graphene
layer has nucleated on copper, a second layer can grow underneath the first.”> This is
especially common when methane is used as the carbon precursor.* It is suggested that
active hydrocarbon species can intercalate between the graphene and the substrate, and
subsequently decompose to form a new layer of graphene underneath the first. The low
methane to hydrogen ratio used in this thesis work results in a Volmer-Weber growth
mode,”’ in which well faceted, hexagonal domains are typically formed, that stack
parallel to give a pyramid shape. The result is easily distinguishable hexagonal

domains, as seen in Figure 3.5B. This is also known as AB-stacking. The wrinkles in
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the hexagons arise due to the differences in the thermal expansion coefficients for

graphene and copper, which cause wrinkles to form during cooling.”**

The topography of FLG after transfer to HOPG is shown in Figure 3.5C and D. The
transfer process is polymer-free, as described in Chapter 2, Section 2.3.2. HOPG is a
very flat, almost featureless surface, making it an ideal substrate for AFM imaging. The
FLG has an undulating appearance and wrinkles that are much larger than those formed
during cooling. Work by Park et al.*® and Cho et al.” has indicated that such wrinkles,
commonly seen after transfer of graphene, are a result of water trapped between the
FLG and the substrate. Upon drying, evaporation of the trapped water leaves wrinkles
and folds. Small circular features on the surface are believed to be residual

contaminants that result from the copper etching process.

3.3.1.4 Raman and IR Spectroscopy

Raman spectroscopy is the most common method of characterising graphene. The
principles of Raman spectroscopy are outlined in Appendix A, Section A.l1. Raman
spectroscopy is able to give information on the number of graphene layers, the defect
concentration, and the doping type.’' There are three predominant bands in the Raman
spectrum of graphene: the G-, D-, and 2D-bands, positioned at approximately 1585,
1350, and 2700 cm', respectively. The G-band is caused by the high frequency Ea,
phonon transition and is an in-plane vibrational mode.’* The intensity of the G-band
increases almost linearly with the number of layers due to the increase in the number
of sp>-hybridised carbon atoms. Furthermore, the G-band shifts to lower wavenumbers
with an increase in layer number; it can also shift due to doping.®’ The D-band is due
to the breathing modes of the six-carbon rings in graphene and requires a defect (eg.
sp>-hybridised carbon) for activation. Typically, the intensity ratio of the D- and G-
band is used to quantify the number of defects in a graphene sample, with the D-band
absent in pristine single-layer graphene. Finally, the 2D-band is an overtone of the D-
band, however it does not require a defect for activation. The 2D-band can give
information on layer number: for monolayer graphene, the 2D-band can be fitted with
a single Lorentzian peak, however, as the number of layers increases, the band begins
to split and multiple peaks can be fitted.’' The 2D/G band intensity ratio is also
indicative of the number of layers, where an intensity ratio greater than one indicates

monolayer growth.”’ The 2D-band, like the G-band, can shift with doping.
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The Raman spectrum obtained for 6-7 layer graphene is given in Figure 3.6 and shows
the three expected bands, (G-band at 1584.6 cm™, D-band at 1340.7 cm™ and 2D-band
at 2698.0 cm™) confirming that graphene has been successfully grown. The low D/G
band intensity ratio (0.13), indicates a small number of defects. These are most likely
due to the grain boundary regions that connect the graphene domains. This D/G band
intensity ratio is similar to literature reports, where the intensity ratio ranges from 0 to
0.31 depending on the CVD protocol.””'®** The 2D/G band intensity ratio is 0.44
indicating FLG growth.

Intensity (a.u.)
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Figure 3.6: Raman spectrum of 6-7 layer FLG transferred to a gold substrate. Spectrum is the
average from two separate samples, with three spectra taken per sample and normalised to give
G-band intensity of 1.

The curve fitting profile for the 2D-band of a representative Raman spectrum is given
in Figure 3.7. More than four Lorentzian components are required to accurately fit this
band, verifying that FLG has been grown, which agrees with the UV-visible

spectroscopy results.
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software with eight different Lorentzian curves. Residual shown in purple.
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FLG was characterised using IR spectroscopy where the FLG was collected onto a KBr
disk, and spectra were collected in transmission mode. KBr is soluble in water therefore
after recording the IR spectrum the disk could be resubmerged in a water bath releasing
the FLG from the surface and collected on a second substrate for further analysis. Figure
3.8 shows single beam spectra for a new KBr disk (blue) and the same KBr disk after a
ten second immersion in water (red). The beam intensity changes after immersion
consistent with some dissolution of KBr. A 1:1 ratio of the two single beam spectra
(Figure 3.8B) clearly shows features below 1250 cm™' that result from these differences
in beam intensity and therefore are not considered as sample vibrational modes when

assigning IR spectra throughout this thesis.
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Figure 3.8: (A) Single beam transmission mode spectra of a new KBr disk (blue), and KBr disk
after a ten second immersion in water (red); (B) 1:1 ratio of the single beam spectra given in A.

The IR spectrum of FLG is given in Figure 3.9. The oxygen groups of GO have
signature peaks at approximately 1750-1620 cm™ (C=0 stretch), 2850-2970 cm™ (-OH

3435 None of these

stretch), 1260 cm™ (epoxy breathing), and 1070 cm™ (C-O stretch).
peaks are present in the spectrum below, indicating no detectable oxygen groups on the
as prepared FLG. There is evidence of a broad band from 3700 and 2700 cm™ that is
likely caused by water trapped between the FLG and the KBr disk. There is also a
feature at 2919 cm’', which is the wavenumber associated with the C-H stretch
vibration. This is often seen in the spectra obtained using this instrument, and is

believed to be due to contaminants. The peak at 2350 cm™' is due to atmospheric carbon

dioxide.
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Figure 3.9: KBr disk background subtracted IR spectrum of FLG on a KBr disk: (A) 4000 to
750 cm™; (B) 1800 to 750 cm™. Spectrum recorded in transmission mode and baselined for
clarity.

At 1587 cm™ an asymmetric Fano resonance can be clearly seen. The peak position of
this resonance is reported as the position of the maximum absorbance (marked with an
asterisk in Figure 3.9) throughout this thesis. Fano resonances are a feature of
absorption spectra that result from quantum interference between the discrete and
continuum states. In other words, it is caused by the interference between two
processes, one due to scattering within a continuum of states and the second due to an
excitation of a discrete state (vibration).® A well-known Fano resonance exists for bi-
and few-layer graphene, but never monolayer graphene, and is caused by the same in-
plane optical phonons as the G-band in the Raman spectrum.”’ In bilayer and FLG, the
symmetry that exists in monolayer graphene is broken, due to coupling between the
layers. Coupling results in a slight inequivalence between the carbon atoms in the
graphene unit cell, which causes the £, mode (an out of phase, asymmetric mode) to
become IR active. The E», mode can interact with the continuum of electronic states
that exists for graphene, producing a strong, asymmetric peak at 1587 cm™. The size

and shape of this peak depends on the layer number and stacking order.’**

IR spectroscopy did not provide evidence for oxygen containing groups on the FLG
however these may be at a concentration below the detection limit of the measurement,
and therefore FLG on a gold substrate was characterised using X-ray photoelectron
spectroscopy (XPS). The survey spectrum indicated the FLG surface was comprised of

93.4% carbon, 4.6% oxygen, 0.98% gold, and 1.02% nitrogen. The nitrogen is assumed
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to arise from adventitious contaminants. The C 1s spectrum (Figure 3.10) shows the
expected peak at 284.4 ¢V assigned to sp’-hybridised carbon atoms of the graphene.
Additional peaks at 285.1, 286.2, and 287.5 eV were assigned to sp>-hybridised carbon,
C-O carbon, and C=0 carbon respectively. The O 1s narrow scan gave a peak at 531.9
eV that is assigned to C=0 oxygen, and smaller peaks at 532.8 eV and 533.5 eV, which
are assigned to C-O oxygen and O-H oxygen respectively.””*' Thus the XPS indicates

that the FLG contains a small amount of carbonyl, hydroxyl, and epoxy functionalities,

likely at defect regions.*™*
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Figure 3.10: XPS spectra of FLG transferred to a Au wafer. Left to right: C 1s narrow scan and
O 1s narrow scan.

To summarise, the graphene prepared in this work is few-layer and polycrystalline, with
hexagonal domains. Raman spectroscopy confirms it is FLG with a small number of
defects, likely to be grain boundaries and point defects. Furthermore, XPS confirmed

these defect regions possessed a low concentration of oxygen containing groups.

3.3.2 Modification with 4-Nitrobenzene Diazonium Salt

FLG was modified via reaction with NBD giving a nitrophenyl (NP) film on the FLG
surface. The aryldiazonium ion was assumed to react with the FLG surface following
the mechanisms outlined in Chapter 1, Section 1.3.1. The resulting surface, hereby
represented as FLGyp, was characterised using XPS, IR and Raman spectroscopy, and

AFM to gain insight into both the nature of bonding and the morphology of the film.

3.3.2.1 Raman Spectroscopy of FLGnp

Raman spectroscopy is an excellent tool for establishing whether modifiers are attached
to a surface via covalent bonds. The D-band in the Raman spectrum is activated by
defects, including the formation of sp’-hybridised carbons after covalent bond

formation between the aryl radical and a carbon atom in the graphene lattice.® Hence
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the D/G band intensity ratio can give an indication of the extent of modification. The
Raman spectra of as prepared FLG, and FLGyp after reaction in 20 mM NBD aqueous

solution for 2 hours (FLGxp 2hours) and 72 hours (FLGnp 72nours) are given in Figure 3.11.
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Figure 3.11: Raman spectra of FLG on a gold wafer before and after modification in 20 mM
aqueous NBD solution. All samples were washed with methanol prior to spectral acquisition.
All spectra were normalised to give G-bands of equal intensity. Spectra are offset for clarity.

Spot size ~ 2 pm.

The D/G band intensity ratio for FLG, FLGNp 2 hours, and FLGNp 72 hours are 0.13 £ 0.03,
0.26 + 0.02, and 0.26 + 0.03 respectively. The increase in the D/G band intensity ratio
after the reaction confirms that the NP groups are covalently bound to the surface. The
D/G band intensity ratio is the same for the 2 and 72 hour reactions, suggesting that
after 2 hours, no more NP groups bind directly to the FLG surface. However, as will be
shown in Section 3.3.2.5, the amount of film increases with increasing reaction time
indicating that although after 2 hours NP groups no longer bind directly to the surface,
the film continues to grow. This is due to the aryl radical or aryldiazonium ion reacting

with already grafted groups forming a multilayer film.

A Raman spectrum was recorded at 0.5 um intervals across the surface of the FLGnp
72nours SAMple. A plot of D/G band intensity ratio versus distance across the surface is
given in Figure 3.12. The D/G band intensity ratio varies from 0.31 to 0.20 consistent
with non-uniform reactivity of FLG towards NBD. The D/G band intensity does not
vary to the same extent for the unmodified FLG, indicating this is not a feature of the
underlying graphene. The more reactive regions (higher D/G band intensity ratio) may
be the edge regions of the hexagonal graphene domains. Strano et al.” studied the

difference in reactivity of NBD between graphene edges and the basal plane. After
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modification, they found at 2 to 3x increase in D-band intensity at the edges compared
to the basal plane, indicating a higher degree of functionalisation and therefore
reactivity. This enhanced reactivity is attributed to a combination of the disordered
atomic structure at the edges (e.g. dangling bonds) and the increased density of states

4 Purthermore, Koehler et al.’

(shown through scanning tunnelling microscopy).
suggested that edge regions are more able to accommodate the strain of sp>-hybridised
carbon atoms changing to a sp>-hybridisation state, further improving the reactivity of

the edge regions.
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Figure 3.12: D/G intensity ratio calculated from Raman spectra taken at 0.5 pm intervals across
a FLG surface before (blue) and after modification with a 20 mM aqueous NBD solution for 72
hours (green). Spot size ~ 2 pm.

As explained in Chapter 1, functionalisation has been shown to dope FLG. Raman
spectroscopy is often used to determine the type of doping. Graphene can be p-doped
(holes) or n-doped (electrons) by chemical functionalisation. Doping causes a shift of
the Raman G- and 2D-bands: the G-band shifts to higher wavenumbers for both p- and
n-doping, whereas the 2D-band shifts to higher wavenumbers for p-doping and lower
wavenumbers for n-doping. The 2D-band shift is more useful as it always shifts
regardless of initial doping by the supporting substrate. On the other hand, the G-band
shift depends on the initial doping of the FLG, and therefore shifts in the G-band

45-46

position are much smaller. Table 3.1 summarises the G- and 2D-band positions for

as prepared FLG, FLGNp 2 hours, and FLGxp 72 hours-
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Table 3.1: G and 2D-band positions, and 2D-band FWHM for FLG, FLGnp 2 nourss; and
FL(;NP 72 hourse

FLG 1584 £ 1 - 2711 +£4 - 0.13+0.03
FLGNPZhours 1584 +2 + O 2716 + 3 + 5 026 + 002
FLGNP 72 hours 1587 +1 + 3 2720 +1 + 9 026 + 003

Both the G- and 2D-bands have shifted to a higher wavenumber after modification,
indicating p-doping. The shift is especially obvious for the 72-hour sample.
Furthermore, the full width at half maximum (FWHM) has increased (68 to 77 cm™),
which is also indicative of doping.*” The nitro group is strongly electron withdrawing
and is expected to locally remove electrons from the FLG, generating holes and

therefore p-doping the FLG surface.’

3.3.2.2 AFM Imaging of FLG Modified with NBD

Modified FLG was transferred to HOPG for AFM imaging and electrochemistry. As
explained in the Chapter 2, Section 2.4.1, FLG was either modified while free-floating,
or while on its copper support. The reactivity of FLG towards NBD is the same in both
reaction conditions based on surface concentrations calculated from electrochemistry
(see Section 3.3.2.5). When the modified FLG is transferred to a substrate for analysis,
the two modification strategies provide two different final film orientations:

sandwiched and exposed, as demonstrated by Scheme 3.1.

[
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Scheme 3.1: Orienting free-floating and copper supported FLG sheets to give control over the
final interface structure, either in a sandwiched or exposed arrangement.
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In the sandwiched orientation, the NP groups sit between the HOPG and the FLG,
whereas in the exposed orientation the NP groups point away from the HOPG. AFM
images in both orientations for FLG after modification in a 20 mM aqueous NBD

solution for 20 hours are given in Figure 3.13.

15.8 nm

Figure 3.13: AFM images of FLGyp 20 hous 01 HOPG: (A) in the sandwiched orientation; (B) in
the exposed orientation. Both samples were washed with methanol prior to imaging. Scale bar
2.5 pm.

In the sandwiched orientation, the groups sit between the HOPG and the FLG so cannot
be seen in the AFM image. On the other hand, in the exposed orientation a film can be
seen on the FLG surface with the height of the protrusions approximately 10 + 3 nm
(determined using section tool on Nanoscope Analysis software). Due to the undulating
nature of the FLG, this cannot be taken as an exact measure of the film height, however
it is likely that the film is multilayered, as the height of a single, vertically oriented NP
modifier is 0.68 nm (calculated using Avogadro software). The diameter of the
protrusions cannot be determined due to broadening effects from the width of the AFM
tip (radius approximately 10 nm). The image in Figure 3.13B shows that the film covers
the majority of the surface, indicating that both edge and basal plane modification has
occurred, agreeing with the Raman results shown in Figure 3.11 and with literature

5,48
reports.”

75



3.3.2.3 IR Spectroscopy of FLG Modified with NBD

Transmission mode IR spectra for FLG, FLGNp 27nours (N0 methanol wash), and

FLGnp 24nours after a brief methanol wash on the KBr disk are given in Figure 3.14. The
NP groups are sandwiched between the KBr and FLG. The ATR spectrum of the NBD

precursor is also shown.

FrT1r1r1r1r1r1rrrrrTd FrrT1rrr1rr1r1rrrrrrrrrTrTTrTTrTTiTd
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Figure 3.14: KBr disk background subtracted transmission mode IR spectra of FLG collected
on a KBr disk before and after modification in 20 mM aqueous NBD: (A) before modification;
(B) after 27 hour reaction (no methanol wash); (C) after 24 hour reaction, with a methanol rinse
after collection on KBr. (D) ATR spectrum of NBD salt; spectrum scaled x0.08. Spectra offset
for clarity.

Comparison of spectra B and C shows that after washing with methanol some peaks
disappear, presumably due to removal of physisorbed material from the surface.
However, two strong peaks remain at 1518 and 1344 cm™, which are assigned to the
asymmetric and symmetric NO; stretch modes respectively. This confirms, as seen
from AFM imaging, that the grafted NP film remains on the FLG surface after washing
with methanol. Peak assignments for NBD and FLGnp (washed and unwashed) are
given in Table 3.2.*7° The peaks from the unwashed sample are included because
although they disappear after washing, the chemical bonding in the physisorbed
material is assumed to give a good indication of the nature of the bonding in the grafted

film, and the peaks are more easily distinguishable in the unwashed spectrum.
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Table 3.2: IR peak assignments for the NBD and FLGyp spectra shown in Figure 3.14.

2305 s v (N2
1615 m 1610 w
1574 m v(C=C)
1540 vs 1518, 1508 s, db va (NO»)
1467 w 1484, 1472 m, db Ring def.
1450 m v (C-NN) + ring def
1421, 1409 w 1406 m Ring def.
1356 s 1344 s vs (NO,)
1327 s v (C-N)
1318 vs vs(NOy) + ring def.
1243 s v (C-0)
1168 s, db d (C-H)
1126 v (C-NN)
1111 v (C-NO,) + CH wag

vs, very strong, s, strong;, m, medium; w, weak; db, doublet; v, stretch mode, 6, bend mode
A significant difference between the NBD and the FLGnp spectra is the loss of the peaks
at 2308 and 1318 cm™ for the FLGyp sample. The peak at 2308 cm’! is due to the N,

group of the diazonium ion.”" >

Loss of this peak indicates successful reaction of the
aryldiazonium ion. The peak at 1318 cm™ in the aryldiazonium precursor is caused by
a coupling mode between the NO, symmetric stretch and aromatic ring deformations
that is only seen in free nitrobenzene molecules.” The loss of this peak in the FLGnp
spectrum supports that the NP groups are grafted to the surface or other parts of the
film. The bands at 1540 and 1356 cm™, and 1518 and 1344 cm™ in the NBD and FLGyp
spectra respectively, are due to the stretch modes of the NO, group. These stretching
vibrations are sensitive to their surrounding environment, so it is not surprising that
their position shifts after grafting.*>° Peaks between 1470 and 1400 cm™ are primarily
due to aromatic ring deformation modes. In the spectrum of the unwashed FLGxp 27nours
sample, peaks appear at 1450 and 1126 cm™'. These are assigned to the stretch modes
of a C-NN group, coupled with an aromatic ring deformation,” suggesting that some
NBD modifiers graft via an azo linkage rather than a carbon-carbon bond. The peak at
1243 cm™ is assigned to the CC stretch mode that results from the carbon-carbon bond
that forms during the grafting reaction of the aryl radical. However, it is not possible to
distinguish between carbon-carbon and azo bonds that form from reaction with the
surface or with already grafted NP groups. The strong peaks at 1168 and 1111 cm™
result from the CH bend and C-NO, stretch modes respectively.

Figure 3.14 also shows the IR spectra for the same samples from 4000 to 3200 cm™.

The unwashed sample shows a sharp peak at 3285 cm™'; peaks in this region are often
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assigned to NH or free OH (non-hydrogen bonded) modes. One possible origin is C-
OH groups formed by oxidation of FLG during reduction of the diazonium ion. In this
case, the peak should be unaffected by washing, as it is not part of the physisorbed film,
however spectrum C does not show the peak. For the peak to be caused by NH
stretching, some nitro groups must be reduced during the grafting process to NHOH or
NH,. NH, peaks possess other strong peaks around 1620 cm™', which are not seen in the
unwashed sample spectrum.’® NHOH groups are electroactive, so should be seen in the
initial electrochemistry reduction scans but they are not (see Section 3.3.2.5),
discounting this possibility. The peak at 3285 cm™ therefore remains unassigned at this
time. To summarise, IR spectroscopy confirmed the presence of NP groups on the FLG
surface. Although some of the film is washed off with methanol, a NP film remains on
the surface. There is evidence for both carbon-carbon and azo linkages within the film.

This is explored more thoroughly using XPS (Section 3.3.2.4).

In IR spectroscopy, like all absorption-based techniques, absorbance is proportional to
concentration. Hence, the use of IR spectroscopy to estimate the surface concentration
of the NP groups on FLG was investigated. The relationship between concentration and

absorption is given by the Beer-Lambert law, shown in Equation 3.1,

Abs = gcl (3.1

where Abs is the absorbance, ¢ is the concentration in mol L™, and / the pathlength in
dm. The constant ¢ is the molar absorptivity of the sample, and has units of L mol™

dm™. To calculate the concentration of NP groups on the FLG surface, the molar
absorptivity of the molecule must be known. To establish a value for NP groups in the
film, ¢ was determined for NBD in methanol solution. As NBD, rather than a NP film
was used to determine &, this method could only be used to give an estimate of the
surface concentration. The area under the symmetric nitro stretch peak (1356 cm™) of
NBD was used as the absorbance and was plotted against the concentration of NBD in
methanol. The area under the peak was measured rather than peak height, as peak height
is more affected by baseline variations between samples. The symmetric stretch
absorbance was used because it is strong and the peak is reasonably isolated from other

peaks.”

The IR spectrum of the empty solution cell shows a well-known “fringing effect”

(Figure 3.15A). This is caused by constructive and destructive interference of the beam
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57-58
1.7

between the parallel calcium fluoride surfaces of the cel This effect can be used to

calculate the pathlength based on Equation 3.2,

j = _toN
- Z(Vl—VZ) (3'2)

where / is the pathlength in mm, N is the number of fringes, and v; and v, are the start

and endpoint of the spectral region respectively. In the example shown in Figure 3.15A,

Nis 5, and v; and ¥, are 3635 and 1726 cm™ respectively, giving a pathlength of 0.013

mm.
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Figure 3.15: (A) Transmission mode IR spectrum of empty calcium fluoride solution cell from
4000 to 1250 cm’™'; (B) absorbance (area under the peak at 1356 cm™) versus concentration of
NBD in methanol. Spectra recorded in transmission mode using a calcium fluoride solution cell
with a pathlength of 0.013 mm.

A plot of absorbance of the 1356 cm™ peak versus concentration for the NBD solution
is given in Figure 3.15B. The area under each peak was calculated using the integration
tool on the OPUS software used to record the spectra. Using the gradient of this plot
and the pathlength calculated above, the value for molar absorptivity was calculated as
36,355 L mol”' dm™. This value for molar absorptivity was then used to calculate the
surface concentration of NP groups on the FLG surface. A detailed description of this
calculation and calculated values can be found in Appendix B Sections B.1 and B.2
respectively. Modified samples were washed with methanol prior to recording spectra.
The area under the symmetric stretch peak at 1344 cm™ was calculated using the
integration tool in the OPUS software. A plot of calculated NP surface concentration

(mol cm™) versus time is given in Figure 3.16.
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Figure 3.16: Plot of NP surface concentration with reaction time, determined from IR
spectroscopy. Samples were washed in methanol prior to recording spectra.

Figure 3.16 shows a trend of increasing concentration with increasing reaction time.
The trend is weak, with significant variation between the measured surface
concentration values, even at a single time. The source of this variation is currently
unknown. Furthermore, the estimated surface concentrations are an order of magnitude
higher than those measured using electrochemistry both in this work (Section 3.3.2.5)

and in literature reports.> >°'

This overestimation of surface concentration may be
caused by the assumptions made in using the Beer-Lambert law to determine surface
concentration. First, the use of NBD to calculate the molar absorptivity may not be
appropriate. The diazonium moiety para to the nitro group may affect the molar
absorptivity; possibly nitrotoluene may be more representative of a NP group bonded
to a surface. Further, the Beer-Lambert law describes randomly oriented species such
as solutions. A NP film, especially a thin film, is unlikely to be completely random in
its orientation, so the Beer-Lambert law may be unsuitable to describe such surfaces.

To conclude, IR spectroscopy of NP films is not a suitable technique to estimate the

surface concentration, as applied with this method.

3.3.2.4 X-ray Photoelectron Spectroscopy (XPS) of FLG Modified with NBD
XPS was used to gain further insight into the chemical bonding in the FLGyp film.
XPS data is summarised in Tables 3.3 and 3.4. FLG was also modified using IBD to

give an iodophenyl (IP) film, and this data is also shown in the tables.
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Table 3.3: Atomic % values derived from XPS survey spectra for FLG, FLGnp 72n0urs, and
FLGip 72n0urs transferred to a silicon oxide wafer.

Sample Carbon Nitrogen Oxygen Silicon lodine
FLG 82.6 0.6 7.9 8.9 -
FLGnp 72n0urs 71.7 8.2 17.6 2.6 -
FLG1p 72hours 76 8.0 8.2 0 7.8

Table 3.4: Narrow scan data for C 1s and N 1s peaks of FLG, FLGnxp 72nours, and FLG1p 72n0urs
transferred to a silicon oxide wafer.

Cls N 1s
Binding . Binding .
At 0 At 0
Sample eneray / &V omic % eneray / &V omic %
284.8 67.8
FLG 285.3 20.4
286.2 6.7
287.5 5.0
;g;“j 3‘07‘6‘ 400.4 459
FLGxp 79h0urs : : 406.3 48.1
286.6 18.3 404.4 55
288.6 2.4 ‘ '
285.3 74.5 400.4 97.5
FLGre 72n0urs 286.0 25.6 404.9 25

Figure 3.17 shows the survey spectrum, and narrow C ls and N 1s scans for an
unmodified FLG sheet. The survey spectrum and data listed in Table 3.3, indicate that
the sample is 82.6% carbon. Oxygen (7.9%) and silicon (8.9%) are also detected; their
similar content suggests these arise primarily from the silicon wafer support, although
some of the oxygen will result from oxygen groups on the FLG as discussed earlier. A
negligible amount of nitrogen is present, likely caused by adventitious contaminants.
The C 1s narrow scan shows a predominant peak at 284. 8 eV due to sp” hybridised
carbon. A small peak at 285.3 eV is assigned to sp’-hybridised carbon atoms in the edge

and defect regions of the graphene.®
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Figure 3.17: XPS spectra for FLG on a silicon oxide wafer. Left to right: survey spectrum and
C 1s narrow scan, and bottom N 1s narrow scan.

The XPS spectra for FLGxp on a silicon oxide wafer, after a 72 hour reaction with NBD
are given in Figure 3.18. The percentage of nitrogen and oxygen has increased to 8.2%
(0.6% in FLG), and 17.7% (7.9% in FLG) respectively (Table 3.3), as expected for a
NP film. The C 1s narrow scan spectrum (Figure 3.18) shows an increase in the sp’-
hybridised carbon peak at 285.4 eV. This is expected, as functionalisation converts FLG

carbon from sp” to sp’ hybridisation.> * **

The N 1s narrow scan shows two peaks at
400.4 and 406.3 eV. The peak at 406.3 eV is commonly assigned to nitro nitrogen.
Previously, the 400.4 eV peak has been assigned to either amine nitrogen, resulting
from reduction of nitro groups, or azo nitrogen, resulting from the formation of azo

bonds during film growth.® %
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Figure 3.18: XPS spectra for FLGnp 72n0us On a silicon oxide wafer. Sample washed with
methanol prior to spectral acquisition. Left to right: survey spectrum and C 1s narrow scan, and
bottom N 1s narrow scan.

To establish the origin of the 400.4 eV peak, the experiment was repeated using the
IBD. Replacing the nitro with an iodo group removes the possibility of amine groups
being present. The XPS results for the FLGip 72n0urs Sample on a silicon oxide wafer, are
given in Figure 3.19 and summarised in Table 3.3 and Table 3.4. As expected the C 1s
peak shows an increase in the sp>-hybridised carbon content after functionalisation. The
N 1s narrow scan shows a single peak at 400.4 eV. As there is no possibility of reduced
nitro groups, this peak can be assigned to azo nitrogen, confirming that azo bonds exist
in the grafted film. For FLGxp 72nours, the percent of azo to nitro groups is 1:1, and for
FLGip 72n0urs, the percent of azo to iodo groups is 1:1. This suggests the proportion of
azo linkages in the film is the same for both modifiers, so they likely graft via the same
mechanistic pathway. Each azo group includes two nitrogen atoms, this means that if
the reaction was exclusively through azo bond formation the percent of azo to nitro or
iodo would be 2:1. The 1:1 ratio seen here therefore suggests at least two different

grafting mechanisms are active, where one gives azo linkages, and the other gives
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carbon-carbon bonds. From the IR spectroscopy and XPS results presented, the types
of chemical bonding within the film can be discerned, and Figure 3.20 illustrates the

types of bonding that exist for the FLGxp surface.
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Figure 3.19: XPS spectra for FLGp 72n0us On a silicon oxide wafer. Sample washed with
methanol prior to spectral acquisition. Left to right: survey spectrum and C 1s narrow scan, and
bottom N 1s narrow scan.
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Figure 3.20: FLGyp resulting from reaction of FLG with an aqueous solution of NBD.
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3.3.2.5 Electrochemistry of FLG modified with NBD

The NP film can be characterised by electrochemistry via the electroactivity of the NP
group. For electrochemistry, the two different film orientations, illustrated in Scheme
3.1, were used: sandwiched, in which the film sits between FLG and the HOPG
electrode, and exposed, where the FLG sits on the HOPG with the film exposed to the
electrolyte solution. All samples were washed with methanol prior to measurements.
CV plots for FLGnp in each orientation are given in Figure 3.21. The observation of a
well-defined response for the sandwiched orientation indicates the FLG is permeable

to the electrolyte solution, most likely through defect regions.
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Figure 3.21: CVs of methanol washed of FLGyp mounted on HOPG in either an exposed
orientation (blue, 20 hour reaction) or a sandwiched orientation (red, 66 hour reaction). CVs
were recorded in 0.1 M H,SO4 at 200 mV s

Considering first the exposed orientation (blue) the CV shows two main redox
processes. The large irreversible peak centred at —0.57 V caused by a six electron, six
proton reduction to an aminophenyl group and a four electron, four proton reduction to
a hydroxylaminophenyl group,®® and the redox couple at 0.25 V caused by the two
electron, two proton reduction of the hydroxylaminophenyl group to a nitrosophenyl

group.”” These reactions are given in Scheme 3.2.

85



NO, NH,
6H™*, 6e
—_—
N
B 0, NHOH NO
 p
4H*, 4e 2H*, 26

Scheme 3.2: (A) Six proton, six electron reduction process from a NP to an aminophenyl group
and (B) four proton, four electron reduction from a NP group to a hydroxylaminophenyl group,
and subsequent two proton, two electron process to a nitrosophenyl group.

The nitrosophenyl/hydroxylaminophenyl system appears as two redox couples. The
origin of the two different reduction potentials is unknown, but has been reported
previously for NP films on other carbon substrates.’” °® Compton et al.*” have suggested
that the potential of the hydroxylaminophenyl oxidation is sensitive to the nature of
bonding to the surface, therefore hydroxylaminophenyl groups grafted via a carbon-
carbon bond may have a different reduction potential to those bonded via an azo
linkage, resulting in two oxidation and reduction peaks. Other work has suggested that
the film environment, for example hydroxylaminophenyl groups embedded in the film
vs. those near the outer surface of the film, can cause the two different potentials for

this reaction.”®

The CV for the sandwiched orientation (red) shows two large reduction peaks for the
NP groups at —0.59 and —0.81 V. Two reduction peaks were only seen for films in the
sandwiched orientation, and in this orientation two peaks were not always seen
(approximately 30% of samples). In the sandwiched orientation, two peaks were
sometimes seen for films prepared using long reaction times and occasionally for
shorter reaction times. The two peaks are assumed to be both due to the reduction of
NP groups. This result has not been reported previously for NP films grafted to
graphene or other carbon substrates from aryldiazonium ions. The two peaks cannot
arise from the different grafting mechanisms giving NP groups attached to the surface
via carbon-carbon bonds and azo linkages, because the same film formation

mechanisms are expected at FLG and other carbon substrates. Furthermore, previous
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work has shown that the nitro reduction potential for films grown by NABD and NBD
are almost identical,” hence this cannot be the origin of these two peaks. The CV was
repeated using different substrates to support the FLG. In the sandwiched arrangement,
FLG and the base electrode are in electrical contact and hence both function as working
electrodes. Only one peak appears for a NP film sandwiched between FLG and GC or
two sheets of FLG, even at the longest reaction times. On the other hand, when the NP

film is sandwiched between FLG and PPF two reduction peaks are sometimes seen, as

observed for HOPG.

