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Abstract

Heralded as the next miracle material, graphene oxide (GO) has the
potential to be used in a variety of next generation devices. However,
there are still gaps in the fundamental knowledge on this material and
even now, a canonical model of GO has not been developed. The two
aims of this thesis are to support the development of the canonical
model by studying the O 1s; /5 spectra of GO and to develop the use

of reduced GO for electronic device applications.

Here, the identities of peaks in the O 1s;/5 spectrum were identified
by chemical and mathematical analysis and the fabrication processes
were made environmentally friendly and industrially scalable by the
use of ascorbic acid for low temperature reduction of GO and ultra-
sonic spray coating for large area deposition respectively in trans-
parent conducting electrodes (TCE). Further to this, the conductive
character of reduced GO was also utilized in a bilayer device design

with phthalocyanines for a NO, sensing application.

The binding energy of O 1s;/, electrons in the carbonyl, carboxyl,
hydroxyl and epoxy functional groups were found to be 530.9, 532.3,
533.1 & 534.4 eV respectively. With this information, metastability
in GO was understood to result in the preferential formation of the
carboxyl functional group, which cause vacancies in the graphene flake
and are difficult to remove, during the thermal reduction of GO. This

was estimated to occur between the temperatures of 543 & 561 K and



it is recommended that thermal reduction methods keep below this

temperature range.

A TCE with a figure of merit of 189.9 was fabricated when GO re-
duced by ascorbic acid was used in conjunction with silver nanowires
(AgNW) in a bilayer TCE. The reduced GO over layer was observed
to retard AgNW degradation caused by capillary instability and this
was achieved by protecting the surface of the nanowire from oxygen.
This reduced surface diffusion of the silver atoms and extended the
lifetime of the nanowires. Finally, a new bilayer gas sensing device uti-
lizing phthalocyanines on reduced GO was described and tested. The
bilayer design improved device currents, with no loss in normalized

sensitivity and a theoretical model that was developed to describe it.

In summary, a deficiency in the literature of GO was identified &
solved and this finding will be a useful tool in the development of a
canonical model for GO. The identification of the O 1s;,, peaks of
the different functional groups will also aid in the characterization of
reduced GO with low C/O ratios, typically found in highly reduced
GO. The main challenges preventing the widespread use of GO in
electronic devices were identified to be device design and fabrication
techniques. GO is a versatile material platform which can be used
in a variety of applications, but a deep understanding of both GO
properties and the properties of complementary materials is required
so that the right device design can be employed to harness the desir-
able characteristics of these materials. Future work will focus on the
development of the canonical model, consider methods of increasing
the FOM of TCEs fabricated using reduced GO, confirm the stability

of the bilayer device and expand the use of GO into other devices.
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Introduction

1.1 Graphene

1.1.1 Discovery of Graphene

The term graphene first appeared in an article published in 1991, and the first
patent application containing this term in 1994, However, no further patent
applications were made on this topic in the 6 years that followed®. While it was
not the main subject of research in the years following 1991, the term graphene
was known to the scientific community and was commonly used to describe the
mono-layer carbon lattice that occurs in graphite. It was also used in a review
to describe the material that is folded to form carbon nanotubes (CNT) and as a
constituent layer of the naturally occurring few layered by-product formed during
the fabrication of CNTs by hydrogen arc discharge®®. Despite knowledge of its
existence, MLG was assumed to be unstable at ambient conditions and would
not be characterized until 2004 by Berger et al.”.

The measurements were made on MLG that was epitaxially grown on the (0001)
surface of 6H-SiC by thermal decomposition. Berger et al. showed that MLG had
n-type carrier densities of 3.6 x 10'? cm~2 per sheet, carrier mobilities of up to
1100 ¢cm?/Vs and, by the demonstration of Shubnikov-de Haas oscillations, that
the electrons formed a two-dimensional electron gas (2DEG).

However, it was the isolation and study of FLG, derived by micro-mechanical

cleavage in the same year that marked the beginning of the era of two-dimensional
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(2D) materials research. Later in 2005, MLG was characterized by Novoselov et
al. and they showed that carrier concentrations in graphene were as high as 103
cm~2 per sheet with associated mobilities of between 2000 and 5000 cm?/Vs¥.
In a subsequent article in Nature, the presence of a 2DEG in graphene was con-
firmed and the anomalous half-integer filling factors of the quantum Hall effect in
graphene was identified by Geim et al.” For their ‘ground breaking experiments
regarding the two-dimensional material graphene’; the researchers were jointly
awarded the Nobel Prize in Physics in 201017,

Of equal importance to the understanding of graphene’s electronic structure were
the observation of the Berry’s phase and half-integer quantum Hall effect by
Zhang et al.Interestingly, this article was published in the same volume of the
same journal and immediately after the above mentioned Geim et al. article™™.
While substrate effects on MLG had yet to be accounted for, these results com-
bined to show that the high carrier mobility in graphene could potentially be
used in electronic devices.

In the decade following 2004, there was an exponential increase in the amount
of research effort spent in characterizing the material and incorporating it into
matrices and devices. Fig. shows how the explosion in research effort led to

a 100x increase in the number of graphene related articles and patents?.
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Figure 1.1: Histograms of publications in scientific journals and patents with
graphene as a topic or keyword since 2004.
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1.1.2 Key Developments of Graphene

As a unique material with many ideal electronic properties, it appeared that
graphene had the potential of being a silicon replacement in electronic devices™.
Additionally, despite the success of using micro-mechanical cleavage to isolate
individual graphene flakes for scientific research, it quickly became clear that
this was not an ideal method of obtaining graphene for industrial applications
Several fundamental obstacles inherent in the usage of the material had to first
be overcome and the main difficulties faced by the researchers included and were

not limited tot23

Difficulty in transferring films to target medium

Low throughput and non-scalable method of graphene production by micro-

mechanical cleavage

Small maximum size and non-consistent shape of flakes

Properties were highly dependent on production method

Difficulty in dispersal over large areas

In the following sections, key scientific findings in the area of graphene charac-

terization and the state of the art of graphene production are highlighted.

1.1.2.1 Identifying Graphene

The 2-dimensional unit cell of graphene has sides of length 2.46 A and a two-atom
basis set, consisting of 2 inequivalent carbon atoms, positioned at a separation
of 1.42 A. Using this carbon-carbon separation, a, as a unit length, the primitive

lattice vectors can be given as
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The unit cell is completed by placing carbon atoms at atomic positions
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Repeating this unit cell in the @ and b directions, reveals the familiar hexagonal
structure of graphene, as shown in Fig. and this is the basis upon which the
theoretical framework of graphene is formulated. Fundamental calculations on
models made with the introduction of linear defects has shown that these defects
cause electron scattering™. Additionally, by stacking it in the £ direction to form
trilayer graphene it was shown that the stacking order (ABA or ABC) affects the

resulting band structure at the K-point in reciprocal space®.

Graphene sheets are typically difficult to observe under a light microscope due to
its mono-atomic thickness. At a thickness of 3.35 A per layer and with an optical
absorbance value, that is related to the fine structure constant («), of 2.3 % per
layer, its presence could only be detected optically by deposition onto a 300 nm
thick silicon oxide layer1620,

This technique makes use of the interference between the incident and reflected
light at the air-SiOy and the SiO»-Si interfaces, where an increase in the optical
path length induced by a change in SiO, thickness, or in this case by the presence
of a monolayer of graphene, can be observed as a colour change on the SiOs sur-
face?. While the presence of and number of layers of graphene can be estimated
by this optical technique, one would use X-ray photoelectron spectroscopy and /or
Raman spectroscopy to give additional information regarding the chemical and

electronic make-up of the deposited graphene sample.

Figure 1.2: Depiction of 4 units of the graphene unit cell. The vectors a & b are
the primitive lattice vectors, the red carbon atoms are positioned at r1, the blue
carbon atoms at ro and the hexagon is drawn in for emphasis.
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Electrical Conductivity of Graphene

As was shown in Fig. [1.2] forming the familiar hexagon shaped bonds in graphene
requires each carbon atom to form a chemical bond with its 3 nearest neighbour
atoms. In an ideal graphene monolayer, every cabon atom is sp? hybridized and
each carbon atoms forms 3 ¢ and 1 7 bond with the neighbouring atoms*43,
Electrons from these m bonds are responsible for electrical conductivity in graphene
and under ideal conditions, carrier mobilities were measured at up to 200,000
cm?/Vs, the highest carrier mobility recorded in any known material®422,
However, the conductivity of graphene is limited by the low intrinsic carrier con-
centration of the material®?. On top of this, electrical conductivity of the mate-
rial is also affected by the presence of defects and vacancies in the carbon basal
plane?”. In order to maximise the conductivity of graphene, methods must be
employed to eliminate defects and vacancies and to increase the carrier concen-
tration while minimising any impact these modifications might have on carrier

mobility in the graphene sheet.

X-ray Photoelectron Spectroscopy of Graphene

The binding energy of the C 1s;/; electron depends on the hybridization of the
carbon atom and sp? hybridized electrons typically have a lower binding energy
than sp? hybridized electrons®™¥, In the X-ray photoelectron spectroscopic study
of graphene, the C 1s; /5 electron is expected to have a binding energy of 284.7
eV, a value derived from the binding energy of an electron in the same orbital in
highly oriented pyrolytic graphite®’. Any deviation from this value is attributed
to changes in the chemical make-up of the sample as demonstrated in the XPS
spectra of graphene oxide (GO) shown in Fig. [L.30.

Furthermore, the technique of XPS can also be used to probe the number of
layers of graphene deposited; Rollings et al. showed that a sample of MLG could
be differentiated from a sample of trilayer graphene through careful analysis of the
intensity of the substrate peaks™”. However, since the C 1s;/5 electrons have an
escape energy of about 1 keV in XPS measurements, these electrons will have an
attenuation length of about 25 AB¥2 Since the information depth is estimated to
be 3 times the electron attenuation length, XPS characterization of a graphene
sample typically gives information about the material up to 7.5 nm below the

material-vacuum interface®?.



1. INTRODUCTION

XPS of Graphene Oxide (Cls)
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Figure 1.3: Typical XPS spectrum of the C 1s;/5 electrons in GO. The C 1sy 9

electrons in sp? hybridized carbon atoms would form the peak at 284.7 eV while

the remainder are from sp?® hybridized carbon atoms with binding energy shifts due
to the presence of neighbouring oxygen functional groups.

This is supported by the work of Jablonski and Zemek who developed the tech-
nique of multiline-analysis to study the thickness of a nickel over-layer on a silicon
substrate and showed that they could measure the thickness of over-layers of up
to 7.2 nm*¥. In a similar fashion, Seah et al. developed a technique that made use
of the effective attenuation length to identify the thickness of SiOy on a silicon
substrate. In their work, they found that SiOy over-layer thicknesses of up to 7.8
nm could be reliably quantified with an associated error of £0.4 nm=> 4L,

From energetic considerations, the C 1s;/; electrons collected in XPS experiments
typically have attenuation lengths similar to that of electrons collected from Si 2s
orbitals, and though not yet done, the above methods could no doubt be adapted
for use in the XPS study of graphene?. Layering graphene on silicon substrates
and applying the above techniques of multiline analysis or electron attenuation
length on the detected Si 2s signal could in theory allow thickness measurements

of graphene over-layers of up to 7.5 nm.
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Raman Spectroscopy of Graphene

Raman spectroscopy of graphene is shown in Fig. and is commonly used
to characterize sp? hybridized electrons in a variety of materials. It can give
information about the (i) vibrational properties, (ii) crystallographic properties,
(iii) physical properties, (iv) presence of dopants and (v) dimensionality of the
carbon atoms present, i.e. 0D fullerenes, 1D carbon-nanotubes, 2D graphene and
3D graphite®¥H40,

Analysis of the resulting Raman spectra with theoretical understanding of the
Raman process and material under study allow precise information to be ob-
tained. For example, as was shown by Ferrari et al., one can tell if MLG, FLG
or graphite is present in the sample by analysing the the G’ band (also known
as the 2D band), which occurs at ~2700cm ™! in the Raman spectra*”. As shown
in Fig. (1.4l From the figure, beginning with MLG and increasing the number of
layers causes (i) the formation of a secondary peak features at a higher and lower
wavelengths, (ii) widening of the overall peak, (iii) diminished relative intensity
of the initial graphene 2D peak and (iv) an increase in the intensity of the peak at
higher wavelengths. While the quantitative values associated with the above ob-
servations are dependent on the excitation energy, the qualitative changes remain
independent of the excitation energy, making Raman spectroscopy an excellent

tool in determining the number of layers of graphene present in the sample.