This behaviour is suggested to arise from either the difference in electron transfer
kinetics for the two working electrodes or from limitations in proton availability within
the film. Slower electron transfer kinetics will give a more negative reduction potential.
PPF and HOPG may exhibit different electron transfer kinetics to FLG, and so for a
thick film, NP groups adjacent to FLG may be reduced at the first peak, and those
adjacent to HOPG or PPF at the second peak. Conversely, when the NP groups are
sandwiched between two FLG sheets, the electron transfer kinetics are the same,
because the two working electrodes are the same, hence only one reduction peak is
seen. For GC, fast electron transfer kinetics can be expected, and so only one peak is
observed. This behaviour cannot occur in the exposed orientation because electron
transfer can only occur from one substrate (FLG). However, in the sandwiched
orientation electron transfer is always from both working electrodes, as the total surface
area calculated from the NP reduction is the same, irrespective of whether two peaks
are seen, (Figure 3.23), therefore this explanation is unlikely as two reduction peaks are

not always seen.

A more likely explanation relates to proton availability, as the reduction of each NP
group requires six protons (Scheme 3.2). If the diffusion of protons into the film is
hindered in the sandwiched orientation, so that the proton concentration decreases
during reduction, the reduction potential will become more negative.”' This could result
in the two reduction peaks, the more negative from areas of decreased proton
availability. The lack of two peaks for the NP film sandwiched between two FLG
sheets, or the FLG sheet and GC suggests these surfaces have greater electrolyte
permeability. With the two sheets of FLG, both surfaces have numerous grain boundary

regions and defect sites to allow sufficient proton diffusion. For GC, the surface
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roughness is much greater than for HOPG and PPF,”*"

which may allow for enhanced
electrolyte permeability at the GC/NP film interface, and therefore greater proton

availability.

CVs can be used to calculate the surface concentration of NP groups in the films by
measuring the charge associated with the reduction of NP groups and the oxidation of
hydroxylaminophenyl groups (Chapter 2, Section 2.6.9.1). Figure 3.22 shows a CV of
FLGnp collected in the exposed orientation with the total area used to calculate surface

concentration shown in grey.
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Figure 3.22: CV in 0.1 M H,SO, of methanol washed FLGyp on HOPG after a 20 hour reaction
mounted in an exposed orientation, showing the total area used to calculate surface
concentration.

Using this area, the surface concentration was calculated for NP films prepared using
selected reaction times and orientations. A plot of surface concentration versus
modification time is given in Figure 3.23, with data obtained in the exposed orientation
with HOPG as the base electrode (blue points), and the sandwiched orientation with
PPF (red points) and HOPG (orange points) as the base electrode. The green points are
from a NP film sandwiched between two sheets of FLG. For samples that exhibited two
NP reduction peaks (indicated by a box), both peaks were included in the surface

concentration calculation. Calculated values can be found in Appendix B, Section B.3.
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Figure 3.23: Plot of surface concentration versus modification time for FLGyp mounted on
HOPG in either an exposed orientation (blue) or sandwiched orientation (orange), or on PPF in
the sandwiched orientation (red). Green points are for FLGyp films sandwiched between two
sheets of FLG. Boxes indicate samples that showed two nitro reduction peaks. Surfaces were
washed with methanol prior to analysis.

For NP films measured in the exposed orientation there was an initial increase in surface
concentration with film preparation time, followed by a plateau at approximately 0.5
nmol cm™. A limiting measured surface concentration is common for carbon surfaces
modified with NP groups.® It has been shown that this behaviour is not caused by the
cessation of film growth but instead is due to the electroinactivity of NP groups once
the film growth continues beyond a certain thickness. Either electrons can no longer be
transferred from the electrode to the outer surface of the film, or the thicker film
prevents proton diffusion into the inner regions of the film.”' This means that although
the film continues to grow, it cannot be fully interrogated electrochemically and the
measured surface concentration plateaus. In contrast for NP groups in the sandwiched
orientation there is a linear relationship between surface concentration and reaction
time. This is assumed to be due to reduction of NP groups occurring by electron transfer
from both sides of the film. Because electrons can be transferred from the base electrode
to the originally outer regions of the film these groups are still electrochemically
accessible and full surface concentration measureable, even for the thickest films grown
in this study. The two different orientations and their assumed electron transfer
pathways are illustrated in Figure 3.24. At a certain film thickness, not reached here,
the measured surface concentration in the sandwiched orientation may also reach a
plateau, as groups in the middle of the film could become inaccessible.

Electrochemistry and IR spectroscopy have both been used to calculate surface

&9



concentration of NP films. The electrochemistry results agree with literature reports

involving NBD reactions on carbon surfaces, and are assumed to be a better measure
3, 59-60, 74

of NP surface concentration than IR measurements (Section 3.3.2.3).
HOPG

NO,

Vs.

FLG HOPG

Sandwiched orientation Exposed orientation

Figure 3.24: Cartoon illustrating the different electron transfer pathways assumed to be
available for the sandwiched and exposed orientations. ~~~~ represents a multilayer film.

In summary, FLG sheets have been successfully modified using NBD ions. Film
formation involves at least two mechanisms, resulting in two types of linkage (carbon-
carbon and azo linkages). Interrogation of the surfaces via electrochemistry has
demonstrated the importance of film orientation in accurately measuring surface

concentrations of NP groups on FLG surfaces.

3.3.3 Modification with Other Aryldiazonium Salts

The NBD ion is an easily reduced aryldiazonium ion due to the electron withdrawing
nature of the nitro group. To ensure modification is applicable to a range of
aryldiazonium salts the spontaneous modification of FLG was carried out with NABD
and CBD salts. IBD and MBD were also shown to graft successfully (Section 3.3.2.4
and 3.3.4 respectively). The carboxyphenyl (CP) and nitroazophenyl (NAP) films
produced from the reaction of FLG with CBD and NABD were analysed by IR
spectroscopy, AFM, and in the case of NABD, electrochemistry. All of the films were
prepared from a 20 mM aqueous aryldiazonium salt solution and were washed with
methanol prior to analysis. AFM images in the exposed orientation for FLG modified

with NABD (FLGnap) and CBD (FLGcp) are given in Figure 3.25. For the CBD
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modification, a much longer reaction time was required before a film was seen on the
FLG surface. The carboxylic acid group is less electron withdrawing than the nitro
group of NBD and NABD, which is assumed to give a decrease in the reactivity of the

aryldiazonium salt.

54 nm 40 nm

-40.5 nm -33.3 nm
25.1 nm 19.2 nm
-19.4 nm -13.2 nm

Figure 3.25: AFM images of aryldiazonium modified FLG transferred to HOPG in the exposed
orientation: (A) and (B) FLGyap 20nours; (C) and (D) FLGcp 7onours-

For both the CBD and NABD modification a film can be seen on the surface, even after
washing with methanol. This is similar to the NBD modification. Once again, the
protrusions are seen across the entire surface indicating the reaction takes place both at
the edges and on the basal plane. Protrusions in the NAP film range in height from 4 to
24 nm, and the CP film from 3 to 18 nm. The protrusion heights cannot be taken as an
exact measure of film height due to the undulating nature of the underlying FLG,
however it is clear that a multilayer film has formed in both instances as the height of
an individual group on a carbon surface is 1.27 nm for NAP groups and 0.66 nm for a

CP group (calculated using Avogadro software).

The surfaces were characterised by IR spectroscopy, in transmission mode with the

FLG supported by a KBr disk. The IR spectra for FLGnap and the NABD modifier are
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given in Figure 3.26. The peak assignments for FLGnap and NABD were taken from

, o 49,51-52, 63, 75-76
literature and are given in Table 3.5.% 1% 63737
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Figure 3.26: Transmission mode IR spectra on KBr for (A) FLG and (B) FLGnap 20nous. (C) ATR
spectrum of NABD salt (scaled x0.05). Spectra are offset for clarity.

Table 3.5: Peak assignments for NABD and FLGnqp.

2290 s VN,
1577 s v (C=C)
1527 vs 1520 vs va (NO»)
1487 m Ring def.
1459 w 1458 w v (C-NN) + ring def.
1420 m 1400 m Ring def.
1344 vs 1344 vs vs (NOy)
1319 s vs (NO,) + ring def.
1223 w v (C-C)
1139 m v (C-NN)
1107 m v (C-NO,) + CH wag

vs, very strong, s, strong, m, medium; w, weak; v, stretch mode

FLGnp and FLGyap show similar peaks. Notably, the peak at 2290 cm™ in the NABD
spectrum is not seen in the FLGnap spectrum confirming the loss of the diazonium
moiety during the reaction.’’ Peaks at 1527 and 1344 cm™ in the precursor spectrum
have shifted to 1520 and 1344 cm™ in the FLGnap spectrum, and are assigned to the
asymmetric and symmetric NO, stretch modes. The shift of these bands is less obvious
than for FLGnp surfaces, possibly caused by the different substitution patterns. In NBD,
the nitro group is para to the diazonium ion. In the NP film, it is para to either a carbon-
carbon bond or an azo bond. This change in substitution pattern is assumed to cause the
shift in the IR peak position for the nitro group in the NP film. In NABD, the nitro
group is para to the azo linkage, and it remains para to the azo linkage in the film. This

agrees with work by McCreery et al.’> who reported no change in the position of these
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two peaks when NABD was reacted with PPF. As observed for NBD, NABD has a
peak at 1319 cm™ that is caused by the coupling mode between the symmetric NO,
stretch and the aromatic ring. This peak is only present in the spectrum of free nitro
compounds,™ so as expected is not present in the FLGyap spectrum. At 1459 cm™ in
the NABD spectrum, and 1458 and 1139 cm™ in the FLGyap spectrum are peaks caused
by the stretch modes of the azo linkage.’> > (There is no peak at 1139 cm™ in the NABD
spectrum as the tetrafluoroborate counter ion has a very strong absorption peak at 1035
cm’' that envelops all the surrounding peaks.) Similar peaks are seen in Figure 3.14 for
the FLGnp surface, and were assigned to azo bonds that form during grafting. For
FLGnap these peaks are also associated with the azo bond between the two benzene
rings in the modifier. It is not possible to distinguish between the two types of azo bond
using IR spectroscopy. A peak at 1223 cm™ in the FLGyap spectrum has no
complementary peak in the NABD spectrum. This is assigned to the carbon-carbon
bonds that form when the aryldiazonium grafts via the aryl radical mechanism to either

the FLG surface or an already grafted group.

Figure 3.27 shows the transmission mode IR spectra for CBD and FLGcp. Peak
assignments for CBD and FLGcp were taken from literature and are given Table 3.6.”"
% Once again, the peak at 2300 cm™ in the CBD precursor has disappeared in the FLGcp
film, which indicates loss of the diazonium moiety during the reaction. The band at
1689 cm™ in the FLGcp spectrum is a combination of a C=0 stretch and a -COO-
bending vibrational mode. The presence of this peak in the FLGcp spectrum confirms
that a CP film resides at the FLG surface. Bands at 1418 and 1290 cm™" are also caused
by vibrations associated with the carboxylic acid functional group. The remainder of
the bands seen for both the aryldiazonium ion precursor and the modified surface are
caused by ring deformation modes. It is not possible to see a peak related to the azo
linker at approximately 1135 cm™: this does not mean that there are no azo linkages
present in this film, only that the IR absorbance is not strong enough to be detected.
Furthermore, the peak at 1222 cm™ in the FLGcp and CBD spectra is assigned to
carbon-carbon bonds, however it is not possible to distinguish between carbon-carbon
bonds that result from grafting and carbon-carbon bonds between the aryl ring and the

carboxylic acid group.
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Figure 3.27: Transmission mode IR spectra on KBr for (A) FLG and (B) FLGcp 72n0us. (C) ATR
spectrum of CBD salt (scaled x0.05). Spectra are offset for clarity.

Table 3.6: Peak assignments for CBD and FLGcgp 72nours.

2300 v (N
1727,1713 vs,db 1689 vs v (CO)+ 3 (CCO)
1620 s 1606 w Ring def.
1581s Ring def.

1480 m Ring def.
1459 m Ring def.
1416 s 1418 v (OH)
1387 s Ring def.
1309, 1294 vs,db 1290 v (CO) + 6 (COH)
1222 s 1222 v (C-C)

vs, very strong, s, strong; m, medium; w, weak; db, doublet; v, stretch mode, 6, bend mode.

Electrochemistry was also used to characterise the FLGnap system. A CV for FLGnap
on HOPG in the exposed orientation is given in Figure 3.28. A large peak can be seen
for the reduction of NP groups to aminophenyl and hydroxylaminophenyl groups. A
small broad redox couple can be seen in the more positive region at £, = 0.48 V, and
is assigned to the hydroxylaminophenyl/nitrosophenyl couple. The double reduction
peak that was sometime seen in the FLGyp system was also sometimes seen for the
sandwiched FLGnap system (not shown), and is assumed to have the same origin as for
the FLGnp surfaces. For a 20 hour modification time, the sandwiched samples (n=2)
gave a surface concentration of 1.5 nmol cm™ whereas the exposed sample (7=2) gave
a surface concentration of 0.7 nmol cm™. For the exposed configuration, the surface
concentration is similar to the maximum value recorded for the analogous FLGnp
system. This is surprising, as the NAP film is assumed to be twice the thickness of the

NP film, so the limiting surface concentration is expected to be lower. This may be
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indicative of an increased density of NAP groups on the surface, however this is not
seen in the AFM images. Alternatively, the conductivity through the films may be
different, giving different measurable surface concentrations. The surface concentration
in the sandwiched orientation is much higher than for the same reaction time for the
FLGyp modification (0.6 nmol cm'z) indicating that either the NABD modifier is more
reactive than the NBD salt, there is less physisorption for the NABD modification, or
the methanol wash step is not sufficient to remove physisorbed material from the
FLGnap surface. In fact, the latter explanation seems the most reasonable, as when the
experiment was repeated without the methanol wash step the surface concentration was
1.2 nmol ecm™, which is similar to that for the washed sample, suggesting methanol

washing did not remove physisorbed NAP groups from the surface.
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Figure 3.28: CV in 0.1 M H,SO, of FLGnaP 20n0urs O HOPG in the exposed orientation. Scan
rate = 200 mV s

3.3.4 Hall Effect Studies of Aryldiazonium Salt Modification

As explained in Chapter 1, Section 1.5, adding functionality to the graphene can cause
doping by adding carriers as either holes or electrons. One possible method to calculate
the concentration and type of carriers along with other properties such as sheet
resistance and mobility is by using the Hall effect. The principles and practices of Hall
effect measurements, and associated calculations are described in Appendix A, Section
A.2. Hall effect measurements were performed for FLG and FLG modified with two
different aryldiazonium salts: NBD because of its electron-withdrawing nature and
MBD because of its electron-donating character. For each measurement, the FLG
sample was collected onto a glass microscope cover slip, then Ti/Au contacts were

evaporated into the four corners of the sample. Voltages were measured using a Hall
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effect measurement apparatus, at four increasingly high currents. The displayed results
in Figure 3.29, Figure 3.30, and Figure 3.31 are the average results for at least three
samples over the entire current range. The Hall effect measurement was used to
calculate sheet resistance, carrier concentration, and mobility for FLG before and after

modification.
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Figure 3.29: Plot of sheet resistance for FLG before and after reaction with 20 mM
aryldiazonium salt aqueous solutions. Reported values are the average for four applied currents
for various sample numbers of FLG: FLG, n=12; FLGxp 2nours» #7=3; FLGNP 7hours, #=4; FLGwmp
7hours> n=4.

Figure 3.29 shows the sheet resistance after selected modification conditions. The sheet
resistance decreases after modification with NP groups, indicating an increase in
conductivity. Some studies have shown a decrease in conductivity after covalent
functionalisation,™ > however, work by Gao et al.}! showed an increase in conductivity,
similar to that seen here, after NP functionalisation. The conductivity of the FLG
remained constant before and after modification with methoxyphenyl (MP) groups.
Note that a change in the mobility after reaction with MBD (see below) confirms that
MBD does form a film on FLG. Conductivity (o) is related to the carrier concentration
(ns) and mobility (1) by Equation 3.3:
0 = qung 3.3)

where ¢ is the elementary charge, u is the mobility and ns is the sheet carrier
concentration.® ™ Carrier concentration, plotted in Figure 3.30, increases after
functionalisation for the FLGnp samples, while the significance of the increase for

FLGwp is uncertain.
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Figure 3.30: Plot of carrier concentration of FLG before and after reaction with 20 mM
aryldiazonium salt aqueous solutions. Reported values are the average across four applied
currents for various sample numbers: FLG, n=12; FLGxp 2hourss #=3; FLGNp 7hours, #=4; FLGwmp
Thourss n=4.

For all samples, the Hall coefficient was positive, indicating that the dominant carriers
are holes (p-doping). Doping has been shown to increase conductivity due to an
increase in the number of charge carriers.” The FLG is p-doped prior to modification;
this is usually attributed to substrate induced doping and other airborne contaminants
that can adsorb onto the FLG.* All aryldiazonium ions are expected to p-dope the
sample, because the reaction mechanisms for covalent bond formation shown in
Chapter 1, Section 1.3.1, require electrons to be removed from the FLG, generating
holes.* Doping after functionalisation with NP groups has been reported previously.®"
5455 The NP group is electron withdrawing, so is expected to accept electrons from the
FLG generating holes as charge carriers. This is consistent with the increase in carrier
concentration with NBD reaction time (Figure 3.30), because the number of NP groups
on the surface increases with reaction time. The effect of functionalisation with MP
groups on carrier concentration is small. The methoxy group is electron donating, so
will donate electron density back into the FLG, countering the inherent p-doping effect
of covalent bond formation between MP groups and FLG. The two effects appear to
cancel each other out, resulting in a negligible change in the carrier concentration

compared to the FLG.
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Figure 3.31: Plot of carrier mobility of FLG before and after reaction with 20 mM aryldiazonium
salt aqueous solutions. Reported values are the average across four applied currents for various
sample numbers: FLG, n=12; FLGnp 2nours, #=3; FLGNp 7hours, #=4; FLGMP 7hours, #=4.

Figure 3.31 shows that mobility decreases after functionalisation with both modifiers.

The introduction of defects via functionalisation increases scattering within the FLG,
which lowers the mean free pathlength, and therefore lowers mobility.®’ Furthermore,
functionalisation has been shown to open a bandgap, which also decreases mobility.*®
Mobility is only influenced by the number of defects, which is independent of whether
NP or MP groups are attached, as confirmed by the similar mobility measured for the
three samples. Prior to modification, the FLG sample has a lower mobility than often
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reported for pristine samples, which is assumed to be caused by defective grain

boundary regions, as well as scattering caused by the underlying substrate.

To summarise, for FLGnp the carrier concentration increases, increasing conductivity
while mobility decreases, decreasing conductivity. The effect of carrier concentration
has overshadowed that of mobility, causing a net increase in conductivity. Gao et al.”!
also reported this outcome when using long reaction times and high aryldiazonium salt
concentrations, similar to those used in this work. The conductivity increases with
reaction time for the NBD modification because the number of NP groups, and

therefore the carrier concentration, increases with reaction time. For the FLGyp there

is no change in conductivity attributed to the minimal increase in carrier concentration.

3.4 Conclusion

FLG has been successfully grown using CVD. By altering the gas flow rates, the

number of layers can be controlled, as shown by the UV/visible transparency of the
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graphene. Both 3-4 and 6-7 layer graphene has been prepared. Raman spectroscopy
confirmed the few-layer nature of the graphene, and indicated a small number of defects
were present, likely caused by grain boundary regions. The FLG was modified using
NBD in both a free-floating manner and on its copper support. This provided two
possible orientations for film analysis: sandwiched, and exposed. The modification
protocol also allowed additional analysis steps to be performed on a single sheet of FLG
after IR spectroscopy on a KBr disk. Raman spectroscopy confirmed that covalent
functionalisation occurred, and indicated that the NP groups p-doped the graphene. IR
spectroscopy and XPS demonstrated that both carbon-carbon and azo linkages were
present in the film. This implies that at least two different grafting mechanisms were
active during film growth. Electrochemistry was used to calculate the surface
concentration and showed that more of the film could be accessed electrochemically in
the sandwiched orientation, as this allowed electron transfer from both sides of the film.
Furthermore, the sandwiched orientation sometimes gave two NP reduction peaks, a
novel result for carbon surfaces after modification with nitrobenzene diazonium salts.
A decrease in the proton concentration during NP reduction is postulated as the cause
of these two peaks. The reaction was also carried out with IBD, MBD, NABD and CBD
confirming that it is possible to modify FLG with a variety of different aryldiazonium

salts.

The electronic properties of the FLG before and after modification with NBD and MBD
were established via Hall effect measurements. A significant increase in the carrier
concentration after modification with NBD resulted in p-doping and an increase in
conductivity. On the other hand, a negligible increase in the carrier concentration with
the electron-donating MBD modifier resulted in no change in conductivity. The carrier
concentration or density of states plays an important role in determining the quantum
capacitance as explained in the introduction. Hence, this will be revisited in Chapter 5

when the capacitance of FLG is discussed.
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4 Other FLG Modification Methods: the Diels-Alder
Reaction of an Anthranilic Acid and the Spontaneous

Reaction of a Primary Amine

4.1 Introduction

4.1.1 Diels-Alder Reactions of Anthranilic Acids

In Chapter 1, Section 1.3.2, Diels-Alder reactions of graphene were discussed. One
potential dienophile for these reactions is an aryne. Arynes can be generated through
the decomposition of an anthranilic acid precursor, and can then react with graphene,

as shown in Scheme 4.1.!

R COOH R COOH
:@i isoamyl nitrite jij[
R NH, R No*

R R \ Reflux

R
+ ——
Graphene ’
R

Scheme 4.1: Diels-Alder reaction between an aryne, generated from an anthranilic acid
precursor, and a graphene surface.

Although this reaction has been studied previously for graphene and other carbon
substrates,” there has been no investigation into the layer thickness of the grafted film.
It is often advantageous to have good control over film thickness, and methods for
covalently grafting monolayers to graphene are limited. With the aryldiazonium ion
reaction discussed in Chapter 3, the film grafted is typically a disordered multilayer.
Several methods have been established to limit this growth to a monolayer, but each
possesses some disadvantages. Firstly, the use of aryldiazonium derivatives with bulky
meta substituents has been shown to prevent multilayer growth by inhibiting radical
attack at already grafted groups, via steric hindrance.” Unfortunately, the number of
suitable derivatives appears limited, so this method has few applications. Using
calix[4]-arenediazonium ions, where the aryl groups are protected from attack by a
macrocycle also limits film growth to a monolayer,” however this method requires a

multistep synthesis prior to film growth. Grafting aryldiazonium ions from ionic liquids
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has been used to provide monolayer growth due to a low diffusion rate of the
aryldiazonium salt through the ionic liquid.”® The addition of a radical scavenger
during the aryldiazonium ion reaction can limit film growth to a monolayer, however
efficient control of film growth using this approach was reported to be dependent on
the para substituent. Strict monolayer formation was only obtained when electron
withdrawing para substituents were used, which limits the applicability of this
method.”"" Finally, the use of an aryldiazonium salt with a bulky protecting group in
the para position that can be cleaved after the reaction is a reliable method to give
monolayers, but considerable effort is required in the synthesis of protected

aryldiazonium salts and the resulting surface concentration is low.'”

The reaction of an aryne with a carbon surface is expected to give monolayer coverage.
The expected mechanism of the cycloaddition reaction means that monolayer formation
is favoured. For the Diels-Alder reaction, the aryne must approach perpendicular to the
substrate because the reactive orbitals are in the plane of the ring."> This means that the
reaction at already grafted groups would require the aryne to approach parallel to the
FLG (or other carbon) surface, which would be sterically hindered by both the FLG and
the already grafted groups. Furthermore, the reactivity of arynes towards acenes of
varying chain lengths has been studied and arynes are much more reactive with larger
acenes.'*"” This suggests the aryne will be more reactive towards the polyaromatic
graphitic substrate than the already grafted phenyl rings. The use of an anthranilic acid
to provide monolayers is advantageous because a wide range of functionalised

anthranilic acid precursors are commercially available, or can be prepared using simple

synthetic strategies.

4.1.2 Reaction of FLG with a Primary Amine

In the second part of this chapter, the reaction of FLG with a primary amine is
considered. Primary amines have been reported to react with a range of different carbon
materials. Gallardo et al.' reported the nucleophilic addition of a variety of amines to
glassy carbon (GC). This work was further supported by studies on the addition of
ferrocene terminated amines to GC.'” GC is a carbon material known to possess many
oxygen containing groups at the surface, and it was suggested that these groups promote

a Michael-type addition of the amine, illustrated in Scheme 4.2. XPS results in Chapter
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3, Section 3.3.1.4 confirm the presence of some oxygen containing groups at the surface

of the FLG, so the reaction mechanism in Scheme 4.2 is plausible.

R

< . -

s NH
° oQ  _oH NP

NH
R ’O

Scheme 4.2: Proposed mechanism for the reaction of a primary amine with a carbon surface
through a Michael-type addition."

An alternative way amines can modify FLG is through intercalation. It is well known
that small molecules are able to intercalate between the sheets of graphite.'® Compton
et al."” have reported the partial intercalation of 4-nitrobenzylamine into both graphite
and multiwalled carbon nanotubes at edge and defect sites. Furthermore, they indicated
that this process was not available to non-amine derivatives such as nitrotoluene and
nitrophenol. They suggest that this is because full or partial electron transfer between
the intercalating molecule and the carbon lattices is required, and the electron donating
character of the amine enables this. This mechanism is plausible for the FLG used here,
as Raman results in Chapter 3, Section 3.3.1.4 indicate that defect sites exist in the FLG
where intercalation could occur. Amines could therefore modify FLG though either
partial intercalation or a Michael-type addition reaction, most likely at edge and defect

regions.
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4.2 Experimental Methods

All experimental methods are outlined in Chapter 2. The modification of FLG via the
Diels-Alder reaction and the spontaneous addition of a primary amine is described in
Sections 2.4.2 and 2.4.3 respectively. For the Diels-Alder reaction, two different
anthranilic acids, namely 5-nitroanthranilic acid (NAA) and 2-amino-teraphthalic acid
4-methyl ester (ME), have been used to modify FLG, to give FLGnaa and FLGuvE
respectively. These are shown in Figure 4.1. The methyl ester precursor is especially
useful in further reactions, as the methyl ester functionality can be easily hydrolysed to

a carboxylic acid group.

(6]
A NO, B \C/ \

COOH NH,
NH, COOH

Figure 4.1: Anthranilic acids used in this work: (A) 5-nitroanthranilic acid, and (B) 2-amino-
teraphthalic acid 4-methyl ester.

The experimental protocol for the amine addition reaction was based on literature
reports for the Michael-like addition of amines to GC surfaces.'®!'” Two different
primary amines were studied for the addition reaction, 4-nitrophenethylamine (NPEA)
and 2-aminoanthraquinone (AAQ), to give FLGnpea and FLGaag respectively. These
are shown in Figure 4.2. The AAQ derivative was selected because like the nitrophenyl
group anthraquinones have a well-known electrochemical signature. Subsequent

characterisation methods are outlined in Section 2.6.

A NO, B 0
ll *I ll *NH,
o
NH,

Figure 4.2: Primary amines used in this work: (A) 4-nitrophenethylamine (NPEA), and (B) 2-
aminoanthraquinone (AQQ).
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4.3 Results and Discussion

4.3.1 Characterisation of FLG Modified via the Diels-Alder Reaction of an
Anthranilic Acid

4.3.1.1 Raman Spectroscopy
FLG was initially modified using the NAA precursor. After a 6 hour reaction the
FLGnaa was collected onto a gold substrate for Raman spectroscopic analysis. The

Raman spectra of FLG and FLGnax are given in Figure 4.3.
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Figure 4.3: Raman spectra of FLG on a gold substrate, before (blue) and after (red) a 6 hour
reaction with NAA. Spectra normalised to give a G-band intensity of 1. Spectra offset for clarity.

Peaks at 1585, 2716, and 1348 cm™ can be seen in both spectra, labelled the G-, 2D-,
and D-bands respectively.”” The D/G band intensity ratio has increased from 0.13 +
0.03 in FLG to 0.21 + 0.03 in FLGnaa. This agrees with other publications that report
an increase in the D/G band intensity ratio after reaction with an aryne, both on

%212 This confirms the FLG has been covalently

graphene and carbon nanotubes.
functionalised by the aryne species, as covalent bond formation, as shown in Scheme
4.1, results in the conversion of some carbon atoms in the graphene lattice to sp’-
hybridisation, which increases the intensity of the D-band. As explained previously, the
position of the G- and 2D-bands can shift with doping. The position of the G- and 2D-
bands is given in Table 4.1. Both bands have shifted to higher wavenumbers, consistent
with p-doping.”* The electron withdrawing nature of the nitro group means p-doping is
expected,” and p-doping was also seen in Chapter 3 for the FLGyp surfaces. Raman

spectroscopy was also used to confirm the reaction of FLG with ME. The D/G band

intensity ratio increased to 0.24 + 0.03 after modification, indicating that the Diels-
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Alder reaction is also possible with this precursor. The methyl ester functional group is
less strongly electron withdrawing than the nitro group, which means the G- and 2D-
bands have not shifted significantly after modification.

Table 4.1: G- and 2D-band positions before and after modification with NAA or ME for
six-hours.

FLG 1584 £ 1 - 2711 +4 - 0.13+0.03
FLGyaa 15851 +1 2716 £2 +5 0.21£0.06
FLGyg 1585+ 1 0 2710+ 4 -1 024004

4.3.1.2 AFM Imaging
AFM images of the FLG before and after a 6 hour NAA modification, and subsequent
transfer to HOPG are given in Figure 4.4. The AFM images of FLGnaa show a dense

film that covers most the surface.
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Figure 4.4: AFM images of FLG after transfer to HOPG: (A) before, and (B) and (C) after a 6
hour reaction with NAA. Line profile across (C) also shown.

The line profile across Figure 4.4C indicates the approximate height of each feature is
1 nm. Protrusions caused by residues from the etching process that are seen on the bare
sample and the folds caused by trapped water are ignored in these measurements. The

measured height is close to that of a single NAA modifier bound to a carbon surface
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via two covalent bonds (0.65 nm, calculated using Avogadro software), suggesting
monolayer formation. Due to the folded, undulating nature of the FLG on HOPG, this
feature height is only approximate. Further, it is not possible to establish if the features
are 1 nm higher than the FLG surface, or than a continuous background film and hence
scratch testing on modified PPF was used to give a more accurate estimation of film

height (see Section 4.3.1.6).

4.3.1.3 IR Spectroscopy
Figure 4.5 shows the IR spectra of FLG on a KBr disk before and after a 6 hour reaction
with NAA. The ATR spectrum of NAA is also shown for comparison.

1T 1T 17T 17T 1T 1T rr1rr1rr1rr1r1r1rr17 17111 TT T T TTT

OIO{

1343

1523

Absorbance
>

34833370

e o]

N Y N A I A | [N [ Y S oy |

4000 3600 3200 2800 2400 1800 1700 1600 1500 1400 1300 1200 1100
Wavenumber / cm™” Wavenumber / cm™

Figure 4.5: Transmission mode IR spectra of FLG on a KBr disk before and after modification
with NAA: (A) before and (B) after modification for 6 hours. (C) ATR spectrum of solid NAA
precursor (scaled x0.1). Spectra offset for clarity.

Once again, the FLG shows only the pronounced Fano resonance. After modification,
two peaks appear at 1523 and 1343 cm™, caused by the asymmetric and symmetric
stretch modes of the NO, group. These peaks have shifted to a higher wavenumber with
respect to the NAA precursor. It is assumed this shift is due to the change in substitution
pattern.”®*’” In NAA, the nitro group sits para to the amine functionality and meta to
the carboxylic acid group. However, for the surface bound species, these positions are
involved in covalent bonding with the FLG. In the NAA precursor, peaks at 3483 and
3370 cm™, and 1683 and 1251 cm™ are caused by the amine, and carboxylic acid
functionalities respectively. Importantly, these cannot be seen in the FLGnaa spectrum,
suggesting that both the amine and carboxylic acid functional groups are lost during the
reaction. This supports the mechanism given in Scheme 4.1. Furthermore, no peak

attributable to a diazonium functionality can be seen between 2250 and 2350 cm’,
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which indicates the N, group formed after treatment of the anthranilic acid with
isoamyl nitrite has reacted successfully. The remaining peaks between 1625 and 1100
cm™ in the NAA precursor are believed to be ring deformation modes, and these are
too weak to be seen in the FLGnaa spectrum. Full peak assignments for FLGnaa, and
NAA were taken from literature reports and are summarised in Table 4.2.

Table 4.2: IR peak assignments for NAA and FLGNAA.ZX'33

3483 m v, (NH)
3370 m v, (NH)
1683 s v (CO)

1625 s Ring deformation
1600 s Ring deformation

1575 s Fano resonance

1491 s 1523,1511 m, db v, (NO,)
1429 s Ring deformation
1327 vs 1343 s v, (NO,)
1251's § (C-OH)

vs, very strong; s, strong; m, medium; w, weak; db, doublet; v, stretch mode; 8, bend mode.

Figure 4.6 shows the IR spectra of FLG before and after reaction with ME, as well as

the ATR spectrum of the ME precursor.

T T 17T 17T T T°1 rrrr 11T 17T 17T 17T T 1T T"1

A COZ __\/\’———\/\/

3247

Absorbance

17271973 1448

3374
3485 2951
C
T N T O N L1

4000 3600 3200 2800 2400 1800 1700 1600 1500 1400 1300 1200 1100
Wavenumber / cm™ Wavenumber / cm’

Figure 4.6: Transmission mode IR spectra of FLG on a KBr disk before and after modification
with ME: (A) before modification, and (B) after modification for 6 hours. (C) ATR spectrum of
solid ME precursor (scaled x0.1). Spectra offset for clarity.

Like the NAA modifier, in the ME spectrum peaks at 3485 and 3374 cm™' are assigned
to the amine group and the strong peak at 1673 cm™ is due to the carboxylic acid
functionality. The absence of these in the FLGyg spectrum is strong evidence that the
reaction proceeds via the aryne intermediate shown in Scheme 4.1. The lack of any
peak associated with the diazonium functionality (2250 to 2350 cm™) further supports
the generation of the aryne intermediate. The strong band at 1727 cm™ in the ME
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modifier spectrum, and at 1717 cm™ in the FLGyg spectrum is assigned to the CO group
of the methyl ester functionality. The slight shift in position is assumed to be caused by
the change in substitution pattern after modification. In the FLGwmg spectrum a set of
peaks sits around 3247 cm™'. These are assigned to vibrations of the methyl group of
the methyl ester functionality. In the ME spectrum, these peaks cannot be seen, possibly
because the OH group of the carboxylic acid causes a broad band between 3300 and
2400 cm™', which envelops any peaks in this region. The remaining peaks are primarily
ring deformation modes. The peak assignments for ME and FLGyg were taken from
literature and are given in Table 4.3.

Table 4.3: IR peak assignments for ME and FLGp 2"

3485 m v, (NH)
3374 m v, (NH)
3247,3200,3149 s CH; vibrations
2951 (broad) v (OH)
1727 s 1717 vs v (CO) ester
1673 s v (CO) acid
1596 s 1600 s Ring def. + p (NH,)
1573 vs Fano resonance
1552's Ring def. + p (NH,)
1495 s 1489 m Ring deformation
1448, 1421 m, db 1438, 1398 w Ring deformation
1361 s Ring deformation
1317 s Ring def. + 6 (OH)
1290 m 1300 w Ring deformation
1240 vs 1233 vs Ring def. + v (C-NH,)
1115 s Ring deformation

vs, very strong; s, strong; m, medium; w, weak; db, doublet; v, stretch mode; 8, bend mode, p, scissoring mode.

4.3.1.4 XPS Analysis

Although the IR spectroscopy results strongly support the Diels-Alder reaction
mechanism outlined in Scheme 4.1, it is important to ensure that grafting is not through
the reaction of the aryldiazonium ion. It is possible that the aryldiazonium ion reacts
with the FLG surface through the direct attack of the diazonium ion (Chapter 1, Section
1.3.1). In Chapter 3, XPS results indicated that during the reaction of an aryldiazonium
salt with FLG, a large concentration of azo nitrogen is generated. Therefore, to
determine whether this pathway is operative for the reaction conditions used here, XPS
analysis was carried out on the FLGyg surface, to detect any azo nitrogen. Table 4.4

summarises the survey spectra data for FLG, and FLGwg.
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Table 4.4: Survey spectra data for FLG, and FLGyg.

Sample Carbon Nitrogen Oxygen Silicon
FLG 82.6 0.6 7.9 8.9
FLGyg 73.2 0.6 14.5 11.7

Figure 4.7 shows the survey spectrum, and C 1s and N 1s narrow scans for FLGyg. The

equivalent information for FLG is given in Chapter 3, Figure 3.17.
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Figure 4.7: XPS spectra for FLGyg after a 6 hour reaction. FLGyg collected on a silicon oxide
wafer for analysis. Left to right top: survey spectrum, C 1s narrow scan, and bottom: N 1s narrow
scan.

The survey spectrum results indicate that the sample is primarily carbon (73.2%). The
small amount of nitrogen (0.6%) seen for both FLG and FLGyg is expected to be caused
by adventitious contaminants. The nitrogen content has not changed after modification
with ME. This strongly suggests that no azo bonds have formed and hence that the
aryldiazonium grafting route is inoperative during this reaction. The C 1s narrow scan
shows a strong peak at 284.2 eV. This is caused by the sp>~hybridised carbon of the
FLG. A small peak at 285.35 is likely caused by the sp’-hybridised carbon from both
defects and carbon atoms involved in grafting. The oxygen content has increased from

7.9% to 14.5% after grafting. Some oxygen will arise from the silicon oxide wafer that
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supports the FLG, however the silicon content has only increased by 2.8% after the
reaction, suggesting that most of the additional oxygen arises from the methyl ester
functionality. These XPS results support the proposed grafting mechanism, as they

show no evidence consistent with modification via the aryldiazonium ion intermediate.

4.3.1.5 Electrochemistry

The NAA derivative can be interrogated electrochemically. A typical CV for FLGnaa
after a 6 hour reaction is given in Figure 4.8. As described previously (Chapter 3,
Section 3.3.2.5), the large peak at —0.51 V is caused by the irreversible reduction of
nitrophenyl groups to either aminophenyl or hydroxylaminophenyl groups.” A second
reversible redox couple is at 0.33 V, and is due to the hydroxylaminophenyl
/nitrosophenyl system.”” Once again, the surface concentration was calculated using the
charge associated with the two redox processes. As the reaction with NAA was always
carried out with the FLG supported on copper, the CV was measured with the

electroactive groups in the exposed orientation.
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Figure 4.8: CV in 0.1 M H,SO,4 of FLGyaa on HOPG in the exposed orientation. Scan rate =
200mV s,

The average surface concentration of nitrophenyl groups for the 6 hour reaction was
0.64 + 0.12 nmol cm™ (n=3). The surface concentration of a close packed monolayer
of nitrophenyl groups on a flat FLG surface is 0.72 nmol cm™. This was calculated
using the molecular footprint of a single nitrophenyl group (0.23 nm?), assuming free
rotation of the nitro group (calculated using Avogadro software).’® Hence, the surface
concentration measured for the 6 hour reaction is close to 90% of a closely packed

monolayer. The dense film coverage seen via AFM (Figure 4.4) further supports this.
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However, the surface concentration of nitrophenyl groups on FLG does not account for
any additional surface area resulting from surface roughness. FLG on HOPG has
wrinkles and folds, as well as amorphous carbon regions that will increase the surface
roughness, and therefore surface area. However, AFM image analysis (using the
roughness tool on Nanoscope analysis) of unmodified FLG indicated that the average
difference between the geometric working electrode area used for surface concentration
calculations and the imaged surface area was > 1% thus this is not expected to

significantly impact the surface concentration calculation.

The surface concentration of nitrophenyl groups on the FLGnaa samples was found to
be dependent on reaction time, as illustrated by Figure 4.9 (calculated values given in
Appendix B, Section B.3). The surface concentration initially increases with reaction
time reaching a plateau around 2 hours. To ensure this plateau is the maximum
attainable surface concentration for this reaction and not simply the maximum
concentration of electrochemically accessible nitrophenyl groups within the film, the
surface concentration was measured for a FLGnaa surface with a second FLG sheet
sandwiching the film. The surface concentration found in this orientation was 0.52 nmol
cm’, the same within error of the maximum surface concentration shown in Figure 4.9.
It is therefore assumed that when the measured surface concentration reaches a
maximum, the nitrophenyl groups have saturated all available bonding sites on the FLG

surface.

Computational studies have suggested that the maximum degree of functionalisation
for a 4 x 4 unit cell of graphene is one benzyne group is bonded per 4 carbon atoms,’’
however experimentally only a maximum functionalisation of 1 group per 17 carbon
atoms has been achieved, measured using thermogravimetric analysis.** In this work, a
degree of functionalisation of 1 group per 14 carbon atoms was calculated, based on
the unit cell of graphene and the measured surface concentration, within error of the
value calculated by Ma et al.** This functionalisation limit is suggested to be caused by

. . . . . 3
steric hindrance and bonding interactions.’’
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Figure 4.9: Nitrophenyl surface concentration with increasing reaction time for the reaction of
FLG with NAA. Red dashed line indicates exponential fit of the data.

4.3.1.6 PPF Scratch Testing and Electrochemistry

The experimental results presented suggest that the modification of FLG with an
anthranilic acid is limited to a monolayer. However, the most reliable method for
determining whether a mono- or multilayer film has formed is through film thickness
measurements. Hence the reaction was repeated on PPF and the film thickness
measured using the AFM scratching method. PPF is a predominantly edge plane
material and is very flat (roughness < 0.5 nm) and sufficiently hard that it is typically
not scratched to any large extent during scratch testing.”>** PPF was modified in the
same manner as FLG using the NAA derivative. A CV for the PPFxaa surface is given

in Figure 4.10.
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Figure 4.10: CV in 0.1 M H,SO, of PPFy, . Scan rate =200 mV s™'.
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The presence of the characteristic nitrophenyl redox processes confirms that this
reaction can be applied to predominantly edge plane carbon materials such as PPF. The
surface concentration of nitrophenyl groups on PPF was 0.55 + 0.11 nmol cm™ (n=3)
after a 2 hour reaction, which is the same, within experimental uncertainty, as the
limiting concentration shown in Figure 4.9. This suggests the mechanism for the

reaction is consistent between edge and basal plane graphitic carbons.

AFM tip scratching is a very reliable way to determine film thickness. An AFM image
of PPF modified via a 2 hour reaction, with a section of the film scratched away can be

seen in Figure 4.11.

Figure 4.11: AFM tip scratch on PPFya4 after a 2 hour reaction. Scale bar =2 pum.

The average, blank corrected height was 0.9 = 0.4 nm. For this average, twelve box
profiles were taken from two different scratches on two PPFyaa samples (Chapter 2,
Section 2.6.6). The blank scratch height (0.6 = 0.15 nm) was measured from a PPF
surface that was refluxed for 2 hours in 1,2-dichloroethane and isoamyl nitrite only.
The height of a single NAA modifier bonded to a carbon surface via two bonds is
approximately 0.65 nm (calculated via Avogadro software).’® This means the film
height measured here is within monolayer thickness, strongly supporting that the
reaction of an anthranilic acid with graphitic carbons gives a monolayer film on the

surface.

One interesting feature of this reaction is it provides a densely-packed monolayer on
PPF. As explained in Section 4.1.1, several aryldiazonium ion based protocols exist for
obtaining monolayer coverage on carbon surfaces, however they typically provide a
low surface coverage. For instance, the protection-deprotection strategy described only

provides surface concentrations of 0.14 to 0.28 nmol cm™ on GC,'? while the radical
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scavenger based route is able to give slightly higher surface concentrations of 0.3 to 0.4
nmol cm™ on PPF.'" The highest surface concentration available from the existing
diazonium based methods is approximately 0.9 nmol cm?, from the ionic liquid
approach.” This surface concentration was measured on GC, which is a much rougher
substrate than PPF, and a typical roughness correction factor of two can be applied to
the GC surface concentration giving a surface concentration of 0.45 nmol cm™ on PPF.
Furthermore, the preparation of monolayers by this method relied on the low diffusion
rates of aryldiazonium ions in ionic liquids, suggesting there is no intrinsic reason for

d.'® *° This means that the anthranilic acid method

multilayer growth to be prohibite
presented here can give a more density-packed monolayer film on PPF than previously

reported methods, which may be beneficial for some applications.

4.3.1.7 Grafting Mechanism

Both FLG and PPF have been successfully modified using the reaction of an anthranilic
acid. The most likely mechanism is that the aryne generated from the anthranilic acid
after treatment with isoamylnitrite undergoes a cycloaddition reaction with the FLG (or
PPF). From the IR and XPS results, the aryldiazonium grafting mechanism can be
discounted due to the lack of azo bonds in the film structure. Furthermore, AFM and
electrochemistry results confirm monolayer formation and aryldiazonium salts are
expected to give disordered multilayer films.*' The inhibition of the diazonium ion
reaction pathway was expected due to steric hindrance from the carboxylic acid group.
Podvorica et al.** reported that an ethyl group ortho to the diazonium functionality
completely prevented grafting to the surface, therefore it is assumed that the ortho
carboxylic acid group will have a similar effect. Aryne intermediates are also able to
undergo nucleophilic addition* and sigma bond insertion reactions, and any oxygen
containing groups at the FLG or PPF surface could provide potential sites for these
reactions.** As the concentration of oxygen at the surface of both FLG and PPF is low
(> 5%), these reactions can be excluded as a major contributor to the surface grafting.
The Diels-Alder cycloaddition reaction is a [4+2] cycloaddition reaction, that will give
two covalent bonds from the modifier to the FLG surface, forming a six-membered
ring. Although this is the pathway assumed to be occurring, computational studies have
demonstrated that the [2+2] cycloaddition product (a four membered ring) is also stable
for the reaction of graphene with benzyne, whereas a [3+2] cycloaddition is

37,45

energetically unfavourable. Furthermore, Simon et al.** used STM to demonstrate

that both [4+2] and [2+2] cycloaddition reactions can occur on epitaxial graphene on a
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silicon carbide substrate, when using a fluorinated maleimide derivative as the
dienophile. The [4+2] and [2+2] cycloaddition mechanism are also possible on edge
plane materials such as PPF, and would be most favourable at armchair edges. Both the
[4+2] and [2+2] cycloaddition reactions will give two bonds to the carbon surface,
which may result in a more strongly adhered film than the aryldiazonium reaction that
only gives a single covalent bond to the surface. The presence or absence of two bonds
to the FLG or PPF surface will be the subject of further investigation by collaborators,

using surface enhanced Raman spectroscopy.

4.3.2 Characterisation of FLG Modified with a Primary Amine

The two reactions considered thus far, grafting from aryldiazonium ions and anthranilic
acids, generated dense films that covered the entire surface of the FLG. The amines
used were shown in Figure 4.2 and reaction conditions are described in Chapter 2,
Section 2.4.3. The non-nucleophilic base, diisopropylethylamine, was added to the
reaction mixture, selected based on previous work.'” This amine is used because it is a
good base, but poor nucleophile, due to the tertiary nitrogen atom, so will not take part

in amine addition reactions.

4.3.2.1 Raman Spectroscopy

The Raman spectra for FLG and FLGnpga after a 20 hour reaction are given in Figure
4.12. Once again, the G-, 2D-, and D-bands can be clearly seen. The D/G band intensity
ratio for the FLGnpga is 0.12 £ 0.01, which is within error of the D/G band intensity
ratio of the unmodified FLG (0.13 £ 0.03). The D/G band intensity ratio is related to
the number of defects within the FLG lattice, and hence it appears that the number of
defects (and specifically sp’-hybridised carbons) is not affected by the reaction with
NPEA. As explained in Section 4.1.2, two plausible mechanisms exist for this reaction.
If the amine precursor is interacting with the FLG via partial intercalation, then no
changes are expected in the Raman spectrum as this mechanism does not require
covalent bond formation and therefore the introduction of defects. Furthermore, the
spontaneous addition reaction is expected to target defective, oxygen containing
regions, which may have already activated the D-band in the Raman spectrum.*’”**

Hence, it is plausible that covalent modification of these sites will not alter the overall

intensity of the D-band.
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Figure 4.12: Raman spectra of FLG on a gold wafer, before and after a 20 hour reaction with
NPEA. Spectra normalised to give a G band intensity of 1. Spectra offset for clarity.

Table 4.5 summarises the G and 2D peak positions for FLGnpea. The G and 2D bands
have not shifted significantly after modification. This suggests that any modifier groups
residing at the surface are unable to effectively dope the FLG. As this reaction is
expected to be limited to the edges and defects, there may be too few NPEA groups to
significantly dope the FLG. Raman spectroscopy was therefore unable to provide
evidence for either mechanism, or for modification of FLG, and hence further
characterisation was undertaken. Raman spectroscopy was carried out for the NPEA
modifier only.

Table 4.5: G and 2D band peak positions for FLG and FLGnpga after a 20 hour reaction.

FLG 1584 £ 1 - 2711+ 1 - 0.13+0.03
FLGypga 1583+ 1 -2 2711+ 1 0 0.12+£0.01

4.3.2.2 AFM Imaging
Figure 4.13 shows selected AFM images of FLG after reaction with NPEA and AAQ.

The reaction was done with copper supported FLG, so that the modified FLG could be
collected onto HOPG in the exposed orientation for imaging. Figure 4.13A and B show
the FLG surface immediately after modification with NPEA and transfer to HOPG.
Small protrusions can be seen scattered across the FLG surface, at a much lower density
than for the aryldiazonium and Diels-Alder reactions. The approximate height of each
group was 1.2 £ 0.6 nm, which is within error of the height of a single group (0.96 nm,
calculated using Avogadro software). Figure 4.13C and D show FLG after reaction with

AAQ. Protrusions can be seen across the surface, and the height of each is
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approximately 2.2 = 0.7 nm. This is higher than the expected height of a single modifier
(1.1 nm, calculated using Avogadro software), which implies each feature represents
more than a single AAQ group, however as with previous AFM images, the folded

nature of the underlying graphene means these feature heights are only approximate.
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Figure 4.13: AFM images of FLG on HOPG: (A) and (B) after a 17 hour reaction with NPEA,
and subsequent methanol wash; (C) and (D) after a 16 hour reaction with AAQ, and subsequent
methanol wash.

4.3.2.3 IR Spectroscopy

FLG after modification with NPEA and AAQ was also characterised using IR
spectroscopy. The modified FLGnpea Was collected onto a KBr disk for spectral
acquisition (Figure 4.14). The spectrum of the precursor, NPEA, is also included for
comparison. Peaks at 1520 and 1341 cm™ in the NPEA spectrum, and 1515 cm™ and
1354 cm™ in the FLGypea Spectra, correspond to the asymmetric and symmetric stretch
modes of the NO, group. These peaks have shifted slightly upon modification, possibly
due to the change in substitution pattern. The weak peak at 1623 cm™ in the NPEA
spectrum is caused by a NH; bending vibration, this peak is not seen in the FLGnpga
spectrum, however may be obscured by the large Fano resonance. Peaks at 2906 and
2816 cm™' both the NPEA and FLGnpea spectra are assigned to the CH stretch modes
of the ethylamine group. The primary amine NH stretch modes typically result in peaks

between 3000 and 3400 cm™, however no peaks can be seen for either NPEA or
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FLGnpea, and they are possibly enveloped by the CH stretch mode. The peak at 1502
cm™ in the NPEA spectrum is due to a CH, bending vibration of the ethyl chain. A
weak broad band at 1506 cm™ in the FLGypea spectra could also be due to this vibration,
however a similar weak broad band can be seen at ~1500 cm™ in the FLG spectrum, so
it is not possible to definitively assign this band. Table 4.6 gives the full peak

assignments for this modification.'® *>
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Figure 4.14: Transmission mode IR spectra of FLG before (A) and after (B) modification with
NPEA, with a subsequent methanol wash. ATR spectrum of NPEA precursor (C) is also shown

(scaled x0.02). Spectra offset for clarity.

Table 4.6: IR peak assignments for NPEA and FLGnpga.

2906, 2816 m v (CH,)
1623 w 6 (NH,)
1605 m v (C=C)
1520 vs 1515w v, (NO,)
1502 s 6 (CH,)
1461 w Ring deformation
1441 w Ring deformation
1418 w Ring deformation
1341 vs 1354 s v, (NO»)
1248 m v (C-O

vs, very strong; s, strong; m, medium; w, weak; db, doublet; v, stretch mode; 8, bend mode.

Figure 4.15 shows the IR spectra for FLG before and after modification with AAQ. A
summary of these peak assignments in given in Table 4.7.*°° Peaks at 3426 and 3318
cm” in the AAQ spectrum are assigned to the NH stretch modes. Equivalent peaks
cannot be seen in the FLGaaq spectrum, but these may be covered by the broad band
between 3800 and 2700 cm™', assumed to be caused by trapped water. A weak peak at
1347 cm™ can be seen in the FLGaaq Spectra, which is assigned to the CN stretch
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vibration that is also seen in the AAQ precursor. The other peaks at 1301 and 1274
cm™ in the precursor are difficult to discern in the FLGaq spectra due to the KBr

background.
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Figure 4.15: Transmission mode IR spectra of FLG before (A) and after (B) modification with
AAQ, with a subsequent methanol wash. ATR spectrum of AAQ precursor (C) is also shown

(scaled x0.03). Spectra offset for clarity.

Table 4.7: IR peak assignments for AAQ and FLGaqo.

3426,3318 w v (NH,)
1671 s v (C=0)
1621 m 6 (NH,)
1584 m Ring deformation
1567 s Ring deformation
1494 w Ring deformation
1331 vs 1347 w v(CN)
1301 vs v(CO) + v (CC)
1274 vs v(CO) + v(CO)

vs, very strong; s, strong; m, medium; w, weak; db, doublet; v, stretch mode; 8, bend mode.

4.3.2.4 Electrochemistry

FLGnpra and FLGaag were interrogated electrochemically. For electrochemistry, the
modified FLG was collected onto HOPG in the sandwiched orientation. A typical CV
of FLGnpEa s given in Figure 4.16. Once again, the large irreversible reduction peak at
—0.61 V corresponds to the six electron, six proton reduction of nitrophenyl groups to
aminophenyl groups, and the four electron, four proton reduction of nitrophenyl groups
to hydroxylaminophenyl groups. The second broad redox system at approximately 0.3
V corresponds to the hydroxylaminophenyl/nitrosophenyl system.” Surface

concentration values were calculated from the charge associated with these processes.
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The surface concentration ranged from 0.11 nmol cm™ for a 4 hour reaction to 0.4 nmol

cm for a 25 hour reaction.
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Figure 4.16: CV in 0.1 M H,SO, of FLGnpga after a 17 hour reaction. Sample collected onto
HOPG in the sandwiched orientation and washed with methanol prior to analysis. Scan rate =
200 mV s™.

Figure 4.17 gives the CV for a FLGaaq sample on HOPG after a 17 hour reaction. The
FLGaaq CV shows a broad reduction peak and an associated oxidation peak. The
reduction peak is due to the two proton, two electron reduction of the anthraquinone to
the equivalent anthracenediol, and the oxidation peak is arises from the reverse process
(Scheme 4.3).>"" This response is similar to that reported by Belanger et al. for
activated carbon modified with anthraquinone groups; the additional small oxidation
peaks that can be seen above 0 V were attributed to anthraquinone molecules whose
oxygen functionalities are involved in hydrogen bonding between two closely packed

molecules, which would cause the oxidation to occur at slightly higher potentials.’’

[0} OH

2H*, 2e”
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Scheme 4.3: Two proton, two electron redox process of anthraquinone.

Using the charge associated with the reduction peak, the surface concentration of
anthraquinone groups was calculated. This ranged from 0.21 nmol cm™ for a 4 hour
reaction to 0.45 nmol cm™ for a 17 hour reaction. The surface concentration for the
AAQ reaction is the same, within experimental uncertainty, as the NPEA reaction. This

result was unexpected, as alkyl amines are more nucleophilic than aromatic amines,
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therefore expected to be more reactive. However, the aromatic 2-aminoanthraquinone
molecules would be more susceptible to physisorption to the graphene surface, which

may lead to higher than expected surface concentrations.
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Figure 4.17: CV in 0.5 M H,SO, of FLGaaq after a 17 hour reaction. Sample collected onto

HOPG in the sandwiched orientation and washed with methanol prior to analysis. Scan rate =
200mVs™.

4.3.2.5 Physisorption Studies

AFM, IR spectroscopy, and electrochemistry results all suggest the presence of a
modifier at the FLG surface after modification with a primary amine, however these
methods cannot confirm if the film is simply physisorbed. Typically, Raman
spectroscopy is used to confirm covalent bonding to graphene, but results described in
Section 4.3.2.1 showed no change in the D/G band intensity ratio for this reaction,
which may be due to the edge/defect specific nature of the reaction. To confirm the
results are not due to physisorption of the modifier, the protocol was repeated using an
analogue of both NPEA and AAQ that did not contain a primary amine functional
group. Nitrotoluene was used as a NPEA analogue to give FLGnt, physi. and
anthraquinone-2-sulfonic acid sodium salt was used as an AAQ analogue to give
FLGuas, physi- The structures of these two precursors are given in Figure 4.18. For the
physisorption tests, FLG was floated on a 50 mM DMF/diisopropylethylamine solution
of each physisorption analogue for 20 hours, then washed in the same manner as the

amine modified samples.
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Figure 4.18: Physisorption analogues: (A) nitrotoluene, and (B) anthraquinone-2-sulfonic acid
sodium salt.

The IR spectra for FLGnpea and FLGNr, physi, and of FLGaaq and FLGs physi., are given
in Figure 4.19A and B respectively.
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Figure 4.19: Transmission mode IR spectra recorded on a KBr disk of: (A) FLGypga (blue) and
FLGnr physi. (red); (B) FLGaaq (blue) and FLG g physi. (ted). Samples washed with methanol prior
to acquisition. Spectra offset for clarity.

In Figure 4.19A, a small peak corresponding to the symmetric nitro stretch can be seen
at 1354 cm™ in the FLGnpea spectrum. This peak can also be seen in the FLGxpga Physi.
spectrum, but at a much lower absorbance, suggesting that this peak is not solely a result
of physisorption for FLGnpea. In Figure 4.19B, the absence of the peak at 1347 cm™ in
the physisorption spectrum suggests the appearance of such peaks in the FLGaaq

spectrum is due not due to physisorbed groups.

Figure 4.20A shows CVs for FLGnpea and FLGNr physi., and B shows CVs for FLGaaq
and FLGas physi. Only a very small nitro reduction peak can be seen for the FLGNT physi.
sample, which is significantly smaller than the nitro reduction peak for FLGxpga. The
surface concentration calculated for FLGr physi. is 0.007 nmol cm™. This indicates that
physisorption makes up approximately 2% of the total measured surface concentration.
Similarly, only a very small oxidation and reduction peak can be seen for the

FLGas physi. sample. The surface concentration was 0.06 nmol cm”, suggesting
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physisorption is responsible for 14% of the total FLGaaq surface concentration.
Physisorption is expected to be more prevalent for the AAQ system as this modifier has
multiple aromatic rings that can participate in strong Van der Waals interactions with
the graphene. The results from these physisorption studies indicate that the washing
steps implemented for this modification method are sufficient to remove most
physisorbed material from the surface. This therefore supports the successful

modification of FLG with primary amines.
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Figure 4.20: Physisorption CVs: (A) FLGnpea (blue) and FLGyr physi. (red) in 0.1 M H,SOy; (B)
FLGaaq (blue) and FLG g physi. (red) in 0.5 M H,SOy4. Scan rate =200 mV s

4.4 Conclusion

In summary, FLG has been modified using two alternative methods: the Diels-Alder
reaction using an anthranilic acid precursor, and the reaction of a primary amine. The
Diels-Alder reaction was successful in providing a dense monolayer film on the surface
of both FLG and PPF. Two different precursors were used, indicating this reaction
pathway is viable for a range of different modifiers. Based on the reaction mechanism
and experimental evidence presented, it is believed this reaction results in each modifier
being bound to the surface via two covalent bonds. Confirmation of this bonding
mechanism requires further investigation. The two films grafted to the FLG can be used
for further surface chemistry. The nitro can be reduced to an amine, while the methyl
ester can be hydrolysed to a carboxylic acid, both these groups can then take part in

additional coupling reactions such as amide bond formation.
The FLG was also successfully modified using a primary amine. Two possible

mechanisms were postulated for this reaction: either partial intercalation of the modifier

at edges and defects, or the Michael-type addition at oxygen containing sites.
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Physisorption studies confirm that changes to the FLG after the reaction are not simply
caused by physisorption of the modifier to the FLG surface. It seems unlikely that the
Michael addition reaction is the sole modification mechanism as oxygen groups are
required for this reaction. A low concentration of oxygen containing groups was
detected on the FLG (4.64%) giving an oxygen to carbon ratio of 0.04. On GC, where
the primary modification mechanism is reported to be the Michael addition reaction, a
surface concentration of 0.22 + 0.02 nmol cm™ was obtained after a 16 hour reaction in
DMF, which is lower than the surface concentration obtained on FLG for a similar
reaction time. As GC has a higher oxygen to carbon ratio (0.07), a higher surface
concentration would be expected on GC compared with FLG if the Michael addition
reaction is the only modification pathway, as there are more oxygen containing sites.
Further experimental investigation is required to confirm if partial intercalation of the
amine modifier is the primary modification mechanism. One possible option is to use
Li" ion intercalation electrochemistry studies, like those used by Compton et al."” Here,
non-aqueous electrochemistry was carried out with either lithium perchlorate or
tetrabutylammonium perchlorate as the electrolyte. In lithium perchlorate, the
nitrophenyl reduction peaks were well defined, while in tetrabutylammonium
perchlorate electrolyte they were not. The lithium perchlorate was suggested to give a
better response because the lithium ions can easily intercalate between the graphite
sheets, and therefore access the nitrobenzylamine modifier, while the bulky
tetrabutylammonium cations are larger therefore cannot intercalate between the sheets

and easily access the nitrobenzylamine molecules.
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5 Capacitance of Aryldiazonium Modified FLG

Electrodes

5.1 Introduction

Graphene has been theoretically predicted to have a high gravimetric capacitance of
approximately 550 F g, however, practical capacitances of graphene materials range
from 10 to 250 F g™.""® Face to face stacking of graphene sheets during assembly and
electrochemical cycling is one of the main reasons for this."”’ Restacking of graphene
sheets limits the accessible surface area, so fewer electrolyte ions can accumulate at the
electrode surface, thereby decreasing the electrical double layer capacitance. It is
therefore essential that practical methods are developed in which the restacking of
graphene sheets is prohibited so maximum ion accumulation is possible and higher

capacitances are realised.

The separation distance between the graphene sheets is believed to be important in
maximising capacitance. It has been suggested that the maximum electrical double
layer capacitance is achieved when the pore size matches the diameter of the electrolyte
jons.*” Amaratunga et al.'’ studied the influence of pore size in detail, using graphene
oxide (GO) as the electrode material in a symmetric two-electrode device. The
electrolyte was tetracthylammonium tetrafluoroborate (where the radius of the cation is
larger than that of the anion), dissolved in propylene carbonate. The propylene
carbonate drives the gradual exfoliation of the GO during cycling, which allows
electrolyte ion intercalation between the GO sheets. The separation distance was
measured using X-ray diffraction. It was reported that when the separation distance is
too small, electrolyte ions cannot accumulate between the graphene sheets and so the
capacitance is low. As the spacing increases, partially or completely desolvated anions
can fit between the sheets and the capacitance increases slightly. As the spacing
increases further, both cations and anions can fit between the sheets and so the
capacitance reaches a maximum, as both the anode and cathode are completely
accessible to their respective solvated ions. The capacitance began to decrease as the
interlayer spacing was increased further and it was postulated that this was caused by
an increase in the distance between the electrode and the ionic layer. These results
suggest that graphene sheets should be separated by a distance close to the diameter of

the electrolyte ions to achieve the best possible capacitance.
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Layer by layer (LBL) assembly is a popular method to build graphene architectures,
which involves sequentially adsorbing two or more macromolecular materials through
exploitation of the intermolecular forces between the materials, such as electrostatic
interactions or Van der Waals forces.'' The LBL protocol allows good control over film
composition and structure.'” Reduced graphene oxide (rGO) films are often assembled
this way, as electrostatic interactions between charged oxygen containing groups on the
rGO can be used to control assembly.'> Ruoff et al."’ used a LBL approach to construct
graphene electrodes of CVD-grown monolayer graphene. The repeated transfer of
PMMA coated graphene onto a single layer of graphene on the copper foil substrate,
allowed stacks with different layer numbers of graphene to be built. With each layer
added, the electrical double layer capacitance did not double, indicating that electrolyte
ions could not fit between the graphene sheets. Separation using appropriate spacers is
an effective technique for preventing sheet aggregation,'* and carbonaceous materials,
metal nanoparticles, or pseudocapacitive materials (metal oxides and polymers) have
all been trialled as potential spacers. Lian et al."” used carbon black powder as a
separator for rGO sheets and obtained a specific capacitance of 138 F g at 10 mV 5™
The specific capacitance was not improved when the carbon black powder was added,
suggesting the carbon black powder did not efficiently separate the graphene sheets and
increase the accessible surface area. However, the rate capability improved, suggesting
better channels for ion transport. Li et al.'® utilised carbon nanotubes to separate GO
sheets. Once again, the addition of nanotubes did not increase the total capacitance of
the system, however the rate performance was improved. Samulski and Si used
platinum nanoparticles as spacers for graphene sheets.'” The platinum/graphene
nanocomposite showed a greatly improved surface area compared to the unmodified
graphene sheets, increasing from 44 m”> g' to 862 m* g, showing the platinum
nanoparticles provided sheet separation. The capacitance increased from 14 F g for
the dried graphene powder to 269 F g for the composite, showing an increase in the
electrical double layer capacitance, however the nanoparticles possessed additional
pseudocapacitance so this increase cannot solely be attributed to the increase in

accessible surface area.
In this thesis work molecular spacers, covalently grafted to the graphene, were used to
separate the sheets and maximise the total available surface area for electrical double

layer formation. Substituted phenyl groups, grafted to FLG via aryldiazonium
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chemistry, were investigated as molecular spacers. The modified FLG sheets were
assembled using a LBL protocol to give stacks of modified FLG. In addition to
providing sheet separation, modification with aryl groups may be expected to increase
the total capacitance of the graphene sheets. Computational studies indicated that
monovalent functionalisation, like that accomplished via aryldiazonium chemistry, can
increase the quantum capacitance of graphene and therefore the total capacitance. This
is due to the increase in the density of states after functionalisation, which will increase

the quantum capacitance.'® "’

5.2 Experimental Methods

The experimental methods are detailed in Chapter 2. The aryldiazonium salt
modification protocol is outlined in Section 2.4.1. The grafted film was on one side of
the FLG only for all samples studied. The LBL assembly method is given in Section
2.5.1, and subsequent electrochemical measurements: cyclic voltammetry (CV),
galvanostatic charge discharge (CD), and electrochemical impedance spectroscopy
(EIS), are given in Section 2.6.10. All calculated capacitance values can be found in
Appendix C, Section C.1 and Section C.2, and calculated energy and power density
value in Appendix D, Section D.1 and Section D.2.