1.1.2.2 Production of Graphene

There are a many methods of producing graphene and the production method
severely affects the quality of the resulting material. Ideally, graphene produced
by any method should have large physical dimensions, be mono-crystalline, be
formed without grain boundaries and have tunable thickness or number of layers.
The large physical size is required for applications in industrial processes, while
the property of mono-crystallinity is essential for the material to maintain its
superior carrier mobilities. Thickness control is also required as it has a direct
impact on the transparency and conductivity of the resulting film.

At present, large area graphene with high electrical conductivity can be pro-
duced by chemical vapour deposition (CVD) on copper in a roll to roll setup®.
Graphene produced by this method was monolayer with an intrinsic sheet resis-
tance of 500 €2/ which fell to 125 Q /00 with an associated optical transmittance
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Figure 1.4: (a) Comparison of Raman spectra of graphite and graphene using a
514 nm excitation. Change in the spectra of graphene with increasing layers under
(b) 514 nm & (c) 633 nm excitation. (d) Comparison of the D-peak in graphene
and graphite using 514 nm excitation. (e) Bilayer graphene under 514 & 633 nm
excitation.

Reprinted with permission from reference [47]. Copyright 2006 by the American Physical Society.
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of 2.9 % through the monolayer after it was doped with gold chloride. While these
impressive results showed that MLG could be produced repeatably and reliably
over large areas, the material’s sheet resistance was not low enough to make it
an indium tin oxide (ITO) replacement.

While it is possible to stack MLG to get FLG, the layers tend to have interlayer
spacings and the films have less reliable physical properties as a result of this.
The problem of large interlayer spacings in layer-by-layer stacked FLG can be
overcome by using nickel as a substrate, however, this method incurs a new

4951 Typical coverage of the

problem of non-homogeneous substrate coverage
graphene on the nickel substrate consists of islands of about 10 pym in diameter
and the number of graphene layers in these islands varied between one and three
layers. This severely affects the homogeneity of FLLG produced and greater control

over the growth characteristics of FLG are required.

1.1.2.3 Solvent Soluble Graphene

Graphene is poorly soluble in most solvents and and is generally not easily de-
posited onto surfaces of arbitrary shape and size. It was first shown to be appre-
ciably dispersible in N-methyl-2-pyrrolidinone (NMP) by Hernandez et al. and
through improvements in the technique of dispersion, the concentration of MLG
was increased from 0.01 to 2.0 mg/ml**®%. However, if FLG can be used in the
target application, concentrations of graphene in NMP can reach values as high
as 20 mg/ml>%.

Besides organic solvents, graphene flakes can be suspended in water if a surfac-
tant is present. By pre-mixing a surfactant and water solution and subjecting
the solution to ultrasonication in the presence of graphite powder, suspensions of
graphene in water at concentrations of up to 1 mg/ml can be produced®”. How-
ever, compared to CVD grown graphene, solvent dispersed graphene exhibits
smaller flake sizes and the presence of foreign molecules in the vicinity of the
graphene flakes reduces and increases graphene’s optical and electron conductiv-
ities respectively®?.

While the flat layer of graphene produced by CVD is ideal for use in most elec-
tronic applications, the same cannot be said for graphene based surface coat-
ings.This can be understood from the theory of solubility of graphene in a solvent
which will be briefly outlined here®2.
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Enthalpy of Mixing
Considering first an isolated mass of graphite powder (Mg) with thickness 77 and
area Aj, the number of flakes present (IV7) is given by

Mg

Ny = ———,
' peTh Ay

(1.1)
where p is the density of graphite.
The enthalpy of mixing requires the following energy values:

i. separating the graphene sheets to infinity

B> = N, {2. (sz1> A— 2A1} Egrovhite (1.2)

where t and A are the thickness and area of individual graphene sheets and
Egrertite ig the effective graphite surface energy

Sur

ii. separating the solvent molecules to infinity

Eiolfoo — ‘/Sol Esol _ Aiol Esol (13)

coh sur

*°l is the solvent surface energy

sur

where E*° is the solvent cohesive energy, £
and A3 is the external surface area of the solvent

iii. making graphene flakes

Thionc A .
E§ =Ny |2+ [ 2 ) A — 24, B (1.4)
tA

where N, is the actual number of flakes in the final dispersion, and in a
manner similar to Equation (1.1)), T},... and A are the thickness and area
of these flakes
iv. bringing the solvent molecules together and leaving voids to accommodate
the graphene flakes
E;ol — ‘/SOZESOZ

coh

—APED - ATED and (1.5)

v. the interfacial energy associated with placing graphene flakes in these voids

E2G—sol — 2AG—SOZEG—sol — 2 N2 . 2A2 EG—sol (16)

10
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The enthalpy of mixing is then given by
AHyi = B + B — (B + B3 + E5~) (1.7)

By substitution of Equation ([1.2)) through (1.6) and assuming that the external
surface area of the solvent remains constant (A3" ~ Aj”) and that flakes in the

graphite powder are thicker than those in the dispersion (77 >> T},...), Equation

(1.7) becomes
Mg

flake pG

AH,, ~2 (B! — 2 Fo-+!] (1.8)

Substituting ¢ = M/ (peVini.) to represent the volume fraction of graphite with
V..o as the volume of the mixture and approximating E“ " ~ /FE¢ FEs  the

sur)

above equation becomes

AH

mix

~ g — 0u)” 1.9
Vmiz Tflake( ¢ l) ¢ ( )

where we also substituted 6; = \/E’ ..

In this form, the relationship between A H,,;, and the solvent energy is such that
e AH

mie 18 minimized when 0, = 4.,
e larger flakes reduce the enthalpy of mixing

e larger mixing volumes increases the enthalpy of mixing.

1.1.2.4 Graphene Derivatives

The limitations of intrinsic monolayer graphene as well as scientific curiosity
has led to the development of many techniques that change the nature of the
graphenic material. One technique alters the physical dimensions of the graphene
flake to form a nanoribbon, as shown in Fig. [1.5(a). This results in the formation
of a band gap in graphene, of which the size of this band gap depends on the
width of the ribbon and edge type®*®”. Alternatively, by attaching heteroatoms
such as hydrogen to form graphane, Fig. [1.5(b), or functional groups to existing
carbon atoms changes could be made to the properties of the material®. A third
method involves the substitution of carbon atoms in the basal plane and atoms for

this modification method include boron and nitrogen as shown in Fig. [1.5c)®¥ 04,

11
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(a) (c)

@ Carbon atom @ Nitrogen atom

ARMCHAIR ZIGZAG

Figure 1.5: (a) Example of graphene nano-ribbons with armchair or zigzag edges.
(b) Graphane, an example of graphene with heteroatoms attached. (c) Nitro-
graphene, graphene with substituted nitrogen atoms.

Reprinted with permission from reference [[65]. Copyright 2009 American Chemical Society.

Graphene Nano-ribbons

When graphene is patterned into long strips with small widths, the electrons
become spatially confined and this splits the two-dimensional energy dispersion
into one-dimensional modes to open a bandgap, F, in the material®. It was
subsequently shown that by electron beam lithography and a subsequent etching
step, a nano-ribbon of width 20 nm with an induced band gap of about 30 meV
could be fabricated®”. The band gap in the nano-ribbon is tunable, is controlled
by the width of the nanoribbon and type of the edge-states and nano-ribbons

with widths <10 nm and E, ~ 0.35 eV have been realized .

The size of the bandgap is approximated by the equation

(0%

Eg:W—W*

(1.10)

where o takes on a value between 0.2 and 1.5 eV nm, W is the width of the

nano-ribbon and W¥* is a fitting parameter®*,

The high dependence of the bandgap on the edge states and relative inability
to control the edge states stalled progress on the use of graphene in field effect
transistors (FET). However, Chen et al. have recently shown that nano-ribbons
with arm-chair configuration edge states could be produced by a bottom up pro-
cess, reigniting the interest in use of graphene in FETs"™. Still, the inherently
small band gaps and low electron mobilities will likely limit the use of graphene

to power applications™.

12
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Graphene with Attached Atoms

The other class of graphene modifications involves the attachment of atoms or
functional groups to the carbon basal plane. Of these, fluorographene, graphene
and GO are well-established modified graphene materials™. The substitution or
addition of atoms and or functional groups to graphene, alters the physical and
electronic properties of the material. This generally causes a reduction in the
physical strength and electron mobility and opens a band gap in the material.
Halogenated graphenes have the general chemical formula C,H,X., (a > b+ ¢)
where X represents the halide. From first-principle calculations, a band gap of be-
tween 0.1 and 7.5 €V can be realized, but not all stoichiometric combinations are
expected to be stable at room temperature™. Of the halide attached graphenes,
fluorinated graphene has received the most attention and has been produced in an
inert environment and found to be stable at room temperature. Besides this, chlo-
rinated and brominated graphenes have also been realized experimentally. Y,
Finally, oxygen functional groups have also been attached to the graphene basal
plane to give GO. The first reported method of producing GO goes as far back as
1860 by Brodie and was reported on again by Staudenmaier in 1898%%%3, More
recently, Hummer and Offeman described a method of oxidising graphite by the
use of strong oxidizing agents and this method, with modifications, has been the
mainstay technique for the production of GO®#2. Due to the significance of GO

in this work, a review of the material is performed in the following section.
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1.2 Graphene Oxide

Figure 1.6: Atomic force microscope image of single layered GO with typical
thickness of 1 nm and a typical lateral size of about 0.5 pm. The scale bar inset is
400 nm in length.

GO is an alternative to single layer CVD grown graphene if a water dispersible
material is desired. By itself, graphene is a non-polar material and has low
dispersibility in most solvents®*87. By adding covalently bound oxygen functional
groups hydrogen bonds can be formed between water and the flake, giving a large
E§97%*" value, Equation (L.6), a negative A H,,,, value, Equation (L.9), and allows
GO to be suspended readily in the aqueous medium®8.

A typical GO sheet with a measured thickness of 1 nm is shown in Fig. The
lateral size of the flake is highly dependent on both the grade of graphite powder
and the production process used to manufacture GO. However, as a general rule,
larger lateral sizes are preferred.

While GO and the analogous graphite oxide have been known to chemistry for a
long time, there remains many unanswered questions regarding the material. In
fact, just this year Yeh et al. uncovered the fortunate inclusion of a contaminant
during the production process of GO that helps explain the stability of GO in
water®, When a GO flake is hydrated, the carboxylic groups lose a hydrogen
atom and this causes an accumulation of negative charges on the flake which
should, in theory, tear the flake apart®. However, these negative charges are
neutralized and the layer is prevented from disintegrating by the presence of
cationic metal contaminants introduced during production®?.

There remains many unanswered questions regarding the chemical and electronic
make-up of GO and the purpose of this section is to provide a backdrop of the

knowledge available and to highlight areas of interest that the thesis will cover.

14



1.2 Graphene Oxide

1.2.1 Production and Properties of GO

The process of GO production begins with graphite powder which is reacted with
sulphuric acid, potassium persulphate and phosphorous pentoxide. The graphite
powder is kept in this mixture for a few hours before washing and further oxidation
with potassium permanganate. Quenching the mixture at this step produces a
bright yellow suspension of GO and GO flakes can be filtered from this suspension

typically by the use of an anodized aluminium oxide filter disk.