5.3 Results and Discussion

5.3.1 Capacitance of Unmodified FLG

5.3.1.1 CV and CD Testing of Unmodified FLG

The capacitance of 3-4 layer FLG in 1 M HClO,4 was investigated using CV, CD, and
EIS. HCIO,4 was selected as the electrolyte for this thesis work. Acid electrolytes are
commonly used when studying electrical double layer capacitance as they present
higher capacitance values than neutral or organic electrolytes, and exhibit higher ionic
conducitivites.”’ Although H,SOy is more common in literature reports, it was not used
in this thesis work to avoid potential complications from sulfate ion adsorption at the
electrode surface.”’ CV and CD give an indication of the integral capacitance of the
system, that is the capacitance over the entire potential range, while EIS gives the
differential capacitance. Furthermore, EIS gives information on the interfacial
properties of the system. As explained in Chapter 1, Section 1.6.2, the total FLG
capacitance is controlled by the quantum, Helmholtz, and diffuse capacitance. Within

the potential limits used in this work, which were selected based on the potential
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window of the electrolyte, the quantum capacitance is expected to be the limiting

component.zz'23

The general strategy for investigating the capacitance of all FLG and FLG stacks
(modified and unmodified) described in this thesis work was to first record CVs, in
order of decreasing scan rate, followed by CD testing. The CD plots shown are the 7™
collected at a particular current density. Sets of 15 cycles at each current density were

performed in order of increasing current density.
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Figure 5.1: CV and CD of FLG on Au/epoxy in 1 M HCIO4: (A) CV at 200 (blue), 100 (red),
50 (green), 20 (purple), and 5 mV s™' (orange); (B) CD at selected current densities.

In Figure 5.1A, CVs between 0 and 0.4 V are shown for selected scan rates. For an ideal
double layer capacitor, the CV is rectangular, resulting from fast double layer formation
during charging and discharging.*® The CVs shown here give a near rectangular shape,
showing that electrical double layer capacitance is the primary method of charge
storage. The CVs appear sloped, which indicates some resistance in the system,
however the magnitude of the slope appears over exaggerated in the above figure as the
y-axis scale is small. The absence of any current peaks confirms that no Faradaic/redox
processes are operative.” Ideal electrical double layer capacitance is further indicated
by the triangular shape of the CD plots (Figure 5.1B).* Any deviations from this shape
are also caused by resistive losses. No abrupt potential drop can be seen at the start of
discharging, which suggests the resistance of the FLG sheet is low.”2® As shown in
Chapter 3, Section 3.3.2.5, in the working electrode configuration used, protons can
access both sides of the FLG sheet through pore and defect regions, so it is possible that
the electrical double layer has formed on both sides of the FLG sheet.

139



The areal capacitance (Ca) was calculated for both sets of data: for areal capacitance
calculations of both unmodified and modified FLG throughout this chapter, the
geometric working electrode area was used as the electrode area (see Chapter 2, Section
2.6.10 for details), as this approach is often used in literature reports.”’ > AFM image
analysis of FLG (Chapter 3, Figure 3.5) and aryldiazonium modified FLG (Chapter 3,
Figure 3.13) indicated that the average difference between the geometric area and the
imaged surface area was > 1 % (calculated using roughness tool on Nanoscope
analysis), thus the geometric area was assumed to give a good representation of the
working electrode surface area. The areal capacitance for FLG was 10 uF cm™ at 50
mV s, and 12.8 pF cm™ at 10.0 pnA cm™, which is close to literature reports for FLG
(4-20 puF cm™)."” **3° The CD curve can also be used to calculate the coulombic

efficiency (Equation 5.1),

n:t—zx100% (5.1)

t
where #p is the discharging time, and fc is the charging time.>' The coulombic efficiency
of the system at all current densities is approximately 100%, suggesting good

cyclability and minimal leakage current.’’

5.3.1.2 EIS of Unmodified FLG

EIS measurements were collected over a wide frequency range (50 frequencies between
0.1 MHz and 0.1 Hz) at 50 mV intervals between —0.5 and 0.3 V. Unless otherwise
stated, EIS was started at —0.5 V. The cell was held at each potential for 2 minutes prior
to measurement to ensure a steady state was reached. For all EIS experiments, a
Kramers-Kronig analysis was performed, giving values on the order of 10°°, confirming
the system was at sufficient steady state for analysis.”> A CV was collected before and
after each measurement to ensure the FLG did not change during data acquisition
(Figure 5.2). The CV shows no new redox processes after measurement suggesting no
chemical changes, such as oxidation of the FLG, occurred. Furthermore, the area of the
CV has remained constant, indicating the electrical double layer capacitance did not
change during EIS measurement. Below —0.3 V for both plots, a redox process begins,

which is the hydrogen evolution reaction (HER).>?*
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Figure 5.2: CV of FLG on Au/epoxy in 1 M HCIO, before (blue) and after (red) EIS. Scan rate
=200mV s™.

In the absence of any Faradaic processes, a simple model has been developed to
calculate the differential capacitance of FLG at different potentials using EIS,"> '

given in Equation 5.2:

_ 1
©2nf(-2")

(5.2)

where fis the frequency and Z” is the imaginary component of the impedance. Below
—0.3 V, the HER may mean this model is no longer appropriate, however literature
reports utilised this model over the entire potential range, and so the same approach was
used in this thesis work.'” ** Figure 5.3 shows the dependence of areal capacitance on

frequency at selected potentials.
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Figure 5.3: Dependence of areal capacitance on frequency at selected potentials for FLG on
Au/epoxy, derived from EIS in 1 M HCIO,.
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The plot shows a plateau region at mid-frequencies for all applied potentials, and the
capacitance in this plateau region increases at more positive applied potentials. There
are two approaches reported in literature to determine the best frequency to calculate
capacitance: the first, reported by Ruoff, uses the average capacitance of the plateau
region” (in this region double layer capacitance and Faradaic effects are most

. 36-3
prominent),**’

and the second, reported by Pope and Askay, uses the capacitance at
approximately 100 Hz only, as the capacitance does not change greatly within the
plateau region, and so the capacitance at approximately 100 Hz is assumed to be an
appropriate estimate of the total capacitance.'” Table 5.1 shows the capacitance
calculated using both methods for a selection of FLG surfaces at 0.1 V. Little difference
exists between the two methods, with method one always giving a slightly higher value.
Both methods are considered valid in literature reports, and so the second approach

(capacitance at 115 Hz), was used for the remainder of this work.

Table 5.1: Areal capacitance (C,) of FLG on Au/epoxy in 1 M HCIO, calculated via method
one (average over the plateau frequency range) or method two (at 115 Hz only), using
Equation 5.2 at 0.1 V.

1 6.1 5.7
2 4.4 4.2
3 4.2 3.7
4 3.1 2.9
5 3.9 33
6 43 3.8
7 5.9 5.3

Figure 5.4A shows the variation in areal capacitance with potential for a selection of 3-
4 layer FLG samples, all from different CVD batches. Figure 5.4B shows the average
plot of areal capacitance versus potential (obtained from the data in Figure 5.4A) with

the error bars representing the standard deviation.
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Figure 5.4: Areal capacitance of FLG on Au/epoxy at different applied potentials derived from
EIS in 1 M HCIO4at 115 Hz: (A) six different FLG samples (from different CVD batches); (B)
average areal capacitance of samples in A, with standard deviation shown.

The plots in Figure 5.4A are U-shaped with a minimum between 2.8 and 5.6 pF cm?,
and the slope either side of this minimum ranges from 2.1 to 6.8 uF cm™ V™'. Some
variation exists between different FLG samples, which is assumed to arise from
differences in defect concentration and layer number generated during CVD growth of
FLG, and from folds and wrinkles caused by transfer of the FLG to the Au/epoxy
substrate. This variation was considered when establishing whether differences in

capacitance were significant throughout this thesis work.

An average plot for unmodified FLG is given in Figure 5.4B with a minimum at 4.2 +
0.9 puF cm™. The minimum sits at the Dirac point, and exists because the density of

states is lowest at this point.'***

This minimum agrees with literature reports for FLG,
and is close to the minimum found for HOPG."> ' *> 3% On either side of this
minimum, the capacitance increases with an average slope of 3.7 + 1.1 uF cm™ V™' for
the right arm, and 2.4 + 1.3 pF cm™ V™' for the left arm. This increase in capacitance on
either side of the Dirac point is caused by an increase in hole and electron doping."
The predicted slope for single layer graphene is 23 uF cm™ V', however, Ruoff et al.
reported a slope of 12.5 and 14 uF cm™ V™' for the right and left arms respectively, for
single layer graphene." Furthermore, this slope decreased by approximately 74% when
the number of layers increased from one to five, and trends towards that of HOPG
(approximately 2.5 pF cm™ V™),***" presumably due to the spread of charge into the
bulk.” Ruoff et al. reported a slope of approximately 5 uF cm™ V' for a 4 layer

graphene stack. The slopes shown in Figure 5.4A are similar to this, and hence the plot
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agrees with previous UV/visible and Raman spectroscopic results that indicate the
graphene is 3-4 layers. Unfortunately, this shallow slope means the capacitance remains
low over a wider potential window compared to single layer graphene, but the minimum

remains higher.

The EIS data can be used to estimate the quantum capacitance of the FLG. As explained
in Chapter 1, Section 1.6.2, the total capacitance of a graphene electrical double layer
capacitor is comprised of three capacitances, namely the diffuse (Cpisg), Helmholtz

(Cn), and quantum capacitance (Cg), in parallel with one another (Equation 5.3).

s (5.3)
¢ Cq Cu Cpifr

In concentrated electrolyte, like that used here, the diffuse capacitance is significantly
larger than the other two components, and can be neglected.’® An approximate value
for the Helmholtz capacitance is 20 uF cm™ based on the capacitance of a platinum
electrode, and so the quantum capacitance can be estimated by subtracting this value

38, 41

from the total capacitance. Figure 5.5A shows the total and quantum capacitance

for the average FLG system.

Equation 5.4 describes the relationship between the quantum capacitance and the

number of carriers (see Chapter 1, Section 1.6.2),

2e2 1
Cq =7, 4= (nl + Ins) /2 (5.4)
where
_ eVenh 2
ng = (th ﬁ) (5.5)

and h is the reduced Plank constant (A = h/2m), e is the electron charge, vr is the Fermi
velocity of the Dirac electron (9.99 x 10°m s™), V., is the potential of graphene, and
is the number of carriers caused by charged impurities (holes and electrons). This model
can be used to estimate the quantum capacitance for FLG based on the number of
carriers determined in Chapter 3, Section 3.3.4 using the Hall effect (ns). Figure 5.5B
shows the quantum capacitance estimated using Equation 5.3 (blue) and Equation 5.4

(red). Note the two different y-axis scales.
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(blue) and Equation 5.4 (red).

Examination of Figure 5.5B illustrates that Equation 5.4 is unable to accurately predict
the quantum capacitance. The red plot shows a minimum of 24 uF cm™, with a slope
of 8.6 uF cm™ V' on either side of the minimum, while the blue plot has a minimum
of 5.3 uF ecm™, with slopes of 6.0 and 5.0 uF cm™ V™' on the right and left sides of the
minimum respectively. The difference in the potential of the minimum between the two
plots arises from the reference electrode and electrolyte concentration used for EIS.*!
Clearly, the minimum capacitance and slopes calculated using Equation 5.4 are higher
than those estimated from Equation 5.3. The discrepancy between the two sets of data
is possibly related to the number of graphene layers. The model developed by Tao

38,41

(Equation 5.4) has been used for single layer systems only. The number of layers

) . . 13, 42-43
is known to influence the capacitance, ™

so to successfully predict the quantum
capacitance for few-layer systems, new models are required. These would need to
consider the distribution of carriers and impurities within each layer, screening of
impurities, and the possibility of impurities being intercalated between layers. Tao
attempted to develop a model for bilayer graphene, but further work is still required to
understand the quantum capacitance of such systems. Furthermore, the possibility of a
fourth component, the dielectric capacitance, that has been suggested to play an

important role in the capacitance of FLG with four layers or more, needs to be

. 42-43
considered.

5.3.1.3 Nyquist Plot Analysis of FLG
Information on the electrochemical nature of the graphene electrode can also be

discerned from EIS using the full range of frequency data. A Nyquist plot is commonly
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used to display the real (Z’) and imaginary (Z”") components of the total impedance (2)
at each measured frequency. A typical Nyquist plot for a carbon capacitor shows an
intercept of the real axis at very high frequency, corresponding to the solution resistance
(Rs), which is the electrolyte resistance between the working and reference electrolyte.’
A semicircle follows if Faradaic processes exist for the system, the diameter of which
equals the charge transfer resistance. At lower frequencies, mass transport and diffusion
related processes tend to dominate. A Bode plot of phase angle vs. frequency can also
be used to illustrate impedance data. In EIS measurements, an oscillating potential is
applied to the system. If the input and output of this signal are in phase, the phase angle
is 0°, characteristic of a resistor, whereas if they are out of phase, with a phase angle of
—90°, the system is purely capacitive (a phase angle of +90° indicates inductance, which

. 32,44-48
should not be seen for carbon capacitors.)™

Figure 5.6 shows the Nyquist and Bode
phase angle plots for a representative FLG surface at 0.1 V, which is close to the open

circuit potential of the system.
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Figure 5.6: Data obtained from EIS of FLG on Au/epoxy in 1 M HCIO4at 0.1 V: (A) Nyquist
plot with inset showing magnified high frequency region; (B) Bode phase angle plot.

The Nyquist plot shows no semicircle in the high frequency region, meaning no
interfacial charge transfer resistance exists at the electrode surface. This is expected, as
there should only be electrical double layer capacitance at the FLG surface, as no redox
processes can be seen in the CV results at 0.1 V (Figure 5.2).>"**°° A short line, with
an angle close to 45° can be seen in the mid-frequency region. The 45° angle is
characteristic of a Warburg impedance, caused by obstruction of ion movement at the

3,8,31,49,51

electrode. The fact that this portion of the plot is very short suggests good ion

diffusion, as expected for planar, FLG capacitors.*’ At low frequencies, an almost
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vertical line can be seen, suggesting the system is showing excellent capacitive

31453051 1f this portion of the plot maintained a slope of 45°, the system

behaviour.
would be diffusion limited, but this is not the case for the FLG studied here.”® The Bode
phase angle plot also confirms this good capacitive behaviour at low frequencies, with
a phase angle of approximately 85°.>* Further, the frequency at —45° on the phase angle
plot (fo) marks the transition point where the system goes from resistive to capacitive
behaviour.? The time constant (1/f,) is 1.2 ms, which is low compared to other carbons
(17.8 ms for porous reduced graphene oxide, 26 ms for onion like carbon, and 700 ms
for activated carbon),” > highlighting the high speed ion diffusion and transport to the
surfaces. This is expected because the FLG is a planar electrode, so nothing should
block ion movement to the surface, and the electrolyte is highly concentrated so

diffusion gradients should not exist.

A common way to analyse EIS data is by using equivalent electrical circuits (EEC)

comprised of discrete circuit elements.** >+

It is important to select an appropriate
circuit to model the data, with components that can be ascribed to actual physical
processes occurring for the system. Figure 5.7 shows the circuit used to fit the FLG
data, and the fitted Nyquist plot. The circuit is comprised of a Rs in series with two
additional components. The capacitance elements of the circuit were modelled as
constant phase elements (CPE), as this compensates for any deviations from ideality
resulting from surface roughness and any inhomogeneities caused by defect and grain
boundary regions.”® The CPE (Qp.) in parallel with a Warburg impedance (W) relates
to the formation of the double layer at the electrode interface. Typically, a charge
transfer resistance is also in parallel with this CPE, however the best fit for the FLG
data is obtained when the charge transfer resistance is zero, further confirming the lack
of a charge transfer resistance for this system.*” The second part of the cicuit, consisting
of a CPE in parallel with a resistance, corresponds to the bulk capacitance (Og) and
associated resistance (Rp).” It is typically best to discuss quantitative parameters for
each circuit element when comparing similar interface structures, therefore numerical
values for the EEC will be discussed in Section 5.3.3.3, when FLG is compared with
modified FLG surfaces, to establish the effect of modification on the

electrode/electrolyte interface.*’

147



B
120000 | | | |

100000

80000

60000

-Z" Q)

40000

20000

0 50010001500
| | L
0 20000 40000 60000
zZ'/Q
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5.3.2 Capacitance of Unmodified FLG Stacks

5.3.2.1 CV and CD Testing of Unmodified FLG Stacks

The goal of this project is to increase the total capacitance by stacking FLG sheets,
using a LBL protocol. The free-floating FLG sheets were successively collected and
dried on a FLG/Cu coupon from a water bath. The full experimental details can be
found in Chapter 2, Section 2.5.1. The stacked FLG working electrodes consisted of
three sheets of FLG (3FLG); the stacks were limited to three sheets of FLG because
there was sufficient difference between a one- and three-sheet stack to establish if the

sheets were completely separated.

In initial experiments, the capacitance of three-sheet stacks of unmodified (as prepared)
FLG was examined. Figure 5.8 shows the CV and CD profiles for 3FLG, which look
like those for a single FLG sheet (Figure 5.1) suggesting the 3FLG also behaves as an
electrical double layer capacitor, with no Faradaic reactions contributing to the total
capacitance. The calculated areal capacitance was 7.1 uF cm™ at 50 mV s™' and 10.3
uF cm™ at 10.0 pA cm™, values that are slightly lower than for a single sheet. The
capacitance indicates that the stacked FLG sheets behave more as a single 9-12 layer

sheet rather than 3 individual sheets.

148



o>
(o8]

o) 0.50 1 1 1T 1T 1T T 1
§ [ S 045 ——6.25 pA cm?—
< 4r Z 040 | ——10.0 pA cm]
= 5 [ W 035 ——12.5 uA cm?]
— -2
%‘ - % 0.30 —25.0pAcm™_|
S 0 s 4 g 025 .
8 B—r—>"  dZo2| 4
T2 F 1 Lo.15 -
o — = 418 '

EL L. ] 0.10 -
&) — - 0.05 —
B N Y 0.00 L 11 L 1IN 1
0.0 0.1 0.2 0.3 0.4 0.002040608101214161.8

Potential (SCE) /V Time/s

Figure 5.8: CV and CD results for 3FLG on Au/epoxy in 1 M HCIOy: (A) CV at 200 (blue),
100 (red), 50 (green), 20 (purple), and 5 mV s™' (orange). Dotted line is the same CV for FLG in
Figure 5.1 at 200 mV s™', and given for comparison; (B) CD at selected current densities.

5.3.2.2 EIS of Unmodified FLG Stacks
The capacitance versus voltage plot for 3FLG derived from EIS is given in Figure 5.9

with the FLG plot (from Figure 5.4B) shown for comparison.
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Figure 5.9: Average areal capacitance at different potentials for FLG (blue, n=6) and 3FLG (red,
n=3) derived from EIS in 1 M HClO4 at 115 Hz.

The average minimum areal capacitance for 3FLG (2.8 puF cm™) is lower than FLG (4.2
uF cm™). Also, the slope of the left and right arms of the FLG plot decreased to 0.7 and
2.4 uF em™ V! respectively. There are two possible explanations for the decrease in
capacitance seen for CV, CD, and EIS. Firstly, having three sheets of FLG stacked
together may hinder ion and solvent transport through the graphene layers, preventing
efficient double layer formation on both sides of the stack. As shown in Chapter 3,
Section 3.3.2.5, electrolyte can access both sides of the single FLG sheets in the
working electrode configuration used. Secondly, the decrease in capacitance could be

related to the increase in the number of layers. From a FLG sheet to 3FLG, the total
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number of graphene layers increases from 3-4 to 9-12. Ruoff et al."” showed that
increasing the number of layers decreases the minimum capacitance and the slope of
the capacitance versus voltage plot. At 9-12 layers, the system would resemble HOPG,
and indeed the minimum capacitance for Figure 5.9 is close to that for HOPG (2-3 uF

Cm-Z)‘39-4O

Furthermore, the slope for the left and right arm for 3FLG is similar to that
for HOPG (1.0-2.5 uF cm™) with the left arm typically having a smaller slope.”* This
decrease in slope implies the integral capacitance over a wide potential range (-0.5 to
0.3 V for EIS) would decrease, and so a lower capacitance is also seen from CV and
CD results. Hence, stacking the FLG sheets has most likely resulted in an HOPG-like
electrode, with decreased capacitance over the 0.4 V potential window used in CV and

CD testing. Thus, spacer groups became essential in building stacks of FLG to keep the

sheets sufficiently separated for the double layer to form at each FLG surface.

5.3.3 Capacitance of NBD Modified FLG Stacks

5.3.3.1 EIS of Single Sheet Modified FLG

Spacer groups were added to the FLG using nitrobenzene diazonium (NBD) and the
capacitance of the resulting surface was analysed using EIS to determine the most
appropriate reactions conditions. The EIS measurements started at —0.5 V, which meant
the NP film was initially reduced to an aminophenyl (AP) film (Chapter 3, Section
3.3.2.5) to give FLGap. The reaction was carried out on copper, so the FLGap is
collected on the Au/epoxy substrate in the exposed orientation, and the FLGap was
washed with methanol prior to EIS measurement. Figure 5.10 gives the CV response
between —0.5 and 0.3 V for the FLGAp sample before and after EIS. Similar to FLG, no
current peaks can be seen within this potential window, indicating no Faradaic
processes are active, thus Equation 5.2 can be used to extract the capacitance from the
data. Furthermore, the CV shape and area does not change after the measurement,

suggesting good stability.
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Figure 5.10: CV of FLGap on Au/epoxy in 1 M HCIO4 before and after EIS. Scan rate = 200
mV s’

Figure 5.11 shows the dependence of areal capacitance on potential for FLGxp after a

7 hour reaction.
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Figure 5.11: Average areal capacitance derived from EIS in 1 M HCIlO, at different applied
potentials at 115 Hz of: (blue) FLG (n=6); (red) FLGap after a 7 hour reaction with 20 mM
aqueous NBD solution (n=3).

The FLGap 7nours gives the same U-shaped plot, and the average minimum capacitance
increased after functionalisation to 5.6 uF cm™, however the minimum is within the
expected experimental error. Consequently, it is not possible to say whether this
increase is due to functionalisation, or is simply a result of variation between different
batches of FLG and certainly it is not significant. The functionalisation does increase
the carrier concentration (ns=2.4 x 10" cm?, Chapter 3, Section 3.3.4), which was

expected to increase the quantum capacitance and hence the total capacitance. Pope and
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Askay showed that above a certain defect concentration the quantum capacitance is no
longer the limiting capacitance component, rather the Helmholtz capacitance controls
the total capacitance, and the total capacitance is approximately 20 uF cm™."” This is
not the case for FLGap 7nours, hence the increase in carrier concentration must not be
sufficient to increase the quantum capacitance above the Helmholtz capacitance.
Importantly, although the capacitance may not increase significantly after modification,
it is unlikely to decrease, indicating that the functionalisation process is not detrimental

to the areal capacitance of the system.

The areal capacitance was also measured for four other NP surface concentrations, by
varying the modification time and aryldiazonium salt solution concentration. Table 5.2
gives the experimental parameters, resulting surface concentration, and minimum
capacitance values for each condition, and Figure 5.12 shows the areal capacitance
versus potential plots. Surface concentration was measured by carrying out a NP
reduction CV (Chapter 2, Section 2.6.9.1) prior to EIS measurements, and the surface
concentration calculated based on the charge associated with the NP reduction and
hydroxylaminophenyl oxidation peaks.

Table 5.2: Reaction conditions, surface concentration, and minimum areal capacitance
(C,) for FLGp surfaces.

FLG (n=6) - - 42+09
FLGAP 1hour (7=5) 1 hour, 1 mM 0.12+0.04 39+1.1
FLGAP 7hours (n=3) 7 hours, 20 mM 0.21 £0.02 56£1.3
FLGAP 16hours (7=2) 16 hours, 20 mM 0.47 +0.06 44+02
FLGap 72hours (n=2) 72 hours, 20 mM 1.92+0.13 5.8+£0.2
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Figure 5.12: Average areal capacitance at different applied potentials derived from EIS in 1 M
HCIO, at 115 Hz for FLG and FLGap on Au/epoxy.

There is no obvious trend between surface concentration and the minimum areal
capacitance, and the measured capacitance values are within the maximum
experimental variation seen between samples. This suggests that regardless of the
surface concentration, the increase in the carrier concentration induced by modification
is not sufficient to significantly increase the total capacitance of the system. This may
be a consequence of using FLG, as the increase in capacitance with the number of
carriers has only been predicted for single layer graphene, and it is unknown how FLG
should behave. Further the functionalisation is only on the top layer of the graphene,

with the underlying sheets remaining unmodified.

A comparison of the capacitance for FLG modified with NP and AP groups was
undertaken by starting the EIS measurement at 0.3 V, and moving towards more
negative potentials. The plot in Figure 5.13 shows the dependence of capacitance on
voltage, first for an FLGnp 1hour Surface going from 0.3 to —0.5 V and then the same
surface from —0.5 to 0.3 V (red). Initially, the capacitance of the FLGnp surface is lower
than the unmodified FLG. At approximately —0.2 V, the capacitance increases by
around 1 uF cm™. This occurs at a similar potential to the onset of the nitro reduction
peak (Chapter 3, Figure 3.21), indicating that the increasing capacitance is likely related
to the reduction of NP groups to AP groups. The capacitance remains high on the return
scan, with the capacitance being 2.1 uF cm™ higher at the end potential than the starting

potential, suggesting this change is irreversible, as expected for the electrochemical
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reduction of a NP film. The same experiment was repeated for a FLG surface (not

shown) and no change in the capacitance was seen at —0.2 V.
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Figure 5.13: Dependence of areal capacitance on potential FLGyp 1hour 00 Au/epoxy derived from
EIS in 1 M HCIOy4 at 115 Hz, from 0.3 to —0.5 V, then from —-0.5 to 0.3 V (red). FLG plot,
starting at 0.3 V shown for comparison (blue).

The AP groups are expected to be protonated in the acidic solution conditions, and
therefore charged, which may influence the capacitance as the NP group would be
neutral. To test this hypothesis, a FLGap 1hour Surface was analysed in both perchloric
acid and sodium perchlorate (pH ~ 6). The pKa of aniline is 4.6, therefore the AP groups
will be largely deprotonated in sodium perchlorate. The capacitance against voltage
plot for the FLGap 1nour Surface in both electrolytes is given in Figure 5.14. No difference
can be seen between the two plots, which strongly suggests that the increase in
capacitance is not caused by the charged nature of the AP film in perchloric acid.
Daasbjerg et al.’’ reported a potential-induced desorption process that lead to voids in
an organic layer grafted from an aryldiazonium salt. This means that reduction of the
NP film to an AP film may generate a more porous grafted layer leading to more
efficient formation of the double layer at the FLG surface. This may explain why the
initial capacitance of FLGnp is lower than that of unmodified FLG, as the film could
block access of electrolyte ions to the FLG surface thereby hindering double layer
formation. After reduction, the film becomes more porous leading to more space on the
FLG surface for double layer formation. Additionally, Targholi and Mousavi-
Khoshdel'® predicted, based on computational studies, that graphene functionalised
with AP groups gives a higher quantum capacitance than graphene functionalised with

NP groups or simply a phenyl ring, due to an increased density of states for AP

154



functionalisation, and an increase in quantum capacitance is expected to increase the
total capacitance. The main consequence for this work is that reduction of the NP film
increases the capacitance, albeit within the variation seen between different batches of

FLG, and so is expected to be better for designing supercapacitor electrodes.
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Figure 5.14: Dependence of areal capacitance on potential of FLGap 1hour On Au/epoxy derived
from EIS at 115 Hz in 1 M HCIOy4 (blue) and 1 M NaClOy (red).

5.3.3.2 EIS of Three-Sheet Stacks of Modified FLG

The FLGnp sheets were assembled into three-sheet stacks using the LBL approach
described in Chapter 2, Section 2.5.1. FLGnp sheets with four different surface
concentrations (Table 5.2) were stacked in this manner to give 3FLGyp systems, and
then analysed using EIS. Based on the project goals outlined in Chapter 1, Section 1.7,
the experimental protocol must be optimised so that the stack has 3x the areal
capacitance of a single sheet of FLG, as this confirms each FLG sheet is totally
accessible to the electrolyte ions. Once again, EIS measurements started at —0.5 V, so
the 3FLGnp was converted to 3FLGap prior to data collection. The areal capacitance
versus voltage plots for the four different surface concentrations of NP groups are given
in Figure 5.15. Using FLGap 1hour, With the lowest surface concentration of modifiers,
the stack only gives an average 2.2x increase in the minimum capacitance, suggesting
this surface concentration is insufficient to separate the FLGap sheets. On the other
hand, the 7 hour modification time gave an average increase of approximately 3x for
the 3FLGap 7hour Stacks compared to FLGap 7nour sSingle sheet, indicating that a reaction
time of 7 hours is sufficient to give a surface concentration high enough to separate the

sheets.
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Figure 5.15: Average areal capacitance vs. voltage plots of FLGap and 3FLGap derived from
EIS in 1 M HCIO4at 115 Hz: (A)1 hour, ] mM aryldiazonium salt reaction (n=3); (B) 7 hours,
20 mM aryldiazonium salt reaction (n=2); (C) 16 hours, 20 mM aryldiazonium salt reaction
(n=2); (D) 72 hours, 20 mM aryldiazonium salt reaction (n=2).

Somewhat surprisingly, the minimum capacitance remained 3x higher for the highest
surface concentrations. This suggests that for even the thickest films, access of
electrolyte ions between the FLG sheets is not significantly hindered by the grafted
layer. In Section 5.1, it was explained that a pore size approximately the same as the
diameter of the electrolyte ions is expected to give the highest capacitance. This effect
is not seen here, as even the lowest surface concentration of AP groups is expected to
provide a film height of 0.4 nm,’® which is approximately the same as the ionic radius
of the solvated and unsolvated perchlorate ion (0.37 and 0.24 nm respectively).”’
Furthermore, the capacitance does not decrease as the film thickness increases (the 72
hour reaction is predicted to give a film of 6 nm).”® It is possible that film density may
be responsible for this behaviour. For the FLGap 1nour reaction, the surface concentration
is 0.12 nmol cm™, which is only 10% of an ideal close packed monolayer of NP groups

1.2 nmol cm™).* This means that approximately 90% of the FLG surface does not
pp
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contain modifier groups, and so in these regions the FLGap sheets may be in contact,
preventing electrolyte ions from accessing these areas and therefore limiting double
layer formation. As the surface concentration increases, the film becomes thicker and
so the FLGap sheets are further apart and can therefore no longer contact one another
in the unmodified regions of the surface. The remainder of work in this chapter focusses
on FLG after a 7 hour, 20 mM reaction with NBD, as this surface concentration is able
to fully separate the sheets. Hence, FLGapnp and 3FLGapnp for the remainder of this
chapter will refer to FLG modified via a 7 hour reaction in 20 mM aqueous NBD

solution.

5.3.3.3 Nyquist Plots for NBD Modified FLG Stacks

The Nyquist plots for the one- and three-sheet FLGap systems were also analysed. To
accurately fit the FLGp and 3FLGap data, additional circuit elements were required to
account for the film. An appropriate EEC was taken from literature reports, with the
film modelled as an inert porous layer, with the electrical double layer forming at the
FLG surface at the base of the film.** >* Figure 5.10 indicated that Faradaic processes
are not operative at 0.1 V for FLGxp, and so the film could be considered as inert. Figure
5.16 shows assumed structure of the FLGap electrode surface, with different circuit
elements to account for the porous layer. The Ry circuit element corresponds to the
electrolyte resistance within the pore or grafted layer, and the film is modelled as a CPE
(Or), whose magnitude relates to the permittivity and thickness of the film. This circuit

was used to fit all aryldiazonium modified one- and three-sheet stacks of FLG.