It is in this filtration step where the cation that stabilizes the GO flake is inad-
vertently introduced. After filtration, the filtrate is typically redispersed in water
to give a suspension with the the characteristic brownish-black colour of a GO

suspension©+82,

The method of GO production can be classified into one of three major techniques,
namely the Hummers, Brodies and Staudenmaier’s methods®* >, It is important
to note that the different methods of GO production give different types of GO
that have unique physical properties®t. While GO is a generic term used to
describe graphene flakes with attached oxygen functional groups that possess
a tunable electronic band gap, these GO materials may not be chemically or

electronically identical.

Exposing graphite powder to harsh oxidizing conditions causes oxidation in a
three-step process. The first step involves the intercalation of oxidising agents
between the graphene sheets, followed by a multi-step reaction that gives graphite
oxide” . Finally, the graphite oxide becomes GO when it is exposed to water and
the intercalating molecules react with the water molecules®. However, these
steps lead to the formation of a carbon rich by product known as oxidative debris
(OD) which needs to be removed by a base wash or by hydrazine®*?. However, if
hydrazine is used, it has the effect of removing OD and reducing GO at the same
time™. Additionally, it is now known that OD is responsible for electroactivity
in GO,

Besides allowing the material to be deposited by spray deposition onto virtually
any surface of arbitrary shape, one of the biggest advantages to the water solubil-
ity of GO, is that it uses a non-toxic solvent. Although graphene is slightly soluble
in NMP, NMP is toxic industrial chemical and hence not a desirable medium for

making graphene sheet suspensions®®%®,
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Initially insulating, conductivity can be restored to GO after reduction which
involves the removal of oxide functional groups. The removal of the functional
groups return the carbon atoms to a state of sp? hybridization and 7 bonds, which
are responsible for electrical conductivity, are restored”. However, even in the best
case scenarios, reduced GO has the twin drawbacks of higher sheet resistance and
lower carrier mobility than even highly grained mono-layer graphene sheets®0U,
This is mainly attributed to defect formation in the graphene basal plane during
the oxidation and subsequent reduction steps, as well as, an inability to remove all
oxygen groups from the flakes during reduction. This ten disrupts the conducting
m-electron network and causes the lower conductivities and mobilities observed®®L,
As might be expected, there is relationship between the density of oxygen func-
tional groups on the graphene basal plane in GO to the optical band gap exhibited
by the material 1%  Starting at 3.5 eV, the optical band-gap of graphene can
be tuned to values as low as 1.0eV when the material is exposed to hydrazine

U However, the inability to remove all the oxygen atoms

for up to 108 hourst
from the basal plane and to repair the defects introduced due to carbon vacancies
or grain formation remains one of the greatest challenges in the use of GO as a

starting material for graphene based devices*’.

1.2.2 Methods of Reduction

One way forward is to improve the methods of GO reduction to increase oxygen
functional group removal. However a good reduction technique has to do more
than merely remove oxygen functional groups. As described earlier, the oxidation
step is harsh and has the possibility of introducing vacancies in the flake and even
cause grain boundaries. Ideally, the reduction step will restore carbon atoms to
vacancy sites as well as to rearrange the carbon atoms in the basal plane to
remove grain boundaries, thereby improving the overall electron mobility across
the reduced GO flake.

Methods to achieve this can be broadly classified into thermal or chemical means
and may be employed simultaneously to improve reduction results. As will be
detailed later, chemical means can help shorten the time and temperatures re-
quired to remove the oxygen functional groups and may event rearrange atoms

to remove grain boundaries.
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1.2.2.1 Thermal Reduction

Direct heat treatment of the GO film, releases oxygen functional groups and
restores conductivity to the flake. As the reduction temperature is increased
from 823 to 1373 K, the sheet resistance of a 10 nm thick sample falls from to
19.8 to 1.8 k2/0J, while the transmittance increases from 60 to 75 %"
However, the temperature is not the only concern in thermally reducing GO. Both
the reduction atmosphere and substrate play important roles in determining the
properties of the reduced GO that is produced. Hydrogen gas diluted in argon is
typically used as a reducing gas in thermal reduction experiments, however the
presence of hydrogen is not a prerequisite for GO reduction®?. In fact, GO can
be thermally reduced in a nitrogen or argon environment or even in a vacuum to
yield transparent conducting films with sheet resistances on the order of 10% — 103
Q2/0 and optical transmittances of ~80 % at 550 nm10H108,

The sheet resistance values of these films can be further reduced by the intro-
duction of a carbonaceous sources such as alcohol vapours or methane during
the thermal reduction processt™ These carbonaceous sources aid in improv-
ing the conducting properties of these films by healing vacancies which then
improves electron mobility and increases film conductivity. With these improve-
ments, the time taken for reduction can be shortened by up to six times and the

sheet resistance values for films with ~95 % transmittance improved from 500 to
10 kQ/O07I08,

1.2.2.2 Chemical Reduction

Besides the methods of using a reducing-gas and high temperatures mentioned
in the previous section, the chemically bound oxygen functional groups can also
be effectively removed by the use of strong reducing agents such as hydrazine,
metals and their halides, sulphur and ascorbic acid (AA)S*H0US The methods
to produce reduced GO are varied and the temperature range used to accomplish
the reduction is highly dependent on the chemical reducing agent used. Impor-
tantly, the films produced by reduced GO from these methods also have varying
transmittance and sheet resistance values.

Hydrazine is one of the most effective chemicals used in the reduction of GO and

has been shown to reduce the optical bandgap in GO*%*, This depends on the
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Optical gap as a function of exposure time to hydrazine
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Figure 1.7: Change in the optical gap in graphene as the exposure time to hy-
drazine vapour is increased. The gap reduces from 3.5 eV in untreated GO to 1.0
eV after exposure to hydrazine for 108 hours.

Adapted with permission from refernce [[104]. Copyright 2012 American Chemical Society.

time of exposure of GO to hydrazine and increasing exposure time meant more
oxygen groups were removed from the GO flake. This causes the closing of the
optical band gap as shown in Fig. [I.7] After more than 100 hours of exposure to
hydrazine, the optical bandgap is reduced from 3.5 to ~1.0 eV.

In another example, using indium(I) chloride as the reducing agent has the effect
of selectively removing epoxides while regenerating the network of sp? hybridized
carbon atoms in GO™M3. With the restoration of the network, a 10x increase
in the conductivity of the film was observed, as compared to a film that was
reduced using hydrazine only. Despite only removing epoxides, the conductivity
was improved significantly be repairing the C—C network in the flakes.

These examples show that restoring conductivity to GO involves two major steps:

i. The efficient removal of oxygen functional groups from the basal plane

ii. Restoring the quality of the basal plane for maximal electron mobility

While attractive, the second example opens up the possibility of metal contami-
nation in the reduced film. Additionally, in what might be the largest draw backs

faced when using metals in the reduction process, a large amount of metallic
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compound was required to reduce a small amount of GO that is reduced. To put
things in numbers, metallic reducing agents are typically required to be present
in concentrations 2-20 times higher than the concentration of GO present™#413,
The volume of waste produced, as well as the cost of metallic chemicals required
are likely to stop these methods from being adopted in large scale operations.
Besides hydrazine and metallic halides, AA has also been touted as an effective
and environmentally friendly chemical alternative that can reduce GO, The
process typically requires mixing GO with AA and allowing the chemical reaction
to progress at 353 K over a period of 12 to 48 hours. After the reaction is complete,
reduced GO papers with high conductivities and lower optical transmissions can
be made. The authors of these early works showed that the reduction capabilities
of AA rivalled that of hydrazine and gave films with sheet resistances as low as
4.5 Q/0 in 300 ym thick samples™.

It was proposed that AA reacted specifically with epoxy and hydroxyl groups on
the GO flake in a two step process that removes the functional group and restores
a m-bond on the reduced GO flake; a proposed schematic of this process is shown
in Fig. [I.8 It was also shown that adding a base to the mixture of AA and
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Figure 1.8: Schematic of GO reduction by AA as proposed by Gao et al. The AA
selectively targets either epoxides (top) or hydroxyls on adjacent carbon atoms,
reducing GO by the removal of a water molecule. The oxidized AA is then released
from the GO flake and this restores the m-bond between the adjacent carbon atoms.
Reprinted with permission from reference [[114]. Copyright 2010 American Chemical Society.
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GO would shorten the time taken for reduction to just 15 minutes and further
decrease the sheet resistance of the reduced GO paper as well?. It was also
reported that the rate of reaction could be further enhanced by subjecting the
mixture to ultrasound treatment as it had the effect of lowering the activation
energy of the reduction reaction*’.

In closing, it is interesting to note that none of the reports mentioned above
attempted to use the mixture of AA reduced GO to fabricate TCEs. In fact,
the research direction for this mixture thus far has mainly been focused on the
improvements in conductivity and applications reported thus far were limited to
the formation of hydrogels, conductive wires and as a modification applied to the

glassy carbon electrode™&120,

1.2.3 Challenges in Understanding GO

Besides the method of production, there are many other factors that may con-
tribute to the differences that researchers have observed in GO. In the years since
the wide-scale study of GO, we have come to learn several interesting and un-
expected facts about the material. Researchers used to think that aqueous GO
was a stable. However, it recently became clear that aqueous GO was a dynamic
material. While the suspension remains stable, the chemical structure of the GO
flake undergoes changes over time, when aqueous or dried™*#¥, We next learnt
that there is a second material known as OD that is produced as a by-product of
the oxidation process and then found out that it was the accidental introduction
of aluminium ions that stabilized the GO sheet in water and prevented it from
disintegrating 89495/

While these important and often disrupting findings help in deepening the body
of knowledge available on GO, they also help to shed light on the difficulties faced
by earlier researchers.

For example, it has always been a challenge to build a satisfactory working model
to describe GO despite the great effort that had been expended. As recently as
2010, a review article made the comment that the structure of GO is difficult to

729 As with any

ascertain “and even to this day no unambiguous model exists
theoretical model, there is a need for continuous and iterative updates when new

facts become available until a satisfactory model is built. However, there remains
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no doubt that the intermediate models developed thus far are essential towards
progress in the field and that establishing an unambiguous model for GO would
do for the GO community what the discovery of deoxyribonucleic acid (DNA)
did for the study of biology.

1.2.3.1 Models of GO

The Lerf-Klinowski (LK) model began as a model to describe graphite oxides, in
which only epoxides and hydroxides were incorporated onto the graphitic mate-
rial’®6 In the same year, the authors revisited their model and added carboxylic
acids to the model, as shown in Fig. [I.9 and this model is currently the most
widely used model to describe GOT2Z. A recent update to this model known as the
Ajayan (AJ) model adds ketones and lactols as functional groups in GO*28, These
models assume a random distribution of oxygen groups on the basal plane and
no order is expected, while the Dékany model supposes that a periodic structure
occurring within each flake®2?.

The community is well on its way towards finalizing a theoretical model that is
capable of incorporating all available knowledge about GO and it is likely that a
robust theoretical model to describe GO will be arrived at soon. However, there

are still gaps in the characterization information that need to be filled.

Figure 1.9: Models of GO. Left shows the Lerf-Klinowski model and the Ajayan
model is shown on the right.

Reprinted with permission from reference [[127]. Copyright 1998 American Chemical Society.

Reprinted by permission from Macmillan Publishers Ltd: Reference [128], copyright 2009.
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1.2.3.2 Different Types of GO

A major difficulty in identifying the nature of GO, is the fact that there are three
main techniques of producing it, namely the Hummers, Brodies and Stauden-
maier’s methods®®4 The methods have been modified for greater oxidation of
the individual flakes and one report has even shown that GO produced by the
Hummer’s and Brodie’s techniques have different physical characteristics®L.
According to the report, one would be able to tell if the GO material was made
by the Hummer’s or Brodie’s method by comparing the relative ratios of the car-
bonyl bound and the hydroxyl bound C 1s;; electrons in the XPS spectra, from
the position of the X-ray diffraction peak or even from the thermo-gravimetric
analysis (TGA) graphs as GO produced by the Brodie’s method has a higher
onset temperature of 554 K while the onset temperature in GO produced by the
Hummer’s method is 486 K.