Electrolyte
Qs

QL

Porous Layer
Re

FLGap electrode

Figure 5.16: EEC used to fit EIS data for aryldiazonium modified FLG one- and three-sheet
stacks. Reproduced from Tribollet & Orazem.*

The Nyquist and Bode phase angle plots for FLGap and 3FLGap are given in Figure
5.17. The fitted Nyquist plots are also shown, with the FLG included for comparison.
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All values calculated from the EEC are given in Appendix E, Section E.1, and selected

values will be discussed further.
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Figure 5.17: EIS data for FLG, FLGap, and 3FLGup recorded at 0.1 V in 1 M HCIO4: (A)
Nyquist plots; (B) Bode phase angle plots; (C) fitted FLG and FLGAp Nyquist plots; (D) fitted
FLGAP and 3FLGAP Nyqulst plOtS.

The most obvious difference between the FLG and FLGap Nyquist plots is the increase
in Rs from 6.8 Q for FLG to 27.4 Q) for FLGap. This is responsible for the shift of the
plot along the Z’ axis. The exact origin for this increase is unknown at this time. The
Rs value corresponds to the solution resistance between the working electrode and the
reference electrode, and depends on the electrolyte concentration and the position of
the reference electrode with respect to the working electrode. The electrolyte is 1 M
HCIO, for both FLG and FLGap, furthermore the use of the Luggin capillary to house
the reference electrode ensures the separation between the two electrodes remains

constant. The AP film is protonated, therefore the positive charge of the film could
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interact with electrolyte ions and alter Rs, however when the experiment was repeated
with a FLGyp surface, which would not be protonated, a similar increase in the R value
(22.4 Q) was observed, indicating the charge of the film is not the sole cause of this
increase. Surprisingly, the Rs value for 3 FLGap (6.3 Q2) has not increased compared to
the FLG and this behaviour is consistent for all samples regardless of film type. This
unusual behaviour for the solution resistance requires further investigation to establish

the exact cause of the increase for FLGap (and FLGyp).

Similar to FLG, no charge transfer resistance was required to fit the data for both FLGap
and 3FLGap, which is expected as there are no Faradaic processes occurring at 0.1 V
(Figure 5.10). In addition, both FLGap and 3FLGup required the additional Ry
component, suggesting an additional resistance caused by the film. The Ry value was
higher for 3FLGap (40.0 kQ cm'z) than FLGxp (12.2 kQ cm'z), indicating the stacking
of the sheets increases the electrolyte resistance within the porous layer. At low
frequencies, both FLGap and 3FLGxp behave similarly to FLG, with a vertical tail,
corresponding to the low frequency capacitive behaviour of the system. The slope is
smaller for the modified surfaces possibly due to reduced ion accessibility to the
surface.”’ In Figure 5.13 it was shown that FLGap gives a higher capacitance than
FLGnp, and it was postulated that this is caused by removal of some film during
reduction, giving a more porous film. The Nyquist plot results support this hypothesis,
as the FLGyp surface presents a higher R; value (36.7 vs. 12.2 kQ cm™) and a higher
Warburg impedance (3.1 vs. 1.7 uS cm™) than FLGap, which suggests the FLGyp

impedes ion diffusion to the FLG surface.

On the Bode plot, the frequency at which the electrode transitions from diffusion
limited to capacitive behaviour is lower for FLGap and 3FLGap than FLG, giving a
higher time constant (FLG = 1.2 ms; FLGap = 3FLGap = 4.9 ms. FLGap and 3FLGyp
gave the same time constant). This suggests the film decreases the speed of ion transport
to the surface.” This increase in time constant is consistent for all samples studied. An
important observation is that even with the small increase, the time constant is much
lower that other porous graphene and carbon systems (17.8 ms for porous reduced
graphene oxide, 26 ms for onion-like carbon, and 700 ms for activated carbon).” > The
time constant is the minimum time needed to discharge all the energy from the electrical

double layer capacitor, with an efficiency of at least 50% of the maximum available
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capacitance. It is important to maintain a low time constant when increasing the total
capacitance of electrical double layer capacitors, as this ensures the device can be

charged and discharged rapidly, and therefore the power density remains high.®'

5.3.3.4 CV and CD Testing of NBD Modified FLG Stacks

The modified FLG surfaces were analysed via CV and CD testing. For these
measurements, the NBD modified FLG was analysed both before (FLGxp) and after
(FLGap) reduction, as both a single sheet and a three-sheet stack. The CVs between 0
and 0.4 V of FLGap, 3FLGap, FLGNp, and 3FLGyp are given in Figure 5.18. The most
notable difference between the FLGnp and FLGap CVs is the appearance of a set of
redox peaks at approximately 0.3 V for FLGap, while the FLGnp CVs show the
rectangular shape typical of electrical double layer capacitors. The redox peaks are seen
outside the potential window used in EIS studies. As explained in Chapter 3, Section
3.3.2.5, some NP groups will be reduced to give hydroxylaminophenyl groups, and
these can undergo a second, reversible redox reaction, which may cause the peaks seen
in Figure 5.18A and B. In Figure 5.18E and F, CVs obtained at 50 mV s™' are shown
for the one- and three-sheet systems for FLGap and FLGxp. For both modifiers, the area
enclosed by the CV increases for 3FLGap/np, as there are more FLG surfaces available
for electrical double layer formation. Table 5.3 summarises the areal capacitance values
for each system, calculated at 50 mV s'l, with FLG included for comparison. Both
FLGap and 3FLGxp show higher areal capacitances than their FLGnp counterparts, due
to the additional pseudocapacitance provided by the hydroxylaminophenyl group.

Figure 5.19 shows the CD plots for FLGap, 3FLGap, FLGnp, and 3FLGyp at various
current densities. The CD plots for the FLGap and 3FLGap samples show a bell-shaped
curve. The deviation from an ideal triangular shape is indicative of a material
possessing both electrical double layer capacitance and pseudocapacitance, as expected
for these surfaces that contain the redox active hydroxylaminophenyl group.*® The
pseudocapacitance causes a longer discharge time between 0.4 and 0.3 V, as discharge
time is proportional to capacitance. This agrees with the CV results given in Figure
5.18A and B, as the redox peaks are seen between 0.3 to 0.4 V. Conversely, the FLGnp
and 3FLGnp plots show a triangular shape, indicating only electrical double layer

. . . 62
capa01tance 1S operatlve.

160



A B
-E12:| T 1T 1T 1T 1T T T 1T T H '82.5:1 LN N Y N O B N
<°F < 20F "
< — < 20 [
Z8r 5|
26 210 F
c4r R
s T F S 0.5 -
o2r 0 0.0 4
- 1 §-0s ]
5 'j u ] 510 B
Ll L 1 1111111 1T 1.5 n
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
Potential (SCE) / V Potential (SCE) / V
C D
a_ 50
g L L L L L L I B
<_5)-40 B
<30 -
b -
‘w20 -
c -
810 ]
T 9l 3
o —— 7
:_ | —
o0 ]
20 L—L 1 oL 1 111111111 Tl
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
Potential (SCE) /V Potential (SCE) / V
E F
“-‘E18 T T T T T T T 3 % E T T T T T T T A
c15 : O 1 :
<12 < C 2]
=°F 2" L ]
D 6 2 N
c - c 1 -
o 3L ) -
a°[C = N
€0 . €-2 .
g-3 = = G'CJ —FLG, ]
3-6F 1 3-8 ——3FLG,,
o J AN I I N S N N S I IS I I S S
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
Potential (SCE) / V Potential (SCE) /V

Figure 5.18: CVs in 1 M HCIO, of modified FLG at 200 (blue), 100 (red), 50 (green), 20
(purple), and 5 mV s'l(orange): (A) FLGap; (B) FLGnp; (C) 3FLGap; (D) 3FLGyp. Comparisons
of (E) FLG apand 3FLGap at 50 mV s and (F) FLGxp and 3FLGyp at 50 mV s also shown.
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(C) 3FLGp; (D) 3FLGyp; (E) comparison of A-D at 10.0 pA cm™; (D) areal capacitance at
selected current densities.
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Table 5.3 summarises the areal capacitance values derived from the discharge portion
of the plot for each surface at 10.0 pA cm™. As expected, the areal capacitance increases
approximately 3x from FLGnp to the three-sheet counterpart. For the FLGap system the
areal capacitance increases by slightly more than 3x after stacking. IR spectroscopy
results in Chapter 3, Section 3.3.2.3, showed that washing the surface with methanol
removes a large amount of physisorbed material from the surface, and therefore this
methanol wash step has been used for all samples analysed for capacitance. However,
the three-sheet systems were washed after stacking, so material trapped between the
sheets may not be removed, therefore additional physisorbed material may be present
for the three-sheet stacks, which would increase the total capacitance as more
psuedocapacitive groups are present. Both the 3FLGap and 3FLGyp surfaces show a
higher areal capacitance than the 3FLG with no phenyl groups, confirming the modifier
groups are needed to separate the sheets and improve energy storage capability. The
FLGnp surface shows a slight decrease in areal capacitance compared with the FLG
surface, possibly due to the blocking nature of the film, which may limit double layer

formation, as discussed earlier.

Table 5.3: Average areal capacitance values and potential drop of FLG, FLG4p, 3FLG p,
FLGnp, and 3FLGyp, calculated at 50 mV s and at 10.0 HA cm?. Capacitance values after
20,000 charge discharge cycles (see Section 5.3.3.5) at 10 uF cm™ are also listed. n=2 for all
samples.

FLG 11.5 9.0 15.6 15.2 0
3FLG 7.1 9.0 10.3 9.8 0
FLGap 14.9 7.0 15.9 11.8 0.01
3FLGap 71.9 21.7 85.7 44.0 0.02
FLGnp 2.9 5.2 6.4 10.4 0.01
3FLGnp 15.6 18.4 19.1 30.3 0.01

The plot in Figure 5.19F shows the variation in areal capacitance with current density.
All surfaces except 3FLGap show approximately the same areal capacitance for the
highest and lowest current densities, suggesting a very good rate capability.” ©** The
capacitance of the 3FLGap sample decreases with increasing current density, although
the percent retention is still high (77% of the capacitance at 6.25 pA cm™ is retained at
50 pA ecm?, so only 23% of the total capacitance is lost at the fastest scan rate studied).
This may be a result of restricted proton diffusion, enhanced at higher current densities,

which could limit the pseudocapacitance as the hydroxylaminophenyl/nitrosophenyl
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redox process (Chapter 3, Scheme 3.2) is a two electron, two proton process.
Unfortunately, it was not possible to analyse the one-sheet systems at the highest
current density because the discharge time was too fast to accurately calculate
capacitance. A small potential drop at the start of the discharge portion of the plot
(circled in Figure 5.19A, B, C, and D) can be seen for the modified FLG systems of
approximately 0.01 to 0.02 V, which indicates the modified FLG possess a small
internal resistance, agreeing with EIS results that show an additional solution resistance

within the pores for the modified surfaces.

5.3.3.5 Cycle Stability of NBD Modified FLG Stacks

The FLG and modified FLG, one- and three-sheet systems, were cycled at 10.0 pA
cm’ for 20,000 cycles to confirm stability (Figure 5.20). The plots below show a single
sample for each condition, however each experiment was repeated twice to confirm

trends were reproducible, and the values presented in Table 5.3 represent the average

capacitance.
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Figure 5.20: Areal capacitance during charge discharge cycling at 10.0 pA cm™ in 1 M HCIOy:
(A) FLGap and 3FLGap; (B) FLGnp and 3FLGyp. FLG (blue) shown for comparison.

In both plots, the blue squares show the stability of the unmodified FLG. After an initial
conditioning or activation period (~ 3000 cycles)** the capacitance of the FLG is
stable, with the final capacitance being 98% of the capacitance at 3000 cycles.
Similarly, the FLGnp and 3FLGnp show good cycle stability after the initial
conditioning period, with a capacitance retention of 87% and 100% for the one- and
three-sheet systems respectively.* ¢’ The FLGap and the 3FLGap show a drop of up to
50% during the initial activation period (as a comparison, the capacitance of FLG
increases by approximately 10%). After the initial drop, the capacitance remains stable
for the additional 15,000 cycles. Furthermore, even with the initial capacitance drop for

FLGap and 3FLGap, 3FLGAp maintains a capacitance 3x higher FLGap after 20,000
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cycles (Table 5.3), indicating that the film is still able to effectively separate the FLG
sheets after charge discharge cycling. The same is true for FLGynp and 3FLGnp.

The decrease in areal capacitance for the FLGap and 3FLGap surfaces is believed to be
caused by a loss of pseudocapacitance. Figure 5.21 gives the CV responses at 50
mV s™, for the FLGp one- and three-sheet systems, before and after cycling. Clearly,
the redox peaks disappear after cycling, and the system shows electrical double layer
capacitance only, as evidenced by the rectangular shape of the CV. The areal
capacitance of the 3FLGyp is still 3x the capacitance of FLGap after the cycling period
(Table 5.3) which suggests the molecular spacers remain grafted to the FLG surface.
The results indicate that the pseudocapacitive hydroxylaminophenyl/nitrosophenyl
groups of the FLGap samples likely underwent a transformation during cycling to a
non-redox active group (for example an aminophenyl group). This is not unexpected,
as molecular redox reactions can suffer from poor cyclability that leads to degradation

of the active material in the initial cycles.”*
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Figure 5.21: CVs in 1 M HCIO, before and after 20,000 CD cycles at 10 pA cm™: (A) FLGap
and (B) 3FLGp. Scan rate = 50 mV s™".

5.3.4 Capacitance of CBD Modified FLG Stacks

The FLG was also modified with carboxybenzene diazonium (CBD) and stacked into
a three-sheet system. The NP/AP film was replaced with the CP film to improve the
stability of the one- and three-sheet stacks. The CP film is not expected to undergo
Faradaic processes so will not exhibit pseudocapacitance, and therefore should provide
electrodes will better cyclic stability. Unlike the NBD modification, the CBD
modification was via the free-floating protocol, so the working electrodes are in the

sandwiched orientation.
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5.3.4.1 EIS of CBD Modified FLG

EIS was used to calculate the capacitance at different potentials to establish whether the
CP film could separate the sheets of FLG. Figure 5.22A gives the CV response of
FLGcp before and after EIS. Once more, the CV shows no current peaks within the
potential window studied, indicating Equation 5.2 can be used to calculate the
capacitance. Furthermore, no obvious changes can be seen after completion of the EIS

measurement, confirming the system is stable.

A B
o 20 R TTTTTTT T T T T T T T T T T I TTT 7T
LEJOIIIIIIIIIIIIIIIII: £28 [TLTTHLG %
< - LI:_S.24 L ® FLG,, iii_
= 1 Z.. F = 3FLG, L .
> 1 89K il -
‘0 -1 C16_ i!::ii _
c - ©
o) = | ]
Q 1 812 —
5-100 1 §sf 1T
0. Before EIS 4| O 1L %
3-120 ——AfterEIS ] T 4 QSEEEEEESSS !iii_
qap Lttt 111l € gl

-0.6 -0.4 -0.2 0.0 0.2 -0.5-04-0.3-0.2-0.1 0.0 0.1 0.2 0.3

Potential (SCE) / V Potential (SCE) / V

Figure 5.22: (A) CV of FLGcp before and after EIS in 1 M HCIOy; (B) average areal capacitance
versus voltage plots derived from EIS in 1 M HCIO, at 115 Hz for FLG, FLGcp, and 3FLGcp.

Figure 5.22B shows the average areal capacitance against voltage plots for FLG,
FLGcp, and 3FLGcp. All the plots show a U-shaped dependence on potential, with the
FLGcp having the same areal capacitance as FLG, within experimental error. After
stacking, the minimum areal capacitance of the system increases from 5.8 to 17.2 uF

cm™, an approximate 3x increase, confirming all sheets are sufficiently separated by

the CP film.

Figure 5.23 gives the Nyquist and Bode phase angle plots for FLGcp and 3FLGcp with
the fits shown. The EEC used to fit the FLGap surfaces was used again for the CP
modified surfaces (Figure 5.16). As before, the Rs value for FLG¢p has increased
slightly after modification from 6.8 to 9.1 Q. The 3FLG¢p and FLGcp samples required
the additional Ry component to fit the data, highlighting the increase in resistance
caused by the film. The Ry, value is once again higher for 3FLGcp compared to FLGcp
(60.0 vs. 18.7 kQ cm™). In the low frequency region, the plots show the expected
capacitive behaviour. The calculated time constant from the Bode plots is 8.9 ms for

both the one- and three-sheet systems, showing stacking does not decrease the rate of
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ion diffusion to the surface. Furthermore, like the FLGAp samples the time constant is
low indicating a fast charge and discharge rate compared with other porous carbons.
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Figure 5.23: EIS data for FLG, FLG¢p and 3FLGcp at 0.1 V in 1 M HCIO4: (A) Nyquist plot;
(B) Bode phase angle plot; (C) Nyquist plot with fits.

5.3.4.2 CV and CD Testing of CBD Modified FLG

CV and CD were used to characterise the FLGcp and 3FLGcp electrodes. Figure 5.24
shows the CV and CD profiles of the two sample types, with Figure 5.24E and F
comparing the one- and three-sheet systems. The CV plots for the one- and three-sheet
systems both show a rectangular shape, confirming electrical double layer
capacitance.®® For the three-sheet system, some deviation from ideality can be seen
around 0.2 V, suggesting a small amount of pseudocapacitance exists, albeit a minor
contribution to the total area of the CV. The CD profiles show the expected triangular
shape characteristic of electrical double layer capacitors,” with a slight deviation from

ideal behaviour for the 3FLGcp sample, expected to have the same origin as the small
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peaks in the CV. As evidenced by Figure 5.24E and F, the areal capacitance increases

from the one- to three-sheet systems as expected.
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Figure 5.24: CV and CD results in 1 M HCIO,: (A) and (B) FLGcp; (C) and (D) 3FLGcp; (E)
CV for FLG¢p and 3FLG¢p at 50 mV s'l; (F) CD for FLGcp and 3FLGgp at 10 pA cm? CVs
recorded at 200 (blue), 100 (red), 50 (green), 20 (purple), and 5 mV s™'(orange).

The redox peaks for the 3FLGcp sample were unexpected. Literature reports have
suggested carboxylic acid groups on carbon nanotubes can take part in Faradaic

reactions, for example those shown in Equations 5.6, 5.7, and 5.8.9970
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-C=0+Ht'+e (5.6)

-C-OH —~———
-COOH <=—= -COO+H"+¢ (5.7)
(=0 o =—= C-O (5.8)

However, the exact mechanism for these Faradaic processes is controversial, and there
is no experimental evidence presented in literature reports. Nevertheless, current peaks
are seen for the 3FLGcp samples studied in this thesis work, and are often reported for
rGO electrodes, although other oxygen containing functionalities (for example epoxy
and hydroxyl groups) may contribute to redox processes for rtGO.”" The only difference
between the FLG and FLGcp samples is the CP film, therefore it is reasonable to assume
the redox peaks seen in Figure 5.24 are a result of the carboxylic acid moiety.
Interestingly, the redox peaks can only be seen for the three-sheet stack. This may mean
the peaks are caused by excess physisorbed material that remains between the modified

FLG sheets in the stacked sample after the methanol wash.

Table 5.4 summarises the areal capacitance values for the two systems, with the FLG
results given for comparison. The areal capacitance increases 3x for the three-sheet
system, agreeing with the EIS results, and is much higher than for the 3FLG system,
confirming the CP film can also effectively prevent restacking of the FLG sheets. The
areal capacitance of the FLG¢p and FLG are similar, suggesting the CP film does not
diminish the total capacitance of the FLG sheets, unlike the NP film. The small potential
drop at the start of the discharge portion of the CD plots suggests a small internal
resistance for the modified surfaces, which agrees with EIS analysis, where the FLGcp
surfaces possess an additional resistance caused by the film. The three-sheet system
retains approximately 90% of its areal capacitance when increasing the current density
from 10 to 50 pA cm™, while the one sheet system maintains 95% capacitance when
increasing the current density from 6.25 to 25 pA cm™, indicating the good rate

capability of both systems.”
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Table 5.4: Average areal capacitance for FLG, FLGcp, and 3FLGcp at 50 mV s and 10
HA cm? Areal capacitance after 20,000 charge discharge cycles at 10 pA em? also
included. n=2 for all samples.

FLG 11.5 9.0 15.6 15.2 0
3FLG 7.1 9.0 10.3 9.8 0
FLGcp 6.4 5.7 15.3 14.3 0.01

3FLGcp 29.6 30.7 52.4 60.7 0.01

5.3.4.3 Cycle Stability of CBD Modified Stacks

The FLGcp and 3FLGcp samples were cycled at 10.0 pA cm™ for 20,000 cycles to
evaluate stability (Figure 5.25). The plot below shows a single sample for each surface
type, however the experiments were repeated at least twice to confirm reproducibility
and the values presented in Table 5.4 are the average for all samples. The capacitance
shows very good stability over the 20,000 cycles, with no loss in areal capacitance,
unlike the FLGap surfaces. These results suggest that the CP layer can efficiently
separate the FLG sheets, and the resulting devices do not degrade over time, which is

ideal for supercapacitor applications.
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Figure 5.25: Areal capacitance during charge discharge cycling at 10.0 pA cm™ in 1 M HCIO,
of FLG¢p and 3FLGcp.

5.3.5 Summary of Capacitance Results

Three different aryldiazonium modified surfaces were considered as supercapacitor
electrodes, with the grafted film on one side of the FLG. Table 5.5 summarises the areal
capacitances of each system determined using CD at 10 uA cm™. The areal capacitance
of each sample type (AP, NP, and CP), increased 3x upon stacking into a three-sheet
system, confirming the film is able to completely separate the sheets, while when no

film is present, there is no increase in the areal capacitance upon stacking, as the
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graphene surfaces aggregate. The areal capacitance was converted into a gravimetric
capacitance using the calculated weight of each working electrode. To calculate the
electrode weight, the theoretical surface area of graphene (2630 m* g™')" and an average
layer number of 3.9 (Chapter 3, Section 3.3.1.2) was used, and the films were assumed
to have a surface concentration of 0.21 nmol cm™, based on the surface concentration
of a NP film after a 7 hour reaction. The gravimetric capacitance (Cg) drops
significantly between the FLG and 3FLG samples, because the sheets are not separated
during stacking, so the total capacitance remains approximately the same, but the total
mass increases 3x, resulting in a net decrease in the gravimetric capacitance. The Cg
for FLGap and FLGep is similar to FLG, indicating the additional weight of the grafted
film does not diminish the total gravimetric capacitance. For the FLGnp film the Cg is
lower due to the decrease in the areal capacitance possibly caused by the film blocking
electrolyte access to the surface. Upon stacking of the FLGcp and FLGyp surfaces, the
gravimetric capacitance remains relatively constant, indicating that increasing the total
mass of the system does not diminish the capacitance, further confirming efficient sheet
separation by the film. The 3FLGap system has a higher gravimetric capacitance than
its one sheet counterpart, possibly due to physisorbed material that remains between
the sheets after the methanol wash, which will increase the total capacitance through
Faradaic reactions. It is difficult to account for the additional mass of the trapped
physisorbed material when calculating the electrode mass, so the gravimetric
capacitance may be overestimated.

Table 5.5: Average areal capacitance (C,), gravimetric capacitance (C¢), areal energy
density (E,) and power density (P,), and gravimetric energy density (Eg) and power
density (Pg), calculated from CD at 10 pA em’. n=2 for all samples.

FLG 15.6 523 0.35 1.2 0.0020 6.8
3FLG 10.3 11.6 0.23 0.3 0.0020 2.2
FLGap 15.9 524 0.32 1.1 0.0018 59

3FLGap 85.7 90.4 1.7 1.8 0.0018 1.9
FLGnp 6.4 19.0 0.13 0.4 0.0019 5.7
3FLGnp 19.1 19.7 0.40 0.4 0.0019 2.0
FLGcp 15.3 47.6 0.32 1.0 0.0019 59
3FLGcp 524 54.1 1.0 1.1 0.0024 2.0

From the capacitance values, the energy and power density of each system can be
calculated. The energy and power densities at 10 pA cm™ are given in Table 5.5, and

the calculated values for the other three current densities can be found in Appendix D,
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Sections D.1 and D.2. Figure 5.26 uses this information in an areal and gravimetric
Ragone plot, with literature examples of other graphene based systems shown for
comparison. There are four points for each sample on the Ragone plots, each
corresponding to a single applied current density. The areal Ragone plot shows the areal
energy density increases with increasing layer number for the modified FLG, as
expected with the areal capacitance increasing 3x for the three-sheet systems. The
gravimetric energy density remains constant for the one- and three-sheet systems
because the gravimetric capacitance remains constant, as explained earlier. The energy
density of all systems is lower than most other systems based on reduced graphene
oxide and various porous graphene materials, however the areal energy density is
similar to CVD graphene and rGO multilayer films assembled via a LBL protocol. The
areal capacitance for this literature report was also calculated based on the geometric
working electrode area of the CVD graphene or rGO,** so can be directly compared
with this thesis work. The systems show an excellent power density compared with the
other graphene based devices, indicating the electrodes can be charged and discharged
very quickly due to rapid formation of the double layer and good ion diffusion to each
FLG surface.” The power density remains high in the three-sheet systems, suggesting
stacking the sheets does not compromise the speed at which the system can operate,

within the current densities examined in this thesis.
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Figure 5.26: Ragone plots for FLG systems shown in colour. Power and energy density
calculated at 6.25, 10.0, 12.5, 25.0, and 50.0 uF cm™. Literature examples of CVD graphene (1),
reduced graphene oxide multilayer film (2),** graphene quantum dot micro-supercapacitor (3)*,
layer by layer graphene supercapacitors (4),” holey graphene (5),”' activated reduced graphene
oxide (6),” pillared graphene paper (7),” and reduced graphene oxide hydrogel (8)"” also shown.
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5.4 Conclusion

The capacitance of the FLG before and after reaction with aryldiazonium salts has been
studied in detail. The modification of FLG with an AP or CP film did not decrease the
total capacitance, however the presence of an NP film caused a slight decrease in
capacitance, possibly due to the blocking nature of the film compared to the other film
types. Upon stacking the modified sheets, a 7 hour, 20 mM aryldiazonium salt reaction
was sufficient to completely prevent restacking of the FLG, and therefore maximise the
available surface area for double layer formation. The FLGnp and FLGep systems
showed very good cycle stability over 20,000 charge discharge cycles with almost no
decrease in capacitance, however the FLGap one- and three-sheet systems suffered
some cyclic degradation caused by a loss in the pseudocapacitive behaviour. Ragone
plots were constructed, and this highlighted the excellent power density of the modified
FLG stacks. The FLGcp system looks the most promising for building stacks of FLG:
although the gravimetric capacitance and energy density of the FLGcp and 3FLGcp are
slightly less than the related FLG4p systems, the cycle stability is much better, with the
capacitance, energy density and power density all being maintained after 20,000 charge

discharge cycles.
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6 Electrochemical Deposition of Gold Nanoparticles and

Cobalt-Nickel Hydroxide Thin Films onto FLG

6.1 Introduction

6.1.1 Gold Nanoparticle Deposition on Graphene

Graphene aggregation can also be inhibited using metal nanoparticle spacers.' In this
thesis work, gold nanoparticles were used as a model system to establish whether metal
nanoparticles are able to completely prevent aggregation of FLG sheets during the LBL
assembly protocol, similar to the molecular spacers used in Chapter 5. Gold
nanoparticles were deposited electrochemically, as this allows nanoparticle height and
density to be tightly controlled.” Electrochemical deposition of gold nanoparticles is
typically carried out in aqueous conditions, however this deposition process results in
uncontrolled nanoparticle deposition onto FLG grown through CVD when the FLG is
supported by copper. In water, the reduction potential of the Cu/Cu”* couple (0.34 V
vs. SHE) is less positive than the reduction potential of the Au/[AuCls]™ couple (1.002
V vs. SHE),” hence the copper foil can reduce the gold salt, which can initiate
nanoparticle nucleation, and cause dissolution of the copper foil. This means the
electrochemical deposition process is difficult to control as the spontaneous and

electrochemical processes will occur simultaneously.

Recently, Navarro et al.* demonstrated that the spontanecous deposition of gold
nanoparticles on graphene/Cu could be inhibited by applying a negative potential to the
graphene/Cu working electrode prior to adding the metal salt precursor to the
electrolyte solution. A simpler approach to controlling electrochemical deposition onto
graphene/Cu working electrode is using non-aqueous conditions as the reduction
potential of the gold salt is more negative in organic solvents due to differences in
solvation energy. For example, in 1,2-dichloroethane, the calculated reduction potential
of the Au/[AuCly]” couple is —1.14 V vs. SHE,” so the reduction of the gold salt by the
copper foil and subsequent nanoparticle nucleation will become thermodynamically
non-spontaneous, allowing better control over deposition. In this chapter, the
electrochemical deposition of gold nanoparticles in the organic solvent N,N-
dimethylformamide (DMF) will be used to controllably deposit gold nanoparticles onto

copper supported FLG. DMF was chosen as an appropriate solvent as it is often used
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in electrochemistry and can readily dissolve the tetraoctylammonium tetrachloroaurate

((TOA)[AuCL]) salt.

6.1.2 Cobalt-Nickel Hydroxide Deposition on Graphene

Metal hydroxides can also be deposited onto graphene surfaces. As explained in
Chapter 1, Section 1.4, cobalt and nickel hydroxide nanomaterials are commonly used
to increase the total capacitance of carbon electrodes through pseudocapacitance.
Cobalt and nickel hydroxide nanomaterials can be electrochemically deposited onto
carbon substrates. The carbon electrode is immersed in an aqueous solution of
Co(NOs3), or Ni(NOs), (or a mixture of both), and a negative potential applied.
Application of a negative potential causes reduction of nitrate ions, resulting in the
generation of hydroxide ions. The local increase in pH associated with hydroxide ion
generation causes the precipitation of cobalt and nickel hydroxide at the electrode
surface. This is shown in Equations 6.1 and 6.2 for cobalt hydroxide deposition (the

same process is expected for nickel hydroxide deposition).

NO; + 7H,0 + 8¢ — NH,* + 100H  (6.1)

Co?*t + 20H————— > Co(OH)y) (6.2)

Jun et al.® electrochemically deposited cobalt hydroxide flakes onto a 3D graphene
foam. The resulting structures were vertically aligned, with a thickness of 20 to 40 nm.
A maximum gravimetric capacitance of 1030 F g”' was achieved at 9 A g”', a significant
increase compared with the graphene foam. Li et al.” deposited nickel hydroxide
nanoflakes onto a graphene/nickel foam electrode. Similar to cobalt hydroxide, the
nickel hydroxide flakes were vertically aligned with the carbon surface, and the
capacitance increased to ~ 2000 F g™ at 3 A g, with a 64 % capacitance retention after
500 charge discharge cycles. Fisher et al.® prepared a hybrid system with both cobalt
and nickel hydroxide flakes on a graphene petal foam, and this method will be explored
further in this thesis work. Literature reports have shown that binary metal hydroxide
nanoparticles have superior electrochemical performance compared with the individual
metal hydroxides.” In Fisher’s work, cobalt-nickel hydroxide/graphene foam surfaces
were prepared via electrochemical deposition, where the graphene foam electrode was
immersed in a Co(NO3),:Ni(NOs3), solution and a negative potential applied. Earlier
work by Xu et al.'” demonstrated that a 1:3 ratio of cobalt to nickel in the electrolyte

solution was best for pseudocapacitance applications, as the addition of cobalt
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hydroxide effectively boosts the conductivity and stability of the system, but also
decreases the overall specific capacitance meaning excess cobalt hydroxide may have
a negative effect on the total capacitance. Analogous to the individual metal hydroxides,
the binary metal hydroxide structure was described as individual platelets or flakes,
vertically aligned with the surface. A very high areal capacitance of 15.3 F cm™ was
achieved at 5 mA cm™, which is higher than graphene foam composites with other
psuedocapacitive metal hydroxides that give areal capacitances between 0.2 to 3.3 F

cm’* (calculated based on the geometric working electrode area).®”

6.2 Experimental Methods

All experimental methods are outlined in Chapter 2. The gold nanoparticle and cobalt-
nickel hydroxide film deposition procedures are given in Section 2.4.4 and 2.4.5,
respectively. All gold depositions were in 0.36 mM (TOA)[AuCly] and 0.1 M
tetrabutylammonium perchlorate (TBACIO4) in DMF. All cobalt-nickel hydroxide
depositions were in a solution of 0.03 M Co(NOs3),.6H,0 and 0.1 M Ni(NO3),.6H,0 in
water. Assembly of the modified electrodes for capacitance studies is described in
Section 2.5.2 and 2.5.3 for the gold and metal hydroxide samples respectively. All
characterisation methods are given in Section 2.6. Calculated capacitance values for the
metal hydroxide deposition are given in Appendix C, Sections C.3 and C.4, and

calculated power and energy densities are given in Appendix D, Sections D.3 and D.4.
6.3 Results and Discussion

6.3.1 FLG Decorated with Gold Nanoparticles

6.3.1.1 Inhibition of Spontaneous Nanoparticle Deposition

Figure 6.1 shows AFM images of copper-supported FLG before and after a 5 minute
immersion in the DMF deposition solution (0.1 M TBACIO4; and 0.36 mM
(TOA)[AuCl4]) in the absence of an applied potential. The FLG was subsequently
transferred to a silicon wafer for imaging. There are no new features on the FLG after
immersion in the DMF gold salt solution, which strongly suggests the use of an organic
solvent prevents spontaneous nucleation of gold nanoparticles. As a comparison,
immersion in an equivalent aqueous deposition solution for only 1 minute showed
substantial gold nanoparticle deposition, with nanoparticles ranging from 5-10 nm in
height.’ In Figure 6.1, numerous small circular features (~ 1 nm in height), along with

wrinkles and folds, can be seen both before and after immersion, and it is assumed these
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arise from the etching and transfer process (see Chapter 3, Section 3.3.1.3). These AFM

images therefore support that spontaneous nucleation of gold is inhibited in DMF.