It would be ideal if one model of GO was sufficient to account for all these
differences, but many open ends still exist in this topic. The ability to identify
the exact type and relative concentrations of each oxygen group present in GO

would be useful towards developing this canonical model.

1.2.3.3 Presence of Oxidative Debris

In the 60 years since the first study made on the structure of graphite oxide by
Beckett & Croft in 1952, researchers have been trying to explain the amorphous
nature of GO*Y, The presence of OD was first observed by Fan et al. in 2008,
and characterized by Rourke et al.three years later, may help explain away some
of these challenges®#134,

Fig. [1.10] is a representation of OD, which is a carbon rich by-product that
naturally forms during the production of GO and is responsible for the electro-
activity inherent in GO®#%% Tt is the reason for the steep increase in the rate
of mass loss at temperatures greater than 473 K during TGA analysis of GO, is
likely the material that causes the exfoliation effect observed by You et al. and
likely contributes to the difficulties that arise during GO characterization,
What becomes clear then is that identifying the exact oxygen groups present in
OD-free GO is an important step in improving the understanding and modelling

of GO. This understanding can also help in focusing effort towards developing

22



1.2 Graphene Oxide

Figure 1.10: Proposed model of OD in the article by Rourke et al.?4
Adapted from reference [[94]]. Copyright © 2011 John Wiley and Sons

better reduction techniques tailored specifically for the removal of the oxygen
groups present on the flake.

Although the consensus is that it is extremely unlikely that ‘new’ by-products
will be found in GO in the future, this finding gives a strong reason to revisit
the widely accepted models of GO that have been proposed prior to 2011 and to
reflect on mechanisms and processes that have been proposed in the past.

How would this material fit into these models and are there interactions that may
have been erroneously ascribed to GO when it should have been ascribed to OD?
The implications of these findings may weave together the disparate tapestry
of ideas that are used to describe GO and bring the community closer to the

completion of the canonical model.

1.2.3.4 Limitations in Data from XPS

A major challenge faced by the community in GO characterization by XPS lies in
the deconvolution of the spectra of these GO materials. Typically, the identity of
a peak is determined if, within certain tolerances, it matches the binding energies
from other organic molecules. This normally allows the identification of the type
of functional group present in a material. However, there are times when it is
not possible to discern this from the spectra and a peak is sometimes widened to
improve the fit.

For example, the O 1s;/; electrons in oxygen functional groups such as hydroxyls
and epoxies, which form a single bond to carbon atoms, typically have lower

binding energies than the same atoms from oxygen atoms in carbonyl groups,
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groups that form double bonds with carbon atoms. If the peaks of individual
functional groups cannot be discerned from the spectra, a wider peak can be
used to account for all O 1s;/, electrons from functional groups that are singly
or doubly bonded to carbon atoms*32,

This method of spectra deconvolution has led the charge in XPS characterization
of GO, however there are still difficulties present in the process of peak decon-
volution that are limiting the accuracy of these results. While there are many
detailed XPS characterization studies on GO, the vast majority of these studies
use only the C 1s;/5 spectra to identify changes in the GOBUHGLZLANIA —The
method can identify the relative ratios of sp? and sp® hybridized carbon atoms
and confirm if the sample present is a GO derivative or amorphous carbon, but
has a few limitations that can only be overcome by a characterization study of
the O 1s; /5 spectra.

One limitation encountered is related to the relative sensitivity factors of the C
Isi/2 and the O 1sy/; electrons. O 1s;/, electrons have a relative sensitivity ratio
that is 2.93 times greater than C 1s;/5 electrons, and under the same characteri-
zation conditions will give more accurate information about the functional groups
present than the C 1s; /5 spectrum™#2,

The next limitation is related to the relative composition of peaks in the O and C
1s1/2 spectra. In GO samples with a high carbon to oxygen (C/O) ratio, the large
sp? peak present in the C 1s; /2 spectra, contributed by the un-oxidized carbon
atoms can mask the signal from functionalized carbon atoms, thereby reducing
the accuracy of any characterization results; on the other hand, it should be

obvious that the O 1s;/, spectra is immune to this problem.

At the start of the PhD in 2011, it was discussed that an improved set of char-
acterization peaks for the O 1s; /5 spectra would be very useful in furthering the
understanding on GO. Surprisingly, the problem was not solved in the following
years and in an article that was published in 2014, Susi et al. commented on the
O 1sy/2 spectra of GO, saying that “the line-shape variations of graphene have
not been extensively examined in experimental reports” and more work is still

required on the XPS characterization of the O 1s;/» electrons in GO™.
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1.2.3.5 Metastability of GO

Adding another layer of complexity to this difficult topic is the recent discussion
about the liquid phase and dry metastability of GO, best summarized as a change
in the material over time. In its simplest form, GO metastability can be thought
of as an ageing process due to the migration of oxygen functional groups on the
GO flake that then results in changes in the physical characteristics of the GO film
or suspension*¥14 This effect is visualized in Fig. [1.11] where the suspensions,
which were originally the same colour, gradually darkened after being kept at 353
K for up to 72 hours.

When GO produced by the Hummer’s method is suspended in water, the trans-
lation of the functional groups on the GO flake is driven by the temperature to
reduce the total energy of the flake and results in the formation of oxygen rich

domains?##

. The speed of formation of these oxygen rich domains can be con-
trolled by the external temperature of the suspension and can be used to tune
some aspects of the GO materialt?2,

Using this technique, the conductivity of the film is improved by up to four
orders of magnitude. However, with sheet resistances in the order of 100 k2/OJ,
the material is not conductive enough to be used in TCE applications. Further
reduction techniques will need to be applied to the resulting GO material, and this
will have implications on the effect an efficacy of established reduction techniques.
While it is unanimously agreed that optical absorption is red shifted as a result
of metastability, there is contention if the C/O ratio is maintained'**42 The
formation of vinylogous carboxylic acids and generation of hydronium ions as
described by Dimiev et al., will decrease the C/O ratio, however if GO is as stable

as Kumar et al. say it is, we would not expect the C/O ratio to changet#*22,

Oh 1h 2h 3h 4h 5h 6h 8h 10h 12h 14h‘|8h22h24h 48h72h

2 —

Figure 1.11: Experiment conducted to show the change in colour of the GO
suspension over time when it was annealed at 353 K. All bottles came from the same
parent suspension and were the same colour prior to annealing; the suspensions
gradually darkened as an effect of liquid phase metastability.

25



1. INTRODUCTION

Adding a base to an aqueous suspension of GO results in the evolution of CO,
and at the same time, base washing GO is a known method to remove OD from
as-deposited GO. What then is the relationship between the evolution of COq
and OD and do the aluminium ions that stabilize the GO sheets in the aqueous
suspension play a role in this reaction®*121%? Answering these questions will aid
in building the canonical GO model.

Still, GO is not metastable in its aqueous suspension only; even after it has been
deposited as a film, GO produced by the Hummer’s method can continue to
change. The hydrogen atoms between the GO sheets reduce epoxides to hydrox-
yls and hydroxyls to water molecules as the material approaches an equilibrium
state over the course of 30 days®®. Even as a dried powder, a reduction in the
concentration of epoxide groups present in GO was observable over a period of
30 weekst44,

These findings go to show that GO as a material is constantly changing and may
continue to change well beyond the established scope of these studies. Under-
standing these changes and being able to predict them will be important mile-

stones to enable the usage of GO in future material systems.
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1.3 Uses of Graphene & Graphene Derivatives

According to an IDTechEx report in 2012, the development of graphene technolo-
gies have come to the point where technological uses are poised to exit the trough
of disillusionment and to enter a phase of enlightenment#®¢, This represents
the maturing of the use of graphene in a particular technology sector and that

there are real benefits to using graphene in these areas.

With nearly 8000 patents published between 2004 & 2012 in topics ranging from
additives to active layers, innovation in the field is intense there appears to be
many potential uses for graphene®. This observation is supported by surveying
journal articles that use graphene as a subject of scientific research and as a active

or passive material in a device or system.

By searching through the journal databases, of the 36,742 graphene or GO articles
published between 2004 and 2013, 11,394, or just over 31 %, of the articles used
graphene or GO as an additive, catalyst, device, sensor or transistor. In the
remainder of this section, some of the uses of graphene or GO are listed and the

state of the art of graphene and/or GO based technology for each use is discussed.

1.3.1 Transparent Conducting Electrodes (TCE)

With its high absorbance value of 2.3 % per layer or nearly 7 % nm~! of material
and low intrinsic carrier density of ~10'%cm~2 it is surprising that graphene should
even be considered as a candidate TCE material®®%%39 However, graphene and
GO are highly flexible and this advantage opens up new technological possibilities,

making them attractive electrode materials in some use cases.

Before moving further into this discussion, it should be apparent that the values of
both sheet resistance and transmittance are thickness dependent and that thicker
films a given material are less transparent and will have lower sheet resistances
than thinner films of the same material. It would thus be beneficial to use a
thickness independent figure of merit (FOM) to describe the quality of a free-
standing film as a TCE. The FOM value would give the relationship between
these physical variables allowing material systems with varying thickness, sheet

resistance and transmittance values to be compared.
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The sheet resistance of the film is related to the thickness by"%

Ry, = (0act) ™ (1.11)

Additionally, the transmittance of a film is related to its thickness according to
the equationt4!

7 —2
T = (1 + 7000,, t) (1.12)

where Z,(377Q2) is the impedance of free space and t is the thickness of the film.

Combining these equations by substitution of #, the FOM (Z%) is found to bel0?

2o lG)z] 119

In this form, the larger the o4./0,, values signify that the film has low sheet

resistance and high transmittance values.

The FOM relates the optical conductivity to the direct current conductivity of
the film and as a point of reference, ITO with a sheet resistance of 10 /0 and
transmittance of 90 % has 04./0,, = 349. Comparatively, the calculated FOM for
highly doped graphene is about 330 abd this is comparable to the performance
characteristics of ITO%0%,

Wang et al. showed a linear relationship between the reduction in transmission
and the number of layers of graphene added to the stacked film. By stacking four
layers of MLG and doping the stack with gold chloride, they fabricated a TCE
with a low sheet resistance of 80 €2/0J and transmittance of 90 % to give a film
with FOM of 44, However, because the gold chloride dopant atoms were not
chemically bonded to the graphene sheets, the doping effect was not stable over
time and the sheet resistance had a tendency to diffuse away?#4. This caused a

gradual increase in the sheet resistance of the film and a loss in the quality of the
film as a TCE.

On top of this, stacking monolayer graphene is never perfect and the process
introduces voids and gaps between the layers. As a result of this, interlayer
spacings are typically larger than the 3.35 A typically found for graphite™. While
this affects the transmittance value of the film marginally, the sheet resistance is

significantly impacted and is typically much higher than that of ideal MLG141:43,
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Ferroelectric materials can also be used to increase the carrier densities in graphene
and in 2012, Khrapach et al. intercalated few-layer graphene with iron chloride,
Fig. |1.12] and showed in the small scale that sheet resistances of 8.8 {2/0J and a
transmittance of 84 % could be achieved®™. In the samples, the hole mobilities
were shown to be as high as 3650 cm?(V s)—1 and hole carrier densities of up to
8.9 x10™ cm~2 were possible™¥. While attractive, this method is not scalable
for large area devices unless large area graphene was used. Ni et al. showed that
this this could be done with chemical vapour deposited graphene and with a non-
volatile ferroelectric material. This new structure had a carrier density of up to
3 x 10" em™2, improved the sheet resistance of the monolayer to 120 ©/CJ while

retaining a high transmittance of 95 %149,

Metals can also be incorporated into the graphene material to improve its electri-

cal conductivity. There are a variety of methods to incorporate the metallic atoms

eC eFe aCl

Figure 1.12: Schematic of the iron-chloride ferro-electrically doped few layer
graphene called Graphexeter.
Reprinted with permission from reference [[144]. Copyright (© 2012, John Wiley and Sons.
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onto graphene, such as nanowires or nanoparticles which have proven themselves
to be exceptionally effective in lowering the sheet resistance of the films.

By electrochemical lithiation, lithium was intercalated into few layer graphene
and showed optical transmission of 91.7 % with an associated sheet resistance of
3.0 Q/00*Y Using silver nanowires and graphene, a film with sheet resistance of
30 ©2/00 and a transmittance of 86.3 %, close to the performance characteristics
of ITO, was fabricated.

It is also possible to use GO in the place of graphene in some of the above men-
tioned examples. For example, GO can be spin-coated onto silver nanowires and
reduced by exposure to plasma or iodine to give films with 92.0 % transmittance
and sheet resistance as low as 17.3 Q /4548, These films exhibited greater tem-
perature and and humidity stability than comparable silver nanowire only TCEs
and the improvement is attributed to the protection afforded by the reduced GO

layer that limits the interaction of the air with the silver nanowires.

1.3.2 Chemical Sensing

As early as 2007, Schedin et al. showed that due to the low intrinsic noise in
micrometer sized graphene sheets, the event of a single molecule adsorbtion could
be detected as a step-wise change in the resistance of the device'®?. Although
graphene had demonstrated sensitivity to the presence of an analyte and the
high surface area to volume ratio made it attractive as a sensing platform, it
soon became clear that, graphene did not have the selectivity required to be an
effective chemiresistive gas sensor.

The typical graphene based sensor setup is shown in Fig. and it becomes
apparent that all modifications must be made directly on the graphene sheet.
A few methods have been developed to overcome the lack of selectivity in these
sensors, but with the exception of one technique, selectivity towards gas sensing
invariably came with an associated cost of reduced sensitivity. It was shown that
despite the lack of selectivity on the part of the graphene film, the presence of
certain molecules on the film left a fingerprint that could be detected from the
low frequency noise spectra®®”. Though not shown, this would theoretically allow
the film to retain its single molecular sensitivity and provides a method that may

potentially identify the molecule present.
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Figure 1.13: Depiction of the setup of a typical graphene base sensor and associ-
ated response due to the introduction of a an analyte.
Reproduced from reference [[151] with permission of the Royal Society of Chemistry.

Other methods of improving the selectivity of the graphene film involve func-
tionalization of the graphene or the addition of selective sensing particles by
decorating the layer with nanoparticles or metals and their oxides™. In these
situations, the functionalizing material is always in intimate contact with the
graphene material and in some cases is even chemisorbed onto the graphene film.
Using gold nanoparticles, ammonia gas can be sensed at concentrations of 58
parts per million and with optimization, a system that uses palladium and re-
duced GO exhibited sensitivity to nitrogen monoxide at concentrations as low as
2 parts per billion®52153,

Besides gas sensing, graphene has also been used for detection of cancer biomark-
ers and to sequence DNAT54155 While the principle used in biomarker sensing is
similar to that used by the gas sensor, in which a sensing molecule is dispersed
onto the graphene layer, the graphene DNA sequencer makes use of a pore on the
graphene sheet. As the DNA molecule passes through the pore on the graphene
sheet, the base-pair that passes through the pore interacts with the edge car-
bon atoms and the transconductance of the sheet is changed. Depending on the

base-pair in the pore, the transconductance changes and this can be used as a
reading®3,
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1.3.3 Field Effect Transistors

One of the earliest uses of the graphene in a device was a FET shown by Lemme
et al.when they used a graphene nano-ribbon as the channel in a top-gated field
effect device as shown in Fig. . They showed that by changing the applied
field, the source-drain current could be modulated and also established that even
with the top gate present, graphene retained electron and hole mobilities of 530
and 710 cm?/Vs respectively, which is much higher than the electron mobility of
490 ¢cm?/Vs and hole mobility of 95 cm?/Vs in silicon.

The next major step came when graphene was used in a FET for high frequency
electronics®?. At 50 GHz, the intrinsic cut-off frequency achieved for this FET
was double that of a comparable silicon based metal-oxide semiconductor field
effect transistor™?. Following this, an on-off ratio of ~100 and ~2000 was achieved
in a graphene FET at room temperature and 20 K respectively8,

Further improvements were made by changing the geometry of the device and
using hexagonal boron nitride. These changes gave a device with a temperature
independent on-of ratio that could go as high as 10,000%%2. However, this came at
a cost of low device current, on the order of picoamps, and limited the potential
uses of such a device setup™?. However, by using graphene as the source and
drain contacts, Roy et al. fabricated a device with high on-off ratio of 1,000,000

using tungsten selenide and molybdenum sulphide as the channel material6?,

Wit i
&

E]a;: (Au)

IHT - RWTH

Figure 1.14: Scanning electron microscope image of a graphene transistor made
from a graphene nanoriboon.
© 2007 IEEE. Reprinted, with permission, from reference [[156].
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This series of developmental steps shows the importance of the high carrier mo-
bilities in graphene and the limitations that graphene has. Without the ability to
induce a sufficiently large band gap, the on-off ratios in a device with a graphene

channel will always be too small for reliable use.

1.3.4 Energy Storage

The specific surface area of monolayer graphene and GO can be estimated at
about 2600 m?/g, a value that far exceeds the specific surface area of graphite
powder, 0.6 m?/g and carbon black ~20 m? /g0 82 f the large specific surface
area of graphene can be utilized efficiently, this would increase the specific energy
density of secondary batteries this has become a strong driver in the quest to use

graphenic materials in energy storage devices.

In one of the first reports on the use of graphene in secondary batteries, Yoo et
al. showed a device that had a specific capacity 784 mAh/g when the graphene
electrodes were used with other carbon based molecules'®. However, the devices
had low cycle durability and lost more than 10 % of its capacitance within 22

charge/discharge cycles at a charging density of 0.05 A/g.

Since then, cycle durabilities have increased significantly and by using nitrogen-
doped graphene, Qiu et al. fabricated devices suitable for high power usage which
can retain up to 80 % of its initial device specific capacity of 480 mAh/g for at

104 There is also strong interest in utilizing the high specific power

least 700 cycles
of graphene based batteries and recent work has shown that graphene enhanced
Ni-Fe batteries with an effective specific capacity of 115 mAh/g and have cycle

durabilities of over 1000 cycles, even when cycled at a rate of about 24 CH1¢2,

Graphene has also been used in supercapacitors which can deliver very high power
and cycle durability but at a cost of low energy densities. Initial work with the
material gave a device with a specific capacitance of 117 F/g and an energy
density of 31.9 Wh/kg when used with an aqueous sulphuric acid electrolyte®®.
By using nitrogen doped graphene, the specific capacitance reached a new high
of 170.1 F/g at an energy density of 72.37 Wh/kg"?. The use of graphene in
supercapacitor energy storage for devices as diverse as speakers and electric trams

may mark a new starting point of these stored energy devices0%:169,
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1.3.5 Material Enhancement

Graphene can be used to enchance the mechanical strength of materials and Khan
et al. have shown that the incorporation of carbon nanotubes and graphene in
polyethylene terephthalate fibres at loading concentrations as low as 2 wt% leads
to a 2 to 4 time increase in the strength of the material™™.

Rather surprisingly, this strengthening effect is also observed in GO. Despite
the oxygen functional groups and vacancies in GO, the material can still add
mechanical strength to a polymeric system. By adding 1 wt% of GO to gelatin,
Panzavolta et al. showed that the Young’s modulus of the gelatin was increased
by more than 50 % and the fracture stress by more than 60 %",

GO can be used as more than just an additive; graphene fibres (GF) have also
been prepared from GO. Using a variety methods GF of different tensile strengths
have been developed and one of the biggest advantages that using GF has over
other more established materials such as carbon nanotubes and carbon fibres is
the lowered cost of production associated with GFs**. However, the technology
is still in its infancy and its mechanical and electrical properties are poorer than
the state of the art carbon nanofibres'?,

There are clear benefits to the use of graphene and GO as an additive in material
systems and there is growing industrial use of these materials to improve the me-
chanical performance of a product. With ever improving production techniques,

it is believed that the material will soon find use in electronic devices as well.
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1.4 Scope of Work

Graphene is extremely well understood by the scientific community as it has
been studied extensively in the decade since its official discovery. The significant
challenges that remain are mainly engineering in nature that makes use of the
established body of knowledge about graphene to incorporate the material into
or develop it into new and existing technologies. GO on the other hand has con-
tinually thrown up unexpected surprises. From the discovery of oxidative debris
in 2011 to the understanding of its metastable nature in 2013, there continues to

be a need to improve the fundamental understanding of GO®#12L,

One of the goals that was established at the start of the Ph.D. was to contribute
towards building a canonical model of GO and even now, as described by Eigler
& Hirsch, GO remains a “polydisperse material, whose exact structure is very
difficult to precisely define” ™. However, as discovered later in Chapter [d building
such a canonical model may not be possible due to the inherently amorphous
nature of GO.

While the XPS studies of GO were many, it was noted that almost all the work
was focused on the C 1s; /5 spectra in graphene and GO and there was a distinct
lack of information on the O 1sy/, spectra. In the followed years, this did not

change significantly, and the lack of experimental reports was also noted by Susi
et al. in 2014139,

Additionally, there continues to be a need to develop the understanding of the
reduction process in GO in the different atmospheric conditions that may be
encountered during production. When incorporating GO into electronic devices,
differences in the gaseous environment and temperature profiles may affect the

quality of the reduced GO and this will need to be understood as well.
This scope of the work in this thesis will cover the following:

1. Experimental characterization of the O 1s; ; electrons in GO under different
environmental and chemical conditions
ii. Evaluation of models of graphene from the type and quantity of oxygen
functional groups found
ili. Study GO metastability from the perspective of the O 1s;/, spectra

iv. Harmonize the recently discovered aspects of GO with the above findings
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Having developed this understanding of GO, the material is used in:
i. Transparent conducting electrodes and
ii. Gas sensing devices

The goal of the first application is to produce a film with the highest possible
transmittance and lowest possible associated sheet resistance by means of an in-
dustrially scalable process. Here, an industrially scalable process means that the
deposition technique must be scalable to cover large areas, that the entire pro-
cess does not require excessively high operating temperatures and that the use
of expensive and/or environmentally dangerous chemicals is avoided. After this
has been established and the GO only TCEs have been reliably and reproducibly
made, the TCEs are to be enhanced by the introduction of secondary materi-
als that will lower the sheet resistance of the TCE with minimal effect on the
transmittances of the resulting films.

For the second application, reduced GO will be used in conjunction with a sensing
polymer and the combination is tested for its effectiveness as a gas sensor in a
novel device architecture. The design of the device is such that the strengths
of each material complements the shortcoming of the other. In this case, GO
is conferred analyte selectivity by the sensing polymer which typically has very
low conductance values, while the current passing through the device at low
voltage is increased by the presence of reduced GO. The operating principle of
this device architecture will then be studied and from this understanding further

improvements to the design proposed.
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Equipment Used and Device

Fabrication

2.1 X-ray Photoelectron Spectrometry (XPS)

XPS in surface analysis provides information on the binding energy of core elec-
trons in a sample. Through careful characterization, analysis and good inter-
pretation of the data detailed electronic information about the sample can be
obtained. Two types of characterizations can be made, a low-resolution and a
high-resolution spectrum. Analysis of the the low-resolution spectrum can give in-
formation about the identity and relative abundance of the elements present. On
the other hand, an analysis of the high-resolution spectrum can give detailed in-
formation on the type and relative quantities of chemical bonds that have formed

between the elements present in the sample.

XPS is a surface sensitive technique that probes the electronic information of
atoms at the bulk-vacuum boundary. However in recent times, the distinction
between bulk and surface has decreased in relevance. If the film thicknesses are
comparable to the electron information depth of approximately 10 nm, a XPS
characterization can be a bulk characterization™ ™. This increases the usefulness of
XPS characterizations as, unlike before, it is now possible to probe the electronic

structure of the entire working device through a single XPS characterization.
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2. EQUIPMENT USED AND DEVICE FABRICATION

In this section, some fundamentals of XPS characterization will be explained
and details on the photoemission process, the information depth and the XPS

apparatus are included.