9.0 nm 9.0 nm

-5.0 nm -5.0 nm

Figure 6.1: AFM images of FLG transferred to a Si wafer before (A) and after (B) a 5 minute
immersion on the Cu foil in the DMF gold deposition solution, with no applied potential. Scale
bar = 500 nm.

6.3.1.2 Electrodeposition of Gold Nanoparticles

CVs between —0.4 and —1.1 V with a FLG/Cu working electrode were collected to
establish the appropriate potential for the electrochemical deposition of gold
nanoparticles from DMF. Figure 6.2 shows the resulting CV (blue), with a large
[AuCly]™ reduction peak at —0.7 V caused by reduction to Au(0) at the surface of the
FLG/Cu."
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Figure 6.2: CV of FLG/Cu in DMF with: (blue) 0.36 mM (TOA)[AuCl,] and 0.1 M TBACIO,
or (red) 0.1 M TBACIO,. Scan rate = 100 mV s™.
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The [AuCly] reduction can be via a one step, three electron reduction process (Equation
6.3), or a two step process, with a two electron and a subsequent one electron step

(Equations 6.4A and B). The one step process is commonly seen in aqueous
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112 whereas the two step process has been reported in ionic liquids" and

dimethyl sulfoxide (DMSO)."*

conditions,

[AuCly] +3ec —> Au(0) +4CI (6.3)
[AuCly] +2ec —> [AuCl,] +2CI (6.4A)
[AuClL,]"+e= — Au(0)+2CI" (6.4B)

Only one reduction peak is seen in Figure 6.2 at —0.68 V, therefore it is likely the
reduction in DMF is via the one step, three electron process. Although a small shoulder
can be seen at —0.51 V, this is not assigned to the first reduction step of the two step
mechanism, as the first peak should be twice the height of the second as two electrons
are involved in the first reduction step. It should be noted that in literature reports that
utilise DMSO as the solvent, the first reduction peak is at —0.3 V, which is outside the
potential window studied in this work. The experiment was therefore repeated with a
GC working electrode, scanning from 0.9 to —1.1 V (Figure 6.3). GC was used as the
working electrode instead of FLG/Cu, because applied potentials more positive than
—0.4 V resulted in oxidation of the copper, which complicated the resulting CV, and
caused copper dissolution. Only one reduction peak can be seen at —0.55 V (Figure 6.3)
with this wider potential window, strongly suggesting that the reduction of [AuCl4]™ in

DMF is through the one step, three electron process.
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Figure 6.3: CV of GC in DMF with: (blue) 0.36 mM (TOA)[AuCly] and 0.1 M TBACIO4 or
(red) 0.1 M TBACIO,. Scan rate = 100 mV s™".

Based on the reduction potential of the peak seen in Figure 6.2, three potentials (-0.4,

—0.6 and —0.8 V vs. Fc/Fc") were selected for gold nanoparticle deposition on FLG/Cu
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using a constant applied potential for selected times. Chronoamperometric transients
were collected during each deposition process, with Figure 6.4 showing representative
transients for a 1 minute deposition at —0.6 and —0.8 V. An initial nucleation phase,
where the current rapidly increases, followed by an extended growth phase can be
clearly seen. The nanoparticle deposition mechanism will be discussed further later in

this chapter.
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Figure 6.4: Chronoamperometric transients of FLG/Cu in the gold deposition solution at —0.6
(blue) and —0.8 V (red) for 1 minute.

Figure 6.5 shows representative AFM images of FLGy, for five different deposition
conditions. Nanoparticles can clearly be seen on the FLGy,, which are much higher
than the transfer residue features seen in Figure 6.1. The nanoparticle distribution across
the surface is assumed to be influenced by variations in reactivity, for example edge
and basal plane regions may exhibit different reactivity towards nanoparticle
nucleation, as would folds and grain boundaries. The large, white areas are assumed to

be caused by water trapped between FLGy, and the silicon wafer during transfer.'>'°
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Figure 6.5: AFM images of FLGy, transferred to a silicon wafer after electrodeposition of gold
nanoparticles on FLG/Cu for: (A) 5 minutes at —0.4 V; (B) 10 minutes at —0.4 V; (C) 5 minutes
at —0.6 V; (D) 10 minutes at —0.6 V; (E) 10 minutes at —0.8 V. Scale bar = 1.25 um.

The height and density of the nanoparticles can be calculated from the AFM images.
Height rather than diameter was measured, as the diameter of nanoparticles less than
50 nm across cannot be accurately determined with the tip used in this AFM setup.
Figure 6.6 shows the dependence of nanoparticle density and height on both deposition
time and applied potential. The relationship between density or height, and applied
potential or deposition time is similar to literature reports for gold nanoparticle
deposition on carbon nanotubes and HOPG,'”"? and suggests a kinetically controlled,

instantaneous nucleation step and diffusion controlled growth phase.’
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Figure 6.6: Dependence of (A) particle density, and (B) particle height on deposition time and
applied potential. Error bars show the standard deviation of particle height overa 1 um x 1 pm
area. Hollow and solid symbols of the same colour show results of duplicate experiments under
the same conditions.

As expected for deposition by this mechanism, the density of the nanoparticles
increased with more negative applied potentials, as a result of the higher reduction rate
at the more negative potential.> ' '**° The slight increase in density with increasing
deposition time, indicates that a small amount of nucleation continues throughout the
growth phase. The sample prepared at —0.8 V did not show the same increase in
nanoparticle density, which is assumed to be a consequence of the particle aggregation
that can be seen in Figure 6.5E and in SEM images (Figure 6.7), which makes it difficult
to accurately establish the nucleation density. Hence the measured value is assumed to

be underestimated.

Figure 6.7: SEM image of FLG,, transferred to a silicon wafer after a 10 minute
electrodeposition of gold nanoparticles at —0.8 V on FLG/Cu. Scale bar = 5 pm.
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After the nucleation step, there is a diffusion controlled growth phase, evidenced by the
increase in nanoparticle height at longer deposition times. Nanoparticle height is
expected to be independent of deposition potential, however a slight decrease in height
at more negative potentials can be seen, assumed to be caused by the increase in particle
density resulting in a lower flux of [AuCls] to each particle and therefore a slower
growth rate.”” Differences in diffusion gradients at each nanoparticle surface is also
thought to cause the broadening size distribution at longer reaction times, evidenced by

the increase in error bar size (Figure 6.6B)."

Figure 6.8 shows the relationship between nanoparticle height and density. The area
enclosed by the solid lines illustrates the accessible nanoparticle morphologies using
this protocol, and it is reasonable to assume that any combination within this area can

be achieved by selecting the appropriate conditions.
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Figure 6.8: Relationship between nanoparticle density and particle height at different applied
potentials and deposition times. Hollow and solid symbols of the same colour show results of
duplicate experiments under the same conditions.

6.3.1.3 Growth in the Absence of an Applied Potential

It was noted that once nucleation was initiated by an applied potential, growth of the
nanoparticles could continue in the absence of an applied potential. Figure 6.9 shows
an AFM image of FLG that had a potential of —0.6 V applied for 1 minute in the DMF
deposition solution, and then the FLG/Cu was left immersed in the solution for a further
9 minutes with no applied potential. The FLGa, was transferred to a silicon substrate
for imaging. The calculated nanoparticle density was close to the density of the sample

prepared from a 1 minute deposition at —0.6 V (51 um™), suggesting nucleation only
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occurred when the potential was applied. However, the nanoparticle height was
approximately 15.3 nm, which is much higher than the —0.6 V, 1 minute sample, and
closer to the —0.6 V, 10 minute sample. This result indicates that nanoparticle growth
does not require an applied potential, and that the growth rates in both the presence and
absence of a potential are similar, implying growth is diffusion controlled. There must
be a reducing agent present for growth to continue without an applied potential. It is
proposed that the DMF solvent can reduce the [AuCls], as literature reports have
suggested that gold and silver nanoparticles can be prepared via reduction of the
corresponding metal salt by DMF at elevated temperatures.”’ The results therefore
suggest that the spontaneous nucleation of gold nanoparticles on FLG/Cu is prohibited
in DMF (Figure 6.1) but once nucleation has occurred, the DMF is able to reduce
[AuCly]” at the nanoparticle surface leading to continued growth. This could be
confirmed by changing to a different solvent based gold solution that would not reduce
the gold salt, however the major consequence for this work is that the sample must be
removed from the deposition solution to ensure the nanoparticle height and density was

controlled, therefore this was not investigated further.

27.4 nm

-13.4 nm

Figure 6.9: AFM image of FLG,, transferred to a silicon wafer after deposition of gold
nanoparticles on FLG/Cu for 1 minute at —0.6 V, followed by immersion in the same deposition
solution for a further 9 minutes. Scale bar = 1.25 um.

6.3.1.4 Doping by Gold Nanoparticles

Figure 6.10 shows the Raman spectra of FLG before (blue) and after (red) a 5 minute
gold nanoparticle deposition at —0.6 V. The D/G band intensity ratio has increased from
0.51 £ 0.09 to 0.71 £ 0.30 after modification, additionally, after deposition, a D’-band
appears at 1625 cm™ (indicated by an asterisk). This latter band is also a defect activated

band.** The increase in intensity of the D- and D’-bands supports the successful
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modification of FLG, as the defects are likely created by chemical interactions between

the gold nanoparticles and FLG.
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Figure 6.10: Raman spectra of FLG transferred to a silicon wafer before (blue) and after
deposition of gold nanoparticles for 5 minutes at —0.6 V on FLG/Cu (red). Spectra normalised
to give a G-band intensity of 1. Spectra offset for clarity.

As explained in Chapter 3, Section 3.3.2.1, Raman spectroscopy can be used to detect
doping via shifts in the G- and 2D-band positions. Figure 6.11 shows the position of
the G- and 2D-bands for FLG with gold nanoparticles deposited at different time and
potential combinations. The average G-band position shifts to a higher wavenumber
after a 1 minute deposition for both applied potentials (—0.4 and —0.6 V vs. Fc¢/Fc"), and
the 2D-band shifts to a lower wavenumber, indicating n-doping, especially for the
samples prepared at —0.6 V. As the amount of gold on the surface increases with longer
deposition times, the shift in the position of both bands reduces, with the 10 minute
sample having almost the same peak position as the blank, suggesting a reduction in

1.2 who

the n-doping character of the surface. This agrees with work by Ruoff et a
studied the effect of gold nanoparticle coverage on doping, and reported that graphene
decorated with gold nanoparticles was n-doped. As the amount of gold increased, the
surface became increasingly less n-doped, until the sample became p-doped when the
graphene was covered by a thin film of gold. They ascribed this behaviour to differences
in the interfacial interactions between graphene and the nanoparticles, and graphene
and a thin gold film. Although the average values reported here trend in the same
manner, the standard deviation on each value is high, likely due to variations across the

FLG surface, so it is not possible to establish with certainty the significance of any 2D-

or G-band shifts.
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Figure 6.11: Shift in G-band (A) and 2D-band (B) position for FLG decorated with gold
nanoparticles. Hollow and solid symbols of the same colour show results of duplicate
experiments under the same conditions.

6.3.1.5 Capacitance of Gold Nanoparticle Modified FLG

As explained in Section 6.1.1, gold nanoparticles were used as a model system to
establish whether the nanoparticles could effectively prevent aggregation of the FLG
sheets upon stacking. EIS was used to determine the increase in capacitance from a
single sheet of FLG with gold nanoparticles (FLGay) to a three-sheet stack of FLG with
gold nanoparticles (3FLGa,). Figure 6.12A shows the CV response of a one sheet
sample of FLGy, before and after EIS. Like the aryldiazonium modified samples, no
redox events can be seen within the potential window studied, hence Equation 6.5 was
used to calculate capacitance. Additionally, no changes can be seen after the EIS

measurement, indicating good stability.
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Figure 6.12B gives the capacitance versus potential plot for FLG after a 10 minute
deposition at —0.6 V. The capacitance of an unmodified FLG from the same batch of
FLG is included for comparison. The capacitance has increased after modification with
gold nanoparticles, which may be a result of an increase in the carrier concentration
caused by doping of FLGy, by the gold nanoparticles. The total FLG surface area
exposed to the electrolyte solution decreases due to the presence of nanoparticles on
the surface. The decrease is approximately 10% (calculated based on the expected
height and density of nanoparticles from Figure 6.6), which may mean the areal
capacitance shown in Figure 6.12B is underestimated as the calculation is based on the
geometric working electrode area. Nevertheless, the important result is that the areal

capacitance has not diminished after gold nanoparticle deposition.

The modified FLGa, was then stacked using the LBL protocol described in Chapter 2,
Section 0. Initially, FLGa, prepared via a 10 minute deposition at —0.6 V was
considered (Figure 6.13A) From a one- to three-sheet system, the capacitance only
increased by 1.2x, suggesting poor separation of the FLG sheets. This is surprising
because the height of the nanoparticles (~ 22 nm) is greater than the radius of the
electrolyte ions and greater than the thickness of the films used in Chapter 5. However,
as shown by the AFM images (Figure 6.5) there are numerous regions on the FLG
surface where there are no nanoparticles, therefore the stacked FLG sheets could make
contact in these areas, and reduce the accessible surface area and hence the total
electrical double layer capacitance. To investigate this possibility, nanoparticle density
was increased by increasing the applied potential to —0.8 V (Figure 6.13B). The
capacitance increased by 2.0x after stacking, suggesting the higher nanoparticle density
gives better sheet separation (the deposition time was not changed, so the nanoparticle
height is approximately the same), although still not the 3x separation achieved using
the films grafted in Chapter 5. This was the highest particle density achieved using the
experimental protocol developed, as at this potential the particles began to aggregate so
density could not easily be increased further. Therefore, although the gold nanoparticles

prevent some aggregation of the sheets, the grafted phenyl films were more successful.
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Figure 6.13: Average areal capacitance of FLGy, (blue) and 3FLGy, (red) derived from EIS at
115 Hz in 1 M HCIOy, after: (A) 10 minute deposition at —0.6 V and (B) 10 minute deposition
at—0.8 V.

6.3.2 Cobalt-Nickel Hydroxide Deposition on FLG

6.3.2.1 Deposition on FLG/Cu

Cobalt-nickel hydroxide thin films were deposited on the FLG surface to increase the
total capacitance of the system. As explained in Section 6.1.2, vertically aligned cobalt-
nickel hydroxide platelets have been successfully deposited onto porous graphene
foams, from a cobalt nitrate and nickel nitrate aqueous solution.®® Unlike the gold
nanoparticle deposition, the reduction potential of the nitrate ion is more negative than
the Cu/Cu®" redox couple in aqueous solution, so this procedure could be carried out in
an aqueous electrolyte without the added complication of spontaneous nucleation on
the FLG/Cu electrode.” The deposition was initially tested using HOPG as the working
electrode by applying a potential of —1.0 V (vs. SCE) for 1 minute in a 0.1 M Ni(NOs),
and 0.03 M Co(NOs), solution to confirm successful deposition of metal hydroxide
particles using these parameters. The method was then repeated using a FLG/Cu coupon
as the working electrode to give FLGconi, which was transferred to a Au/epoxy surface

for analysis. AFM images of both HOPG and FLG surfaces are given in Figure 6.14.
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1.3 nm

Figure 6.14: AFM images of a I minute Co-Ni hydroxide deposition at —1.0 V: (A) before and
(B) after deposition on HOPG; (C) before and (D) after deposition on FLG/Cu. FLG transferred

to Au/epoxy substrate for imaging. Scale bar = 1.25 um.

On HOPG there is substantial film growth with whisker like structures approximately
100 nm in length covering the entire surface. No individual nanoparticles or platelets
can be seen in the AFM images. Conversely, on the FLG surface there is little difference
before and after deposition. A number of small protrusions (~ 1 nm high) can be seen
both before and after deposition that cannot be differentiated from the circular features

that are assumed to result from the etching and transfer process.

A CV of HOPG in 1 M KOH after cobalt-nickel hydroxide deposition is given in Figure
6.15 (blue). KOH is used as the electrolyte for these studies as the redox processes
responsible for pseudocapacitance require hydroxide ions. The CV shows the expected
redox peaks for the binary metal hydroxide that are the same shape and at the same
potential as those reported for binary metal hydroxide deposition on graphene foam.®

The peaks correspond to the redox equations given in Equations 6.6, 6.7, and 6.8.
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Nl(OH)z(S) + OH-—‘ NIOOH(S) + HzO + e (66)

Co(OH)ys) + OH: CoOOHy) + H,0+¢ (6.7

COOOH(S) + OH-

COOZ(S) + H,O + ¢ (6.8)

HOPG was also decorated with the individual metal hydroxides (Co(OH), or Ni(OH),)
for comparison and the resulting CVs are given in Figure 6.15 (red and green). The

binary metal hydroxide shows peaks intermediate between the individual metal

hydroxide redox peaks, which is indicative of a mixed Co-Ni composite material.**
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Figure 6.15: CVs of HOPG in 1 M KOH after a 1 minute Co-Ni hydroxide deposition at —1.0
V: (blue) cobalt and nickel hydroxide; (red) cobalt hydroxide only; (green) nickel hydroxide
only. Scan rate =20 mV s™.

CVs of FLGconi in 1 M KOH are given in Figure 6.16 (red and green). A CV for an
unmodified FLG surface (blue) is included for comparison. The red CV shows the
expected redox peaks for the binary metal hydroxide, similar to those seen on HOPG
and reported by Fisher et al.® Upon repeating the experiment, this response was seen
only 20% of the time, with the remaining 80% of samples giving the green CV, which
is the same as the unmodified FLG indicating that for most FLG samples, no detectable
cobalt-nickel hydroxide resides at the surface. The copper etching step prior to the
transfer of FLGconi was thought to cause this. The ammonium persulfate used to etch
the copper foil is a powerful oxidising agent, and so it is reasonable to assume that it
can oxidise the cobalt and nickel hydroxide deposits as well as the copper foil, removing
most, if not all the metal hydroxide from the majority of the FLG samples studied,
meaning experimental reproducibility is poor. This also explains the lack of any

features in the AFM images compared with HOPG, which does not undergo an etching
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step. Gold metal is less likely to be oxidised by ammonium persulfate, so this was not
an issue for the gold nanoparticle deposition work described ealier.® For this reason,
the experimental protocol was rearranged so that the FLG was removed from the copper
and transferred to a Au/epoxy substrate prior to metal hydroxide deposition, and so the

working electrode for deposition was FLG on Au/epoxy (see Chapter 2, Section 2.4.5).
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Figure 6.16: CV in 1 M KOH of FLG before (blue) and after (red/green) a 1 minute Co-Ni
hydroxide deposition at —1.0 V. Scan rate =20 mV s

6.3.2.2 Deposition on FLG on a Au/Epoxy Substrate

The cobalt-nickel hydroxide films were deposited onto FLG on Au/epoxy at —1.0 V for
30 seconds, 1 minute, and 2 minutes, and the surfaces were imaged using AFM and
SEM. The AFM images in Figure 6.17 for the 30 second and 1 minute samples show a
dense covering of whisker-like features similar to those seen on HOPG. For the 2
minute sample, large cracks appeared in the cobalt-nickel hydroxide film, which made
AFM imaging difficult as the surface was very rough. This is assumed to be a

consequence of an increase in the amount of cobalt-nickel hydroxide at the surface.
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Figure 6.17: AFM images after Co-Ni hydroxide deposition at —1.0 V on FLG transferred to
Au/epoxy for: (A) and (B) 30 seconds; (C) and (D) 1 minute; (E) and (F) 2 minutes.

The structure of the film can be more clearly seen in the SEM image in Figure 6.18,
which shows the same dense coverage of whisker-like structures seen in the AFM
images. This result is dissimilar to that reported by Fisher et al.® for cobalt-nickel
hydroxide deposition on a graphene foam, as in that work, individual, vertically aligned
flakes were obtained. Individual nanoparticles were not seen for any of the samples
analysed here. Furthermore, spherical nanoparticles, like those seen for gold
nanoparticle deposition were not observed. As a result, the cobalt-nickel hydroxide
films may be better able to separate the FLG sheets than the gold nanoparticles, as there

are no regions where the FLG sheets can make contact. Energy dispersive X-ray
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spectroscopy (EDS) coupled to the SEM imaging showed that the ratio of Co:Ni:O at

the surface was approximately 2:3:5.

Figure 6.18: SEM image after cobalt-nickel hydroxide deposition on FLG transferred to a
Au/epoxy surface at —1.0 V for 1 minute. Scale bar = 500 nm.

XPS was also used to characterise the cobalt-nickel hydroxide film and Tables 6.1 and
6.2 summarise the survey spectra and narrow scan data respectively, for FLG and
FLGconi after a 1 minute deposition. Both samples contain carbon, as expected due to
the underlying FLG surface. The oxygen content increased from 4.6% for FLG to
36.4% for FLGconi due to the additional oxygen provided by the metal hydroxide thin
film. FLGconi has a nickel and cobalt content of 4.7% and 4.3% respectively,
indicating that these metals now reside at the surface. The nickel to cobalt ratio of
approximately 1:1 is different from the ratio obtained from EDS and inductively
coupled mass spectrometry (ICPMS, see Table 6.5) The reason for this discrepancy
will be considered later. The nitrogen detected on the FLG is assumed to be due to
adventitious contamination.

Table 6.1: Atomic % values derived from XPS survey spectra for FLG, and FLGc,ni0n a
gold substrate.

Survey Spectra Atomic %

Sample Carbon Nitrogen Oxygen Gold Nickel Cobalt
FLG 934 1.02 4.6 0.98 0 0
FLGconi 53.9 0 36.4 0.67 4.7 43
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Table 6.2: Narrow scan data for O 1s, Co 2p and Ni 2p peaks of FLG, and FLGc¢ynion a
gold substrate.

Ols Ni 2p3/2 Co 2p3/2
Sample Binding Atomic Binding Atomic Binding Atomic
energy / eV % energy / eV % energy / eV %
531.1 20.1
5319 49.3
FLG 5329 17.2
533.5 10.6
534.5 2.8
854.2 16.0
529.8 239 855.5 323 780.2 62.8
FLGeon 531.1 59.1 857.1 12.5 782.5 11.8
5323 12.9 859.9 13.1 785.7 24.0
5333 4.1 861.6 16.9 790.2 1.5
864.5 9.2

Figure 6.19 gives the O 1s, Ni 2p, and Co 2p narrow scans for FLGc¢oni, With peaks
fitted according to literature reports™. The O 1s narrow scan shows a broad peak at
531.1 eV, which is assigned to the hydroxide group of the nickel and cobalt

hydroxides.”

The Co 2p and Ni 2p narrow scans show a 2p;, and 2p3, component
that result from spin orbit coupling. The associated shake-up satellites are also seen in
both narrow scans.® *° Shake-up satellites result from photoelectronic processes that
leave the ion in an excited state, which makes the kinetic energy of the emitted
photoelectron lower, therefore increasing the binding energy. These features are
commonly seen for Co(Il) and Ni(I) compounds. The 2p,, and 2ps» components
qualitatively contain the same information, therefore only the 2ps;,, peak was fitted, as
is common practice in literature reports.*® The binding energies of the fitted components

6,25-29 .
’ Moreover, in the Co

agree with literature reports for nickel and cobalt hydroxide.
2p narrow scan, a broad satellite at 785.7 eV has only been reported for Co(II)
compounds (i.e. Co(OH),), and in the Ni 2p scan, a separation of 17.6 eV for the 2p;.
and 2ps, peaks is characteristic of Ni(OH), formation.**’ Hence, the XPS data
suggests that the film seen in the AFM and SEM images is comprised of both nickel

and cobalt hydroxide, with the metals in the 2+ oxidation state.
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Figure 6.19: XPS narrow scans of FLG¢oni after Co-Ni hydroxide deposition on FLG on a Au
substrate at —1.0 V for 1 minute. Left to right: O 1s narrow scan and Co 2p narrow scan; bottom:
Ni 2p narrow scan.

6.3.2.3 CV and CD of FLG after Cobalt-Nickel Hydroxide Deposition

The capacitance of the FLG surfaces after cobalt-nickel hydroxide deposition was
determined by CV and CD. Figure 6.20A shows the CV response in 1 M KOH at 20
mV s for FLGconi after a 30 second, 1 minute, and 2 minute deposition. A bare FLG
surface is included for comparison. The FLGconi surfaces all show large, chemically
reversible redox peaks that most likely result from the reactions given in Equations 6.6,
6.7, and 6.8.%" The area enclosed by the CV increases with deposition time, resulting in
an increase in the capacitance, suggesting an increase in the amount of metal hydroxide
at the surface with longer deposition times. Figure 6.20B gives CVs at increasing scan
rate for FLGconi after a 1 minute deposition. The peak separation increases, and the
oxidation and reduction peaks broaden with increasing scan rate. This is characteristic
of quasi-reversible electrochemistry, suggesting slow electron transfer kinetics through
the metal hydroxide film, presumably a result of the low conductivity of the deposited

30-31

metal hydroxides. The oxidation and reduction peak separation at 20 mV s™ also
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increases with increasing deposition time, consistent with a larger amount of metal
hydroxide at the surface, as electron transfer would be slower through a thicker metal
hydroxide film. The areal capacitance derived from the area enclosed by the CV at 20

mV s for each sample is given in Table 6.3.
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Figure 6.20: CV in 1 M KOH of FLG¢n;i after Co-Ni hydroxide deposition at —1.0 V on FLG
on a Au/epoxy substrate: (A) CV at 20 mV s before and after 30 second, 1 minute, and 2 minute
depositions; (B) CV at 50 (blue), 20 (red), 10 (green) 5 (purple), and 2 mV s™ (orange) after a 1
minute deposition.

Figure 6.21A shows the CD response of the three systems at 1.6 mA cm™. The CD plots
are typical of pseudocapacitive materials with distinctly different regions: from ~ 0.65
to 0.2 V where there is a fast discharge rate and electrical double layer capacitance only,
and from ~ 0.2 to 0 V, where the discharge rate is much slower, due to the

pseudocapacitance of the metal hydroxides.’*™

The potential window of each region
aligns with the position of the redox peaks in Figure 6.20. Similar to the CV results, the
discharge time increases with increasing deposition time, signifying an increase in the
total capacitance. Figure 6.21B shows the variation in the CD plot at selected current
densities for FLGconi after a 1 minute deposition, and Figure 6.21C shows the
corresponding rate capability for all three samples. The capacitance drops at the highest
current density for all samples, indicating the system could not operate as efficiently at
fast charge and discharge rates. This is most significant for the 2 minute sample,
presumably due to the increase in the total amount of metal hydroxide at the surface. A
reduced rate capability is commonly seen for metal hydroxide materials, and is
associated with restriction of the penetration and diffusion of electrolyte ions within the
metal hydroxide film, required for the redox reactions in Equations 6.6, 6.7, and 6.8,

and the low electrical conductivity of metal hydroxides.*” **
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Figure 6.21: (A) CD at 1.6 mA cm™?in 1 M KOH of FLGconi after a 30 second, 1 minute, and
2 minute deposition at —1.0 V on FLG on a Au/epoxy substrate; (B) CD at different current
densities for a FLGc¢oni after a 1 minute deposition at —1.0 V; (C) change in areal capacitance
with applied current density.

The areal capacitance at 20 mV s™ and 1.6 mA cm™ for each sample is given in Table
6.3, with the FLG capacitance included for comparison. At a current density of 1.6 mA
cm™ the discharge time for the unmodified FLG was too fast to accurately measure,
hence the capacitance at 0.1 mA cm™, is given as this was the highest current density
at which it was possible to measure the discharge time. To calculate the areal
capacitance, the geometric area of the working electrode was used, as this is approach
is common in literature reports.® >’ However, for surfaces with metal hydroxide
coatings, gravimetric or volumetric capacitance is often used to give a more accurate
representation for the capacitance of the system that accounts for the additional mass
or volume of the metal hydroxide, thus the gravimetric capacitance of these systems
will be discussed later in this chapter. Nonetheless, the areal capacitance was used to
compare the different samples prepared in this thesis work. The areal capacitance after

metal hydroxide deposition is significantly higher than for the unmodified FLG, with
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the 2 minute sample giving an almost 1000x increase in capacitance. The total
capacitance increases with deposition time, presumably due to an increase in the
amount of active material at the surface. Coulombic efficiency was ~100% for all

samples, showing good reversibility for charge storage (see Chapter 5, Equation 5.1 for
details).*®

Table 6.3: Areal capacitance values derived from CV at 20 mV s’ and CD at 1.6 mA cm™
(0.1 mA cm™ for blank) in 1 M KOH before and after Co-Ni hydroxide deposition on FLG
on a Au/epoxy substrate. n=2 for all samples.

FLG 1.5+0.1x107 33+04x107
FLGconi 30scconds 143129 12015
FLGconi 1minute 21.5+1.2 175+ 1.6
FLGcoNi 2minutes 50.2+2.0 30.7+2.0

Figure 6.22 shows CV plots taken before and after all electrochemistry measurements
(15 CD cycles at three current densities and EIS). The 30 second and 1 minute samples
showed very good electrochemical stability, while the 2 minute sample showed a
significant decrease in the area enclosed by the CV and hence a decrease in capacitance
after electrochemistry. Therefore, the more stable 1 minute sample was selected for
further testing and FLGconi Will refer to a sample prepared via a 1 minute deposition

from this point onwards.
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Figure 6.22: CV at 20 mV s™' before and after all electrochemical measurements (15 CD cycles
at each current density and EIS) of FLG¢oni in 1 M KOH: (A) 30 second deposition; (B) 1 minute
deposition; (C) 2 minute deposition.

6.3.2.4 EIS of FLGconi

EIS was used to interrogate the FLGconi surface. The Nyquist and Bode phase angle
plots for FLG and FLGconi at 0.1 Vin 1 M KOH are given in Figure 6.23. Unlike the
surfaces studied in Chapter 5 and the FLGy, samples, Equation 6.5 cannot be used to
calculated the differential capacitance for the FLGconi surface, as Faradaic processes
are operative. Clear differences can be seen between the FLG and FLGconi Nyquist
plots. Similar to the FLG surfaces studied in Chapter 5, the unmodified FLG shows a
short Warburg diffusion region, after which the plot becomes almost vertical with
respect to the imaginary axis, where the FLG is behaving as a purely capacitive
material.*>*' The almost vertical line suggests the capacitive behaviour is not diffusion
limited. On the other hand, the FLGconi sample shows a partial semicircle in the high
frequency region that is a result of the charge transfer resistance, caused by redox
processes occurring at the surface of the cobalt-nickel hydroxide nanoparticles.** The
greater the diameter of the semicircle, the higher the charge transfer resistance.” This

is then followed by a short Warburg region and an almost vertical, low frequency tail.
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The low frequency portion of the plot has a lower slope than for FLG, suggesting a

higher ion diffusion resistance, as expected for ion diffusion within the cobalt-nickel

hydroxide film.**
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Figure 6.23: EIS data for FLG and FLG¢oni at 0.1 V in 1 M KOH: (A) Nyquist plot with fits
and (B) Bode phase angle plot. (C) EEC used to fit data.