2.1.1 Photoemission Theory

XPS characterization involves the use of X-ray photons to excite electrons in core
orbitals and the subsequent collection and analysis of these photo-excited elec-
trons. Briefly, the binding energy, E;, of core electrons in orbitals such as the 1s,
2s and 2p orbitals depend on their interaction with (i) the nucleus, (ii) screening
effects by other electrons and (iii) the spin-orbit coupling®. Besides these inter-
actions that occur within the atom, the binding energy values is also dependent
on the local bonding configuration and depends on the identity of neighboring
atoms, as well as the type of bonds that are formed with these atoms.
In a typical XPS characterization, a beam of high energy photons is shone onto
a sample where one of three events occur:

i. The photon passes through without interacting with the sample

ii. The photon is scattered

iii. The photon is absorbed and an electron is liberated
The photo-excitation and emission process as described in the third event is a
three step event that involves®:

1. Photon absorption and electron excitation

2. Transport of the excited electron through the material towards the surface

3. Escape of the excited electron through the sample surface and into the

vacuum

When an electron is excited and liberated from the sample, it is emitted with

kinetic energy, Ej,

Ek = hv — Eb — ¢ (21&)
and rearranging for Ep,

where hv is the photon energy and ¢ is the work function of the sample®.
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2.1 X-ray Photoelectron Spectrometry (XPS)

The benefit of identifying electrons by their binding energy is that it removes the
photon dependence of the observation. A schematic of the photoemission and
electron detection events at the source and detector, respectively, is shown in
Fig. 2.1 along with a representation of some orbital energies.

The shift in the binding energy of the atom under study then depends on the
number of bonds formed with and the electro-negativities of the neighbouring
atoms”. When electrons are withdrawn from the valence orbitals, there is a
tendency for the binding energy to decrease, while the opposite is true when
electrons are donated into the valence orbitals. These changes are detectable as
a binding energy shift in the high resolution XPS spectra and by analysis of the
area of these peaks, the relative concentrations of the different chemical bonds

can be compared.

a) Photoelectron emission Energy b) Photoelectron detection
A N .
Vacuum Level
Vacuum Level A
acuum Leve : I q) ey : ¢d
Fermi Tapel e me e e e i o - ----- |L ------------ i i Fermi Level
Poap LY 1
2 e v
—LE 7 Shift if volt
A Binding s applicd
X-ray photon Encrgy i
28
15 {

Figure 2.1: Schematic of the photoelectron (a) emission and (b) detection events
at the sample and detector respectively. In this example, the incoming x-ray excites
an electron in the 1s orbital and the excited electron is emitted from the sample
and subsequently detected. Here, ¢p is the work function of the detector and the
energy levels are not drawn to scale.
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2.1.2 Information Depth

The information depth is the depth beneath the surface from which 95 - 99% of
detected electrons in a XPS characterization experiment originate”. This value
is related to the electron attenuation length, A, and using an exponential depth
distribution function, the information depth extends to 3 or 5 A beneath the
surface of the sample.

A is a function of electron kinetic energy and as the kinetic energy increases from
0.5 to 1000 eV, the attenuation length decreases from ~1000 monolayers to a
minimum of 2 monolayers at about 30 eV before gradually increasing again at
higher kinetic energies®. The graph of this behavior is shown in Fig. and
for the kinetic energies of interest in this thesis (800 - 1200 eV), the expected
electron attenuation length is ~10 monolayers.

Assuming detection at normal incidence, a typical XPS characterization is ex-
pected to yield information from the the first 30 to 50 monolayers of the sample.
In an isotropic sample, an excited electron is emitted with equal probability in
all directions and the information depth can be decreased by tilting the sample

off normal incidence. This is because, for the same depth from the surface, an

T T T VT T rrrroe| T 7

1000

100

A, monolayers

10F

1 10 100 1000
Kinetic energy (V)

Figure 2.2: Dependence of the electron attenuation length, A, in monolayers, on
the kinetic energy of the electron.
Reprinted with permission from reference [[10]. Copyright © 2004 John Wiley and Sons.
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2.1 X-ray Photoelectron Spectrometry (XPS)

electron traveling perpendicularly with respect to the surface will pass through
less material, and hence encounter fewer scattering events. Consequently, an
off-normal incidence characterization will have the effect of capturing the elec-
tronic information of the atoms closer to the boundary layer of the sample than

a characterization made at normal incidence.

2.1.3 XPS of Oxygen Atoms

Oxygen is a highly reactive element and has a strong affinity with atoms of other
elements and is a central element in the characterization work of this thesis.
However, despite the extensive XPS studies made on O 1s;/, electrons in other
carbonaceous compounds, experimental studies of these electrons in GO are cur-
rently still lacking.

The binding energies of the O 1s;5 electrons in various functional groups were
summarised by Beamson and Briggs in 1992 and a summary of these binding
energies is shown in Fig. [2.3. In most cases, the binding energy of the O 1s;
electrons are influenced by the type of functional groups that the oxygen atoms
are in, as evidenced by the wide spread of average binding energy values across
the chart, while the class of organic compound, i.e. aliphatic or aromatic, is of
secondary influence. Finally, in most cases, the uncertainty bars are narrower
than the spread of binding energy values, indicating that the compound with
which the functional group is attached to is of tertiary importance in influencing
the binding energy of the O 1s;/5 electrons.

As shown in Fig. there is a ~4 eV spread in the binding energies of the
electrons and with a typical full width half maximum (FWHM) of 1.0 eV, it
would be theoretically possible to differentiate up to 7 different oxygen functional
groups, if they had distinct binding energies within the energy range. As discussed
in Section(1.2.3.1} currently hypothesized GO models have no more than 5 oxygen
functional groups, namely hydroxyls, epoxides, carbonyls, carboxyls and lactols,
on the carbon basal plane’?. Based on Fig. , the expected binding energies of
the O 1s;/; electrons in these functional groups are summarized in Table .

It should be clarified that because GO is not a classical hydrocarbon, the actual
binding energies from a characterization experiment may differ from the data
shown in Table 2.1 however this is a starting point for the analysis. This data
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Figure 2.3: Summary of O 1s; ; electron binding energies by Beamson and Briggs.
The spread in the average values of the B.E. and the smaller spread of the error
bars indicates clearly that the binding energies of these electrons depend primarily
on the functional group that the oxygen atom had formed. The compound that
the functional group is attached to is of secondary importance in determining the
B.E. of the electron. Plot from data in Appendix 3.1 & 3.2 of reference [1T].

Table 2.1: Tabulation of the binding energies of O 1s; /5 electrons (as was shown
in Fig. [2.3) from the relevant functional groups that are expected to be present in
GO. For the carboxyl groups, the * denotes the oxygen atom represented.

’ Functional Group

\ Binding Energy / eV ‘

Hydroxide
Epoxide

Carbonyl

Carboxyl

~-OH
C-0-C
>C=0

~(CO*)OH
~(CO)O*H

{

532.7

933.1

532.3

532.2
233.7
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2.1 X-ray Photoelectron Spectrometry (XPS)

also shows that there is good reason to expect that individual peaks can be
resolved from the O 1s; /5 spectra for each of the functional groups™*2.

From a survey of the reported results, it is known that the binding energies of the
O 1syy electrons in functional groups that form double bonds with the carbon
atoms in the graphene basal plane have higher binding energies than the same
electrons in functional groups that only form single bonds with the carbon atoms.
That is to say, the electrons in the O 1s;/, orbital of the -OH in hydroxyls and
carboxyls and of the C-O-C in epoxides have lower binding energies than electrons
in the same orbital of the C=0 group in carbonyls and carboxylst4.

The theoretical study of Susi et al. has replicated this observation, however it
also showed that the binding energies of these O 1s;/, electrons will change if a
vacancy is present in the graphene basal plane near the functional group'?. In this
case, the appearance of the vacancy causes a restructuring on the graphene sheet
that affects the electronic structure of the material and a detailed XPS study on

the O 1s;/; spectra is done in Chapter |3 to address these claims experimentally.

2.1.4 XPS Equipment

X-ray Source
The X-ray source is the SPECS XR50M operated at 200 W in the non-focused

2 on the sample. To generate the x-ray

mode, giving a spot size of 3.5x1 mm
photons, electrons from a cathode source strike an aluminium target material
after accelerating through a 15 kV electric field. The accelerated electrons knock
out Al 1sy /5 core electrons, leaving behind a hole. Subsequently, an electron from
the Al 2p;/, or Al 2ps/, orbital recombines with the hole in the Al 1s,/, orbital,
and X-rays with an energy of 1486.7 eV and a corresponding line width of 0.4 eV
are emitted. This transition gives the Koy 5 x-ray photon and is about 100 times

as intense as the Bremsstrahlung background™".

X-ray Monochromator

The presence of Bremsstrahlung radiation causes a reduction in the signal to
noise ratio and this can limit the sensitivity of the characterization, especially
if a quantitative characterization is desired. This can be avoided by the use

of a monochromator which reduces the intensity of the unwanted background
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2. EQUIPMENT USED AND DEVICE FABRICATION

wavelengths and has the added advantage of protecting the sample from damage
induced by these photons. On top of this, the use of a monochromator can
improve energy resolution by reducing the X-ray line-width and this allows the
separation of peaks with closer binding energies.

The monochromator used was a SPECS Focus 500 Ellipsoidal Crystal Monochro-
mator. The monochromator was adjusted such that the X-ray photons were
incident upon the (1010) surface of the quartz mirror in the monochromator at
an angle of 23.149 °. Only incident photons with an energy of 1486.7 eV were
Bragg diffracted and this served to reduce the line-width of the incident photons

from 0.4 eV, at the source, to 0.25 eV, after the monochromator®®.

Analyser
The analyser consists of three main parts, namely the electrostatic lens assembly,
the hemispherical analyser and the 7-channel detector. Depending on the equip-
ment settings, only electrons entering the electrostatic lens with a predetermined
amount of kinetic energy will successfully arrive at the detector and contribute
to the count rate on the spectrum™.
The operation of the analyser begins at the electrostatic lens assembly and ends
at the detector and electrons are retarded by the application of an electric field
along this path. In the constant analyser energy (CAE) mode, which was used
for all the characterizations in this thesis, electrons having the required kinetic
energy were selected by varying the electric field in the electrostatic lens while
the hemispherical plates in the analyser were held at fixed potential difference.
Upon entering the hemispherical analyser, only electrons that had the specified
pass energy would arrive at the detector. Electrons that had too little or too
much energy would respectively either fail to make it into the analyser or veer off
path and away from the detector™.
In these characterizations, the CAE mode was chosen because:

i. the kinetic energies of the electrons were high, typically >150eV and

ii. the energy range was large as carbon and oxygen peaks occurred at ~285

and ~530 eV respectively

In the CAE mode, a constant analyser resolution was maintained across this
energy range, which was essential for accurate quantitative analysis across such

large energy ranges.
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2.1 X-ray Photoelectron Spectrometry (XPS)

The alternative constant retard ratio (CRR) mode was not chosen as it was more
suitable for Auger spectra which typically have lower kinetic energies. Briefly, the
CRR mode changes the potentials in both the electrostatic lens and hemispherical
analyser while maintaining a constant ratio between these potentials.

While this technique gives better energy resolution when detecting electrons with
low kinetic energy and protects the detection system from the high intensity
background radiation, it also causes the analyser resolution to vary with energy.
This energy dependent resolution was not desirable in during the analysis and

explains why the CRR mode was not used.