Electrical equivalent circuits (EEC) were used to fit the EIS data. For FLG, the EEC
used in Chapter 5, Section 5.3.1.3 was able to accurately fit the data, however for
FLGconi, additional circuit components that accounted for the psuedocapacitive metal
hydroxide film were required, as shown in Figure 6.23C. All calculated values can be
found in Appendix E, Section E.2. As expected, an additional charge transfer resistance
(Ret) was measured for FLGeoni (27.9 kQ cm™) indicating an increase in the resistance
of the system due to the redox processes occurring.”> The Rs value does not change
after metal hydroxide deposition because the electrolyte concentration has not
changed.” Finally, the Warburg impedance has increased slightly after modification
from 2.9 uS ecm™ to 9.5 pS cm? for FLGconi, suggesting the film impedes ion

38, 45

diffusion. The Bode phase angle plot shows two time constants for FLGconi With

the additional constant expected to be a result of the charge transfer processes occurring
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at the surface. Additionally, the frequency at which the system moves from resistive to
capacitive behaviour decreases for FLG¢oni compared to FLG confirming the presence
of the film impedes ion movement.” To summarise, the cobalt-nickel hydroxide film
is able to increase the areal capacitance of the system, however the addition of the
cobalt-nickel hydroxide film may hinder ion diffusion, which could negatively impact

the speed at which the device can operate and hence the power density.*’

6.3.2.5 Deposition on FLGcp on a Au/Epoxy Substrate

The cobalt-nickel hydroxide deposition was also carried out on FLGcp on a Au/epoxy
substrate, giving FLGcpiconi, to establish whether the presence of the grafted
carboxyphenyl film influences metal hydroxide deposition, and also to determine if the
film is beneficial in building stacks of FLGconi. The CBD modification was carried out
using the free-floating protocol, so that the CP film was sandwiched between the epoxy
resin and the FLG. The resulting CV and CD plots are given in Figure 6.24. Both the
CV and CD response shows similar shapes to those seen in Figure 6.20 and Figure 6.21,
confirming the successful deposition of the metal hydroxide nanoparticles. The area
enclosed by the CV and the CD discharge time has decreased for FLGcp-coni compared
with the FLGconi surface, suggesting a decrease in the total capacitance of the system,
possibly due to a decrease in the amount of metal hydroxide at the electrode surface.
Table 6.4 gives the calculated capacitance at 20 mV s and 1.6 mA cm™ for each
system. From these values, the capacitance has approximately halved when cobalt-
nickel hydroxide is deposited onto a FLGcp surface, which may mean the presence of
the CP film prevents cobalt-nickel hydroxide deposition on one side of the FLG (the
CP film is only on one side of the FLG, therefore blocks film growth on this side).
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Figure 6.24: CV and CD in 1 M KOH of FLGg¢p.coni: (A) CV at 50 (blue), 20 (red), 10 (green)
5 (purple), and 2 mV s™' (orange) after 1 minute deposition on FLG on a Au/epoxy substrate; (B)
CV at 20 mV s'l, FLGconi shown for comparison; (C) CD at selected scan rates; (D) CD at 1.6
mA cm, FLGconi shown for comparison.

Table 6.4: Capacitance values derived from CV at 20 mV s” and CD at 1.6 mA cm™ (0.1
mA cm-2 for blank), for 1 M KOH after deposition with cobalt-nickel hydroxide
nanoparticles onto FLL.G or FLGcp. n=2 for all samples.

FLG 1.5+0.1x 102 3.3+0.4x 107
FLGcp:coni 9.5+0.2 7.9+ 0.6
FLGcon 215+1.2 22.0+2.6

To establish whether the presence of the film inhibited metal hydroxide deposition
AFM images were collected for the FLGcp:coni surface after deposition. For the FLGcp
modification, the modified FLG is collected in the sandwiched orientation, so the
imaged surface is that with no CP film (Figure 6.25B). The deposition was also repeated
on a FLGyp surface, which can be more easily collected in the exposed orientation from
the on-copper modification protocol, so that the imaged surface is that with the grafted

film (Figure 6.25C).
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17.0 nm

-10.7 nm

Figure 6.25: AFM images after a 1 minute cobalt-nickel deposition at —1.0 V: (A) FLGconi; (B)
FLGcp+coni with the metal hydroxide film exposed; (C) FLGconisnp With the film exposed. Scale
bar=1.25 pm.

Comparison of Figure 6.25A and B shows the metal hydroxide film deposits on the
unmodified side of the FLG surface. In contrast, Figure 6.25C shows that on the
modified side of the FLG, cobalt-nickel hydroxide deposition is inhibited, as no
whisker-like structures can be seen in this image. These results support the CV and CD
results: no metal hydroxide film deposits on the aryldiazonium modified FLG surface
and hence for the FLGcpiconi sample, the cobalt-nickel hydroxide deposits onto one
side of the FLG only and so the pseudocapacitance is approximately half that at
FLGconi.

The chronoamperometric transients for metal hydroxide deposition on FLG and FLGcp
are given in Figure 6.26. The plots show a similar shape to literature reports,” and
indicate no significant difference in the charge passed for deposition on FLGcp
compared to FLG. This suggests the film does not influence the nitrate reduction step
and therefore hydroxide ion production, hence this is not the origin of the decreased
amount of metal hydroxide on the aryldiazonium modified FLG surfaces. An

alternative explanation for the reduction in the amount of cobalt-nickel hydroxide on
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the aryldiazonium modified FLG is the film blocks access of the cobalt and nickel ions
to the FLG surface, which are also essential for metal hydroxide formation. However,
in Chapter 5 the grafted films did not hinder ion transport to the surface for electrical
double layer formation, so this is unlikely to be the reason for the reduction in metal
hydroxide at FLGcp. Hence, both hydroxide and metal ions are likely to be present at
the surface even with a grafted phenyl film, therefore the film must physically block
the formed metal hydroxides from adhering to the FLG surface with the grafted phenyl
film.
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Figure 6.26: Chronoamperometric transients for a 1 minute Co-Ni deposition at —1.0V on FLG
and FLGcp.

This result was further supported by ICPMS analysis. ICPMS was used to measure the
total mass of cobalt and nickel at the FLG and FLGcp surface. For these measurements,
the FLGconi and FLGepiconi samples were soaked overnight in dilute nitric acid to etch
the cobalt and nickel from the surface. Table 6.5 summarises the mass of cobalt and
nickel hydroxide at the two different surface types, for the defined geometric area. The
total metal hydroxide mass has approximately halved for FLGcp+coni compared to
FLGconi, supporting the hypothesis that the grafted film blocks deposition on the
aryldiazonium modified side of the FLG. The cobalt and nickel are in an approximately
2:3 ratio at the surface, the same ratio as that obtained via EDS. ICPMS measures the
cobalt and nickel content from the entire surface and is therefore assumed to give the
best indication of the overall cobalt to nickel ratio, compared with XPS and EDS, which

sample at a spot on the surface that is smaller than the total geometric area.
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Table 6.5: Total mass of cobalt and nickel hydroxide for FLGconi and FLGcp.coni after a
Iminute cobalt-nickel hydroxide deposition at —1.0 V on FLG on a Au/epoxy substrate
derived from ICPMS analysis.

FLGconi 0.19 0.28 0.47
FLGcprconi 0.09 0.17 0.27

6.3.2.6 Capacitance of Three-Sheet Stacks

The FLGconi and FLGepiconi Were stacked using the LBL protocol described in
Chapter 2, Section 2.5.3. This protocol is illustrated in Figure 6.27. For FLGcpiconi
samples, each FLG sheet in the stack had a CP film on the underside. The resulting
electrodes were characterised by CV and CD testing. Note that all FLG sheets are in

contact with the Au surface during the deposition and subsequent electrochemical

measurements.
Metal Hydroxide
Deposition 1
Au/Epoxy/FLG
Collect free
floating FLG
C SR BEDD Y

>—C T > Deposition 2 IV~ g
C QRO P C RS E DD

Collect free
floating FLG

Deposition 3 —
)

C S RSO C S RSO

Y

3FLGconi

Figure 6.27: LBL deposition protocol to prepare 3FLG¢oni (and 3FLGepiconi if @ FLGcp sheet
is used rather than FLG). The metal hydroxide has only been drawn on one side of the FLG
sheets for clarity.

Figure 6.28 shows the CV response of 3FLG¢oni and 3FLGepiconiin 1 M KOH at

selected scan rates. As expected, the CVs show redox peaks associated with the cobalt
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and nickel hydroxide redox reactions given in Equations 6.6, 6.7, and 6.8. By
comparing the one- and three-sheet systems, there is an obvious increase in the area
enclosed by the CV, indicating the total capacitance has increased upon stacking.

A B
1VLVU o e e e e e e NSOV o e o e B
4000 —FLGooni -
3000 | —3FLG.,y
2000
1000

0
-1000

-2000

[ Y O I | -3000_1111111111111111_

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 -0.1 0.0 0.1 0.2 0.3 04 0.5 0.6 0.7
Potential (Hg/HgO) / V Potential (Hg/HgO) / V

pA cm

~

Current Density / pA cm™

Current Density

FTTTTTTTTTTTITTTI Y2000 FT T T T T T T T T T T T T T T 19
B N —FLG

CP+Co/Ni
1900 - ___3p16

CP+CoNi

= N W
S 8 8o
o O O
T
|
y / A cm

-1000
-2000
-3000

-1000

- - -1500
I Y T Y I T N T

-0.10.0 0.1 0.2 0.3 0.4 05 0.6 0.7 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Potential (Hg/HgO) / V Potential (Hg/HgO) / V

Figure 6.28: CV in 1 M KOH of three-sheet stacks of FLGconi and FLGepiconi: (A) 3FLGeoni
at 50 (blue), 20 (red), 10 (green), 5 (purple), and 2 mV s (orange); (B) FLGconi and 3FLGconi
at20mV s™'; (C) 3FLGcpiconi at 50 (blue), 20 (red), 10 (green), 5 (purple), and 2 mV s (orange);
(D) FLGcpiconi and 3FLGcpiconi at 20 mV s™.
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An interesting difference between the one- and three-sheet stacks is the position of the
oxidation and reduction peaks. In the three-sheet systems, both with and without the
CP film, the peak separation has decreased as the oxidation and reduction peaks have
shifted to less positive and less negative potentials respectively. Earlier, the increase in
peak separation with increasing deposition time (and scan rate) was proposed to be
caused by slower electron transport kinetics through the metal hydroxide film.>’ Hence,
the reduced peak separation for the three-sheet stacks could be caused by improved
electron transfer into the metal hydroxide film. For the three-sheet stacks, the cobalt-
nickel hydroxide film is sandwiched between sheets of FLG, and so electrons can be
transferred into the metal hydroxide film from both sides, likely giving improved

electron transport kinetics, which would result in a decrease in the oxidation and
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reduction peak separation. The 3FLGcp-coni 0xidation and reduction peak separation is
decreased slightly compared to the 3FLGconi, Which is presumably a result of the
smaller amount of metal hydroxide between the FLG sheets for FLGcp, as the metal
hydroxide only deposits on one side of the FLG¢p sheet. The assumed electron transport

pathways are illustrated in Figure 6.29.
Metal Hydroxide

One-sheet sample, with electron transfer
from one side only

K WS/ 3FLG ., with electron transfer from both
"9'/." ;I‘) Co/Ni

%

sides of the metal hydroxide film
N~

. Y, I -
GG ) O

3FLGconi

=

OH~-- 3FLGcp.comi: With electron transfer from both

‘: Fan'ae i/ OH"  sides of the metal hydroxide film and less metal
. ‘te'/’!e“' hydroxide on each sheet
3FLGcoiscr

Figure 6.29: Possible electron transport pathways for one- and three-sheet stacks of FLG after
cobalt-nickel hydroxide deposition. The metal hydroxide has only been shown on one side of
the initial FLG sheet for clarity.

Figure 6.30 shows the CD profiles for the 3FLGc¢oni and 3FLGepiconi surfaces. As
before, the plots show different regions that correspond to the redox processes seen in
the CVs. Figure 6.30C shows the calculated areal capacitance at different current
densities. All surfaces show a decrease in capacitance at higher current densities. The
rate capability is similar between the one- and three-sheet systems, indicating the
stacking process does not decrease the rate at which the system can be charged and

discharged.
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Figure 6.30: CD at selected current densities in 1 M KOH: (A) 3FLGconi and (B) 3FLGep+coni-
(C) Calculated areal capacitance at different current densities for the one- and three-sheet
systems.

The areal capacitance was calculated from both the CV and CD results, and the values
are tabulated in Table 6.6. As expected, the capacitance, as calculated from both CV
and CD results, has increased with stacking. From the CD results, the capacitance has
increased by approximately 2.0x for FLGc¢oni and 2.2x for FLGep+coni, indicating a 3x
increase in capacitance is not accomplished for either three-sheet system. ICPMS was
used to calculate the increase in the amount of cobalt-nickel hydroxide after the stacking
protocol, to establish whether the less than 3x increase in capacitance could be
attributed to a less than 3x increase in the amount of cobalt-nickel hydroxide present in
the stacked samples. The measured cobalt hydroxide and nickel hydroxide masses are
given in Table 6.6. For all systems, the total amount of cobalt-nickel hydroxide in the
three-sheet stack samples is approximately 2x that in the one-sheet samples. Since the
total capacitance increases approximately 2x after the LBL protocol, it is clear that the
less than 3x increase upon stacking is associated with the amount of pseudocapacitive

material rather than the incomplete separation of the FLG sheets. The increase in
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capacitance is 2x in the presence and absence of the CP film, suggesting the presence
of the film does not influence this behaviour.

Table 6.6: Capacitance calculated from CVs at 20 mV s and CD at 1.6 mA em? for
FLGconis, FLGcp+comis 3FLGconis, and 3FLGcepiconi, and mass of cobalt and nickel
hydroxide for each system determined by ICPMS.

FLGcp+coni 9.5+0.2 7.9 +0.6 0.09+0.01 0.17+x0.01 0.26=x0.01
3FLGcp+comi 203 +5.0 18.8+4.4 0.17+0.03 030x0.06 047=x0.07
Increase 2.1x40.3 2.4x+0.2 1.9x+0.3 1.8x£0.3 1.8x+0.2
FLGconi 21512 17.5+t1.6 0.19+0.04 0.28+0.04 047=x0.06
3FLGconmi 358£5.5 36.9+£3.9 045+0.05 057+x0.05 1.02x0.07
Increase 1.7x+0.2 2.1x£0.2 24x+03  2.0x2£0.2 2.2x +0.2

6.3.3 Summary of Metal Hydroxide Capacitance

The deposition of a metal hydroxide film onto FLG increases the areal capacitance of
the system due to the additional pseudocapacitive material at the surface. The LBL
deposition protocol can further increase the areal capacitance by increasing the amount

of pseudocapacitive cobalt-nickel hydroxide at the surface.

As explained earlier, gravimetric capacitance is often a more useful way to express the
capacitance of the system, especially when comparing results with literature reports.
The gravimetric capacitance for each sample can be calculated using the mass of cobalt-
nickel hydroxide measured through ICPMS, and is given in Table 6.7. The gravimetric
capacitance is much lower than literature reports for cobalt hydroxide, nickel
hydroxide, and the binary metal hydroxide on graphene materials (1000-2000 F g% ®
and shows no increase compared with the unmodified FLG. It is assumed that the low
gravimetric capacitance is primarily a result of electroinactive regions within cobalt-
nickel hydroxide film. The CV at 20 mV s™ was used to calculate the electrochemically
accessible amount of metal hydroxide at the surface, by calculating the charge
associated with the reduction peak (Q). The charge can then be converted into a surface
concentration (I) in mol cm™ based on Equation 6.9, where the number of electrons (1)

is 1, and 4 is the working electrode area.

r=-=<% (6.9)

nFA
It was not possible to distinguish between the individual metal hydroxide components
using the reduction peak, however the molecular weights of cobalt and nickel hydroxide

are approximately the same (92.95 and 92.71 g mol" respectively), therefore the
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combined mass of cobalt and nickel hydroxide can be calculated. Further, the cobalt to
nickel ratio at the surface is approximately 2:3, as shown by ICPMS and EDS results,
so the electrochemically accessible mass of the individual metal hydroxide components
can be estimated. If CVs are used to calculate the electrochemically accessible mass of
metal hydroxide at the surface (Table 6.7) then it is clear that only a small portion of
the cobalt-nickel hydroxide film is electrochemically accessible, explaining why the
gravimetric capacitance is low. The electrochemically inaccessible regions are likely a
result of reduced electron transport through the cobalt-nickel hydroxide film. It is
possible that this is a consequence of using planar FLG electrodes as the carbon
substrate. When porous carbon foams are used as the carbon electrode higher
gravimetric capacitances are obtained,” ** possibly because these can provide a better
template for metal hydroxide deposition were the metal hydroxide deposits as
individual, vertically aligned flakes, rather than depositing as a film on the FLG surface,
resulting in better pathways for electron transport.

Table 6.7: Areal and gravimetric capacitances (calculated using mass derived from
ICPMS) for FLG and FLGcp after cobalt-nickel hydroxide deposition, for one- and three-
sheet systems (unmodified FLLG shown for comparison). Mass of cobalt-nickel hydroxide
determined using the area under the CV reduction peak at 20 mV s™ and from ICPMS
analysis also shown.

+
FLG 1.3 1—0(.)2‘1 X 428+8.0 ; - - ;

FLGcp+coni 79+0.6 31.1£8.0 0.004 0.003  0.007 £0.001 0.26+0.01
3FLGcprconi  18.8+4.4  399£09.1 0.009 0.006  0.015+0.004 0.47+0.07
FLGconi 17516 372+£3.7 0.010 0.007  0.017£0.005 0.47 £0.06
3FLGconi 369+39 37.1+£37 0.017 0.012  0.029+£0.005 1.02+0.07

The areal and gravimetric capacitances were used to calculate the energy and power
density, and the resulting Ragone plots are given in Figure 6.31. The Ragone plots show
three points for each sample, each corresponding to a different current density. As
expected, the areal energy and power density increase after deposition, due to the
increase in the areal capacitance resulting from the pseudocapacitive film. Furthermore,
the three-sheet samples show a higher areal energy density than their one-sheet
counterpart. On the other hand, due to the electroinactive regions of the cobalt-nickel
hydroxide film that increase the mass but do not contribute to the total capacitance, the

gravimetric energy density is low compared to literature reports for the deposition of
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metal oxide or hydroxide materials onto porous graphene, however is comparable with

. . 50
some commercial amorphous carbon based supercapacitors.

< A

2 .
1S
0.01 3 £100 3 ——
c 3 S ¢ Lidon 5 —m—FLG
= . gy -~ . ", Battery. k 43 1e —B—FLG_ .,
3 > i R o/Ni
E = E ._.\\. D 7 Lead ™, ’4 —B—3FLGgp.con
3 $ 10 Acd —m—FLG,,,,
% 1E-4 5 [ | 8 1" Battery~ 2a Comi
2 3 J e L u-u 8 SFLG
[ ] = . Lo N
<) i |
D> 1E-5 = 5 T ] \L
S 3 TR S
21E-6 = n-u-8 2 3 Commerecial
w 3 2 ] Supercapacitors
§1E-7 TT ||||||| TT ||||||| TT ||||||| T T 1T .g 0.1 T T IIIIIII T T II||||| T ||||||| TT ||||||I
< 1E-3 0.01 0.1 1 10 g 10 100 1000 10000 100000

Areal Power Density / mW cm™ Gravimetric Power Density / W kg

Figure 6.31: (A) Areal Ragone plot and (B) gravimetric Ragone plot for FLG, FLGconi,
3FLGconi, FLGeprcomni, and 3FLGepiconi. Literature examples of 3D multilayered graphene
foam with Co(OH), flakes (1),° reduced graphene oxide with ruthenium nanoparticles (2),% 3D
graphene/nickel scaffold with MnO, nanoflowers (3), Ni-Fe layered double
hydroxide/graphene aerogel (4),” graphene areogel with V,Os particles (5)*, and commercial
lead acid batteries, Li-ion batteries, and carbon-based supercapacitors also shown.>

The deposition and LBL stacking protocol need to be further developed to make devices
with improved energy density. The deposition parameters (time, electrolyte
concentration, and applied potential) should be altered so that only a very thin film of
metal hydroxide is deposited on the surface. Decreasing the loading of the metal
hydroxide on the surface will presumably improve the performance due to better

electron transport.

6.4 Conclusion

FLG was modified with gold nanoparticles and metal hydroxide thin films through
electrochemical deposition. The use of the organic solvent DMF for gold deposition,
prevented the spontaneous nucleation of gold nanoparticles, and allowed the deposition
to be carried out while the graphene was still supported by the copper foil. The size and
density of the gold nanoparticles was easily controlled through varying the applied
potential and deposition time: in this work particles with heights ranging from 5-25 nm
were deposited with densities from 25-95 pm™. The ability of the deposited
nanoparticles to prevent restacking of the FLG sheets was investigated using EIS.
Unlike the molecular spacers used in Chapter 5, the gold nanoparticles were unable to

fully separate the FLG sheets upon stacking.
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The electrochemical deposition of cobalt-nickel hydroxide films resulted in a dense mat
of whisker-like structures comprised of cobalt hydroxide and nickel hydroxide in a 2:3
ratio on the surface. The metal hydroxide film increased the total areal capacitance of
the FLG system through redox reactions that provided additional pseudocapacitance.
The presence of a CP film on one side of the FLG inhibited deposition on that side,
presumably due to film preventing cobalt-nickel hydroxide adhesion to the FLG
surface. The total areal capacitance could be increased further using a LBL protocol,
with a 2x increase from a one- to three-sheet system for both FLGconi and FLGep+coni-
The less than 3x increase was attributed to the less than 3x increase in the total mass of
cobalt-nickel hydroxide at the FLG surface. Unfortunately, the gravimetric capacitance
of the one- and three-sheet systems was lower than anticipated. It is assumed this is a
result the film being too thick and therefore some regions of the metal hydroxide film
are electrochemically inaccessible as these regions will increase the total mass of the
electrode but do not add any additional capacitance, and so the gravimetric capacitance

1s reduced.
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7  Overall Conclusion and Future Work

7.1 Conclusion

The overall goal of this thesis work was to prepare FLG via CVD, and modify the sheets
so that upon layer-by-layer (LBL) assembly aggregation was prevented and the full
surface area of each sheet was accessible to electrolyte ions, allowing optimal electrical
double layer formation at each interface. Initially, FLG, on a copper foil support, was
prepared via CVD, and two separate protocols were developed to give 3-4 and 6-7 layer
graphene, that was polycrystalline with hexagonal domains interconnected by defective
grain boundary regions. The FLG was removed from the copper foil support to allow
transfer to different substrates either before or after modification using a polymer free
and aqueous based process, that prevented the undesirable contamination of FLG with

polymeric residues.

Aqueous aryldiazonium chemistry was used to graft a molecular layer to FLG using
either a free floating, or on copper protocol. FLG was modified using five
aryldiazonium salts: NBD, NABD, IBD, CBD, and MBD, with the NBD modification
studied in detail, highlighting the applicability of this protocol to a wide range of
functional groups. Covalent bonding was confirmed through Raman spectroscopy, with
an increase in the D/G band intensity ratio after modification resulting from the
conversion of sp’-carbon atoms to sp’-hybridisation. IR spectroscopy of the FLGyp
further confirmed the presence of the grafted film, and showed evidence for azo
linkages. Additionally, the importance of washing the FLGxp with methanol after the
reaction was realised, as this removed a substantial amount of physisorbed material
from the surface. XPS analysis of FLGnp and FLGyp confirmed the presence of azo
linkages indicating the modification must take place via either the direct attack of the
diazonium functionality or through a diazoate intermediate. Moreover, the ratio of nitro
to azo nitrogen in FLGnp confirmed a second reaction mechanism was occurring
simultaneously, resulting in carbon-carbon bond formation. Electrochemistry of the
FLGnp was carried out in either a sandwiched or exposed orientation and in the
sandwiched orientation two NP reduction peaks were sometimes seen, a behaviour that
has not been reported previously for NP films on carbon substrates. It was proposed
that the two reduction peaks resulted from limitations in proton diffusion within the

film, with areas of decreased proton availability giving the peak at a more negative
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potential. Furthermore, electrochemical surface concentration measurements were
shown to depend on film orientation: in the exposed orientation, the surface
concentration plateaued at approximately 0.5 nmol cm? while in the sandwiched
orientation the surface concentration increased linearly with reaction time. It was
postulated that in the sandwiched orientation all of the film was electrochemically
accessible, as electron transfer from both working electrodes (HOPG/PPF and FLG) is
possible, whereas in the exposed orientation electron transfer is from one working
electrode (FLG) only, therefore part of the film becomes electrochemically inaccessible

above a certain film thickness.

FLG was also modified via a Diels-Alder reaction with an aryne. Anthranilic acids,
after conversion of the primary amine to a diazonium group, can thermally decompose
to give a highly reactive aryne, which can undergo a cycloaddition with FLG. This
reaction was confirmed via Raman spectroscopy, with an increase in the D/G band
intensity ratio after reaction with two anthranilic acids: NAA or ME. IR spectroscopy
confirmed the successful generation of the aryne, as no amine or carboxylic acid peaks
were observed for FLGyaa or FLGyg. Further, XPS results for FLGyg showed no
evidence of azo nitrogen, suggesting the observed reactivity is not due to the reaction
of the generated diazonium moiety with the FLG. It is therefore likely that the aryne
reacts with the FLG via a two-point binding mode (either a [2+2] or [4+2]
cycloaddition), however confirmation of this binding mode requires further
exploration. Additional investigation of this reaction with collaborators will involve
using surface enhanced Raman spectroscopy on modified graphene and other graphitic
carbon surfaces to confirm the reaction mechanism. The reaction was expected to
provide monolayer coverage, which was studied using electrochemistry and AFM
imaging after the reaction on FLG and PPF. Electrochemistry of FLGnaa gave a
limiting surface concentration, in both the exposed and sandwiched orientation,
consistent with monolayer formation. Successful modification of PPF using NAA
indicated this reaction is applicable to both basal plane and edge plane carbon materials,
and AFM scratch testing of modified PPF confirmed the reaction was limited to a
monolayer. In addition, electrochemistry of the modified PPF surfaces showed a
limiting surface concentration of 0.55 nmol cm™, consistent with dense monolayer

formation.
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The final method used for molecular functionalisation of the FLG surface was the
addition of a primary amine. The primary amine was expected to react with FLG via
either a Michael-type addition activated by oxygen containing functionalities on the
FLG surface, or through partial intercalation of the amine. Further work is required to
distinguish between these two proposed reaction mechanisms. Two amines were
trialled for this reaction, namely NPEA and AAQ. Raman and IR spectroscopy results
gave no clear evidence for FLG modification, however both modifiers were detected
using electrochemistry. The reaction protocol was repeated using physisorption
analogues, which demonstrated that the surface concentration obtained via the amine

reaction was not solely a result of physisorption.

The aryldiazonium modification route was selected for subsequent capacitance studies.
The aryldiazonium reaction allowed covalent functionalisation of the FLG sheets in
aqueous conditions. Regarding the development of environmentally conscious energy
storage technologies, it is desirable that the reaction utilises environmentally benign
solvents such as water. Furthermore, the aryldiazonium reaction gave a wide range of
accessible surface concentrations, so it was possible to tune the reaction conditions to
give multilayer films with varying thickness. Finally, a large array of functionalised
aryldiazonium salts can be prepared by simple synthetic strategies (beyond those
studied in this thesis work), which may be beneficial for future applications. The Diels-
Alder reaction also gave a covalently bound film, with very good control over film
thickness. However, the modification protocol was more complex and utilised organic
solvents, thus this reaction was not pursued for the target application. Nevertheless, the
ability to limit grafting to a monolayer could be highly beneficial for other applications
that were not explored in this thesis work. The amine addition reaction was considered
the least useful for the target application. This was due to the lack of evidence for
covalently bonded groups, which may decrease the stability of the system, the
uncertainty surrounding the modification mechanism, and the use of organic solvents
making it less useful in environmentally conscious applications such as energy storage.

Thus, for capacitance studies, the aryldiazonium reaction was investigated.

Following the aryldiazonium modification, the capacitance of FLG was studied.
Compared with as prepared FLG, the FLGap and FLGcp surfaces showed no loss of

capacitance, however the NP film decreased the capacitance of the FLG, possibly due
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to less space at the surface for electrical double layer formation. The modified sheets
were assembled into three-sheet stacks via a LBL protocol and a NP surface
concentration of 0.21 + 0.02 nmol cm™, corresponding to a film height between 0.6 and
0.7 nm, was sufficient to completely prevent aggregation of the modified FLG sheets
during assembly and cycling, and allowed the full surface area of each modified FLG
sheet to be accessed by electrolyte ions. This was true for all three film types on FLG.
Cycle stability testing of the one- and three-sheet stacks demonstrated the FLG¢p and
FLGnp surfaces showed the best stability, as the FLGap surfaces suffered some
capacitance degradation due to loss of pseudocapacitance. The gravimetric Ragone
plots demonstrated that all the systems studied had a very high power density indicating
good ion accessibility and transport, therefore a fast charge discharge capability,

however the energy density was low.

The FLG was also decorated using gold nanoparticles and metal hydroxide thin films
through electrochemical deposition. Initially, gold nanoparticles were used as a model
system to establish if nanoparticles could also prevent aggregation of the sheets during
LBL assembly. The deposition of gold nanoparticles onto FLG/Cu was carried out in
non-aqueous conditions, as this allowed good control of the deposition process, due to
inhibition of the reduction of the gold salt by the copper foil, preventing spontaneous
nucleation of nanoparticles. AFM and SEM imaging confirmed the successful
deposition of nanoparticles, unevenly distributed across the FLG surface. The size and
density of the nanoparticles was efficiently controlled by altering the applied potential
or deposition time, with nanoparticle heights ranging from 5-25 nm and densities from
25-95 um. The FLG sheets, after decoration with gold nanoparticles, were assembled
using the LBL protocol. The gold nanoparticles were unable to completely prevent
aggregation of the FLG sheets upon stacking, indicating that the phenyl film grafted
from the aryldiazonium reaction was a better option for preventing aggregation during

assembly of supercapacitor electrodes from FLG.

To increase the energy density of the electrodes, cobalt-nickel hydroxide films were
deposited on the surface, as these possessed their own pseudocapacitance. Cobalt-
nickel hydroxide thin films were successfully deposited from an aqueous solution onto

the FLG after transfer to a Au/epoxy surface. AFM and SEM images confirmed the
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deposition of a mat of whisker-like structures on the surface, and XPS results indicated
these were comprised of cobalt hydroxide and nickel hydroxide with the metal in the
2+ oxidation state. Repetition of this protocol on a FLGcp surface illustrated that the
grafted film blocked deposition of a metal hydroxide layer on one side of the FLG sheet.
The cobalt-nickel hydroxide film increased the total capacitance of the system, however
some regions of the film were electrochemically inaccessible, presumably due to
limitations in electron transport through the film, which resulted in a low gravimetric

capacitance and therefore a low gravimetric energy density.

The development of graphene-based supercapacitor electrodes is a highly active
research field. This thesis work has established a convenient approach for the
modification of graphene and subsequent LBL assembly, providing complete
separation of graphene sheets, and therefore efficient double layer formation. Although
some literature reports have utilised spacers to prevent aggregation (for example metal
nanoparticles and carbon nanotubes), highly-controlled protocols for stacking of
graphene functionalised with molecular spacers, like that developed here, are limited.*
Furthermore, verifying that the spacers provide complete sheet separation is often
overlooked, with reports suggesting spacers provide an increase in the capacitance by
preventing agglomeration, but do not provide experimental evidence for complete
separation, like that presented in Chapter 5 of this work.”® The covalent bonding
between the spacers and the FLG ensures the outstanding stability of the electrodes,
with no aggregation of the sheets or decrease in capacitance even after 20,000
galvanostatic charge discharge cycles. Finally, although the energy density of the
electrodes is lower than literature reports for other graphene materials, especially

compared with pseudocapacitive materials, '

the power density and therefore the
speed at which the electrodes can operate is high. Moreover, the time constant
calculated via electrochemical impedance spectroscopy is low compared with other
porous carbons,'' even after stacking. This suggests the electrodes can operate at high
speeds, which is beneficial in real-world devices. Maintaining the high power density
and stability obtained in this thesis work, while increasing the total capacitance and
energy density will be highly beneficial in developing supercapacitor electrodes from

graphene.
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7.2 Future Work

In this thesis, the Diels-Alder reaction of an aryne with graphene and PPF was studied.
The reaction mechanism is expected to result in a two-point binding mode, either
through a [4+2] or a [2+2] mechanism. Future work will involve further investigations
of this binding mode. This will initially involve using surface enhanced Raman
spectroscopy to confirm the binding mode. After confirmation of the binding mode,
advantages of this binding mode could be investigated, including increased stability

and additional

Throughout this thesis work the quantum capacitance of the graphene was noted as a
limitation to the total double layer capacitance. Literature reports emerging in the past
12 months have evaluated the importance of quantum capacitance for FLG electrodes.'”
? Density functional theory calculations have suggested that for single layer systems the
quantum capacitance is the limiting component to the capacitance. As quantum
capacitance is dependent on the density of states it should scale with layer number,
however beyond four layers calculations have shown that the total capacitance of the
system does not increase with layer number, and instead becomes static. This implies
an additional component to the capacitance of the system, which is suggested to be
related to dielectric screening of the electrolyte by the additional graphene layers. The
systems studied in this thesis work were all FLG, with a minimum of three layers, which
indicates that this additional dielectric capacitance will play a role in the total
capacitance of the electrode. However, as this has only recently been suggested, it was
not considered during this thesis work. Future work will look to understand the
contribution of this fourth capacitance component to the total capacitance of the system,
which may provide better models to accurately fit the data and predict the impact of
modification on the capacitance of FLG electrodes. Furthermore, as this component is
related to the electrolyte it is reasonable to assume the choice of electrolyte will impact
the total capacitance of the system, while for single layer systems, where the quantum
capacitance is the limiting component, the choice of electrolyte should not significantly
influence the total capacitance. Therefore, for FLG, variation of the electrolyte may
result in systems with improved capacitance and this should be investigated as an option

to increase the total capacitance.