Analysis Software
The recorded spectra were analysed using the XPSPEAK Version 4.1 software.
The software uses a x? minimization routine to optimize parameters such as the
binding energy value, FWHM, area, and line-shape of the peaks in the fitting®".
The steps in a typical fitting routine were as follows:
1. The expected number of peaks were manually added onto the spectra with
approximated peak parameters.
2. The software optimized the fit by adjusting the parameters in £0.1 steps in
each iteration cycle.
3. The software continued the optimisation routine for a specified number of
iteration cycles.
4. More iteration cycles were conducted until the x? value for each spectra
was less than unity.
5. In special cases, the optimisation was done across multiple spectra at the
same time.
In these optimizations, parameters could be linked across multiple spectra,
thereby ensuring that the value for the parameter chosen is optimum for
the entire set of experiments. This implementation is especially useful in
characterizations that involve in-situ measurements of a single sample under

variable conditions such as sample temperature or gaseous pressure.
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2. EQUIPMENT USED AND DEVICE FABRICATION

2.2 Deposition Techniques

Two deposition techniques were used to fabricate thin films, namely ultrasonic
spray deposition and physical vapour deposition (PVD). In this section, the oper-
ational principles of and particular details for the use of these devices are shown.
Deposition parameters were characterized for the machines so that there could be

control over the thickness of the active materials used in the completed devices.

2.2.1 Ultrasonic Spray Coater

Films of GO and AgNW were made by use of the Accumist ultrasonic spray coater
from Sonotek and an image of the setup is shown in Fig. [2.4] In this machine, the
solution is fed towards the spray nozzle which is kept vibrating at an ultrasonic
frequency. The liquids that come in contact with the atomizing surface in the
nozzle form a mist of small liquid droplets that are transported out of the nozzle
by a carrying gas of compressed air. The mixture of air and atomized solution
leave the nozzle and, aided by gravity, arrive on the target substrate. The solvent
in the solution evaporates and leaves behind the solute, which then forms the
thin film. A schematic of the nozzle detailing the locations of the inlet valves is

shown in Fig. [2.5

Figure 2.4: Image of the ultrasonic spray coater that was used to deposit silver
nanowires and graphene oxide. The setup consists of the spray assembly shown in
the top left corner of the image, mounted onto an automated frame with a heated
platform that the sample was placed onto during deposition.
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Figure 2.5: Schematic of the ultrasonic spray nozzle detailing the various parts of
the assembly. The solution was infused from the top and agitated by the ultrasonic
generator to form small liquid droplets which were transported to the substrate by
a stream of compressed air.

The liquid spray can be shaped by the geometric properties of the spray nozzle
and in this set-up, a conical surface was used to maximize the spread of the
infused solution. The conical surface was driven to vibrate at 120 kHz and this
was expected to give a median water droplet diameter of 18 ym. This meant that
all water based solvents would have similar performance characteristics and give

similarly sized droplets during the depositionL.

The type of solvent used as well as the size, shape and concentration of the solute
in the solution play important roles in determining the properties of film that
results from this deposition technique. While the size, shape and to some extent
the solvent used cannot be modified for a give experiment, the concentration of
the solute in the concentration is easily controlled through dilution. However,
diluting the solution will require higher infuse rates or more passes to achieve the
same sample thickness and these adjustments are not without their own problems.
The various parameters that affect the deposition and an explanation on how the

deposition is affected by each parameter is summarised in the following box.

An overlapping set of parallel lines was chosen as the method of deposition and

this is shown in Fig. [2.6] along with other possible nozzle paths. The path
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Parameters affecting films made by ultrasonic spray deposition
i. Rate of solution infusion

Faster infusion rates allow more solute particles to be deposited in the same
amount of time, giving a thicker film.

ii. Nozzle move speed
For the same solution infusion rates, slower nozzle movement speeds increase
the quantity of solution deposited and gives a thicker film, but increases the
time taken for the deposition.

iii. Platform temperature
This affects the quality of the films formed as low substrate temperatures
may lead to longer drying times and the occurrence of unexpected drying
effects that may result in higher surface roughness“?.

iv. Path taken by the nozzle
The nozzle path is manually programmed and this means that the separa-
tion between successive deposition lines as well as the waiting time between
each line can be varied.

v. Number of passes that the nozzle makes
The time taken for sample deposition is lengthened when more passes used,

but this allows lower solution infuse rates to be used.

is chosen so as to maximise coating uniformity across the target substrate and
while a S-shaped path would complete the deposition in a shorter period of time,
it would also cause higher deposition concentrations along the shorter ends of the
spray path.

The overlapping parallel lines mimicked, to some extent, a multi-nozzle system
as shown in Fig. (d) The spray path was set up such that after the first set
of spray lines had been deposited, the successive set of spray lines were deposited
between the initial spray lines. With the exception of the left and right fringes
of the sample, the deposition is designed to increase the uniformity across the
entire target surface as shown in Fig. [2.6c). A caveat for this technique is that
successive spray lines must be spaced at a distance close to half the width of the
spray cone, otherwise the overlaps from successive lines will not match to give

the uniform deposition.
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a) b)
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Figure 2.6: Schematics of possible nozzle paths during deposition. a) Series of
parallel deposition lines, b) S-shaped deposition pattern, c) increased uniformity of
deposition when a second set of parallel deposition lines is made with a horizontal
offset and d) an example of a multi-nozzle system that can be used for quick large

area deposition.

The machine was also designed to allow two solutions to be infused into the
nozzle at the same time. This was especially useful as it could prevent early
reaction between the solutions used. In the early experiments, GO & AA were
mixed just before deposition and while this worked in samples with low AA
concentrations, at high AA concentrations, the reaction was rapid and very often
led to the formation of reduced GO before deposition. The reduced GO formed
particulates and clumps and this prevented the mixture from passing out of the
nozzle and onto the target substrate. By making use of the dual-feed system,
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AA and GO could be held separately in different reservoirs and mixed just before
deposition on the substrate. This ensured a uniform mixture of AA and GO on
the substrate, prevented the formation of clumps and allowed a high degree of
control over the mixing ratio of GO and AA.

A scratch test was performed on the samples and profiles taken using an atomic
force microscope, see page[74] The characterisation results of the spray deposition
are shown in Table[2.2] where the number of passes and infuse rate of a suspension
of 5 mg/ml GO are varied to give GO films of different thicknesses. As shall be
shown later in Chapter [} the variation in film thickness is not a reflection of
the actual amount of GO deposited. The transmittances and sheet resistances
of films fabricated by spray coating were well controlled by the number of passes

and infuse rate.

Table 2.2: Tabulation of GO film thicknesses in nanometers as the infuse rate
and number of passes were increased. Data shows a general increase in film thick-
ness with increasing flow rate and number of passes used, but low film uniformity
affected the consistency of the results.

Infuse rate Number of
. 1 1 2 3 4
11 min Passes

25 19 16 19 16 Thickness
20 15 13 37 32 of film
75 31 19 34 39

/nm
100 23 16 36 40

2.2.2 Physical Vapour Deposition

PVD involves the heating of a source material at a high temperature and in high
vacuum. The source sublimates or evaporates and the gaseous source material
travels upwards towards the target substrate, which is suspended directly above
the source. Upon contact with the cooler target substrate, the material cools and
forms a film on the substrate. Designs can be made on the target substrate by
placing a mask in the path between the material source and the target substrate.
However, care must be taken to minimize the gap between the mask and target

substrate. Failure to do so would result in fringing effects, resulting in thickness
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non-uniformity or electrical shorts. Additionally, the target substrate is typically
kept rotating during evaporation so as to ensure an even deposition of the source
material on the substrate.

In this work, two machines were used for PVD, a LESKER Tool and a MBRAUN
evaporator. While the basic mode of operation is similar in both machines, the
control mechanism was different in each device. In the LESKER tool, the source
was maintained at a specified temperature during the deposition cycle, while the
power passing through the metallic crucible that contained the source was kept
constant in the MBRAUN evaporator. This meant that the former device was
better suited for the deposition of temperature sensitive organic materials, while
the latter was better suited for the fast deposition of metallic materials which
were not temperature sensitive.

Fig. 2.7, shows a computer-aided design drawing of the inter-digitated metallic
electrodes used in the gas sensor device that was fabricated by PVD. The dimen-
sions of the fingers and the electrodes are specified in millimetres and the design

is laser cut from a thin sheet of metal to form the mask.
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Figure 2.7: Computer aided design drawing of the inter-digitated finger electrodes
used in the fabrication of gas sensor devices with a device area of about 7.5 mm?.

The dimensions shown are in millimetres.
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2.2.3 Spin Coating

Spin coating was also used as a technique for film deposition and initial TCE films
of GO were made with spin coating as it was expected to produce thin uniform
layers of material. However, no spin parameters were found that would allow the
reliable fabrication of a film with uniform surface coverage over the surface of a
50x50 mm large glass substrate.

Still, the method was successfully used to produce thin films of organic materials
that were later used in the gas sensors. These molecules were dissolved in denser
and more viscous solvents and the resulting solution adhered well to the silicon
substrates. The film thickness was controlled by the:

1. Solution concentration: Ceteris paribus, films formed from dilute solu-
tions were thinner than films from more concentrated solution.

2. Spin rate: Ceteris paribus, higher spin rates give thinner films than lower
spin rates.

3. Spin time: Ceteris paribus, longer spin times give thinner and more uni-
form layers than shorter spin times so long as the spin time does not exceed
film drying time.

After spin deposition using a CEE® 200 spin coater, the film thickness would be
characterised by a scratch test using the atomic force microscope. The relation-
ship between the spin speed, solution concentration and resulting film thickness
for nickel phthalocyanine in tetrahydrofuran is shown in Table

Table 2.3: Characterization of film thicknesses, in nanometers, of nickel phthalo-
cyanine in tetrahydrofuran deposited by spin coating for a spin time of one minute
and acceleration rate of 400 rpm/s.

Spin Speed 10 1 13 15 20 95 Concentraiiion
/ rpm / mg ml!
500 - 53 - 88 99 - Thickness
800 || 16 40 68 72 74 169 of film
1000 9 36 53 53 74 190 / nm
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2.3 Device Fabrication Processes

TCEs were fabricated by testing different methods of GO deposition onto glass
substrates, with each method having its own strengths and weaknesses. It was
not possible to spin coat GO solution onto glass, as the resulting films would be
too thin and the surface coverage too poor to be useful in TCEs. Dip coating was
also tested but had similar problems. Ultrasonic spray coating was chosen as the
deposition process was reliably repeatable and good control could be acheived

over the deposition quantity.

On the other hand, gas sensors were fabricated to minimise changes to existing
procedures so that the improvements or problems brought to the system by the
introduction of GO could be identified and compared. In this section, the steps

used in the fabrication of all devices are recorded in detail.

2.3.1 Substrate Cleaning

Prior to deposition of any films, substrates were thoroughly cleaned by use of

solvents and ultrasonication. All substrates were cleaned in the following manner:

1. Rinse with de-ionised water.

2. Ultrasonication for 15 minutes in Extran® diluted in water at a concentra-
tion of 2 %

3. Washing in de-ionised water, 3 cycles

4. Ultrasonication for 15 minutes in acetone

5. Heating in isopropanol at 353 K for 30 minutes

The effect of each step on the cleanliness of a glass substrate is shown in Fig. [2.8|
As shown, the particulates are effectively removed by the cleaning process and this
is important as the presence of these particles may inadvertently affect the final
devices. These effects could come in the form of variations in the transmittance
or the sheet resistances of the deposited films. Furthermore, the presence of
these particulates introduces a new dimension of uncertainty and much effort

was expended to avoid issues that could arise from these particulates.
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Figure 2.8: Optical images showing the cleanliness of the glass substrate a) before
cleaning, b) after ultrasonication in dilute Extran®, ¢) after ultrasonication in
acetone and d) after heating in isopropanol for 30 minutes. The scale bar in the
images is 250 pm.

2.3.2 Transparent Conducting Electrodes

While only spray coating was used to deposit GO, there were still a variety
of processes used in the manufacture of TCEs. The variety in these methods
ranged from pre-annealing the GO suspension before deposition to post deposition
annealing of the film. Additionally, different temperatures were also used in the
reduction step. Further clarification for specific samples can be found in Chapter
and the following steps outline the general process flow and parameters used

for the deposition of GO and AgN'W onto glass or silicon substrates.