227



Large surface area electrodes were prepared during this thesis work, through the
prevention of aggregation using molecular spacers. These electrodes were investigated
in terms of capacitance, with an increase in the surface area giving an increase in the
electrical double layer capacitance of the electrode. This is only one possible
application of these materials. Large surface area graphene electrodes would show
promise in several fields, for example as catalytic supports, in gas sorption, in
biosensing, and as electrode materials for Li-ion batteries. Hence, future work could

involve investigation of any of these potential applications.

In this thesis work pseudocapacitive metal hydroxide thin films were deposited on the
FLG surface to increase the total capacitance of the system. Unfortunately, the
gravimetric capacitance of the resulting electrodes was lower than expected, hence the
deposition procedure needs to be improved to ensure the full mass of metal hydroxide
is electrochemically accessible, allowing improved gravimetric capacitances. It is likely
that depositing individual platelets of cobalt-nickel hydroxide will result in improved
electron transport, and therefore the deposition parameters must be tuned (for example
deposition time or electrolyte concentration) to decrease the amount of metal hydroxide
on the surface and provide such structures. In future work, the deposition protocol will
be modified to increase the gravimetric capacitance of the FLG surfaces. Once the
deposition procedure is optimised the sheets can be assembled using the LBL protocol
developed in this thesis work. It may be beneficial to have the cobalt-nickel hydroxide
sandwiched between two FLG sheets (Figure 7.1), as this will allow electron transfer
into the metal hydroxide film from both sides, which would increase the amount of
electrochemically accessible material at the surface, therefore this configuration will be
investigated further. After finalising an appropriate deposition protocol, the modified
FLG surfaces should be tested for cycle stability. Metal hydroxide pseudocapacitors
suffer from cyclability issues, hence it is critical to ensure that depositing the cobalt-
nickel hydroxide on the graphene has improved the stability of the pseudocapacitive

system.

Figure 7.1: Metal hydroxide film sandwiched between two sheets of FLG to allow electron
transfer from both sides of the film.
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In this thesis work metal hydroxide nanoparticles were deposited on the FLG surfaces
to increase the total capacitance of the system through additional pseudocapacitance
reactions. Metal hydroxides are not the only option for increasing pseudocapacitance.
Redox active molecular species, such as anthraquinone derivatives or conducting
polymers, could be grafted to the graphene sheets prior to stacking. These groups could
impart additional pseudocapacitance to the systems, and act as the spacer molecules.
Hence, future work could involve using molecular redox species to increase

capacitance.
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Appendices

Appendix A: Explanations of Experimental Techniques

A.1 Raman and IR spectroscopy

Raman and IR spectroscopy measure vibrational transitions in the molecules. In IR
spectroscopy, a sample is irradiated with an IR beam. The molecule absorbs IR
radiation of energy corresponding to a vibrational transition, typically labelled as a bend
or stretch motion of the bonds. The difference in energy between the residual and the
incident beam corresponds to the energy of the vibrational transition. Vibrational
transitions must involve a change in dipole moment to be IR active. As such, vibrations
in completely symmetrical bonds are forbidden. The origin of the Raman spectrum is
different from IR.' This means vibrations that are inactive in the IR spectrum may be
active in the Raman spectrum. In Raman spectroscopy, the sample is irradiated with an
intense laser beam, typically in the UV/visible region, (532 nm in this work) and the
scattered light that is perpendicular to the incident beam is measured. The scattered
light can be split into two categories: namely Raleigh scattering and Raman scattering.'
When a sample is irradiated with light, it transitions to an excited state due to the
distortion of the chemical bond (vibration). This results in an induced dipole moment.
This is a virtual state, as it is not a quantum mechanical stationary state. The excited
state returns to a vibrational level in the ground state by emitting a photon.” Photons
that result from the molecule returning to the original vibrational level have the same
frequency as the incident beam, giving bands with typically strong intensity. This is
Rayleigh scattering. Photons that are emitted from returning to a vibrational level one
vibrational quantum level higher (stokes) or lower (anti-stokes) than the original level
are known as Raman scattering. These three types of transition along with the transition
measured in IR spectroscopy are illustrated in Figure A.1. In both, the difference
between the final and initial vibrational states is measured in units of wavenumber (cm’
". Stokes transitions are typically stronger than anti-stokes, due to the increased
population of molecules at the v= 0 level compared to the v=1 level, so it is common to

show only stokes transitions in a Raman spectrum.
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Figure A.1: Diagram illustrating the differences in IR and Raman transitions. (A) IR transition,
(B) Rayleigh Scattering, (C) stokes Raman Scattering, and (D) anti-stokes Raman Scattering.

A.2 Hall Effect Measurements

Edwin H. Hall first described the Hall effect in 1879. It is defined as the generation of
an electromotive force in a sample when a current is applied and the sample is exposed
to a perpendicular magnetic field. This can cause a transverse voltage across the sample
known as the Hall voltage, also represented as a current deflection.” The Hall voltage

can be used to calculate the carrier concentration and mobility.

The Van der Pauw method was used to determine the sheet resistance. This is one of
the most widely used and effective methods for calculating the resistance of thin films
and overcomes the geometry dependence of resistivity measurements.” The Van der
Pauw method relies on a four-point probe measurement; in this work gold contacts are

attached to the four corners of the FLG sample (Figure A.2).

P
e
-

Figure A.2: Four-point probe contact configuration, with current measured across points one
and two, and voltage across points three and four

A current is applied across two points positioned next to each other (1 and 2), and then
the voltage across the other two points is recorded (3 and 4). The Van der Pauw equation
is given in Equation A.1.

e(~TRa/RsH) 4 o(-TRB/RsH) = 1 (A.1)
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where, Rgyis the sheet resistance and

_ Ro1+R12+R43+R3y
Ry =
4 (A.2)
and
_ Rp3+R33+R14+Ry
Rg =
E (A3)

For example, R4; is the resistance calculated using Ohms law (R =V /I) from the
voltage across points 3 and 4, when a current is applied across points 2 and 1, as
illustrated in Figure A.2. This calculation only uses voltages recorded in the absence of

an applied magnetic field. It must be solved numerically.’

To measure the Hall voltage the same set up is required, but a magnetic field is applied,

as illustrated in Figure A.3.

Figure A.3: Four-point probe measurement set up to calculate the Hall voltage, where B is a
magnetic field applied perpendicular to the direction of the current

To measure the Hall voltage, the current is applied across opposing contacts (1 and 3),
and the voltage is recorded across the other opposing contacts (2 and 4) with a positive
magnetic field direction to give Va4p and then in a negative magnetic field direction to
give Vaun. This is repeated to give eight separate voltages Vaap, Vazp, Visp, Viip, and
their respective negative magnetic field voltages. The Hall voltage is then given by

Equation A.4:°

_ vcl+lvpl+IVEl+IVEl

Y 8 (A.4)
where

Ve = Vaup — Vaun (A.5)

Vb = Vizp — Vion (A.6)

Ve =Vizp — Vizn (A.7)

VF = V31p — Vaan (A.8)
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When the sum shown in Equation A.9 is positive p-doping is indicated, whereas a
negative result represents n-doping.

Ve +Vp + Ve + Ve (A.9)

The Hall voltage can then be used to calculate the sheet carrier concentration (7s)

(Equation A.10):

o = 1B
S qlvul

(A.10)
where / is the applied current, B is the magnetic field strength, and ¢ is the elementary
charge. Mobility is calculated based on the sheet resistance and the Hall voltage

(Equation A.11):

= Vul (A.11)

" RgulB
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Appendix B: NP Surface Concentration Data

B.1 Calculating Surface Concentration from IR

Surface concentration was calculated using the Beer-Lambert Law (Equation B.1).
Abs = ecl (B.1)

If the modified FLG sheet is modelled as a rectangular prism, where the film height

corresponds to both the z-axis and the pathlength (Figure B.1).

Figure B.1: Modified FLG surface with pathlength shown.

The concentration is:

mol

c=—— (B.2)
therefore
mol
Abs = €X — xl (B.3)
Abs = ex Z"T"j (B.4)

hence, pathlength (/) is not required to calculate surface concentration in mol cm™.
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B.2 IR surface concentration values

Table B.1: Surface concentration values of FLGyp calculated using IR spectroscopy based
on area under 1344 cm™ peak.

2 6.1
6 4.1
8 8.8
16 21.7
16 7.4
17 16.5
17 21.7
17 14.3
20 11.6
23 9.1
24 6.6
27 29.7
41 15.7
44 21.2
50 16.2
66 38.2
66 20.9

236



B.3  Electrochemistry Surface Concentration Values

Table B.2: Surface concentrations calculated from electrochemistry for FLGyp after
reaction with 20 mM NBD.

2 HOPG Sandwiched 0.41 2
7 PPF Sandwiched 0.19 1
8 PPF Sandwiched 0.22 1
16 PPF Sandwiched 0.41 1
16 PPF Sandwiched 0.51 1
17 HOPG Sandwiched 0.21 1
17 HOPG Sandwiched 0.28 1
23 PPF Sandwiched 0.61 1
25 PPF Sandwiched 0.29 1
27 HOPG Sandwiched 0.62 2
41 HOPG Sandwiched 0.93 1
41 HOPG Sandwiched 0.93 1
41 PPF Sandwiched 1.08 1
44 HOPG Sandwiched 1.12 2
64 FLG Sandwiched 1.71 1
66 HOPG Sandwiched 1.45 1
66 PPF Sandwiched 1.77 2
69 HOPG Sandwiched 2.01 1
69 HOPG Sandwiched 2.01 2
69.5 HOPG Sandwiched 1.74 1
70 FLG Sandwiched 1.32 1
1 HOPG Exposed 0.12 1
6 HOPG Exposed 0.36 1
17.5 HOPG Exposed 0.56 1
20 HOPG Exposed 0.83 1
20 HOPG Exposed 0.40 1
27 HOPG Exposed 0.62 1
41 HOPG Exposed 0.52 1
69 HOPG Exposed 0.24 1
69.5 HOPG Exposed 0.57 1
Table B.3: Surface concentration values calculated from electrochemistry for FLGyaa.

0.5 0.35

1 0.25

2 0.61

2 0.59

4 0.71

4 0.45

6 0.80

6 0.60

6 0.52
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Appendix C: Calculated Capacitance

C.1  Areal Capacitance from CV for Aryldiazonium Modified FLG

Table C.1: Areal capacitance derived from CV for FLG before and after aryldiazonium
salt reaction (7 hour, 20 mM).

Ca Ca Ca Ca Ca Ca
Sample 200mVs'/ 100mVs'/ 50mVs'/ 20mVs'/ 5mVs'/ 2mVs'/
uF cm™ uF cm™ uF cm” uF cm” uF cm” uF cm”
FLG 9.6 8.2 10.0 20.3 58.4 96.8
FLG 10.2 9.1 13.0 26.0 82.3 139.7
3FLG 5.6 5.8 7.1 9.7 17.0 25.8
FLGnp 4.7 32 2.9 3.1 4.0 4.9
FLGnp 3.2 2.6 2.9 3.5 5.5 7.1
3FLGnp 11.7 10.2 12.0 14.5 21.5 27.8
3FLGnp 25.5 16.9 19.1 22.9 35.1 58.8
FLGap 7.0 8.1 10.0 17.0 433 81.5
FLGap 8.4 11.0 9.8 12.9 28.5 58.3
3FLGap 64.8 70.7 83.8 104.1 118.2 122.9
3FLGap 54.5 54.9 59.9 68.1 85.4 103.9
FLGcp 3.5 2.8 3.1 3.6 5.0 6.8
FLGcp 8.6 8.3 9.7 12.5 20.5 29.2
3FLGcp 30.2 25.1 27.6 27.9 49.2 70.4
3FLGcp 31.4 26.6 29.8 34.9 473 59.0

Table C.2: Areal capacitance derived from CV for FLG before and after aryldiazonium
salt reaction (7 hour, 20 mM), after 20,000 charge discharge cycles at 10 uA em’™.
CA CA CA CA CA CA

Sample 200mVs'/ 100mVs'/ 50mVs'/ 20mVs'/ 5mVs'/ 2mVs'/
uF cm” uF cm” uF cm” uF cm™ uF cm” uF cm”
FLG 10.1 9.1 11.2 21.2 60.7 96.5
FLG 10.2 9.9 6.8 9.3 51.2 81.1
3FLG 6.2 6.6 9.0 13.4 23.9 32.8
FLGp 8.1 7.1 6.4 6.4 10.0 14.5
FLGp 6.8 5.1 4.0 3.8 4.5 5.7
3FLGnp 19.5 17.7 18.3 19.4 23.1 31.4
3FLGnp 22.6 19.3 18.6 19.1 23.5 28.8
FLGap 5.8 5.5 7.4 13.3 35.5 55.5
FLGap 5.6 4.9 5.6 9.8 26.5 50.7
3FLGap 20.6 20.2 24.1 33.3 65.5 99.5
3FLGap 15.2 15 19.2 33.2 70.2 117.9
FLGcp 4.0 3.1 3.1 3.5 8.4 17.7
FLGcp 7.3 6.9 8.2 11.5 19.8 28.2
3FLGcp 43.4 34.7 36.6 43.6 79.9 121
3FLGcp 28.1 26.7 31.4 40.8 61.2 83.2

238



C.2  Areal and Gravimetric Capacitance from CD for Aryldiazonium

Modified FLG

Table C.3: Areal capacitance derived from CD for FLG before and after aryldiazonium
salt reaction (7 hour, 20 mM).

CA CA CA CA CA
Sample  6.25 pA cm™ m?/ 125pAcm”  25.0pAcm”  50.0 pA cm’
/ uF em™ - / uF em™ / uF em™ / uF em™
FLG 12.9 12.8 12.7 14.3 -
FLG 23.8 183 17.8 18.0 -
3FLG 10.4 10.3 10.8 12.0 -
FLGnp 6.2 6.6 7.0 8.4 -
FLGnp 5.8 6.1 6.3 8.4 -
3FLGyp - 21.0 18.9 16.9 19.0
3FLGyp - 17.1 17.0 17.6 21.5
FLGap 13.6 12.8 13.3 14.3 -
FLGap 20.3 19.0 18.4 19.7 -
3FLGap - 108.0 96.5 86.3 80.8
3FLGp - 63.3 57.7 50.5 51.2
FLGcp 8.7 9.1 9.5 11.5 -
FLGcp 23.2 21.5 21.0 22.0 -
3FLGcp - 63.0 59.0 54.6 55.1
3FLGcp - 41.5 40.2 38.2 38.3

Table C.4: Areal capacitance derived from CD for FLG before and after aryldiazonium
salt reaction (7 hour, 20 mM) after 20,000 charge discharge cycles at 10 pA cm™.
CA CA

Sample  6.25 pA cm®  10.0 pAcm?/ 12.5pAcm® 250 pAcm”  50.0 pA cm™
/ uF cm” pF cm™ / uF cm” / uF cm” / uF cm”
FLG 14.0 13.5 13.0 13.6 -
FLG 19.6 16.8 16.6 16.7 -
3FLG 10.3 9.8 10.1 11.4 -
FLGp 10.6 9.8 9.8 9.6 -
FLGnp 11.2 11.0 11.4 12.8 -
3FLGyp - 26.3 26.2 24.6 25.2
3FLGyp - 34.8 343 32.0 34.0
FLGap 10.4 10.3 10.4 12.4 -
FLGap 13.8 13.3 13.4 14.8 -
3FLGp - 37.0 35.5 36.2 38.1
3FLGp - 51.5 47.7 44.4 44.7
FLGcp 8.7 9.1 9.5 11.5 -
FLGcp 20.5 19.5 19.1 20.7 -
3FLGcp - 58.8 57.0 53.0 53.0
3FLGcp - 62.6 58.4 52.2 51.0
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Table C.5: Gravimetric capacitance derived from CD for FLG before and after
aryldiazonium salt reaction (7 hour, 20 mM).
CG CG CG CG CG

Sample MTOti‘l 625uA  10.0 pA 1258A  250pA 500 pA
aSTHE M2/ F g' em?®/Fg' com?/Fg' om?/Fg' cm?/Fg’
FLG 0.026 435 43.2 42.8 48.2 -
FLG 0.019 80.2 61.7 60.1 60.7 -
3FLG 0.089 11.7 11.6 12.1 13.5 -
FLGnp 0.023 20.5 19.2 21.7 25.8 -
FLGnp 0.019 18.0 18.8 19.6 26.0 -
3FLGnp 0.060 - 21.7 19.6 17.5 19.7
3FLGnp 0.075 - 17.7 17.6 18.2 222
FLGap 0.020 43.1 40.5 42.1 45.2 -
FLGap 0.015 60.1 64.3 58.2 62.4 -
3FLGap 0.042 - 113.9 101.8 91.1 85.4
3FLGuap 0.057 - 66.8 60.9 533 51.2
FLGcp 0.028 27.0 28.3 29.5 35.7 -
FLGcp 0.013 72.0 66.8 65.2 68.3 -
3FLGcp 0.047 - 65.2 61.1 56.5 57
3FLGcp 0.060 - 54.1 514 48.0 48.3

Table C.6: Gravimetric capacitance derived from CD for FLG before and after

aryldiazonium salt reaction (7 hour, 20 mM) after 20,000 charge discharge cycles at 10 uA
2

cm™.

Total Ca Ca Co Co Co
Sample Mass / 6.25 pA 10.0 pA 12.5 pA 25.0 pA 50.0 pA
aSTHE o2/ F g' com?/Fg' com?/Fg' com?/Fg' cm?/Fg’
FLG 0.026 47.2 45.5 43.8 45.9 -
FLG 0.019 66.1 56.6 56.0 56.3 -
3FLG 0.089 11.6 11.0 11.4 12.8 -
FLGnp 0.023 329 30.4 30.4 29.8 -
FLGnp 0.019 34.8 34.1 354 39.7 -
3FLGnp 0.060 - 27.1 27.1 25.4 26.0
3FLGnp 0.075 - 36.0 355 33.1 352
FLGap 0.020 329 32.6 329 39.3 -
FLGap 0.015 43.7 42.1 42.4 46.9 -
3FLGap 0.042 - 48.5 41.0 38.6 38.9
3FLGap 0.057 - 54.3 50.3 46.8 47.2
FLGcp 0.028 27.0 283 29.5 35.7 -
FLGcp 0.013 62.7 60.6 59.3 64.3 -
3FLGcp 0.047 - 60.8 59.0 54.9 54.9
3FLGcp 0.060 64.8 60.5 54.0 52.8
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C.3  Areal Capacitance from CV for Cobalt-Nickel Hydroxide Modified
FLG

Table C.7: Areal capacitance for FLG on Au/epoxy after cobalt-nickel hydroxide
deposition derived from CV.

Ca Ca Ca
Sample 50mV s’/ 20mV s'/ 10mV s™/
mF cm™ mF cm™ mF cm™
FLG 15.6x10°  182x10°  247x10° 36.8x10° 49.1x 107
FLG 157 x10°  16.0x10°  20.7x10° 29.4x10° 385x10°
FLGconi 12.2 20.3 21.3 22.1 22.8
1minute
FLGconi 114 22.8 25.9 24 .4 24.0
1 minute
FLGconi 1.1 28.0 542 60.1 64.2
2 minutes
FLGconi 25.7 50.1 55.6 55.5 55.8
2 minutes
FLGeoni 12.5 172 17.8 18.0 18.1
30 seconds
FLGeoni 9.7 11.4 12.6 14.5 13.9
30 seconds

Table C.8: Areal capacitance for FLG on Au/epoxy with and without CP film after 1
minute cobalt-nickel hydroxide deposition derived from CV, one- and three-sheet stacks.
Ca Ca Ca

10mV st/ 5mV s/ 2mV s/

mF c¢cm™ mF c¢cm™ mF cm™

FLG 156x10°  182x10° 247x10° 368x10° 49.1x 10

FLG 157x10°  16.0x10° 20.7x10°  294x10° 385x10°
FLGconi 12.2 20.3 21.3 22.1 22.8
FLGconi 11.4 22.8 25.9 24.4 24.0
FLGcpiconi 4.1 9.3 11.2 11.7 12.0
FLGcp+comi 6.3 9.4 10.0 10.6 11.1
3FLGcono 26.3 30.2 32.1 33.6 34.7
3FLGconi 36.6 41.3 43.0 44.1 44.6
3 FLGcpscon 14.4 15.3 15.6 15.9 16.9
3 FLGcpiconi 23.4 252 26.2 27.0 27.9
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C.3 Areal and Gravimetric Capacitance from CD for Cobalt-Nickel
Hydroxide Modified FLG

Table C.9: Areal capacitance for FLG on Au/epoxy after cobalt-nickel hydroxide
deposition for different times, derived from CD.

o o Ca
Sample 0.8mA cm® 1.6mAcm” 3.2mAcm’
/ mF cm™ / mF cm™ /mF cm™
FLG 8.3x 107 10.1 x 107 12.6 x 107
FLG 153 x 107 153 x 107 17.6 x 107
FLGconi 19.1 15.9 3.4
1minute
FLGconi 247 19.1 5.1
1 minute
FLGeoni 402 31.4 142
2 minutes
FLGconi 433 30.7 15.9
2 minutes
FLGconi 15.8 13.5 2.8
30 seconds
FLGconi 11.9 10.5 8.2
30 seconds

Table C.10: Areal capacitance for FLG on Au/epoxy with and without CP film after 1
minute cobalt-nickel hydroxide deposition derived from CD, one- and three-sheet stacks.
Ca

1.6 mA cm? 32mAcm? 6.4 mA cm”
/ mF cm™ / mF cm™ / mF cm™
FLG 8.3 %107 10.1x10°  12.6x 107 -
FLG 153x10°  153x10°  17.6x10° -
FLGconi 19.1 15.9 34 -
FLGconi 24.7 19.1 5.1 -
FLGcp+coni 8.4 7.5 1.0
FLGecpiconi 8.2 7.4 1.5
3FLGcomo - 334 28.5 20.9
3FLGconi - 40.7 36.1 29.1
3 FLGcptconi - 14.4 13.0 10.3
3 FLGcpiconi - 23.1 19.8 13.6
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Table C.11: Gravimetric capacitance for FLG on Au/epoxy with and without CP film after
1 minute cobalt-nickel hydroxide deposition derived from CD, one- and three-sheet stacks.
Ca Ca Co Ca

Total

i e 0.8 mA clm'2 1.6 mA clm'2 3.2 mA clm'2 6.4 mA clm'2
/Fg /Fg /Fg /Fg
FLG 0.29 x 10° 28.0 34.1 425 -
FLG 0.29 x 107 51.6 51.6 59.3 -
FLGconi 0.47 40.6 338 7.3 -
FLGconi 0.47 52.5 40.6 10.9 -
FLGecpiconi 0.27 31.1 27.7 34
FLGcp+coni 0.27 31.0 27.6 3.6 -
3FLGcomo 1.00 - 334 28.5 20.9
3FLGconi 1.00 - 40.7 36.1 29.1
3FLGcp+coni 0.47 - 30.6 27.7 21.9
3FLGcp-coni 0.47 - 49.1 42.1 28.9
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Appendix D: Calculated Power and Energy Density

D.1  Areal Power and Energy Density for Aryldiazonium Modified FLG

Table D.1: Areal energy density for aryldiazonium modified FLG one- and three-sheet

samples (7 hour, 20 mM reaction).
Exx 10 Exx 10 Exx 10 Exx 10 Exx10°

Sample 625 pAcm™  10.0 pAcm”  12.5pAcm?  25.0 pAcm®  50.0 pA cm™

/ mWh cm? / mWh cm? / mWh cm? mWh cm™ / mWh cm?

FLG 0.29 0.28 0.28 0.32 -

FLG 0.52 0.41 0.40 0.40 -
3FLG 0.23 0.29 0.24 0.26 -
FLGnp 0.13 0.14 0.15 0.18 -
FLGnp 0.12 0.13 0.13 0.18 -
3FLGnp - 0.44 0.40 0.36 0.40
3FLGnp - 0.36 0.36 0.37 0.45
FLGap 0.27 0.26 0.27 0.29 -
FLGap 0.41 0.38 0.37 0.39 -
3FLGap - 2.16 1.94 1.73 1.62
3FLGap - 1.27 1.16 1.01 1.03
FLGcp 0.18 0.19 0.20 0.24 -
FLGcp 0.49 0.45 0.44 0.46 -
3FLGcp - 1.33 1.24 1.15 1.16
3FLGcp - 0.88 0.85 0.81 0.81

Table D.2: Areal power density for aryldiazonium modified FLG one- and three-sheet
samples (7 hour, 20 mM reaction).
Pyx 107 Pyx 107 Pax 107 Pax 107 Prx 107

Sample 625 pAcm”  10.0 pAcm?  12.5pAcm™  25.0 pAcm”  50.0 pA cm™
/ mW cm™ / mW cm™ / mW cm™ mW cm™ / mW cm™
FLG 1.25 2.00 2.48 497 -
FLG 1.26 2.00 2.49 4.96 -
3FLG 1.26 2.00 2.00 5.00 -
FLGyp 1.17 1.92 242 478 -
FLGyp 1.19 1.90 2.39 4.84 -
3FLGnp - 1.90 2.39 491 9.51
3FLGnp - 1.91 2.39 4.75 9.51
FLGap 1.14 1.81 2.28 4.65 -
FLGyp 1.14 1.80 2.24 4.42 -
3FLGap - 1.80 2.25 441 8.81
3FLGap - 1.81 2.25 4.44 9.68
FLGcp 1.18 1.91 2.39 4.83 -
FLGcp 1.19 1.90 2.38 4.75 -
3FLGcp - 1.90 2.33 4.66 9.70
3FLGcp - 1.90 2.38 4.83 9.64
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D.2  Gravimetric Power and Energy Density for Aryldiazonium Modified

FLG

Table D.3: Gravimetric energy density for aryldiazonium modified FLG one- and three-
sheet samples (7 hour, 20 mM reaction).

Eg Eg Eg Eg
Sample 625 pAcm? 100 pAcm?  12.5pAcm®  25.0 pA cm”
/ Wh kg™! / Wh kg™! / Wh kg™ / Wh kg™!

FLG 0.97 0.96 0.95 1.07 -

FLG 1.78 1.37 1.33 1.35 -
3FLG 0.26 0.26 0.27 0.3 -
FLGp 0.43 0.41 0.46 0.54 -
FLGp 0.38 0.40 0.41 0.56 -
3FLGnp - 0.46 0.41 0.37 0.42
3FLGnp - 0.37 0.37 0.38 0.47
FLGap 0.86 0.81 0.84 0.91 -
FLGap 121 1.29 1.17 1.25 -
3FLGap - 2.28 2.04 1.83 1.71
3FLGap - 1.33 1.22 1.07 1.03
FLGcp 0.57 0.59 0.62 0.75 -
FLGcp 1.52 1.41 1.38 1.44 -
3FLGcp - 1.38 1.29 1.19 1.20
3FLGcp - 0.91 0.88 0.83 0.84

Table D.4: Gravimetric power density for aryldiazonium modified FLG one- and three-
sheet samples (7 hour, 20 mM reaction).
PG PG PG PG PG

Sample  6.25 uA cm”  10.0 pAcm®  12.5pAcm?  25.0 pAcm?®/  50.0 pA cm?/
/W kg /W kg /W kg W kg W kg™
FLG 4228 6763 8351 16765 -
FLG 4243 6744 8407 16733 -
3FLG 1413 2252 2915 5625 -
FLGnp 3878 5575 7491 14990 -
FLGnp 3681 5910 7386 14991 -
3FLGnp - 1959 2476 5079 9856
3FLGnp - 1973 2469 4908 9815
FLGap 3609 5712 7202 14700 -
FLGap 3384 6092 7098 13991 -
3FLGap - 1902 2369 4658 9314
3FLGap - 1904 2374 4681 9677
FLGcp 3653 5945 7428 14999 -
FLGcp 3694 5893 7378 14756 -
3FLGcp - 1967 2417 4817 10034
3FLGcp - 1963 2467 4989 9972
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D.3 Areal Energy and Power Density for Cobalt-Nickel Hydroxide

Decorated FLG

Table D.5: Areal energy density for cobalt-nickel hydroxide decorated FLG on Au/epoxy
one- and three-sheet samples, with and without a CP film.

Eax 107 Eax 107 Eax 107 Eax 107
Sample 0.8 mA cm™/ 1.6 mA cm™/ 3.2 mA cm™/ 6.4 mA cm™/
mWh cm’™ mWh cm’™ mWh cm’™ mWh cm’™
FLG 0.83x 107 1.01x 107 1.26x 107 -
FLG 1.54x 107 1.54x 107 1.77x 107 -
FLGconi 1.83 1.52 3.25 -
FLGconi 2.36 1.83 4.88 -
FLGcp+coni 0.82 0.74 0.10 -
FLGcp+coni 0.82 0.73 0.10 -
3FLGcomo - 3.20 2.73 2.00
3FLGconi - 3.89 345 2.78
3FLGcp+coni - 1.41 1.27 1.01
3FLGcprconi - 2.26 1.94 1.33

Table D.6: Areal power density for cobalt-nickel hydroxide decorated FLG on Au/epoxy
one- and three-sheet samples, with and without a CP film.
Py Py Py Py

0.8 mA cm™/ 1.6 mA cm?/ 3.2 mA cm™/ 6.4 mA cm™/
mW cm? mW cm? mW cm? mW cm?

FLG 0.01 0.02 0.04 -
FLG 0.01 0.02 0.04 -
FLGconi 0.33 0.68 1.17 -
FLGconi 0.35 0.73 1.76 -
FLGcp+comni 0.35 0.65 0.71 -
FLGcp+coni 0.34 0.64 0.73 -

3FLGcomo - 0.72 1.22 2.40

3FLGconi - 0.70 1.38 2.51

3FLGcp+coni - 0.73 1.39 2.79

3FLGcp+coni - 0.75 1.49 2.99
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D.4 Gravimetric Energy and Power Density for Cobalt-Nickel Hydroxide

Decorated FLG

Table D.7: Gravimetric energy density for cobalt-nickel hydroxide decorated FLG on
Au/epoxy one- and three-sheet samples, with and without a CP film.

EA N N N
0.8 mA cm™/ 1.6 mA cm?/ 3.2 mA cm™/ 6.4 mA cm™/
Wh kg™! Wh kg'! Wh kg'! Wh kg'!

FLG 2.81 341 4.27 -
FLG 5.18 5.18 5.96 -
FLGconi 4.07 3.39 0.73 -
FLGconi 5.27 4.08 1.09 -
FLGcp+coni 3.12 2.79 0.37 -
FLGcp+coni 3.11 2.77 0.39 -

3FLGcomo - 3.35 2.86 2.09

3FLGconi - 4.08 3.62 2.92

3FLGcp+coni - 3.07 2.77 2.19

3FLGcprconi - 493 4.23 2.90

Table D.8: Gravimetric power density for cobalt-nickel hydroxide decorated FLG on
Au/epoxy one- and three-sheet samples, with and without a CP film.
Py Py Pa Pa

0.8 mA cm™/ 1.6mAcm?/. 32mAcm?/ W  64mAcm?/
W kg W kg kg W kg
FLG 36128 72410 139607 -
FLG 33299 66598 134067 -
FLGconi 734 1527 2613 -
FLGconi 791 1631 3919 -
FLGcpsconi 1322 2447 2675 -
FLGcprcomi 1320 2440 2700 -
3FLGcomo - 754 1286 2516
3FLGconi - 735 1449 2628
3FLGcp-coni - 1581 3027 6089
3FLGcp-coni - 1628 3238 6533
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Appendix E: Results from EIS Fitting

E.1 Aryldiazonium Modified FLG

Table E.1: Values calculated using electrical equivalent circuit fitting for EIS data collected
at 0.1 Vin 1 M HCIOy for one- and three-sheet stacks of FLLG and aryldiazonium modified

FLG.

R,/ Q 6.8 27.4 22.4 9.1 6.3 9.3
Q. /pS cm™ - 2.9 12.3 0.2 9.0 0.12
ng - 0.97 0.98 1.1 1.1 0.8

Ry /kQ cm™ - 12.2 36.7 18.7 40.0 60.0
QoL/uScm?  0.87 4.6 1.5 6.2 17.4 9.2
npp 0.96 0.92 1.0 0.95 0.98 0.96
W/ uS cm™ 5.6 1.7 3.1 12 1.2 15.0
Qs/pScm? 426 278.6 44.5 72.8 224 78.9
ng 0.4 0.1 0.2 0.5 0.6 0.6
Rp/kQcm?  13.5 96.4 49.9 28.6 11.6 9.5

E.2  Cobalt Nickel Hydroxide Decorated FLG

Table E.2: Values calculated using electrical equivalent circuit fitting for EIS data collected
at 0.1 Vin 1 M KOH for one- and three-sheet stacks of FLG and cobalt nickel hydroxide

decorated FLG.
R,/ Q 185.2 180.2
Qp/ puS cm™ - 3.7
ng - 0.98
Rer / kQ em™ - 27.9
QoL/pScm? 4.8 5.9
npL 0.98 0.96
W/ uS ecm™ 2.9 9.5
Qs/pScm® 473 1.0
ng 0.5 0.6
Rg/kQcm?  13.1 6.1
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