Deposition Steps
1. Substrates were warmed on a heated platform to 383 K for several minutes
prior to deposition
2. GO with a concentration of 5mg/ml was deposited at a infused rate of 50
pl/min and 2 passes were made
3. If AA was used, it was infused at a rate of 150 ul/min at a concentration
of 1.66 mg/ml
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4. Samples were thermally annealed in a oven at 353 K for up to 72 hours in
a sealed beaker
o If water water vapor was required, an excess of water was added to the
beaker before sealing; the water would evaporate during the heating pro-
cess to provide a high water vapor environment
5. Thermal reduction was typically done at 573 K and in a nitrogen glove box
for 15 hours
e In some experiments, the thermal reduction step was done in air for

varying lengths of time

AgNW were deposited using 4 passes for each deposition and a high infuse rate of
500 ul/min because the suspension had to be diluted to prevent it from clogging
at the nozzle. With the exception of these parameters, the deposition process of

AgNW was very similar to that used for GO deposition.

2.3.3 Gas Sensor

The fabrication of a basic gas sensor began with the deposition of the inter-
digitated electrodes, shown in Fig. 2.7, by PVD. The inter-digitated fingers came
in two thicknesses, 20 and 60 nm and had a nickel layer that was 20 nm thick under
the large square shaped contact pads. This was done to improve the adhesion of
gold to the silicon substrate.

The sensing materials were subsequently deposited onto the electrodes by spin
coating, spray coating and/or PVD depending on the material to be deposited.
A schematic of a bilayer gas sensor is shown in Fig. where the bottom layer
of GO was deposited by spray coating while the top layer of phthalocyanine was
deposited by PVD or spin coating. Similarly, monolayer gas sensors were made
by deposition of phthalocyanines or GO onto the metallic electrodes according to
the methods and parameters summarized in Table

67



2. EQUIPMENT USED AND DEVICE FABRICATION
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Figure 2.9: Schematic showing the general design of the bilayer gas sensor. The
phthalocyanine only gas sensor is similar but only has a monolayer of material on
the electrodes instead of two.

Table 2.4: Various deposition parameters and the thickness of the film used in
the gas sensor. In spray coating, the parameters are the infuse rate and number
of passes. In PVD, the parameters are pressure and deposition rate and where

relevant, deposition temperature.

concentration, spin rate and spin time.

In spin-coating, the parameters are solution

‘ Material Method Parameters Thickness ‘
. . 25 — 50 pl min~!
Graphene Oxide Spray Coating | — 4 passes 5 — 40 nm
7i 643 K
Phthal(l)récanine PVD <1 x 107 mbar 1 - 65 nm
Y 0.1-1A/s
Nickel Phthalocyanine 10 mg ml*
dissolved in Spin Coating 1000 rpm 40 nm
Tetrahydrofuran 60 s
Nickel or <1 x 107% mbar
Gold PVD 1 AJs 20/60 nm
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2.4 Characterization Setups

The characterization setups consisted of a mix of commercially available devices
and application specific jigs along with the appropriate software that was either
commercially designed and shipped with the device or programmed in-house using
LabVIEW. This allowed for a high degree of flexibility in the design of experiments
and in each case a standard measurement procedure was finally decided upon after

appropriate testing had been done.

2.4.1 Optoelectronic Properties

To characterize TCEs, both the optical and electrical transmittance of the films
had to be taken. As the deposited films were soft and easily scratched, optical
transmittance characterizations were done before electrical transmittance char-
acterizations. Here, details on the machines used in the characterization setup

and procedures followed are recorded.

Optical Transmittance

Figure 2.10: Perkin Elmer LAMBDA 950 UV /Vis/NIR Spectrophotometer

Optical transmittance characterizations were made using a Perkin Elmer LAMBDA
950 UV /Vis/NIR Spectrophotometer, from 300 to 1500 nm in 1 nm steps. Taking
reference from an uninterrupted beam of light, the intensity of a particular wave-
length in a beam of white light passing through the sample is compared against
the intensity of the same wavelength in the reference beam. The difference in
intensity between the beams is then converted into a percentage transmittance

value, %T, and the process repeated across the entire wavelength range.
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After taking into account reflection and interference, a transmittance value of
the hypothetically free-standing film can be calculated. Using this value, the

absorbance value, A, can be derived using the following equation:

AN) =2 —logio (NT (X)) =2 —logig (e""(w) (2.2)

where () is the wavelength dependent attenuation coefficient and [ is the thick-

ness of the film.

As a point of practicality, rather than using the entire spectrum, the value at 550
nm is taken as the nominal transmittance or absorbance value of the film and
used as a reference point for comparing the transmissivity of different TCEs. It is
this nominal transmittance value that is also used in the calculation of the FOM

shown in Equation (1.13]).

The purpose of characterizing the transmittance across the range of wavelengths

is to allow the measurement of the optical gap in the material by the method
hca
By
and extrapolating the tangent at the point of inflection on the graph towards the

of a Tauc plot“*?* This is done by plotting ( )T against photon energy, (%)
x-axis. The value of the optical band gap is the x-coordinate of the intersection

between this extended line and the x-axis and an example is shown in Fig. [2.11

(hﬂ)r and (%) are related according to:

(en) = (% 5) o3

where c is the speed of light (3.0 x 103 ms™!), B is a proportionality constant, r is
a value that represents the type of transition that occurs in the material and E,
is the calculated optical bandgap. The allowed values of r and the corresponding

transition that it represents are as follows:

e r = 2 — direct allowed transitions
e r = 2/3 — direct forbidden transitions
e 1 = 1/2 — indirect allowed transitions

e r = 1/3 — indirect forbidden transitions
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Tauc Plot to determine
optical gap in FeCl,
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Figure 2.11: Determination of optical gap in Ferric (III) Chloride by the method
of a Tauc plot. The optical transition is a direct allowed transition and here, r =
2. The tangent at the point of inflection is extended to the x-axis and the optical
bandgap found to be 2.8 eV.

Sheet Resistance

The sheet resistance of the film was measured by use of a specially designed jig
that lowered two 1.2 cm X 0.6 cm large rectangular gold plated copper contact
plates onto the deposited TCE, Fig. (d) The contacts were set at a fixed
distance of 1.2 cm apart and all sheet resistance measurements were made across
this 1.2 cm x 1.2 ¢m square. While conformability throughout the overlap region
would be improved by the use of evaporated gold contact pads, the use of a jig
wouldshorten the time taken to make electrical characterizations of the deposited
TCEs. A large volume of samples were made and while it would have improved
accuracy, it was also impractical to evaporate gold electrodes onto every sample.
As can be seen later, in Chapter [ this concern has a minor impact on charac-
terization results as low sheet resistance values were readily captured using this
jig.

As shown in Fig. 2.12a) & (b), the sample is held by the black lower bracket
and the contact pads are fixed onto a platform that is held perpendicularly above

the substrate. Confined by the four corner supports, the contact pads was only
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Figure 2.12: a) Side, b) front, and c¢) top profile of the sheet resistance jig and d)
the gold coated contact pad used in the setup. e) Schematic of electrode placement
and measurement area.

allowed to move in the direction normal to the plane of the substrate and this
helped to minimize the likelihood of scratching the sample when bringing the pads
into electrical contact with the deposited TCE. The resistance was then measured
across the contact pads using the two-point probe method and the corresponding
sheet resistance value calculated by dividing this resistance value by 1.44 cm?,
the area between the contact pads. Subsequently, this would be used to find the
FOM of the TCE.

2.4.2 Gas Station Set-up

Fig. [2.13] shows the general operating principle of the gas sensor testing setup.
Gas volumes are controlled by the mass flow controllers and are pre-mixed before
they are introduced into the gas chamber and removed by the exhaust; Fig. [2.14]
shows the gas control board, complete with piping and mass flow controllers.
The gas mixture was kept flowing constantly to ensure that the component con-
centrations were kept at the pre-set level. The electrical conductivity of the fab-
ricated gas-sensor device was constantly measured by use of a Keithley 2636B,
the values recorded in real-time and these processes were coordinated by software
that was coded in LabVIEW.
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Schematic of gas-sensing station
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Figure 2.13: Schematic showing the various parts of the gas station setup. The
data acquisition unit (DAU) used was a Keithley 2636B. The DAU and the mass
flow controllers were controlled by software written using LabVIEW.

Figure 2.14: Photo of the setup showing parts (ii) and (iii) of Fig. that con-
trols the concentration and rate of gas flowing towards the sensor that is mounted
in the measurement setup up shown in Fig.

Photograph courtesy of Robert Bosch SEA.
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In a typical experiment, the completed devices were first mounted onto the sam-
ple holder as shown in Fig. Electrical contact was then made by lowering
the contacts onto the pre-fabricated metallic squares. The chamber could subse-
quently be sealed to prevent environmental factors such as exhaled breath and
ambient light from interfering with the characterization before the devices were

tested for sensitivity to nitrogen dioxide.

Figure 2.15: Image of the mounting element that the gas sensor is inserted into
for characterization measurements.
Photograph courtesy of Robert Bosch SEA.

2.4.3 Imaging Techniques

A bench top optical microscope, the Zeiss Axio Scope Al in Bright Field mode,
was employed for optical imaging of the samples. However, where higher resolu-

tions were required, the following characterization machines were employed.

Atomic Force Microscopy

A Veeco di Dimension D3100V table top atomic force microscope (AFM), mounted
on an air table, was used to characterize film thicknesses and to identify phys-
ical properties about the films. The microscope was operated in a sound proof

dark box, in the tapping mode, using a standard silicon-nitride tip. Images were

74



2.4 Characterization Setups

typically taken at 512 sample points per line in trace-retrace mode at a needle
translation speed of no more than 10 pm/s.

The thickness of a film was established by application of a scratch test. In a
scratch test, the film is first scratched by an apparatus such as the cleaned blunt
end of a pair of tweezers. The groove made by the scratch is then characterized
by AFM and after appropriate data correction, a profile of the groove is extracted
from the image. This profile is fit to an appropriate step function and the height
of the film extracted from this fitting; Fig. shows an example of this.

Scanning Electron Microscopy

A JEOL JSM-6700F scanning electron microscope was used to resolve features
on the samples that were on the order of a hundred nanometres. The thin film
samples were typically fabricated on insulating substrates and the sample was
then mounted onto the sample holder. Where required, an electrical connection
was made between the sample film and the film to reduce the effect of electron
loss charging on the sample. The sample and sample holder were then introduced
into the machine and the apparatus evacuated to a pressure of less than 2x107°
mbar prior to characterization. In this case, the accelerating field was set at either
5or 10 kV.

Figure 2.16: AFM characterization of a scratch test. The graph of the profile
with the fitted curve is shown inset and the film here is 16 nm thick.
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2. EQUIPMENT USED AND DEVICE FABRICATION

2.4.4 Thermogravimetric Analysis

Thermograms of the materials were made using a TA Instruments Q500 thermo-
gravimetric analyser shown in Fig. [2.17] In a typical characterization measure-
ment, about 4mg of the dried sample was placed into a cleaned crucible. The
crucible and sample were then heated in a nitrogen environment and beginning
at room temperature, the temperature of the sample and crucible raised at a rate
of 5K/min up to a maximum temperature of 673 K. The mass of the sample was
tracked as the temperature increased and changes in the total mass signalled that
physical or chemical reactions had occurred in the sample.

These thermograms were subsequently analysed to give information such as initial
moisture content, mass loss onset temperatures and thermal stability. This infor-
mation was then employed in conjunction with other characterization techniques
to give a complete picture of the effect of temperature on the samples. However,
it should be noted that the gaseous atmosphere has an effect on many samples
and one-to-one correspondence between the findings in TGA and other methods

require that the same gaseous environment be replicated in every experiment.

Figure 2.17: TA Instruments Q500 Thermogravimetric Analyser
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3

XPS Study on GO Chemistry

Experimental studies on the O 1s;/, spectra in GO are currently lacking and
as reduction methods improve and the carbon to oxygen ratios in the chemically
reduced samples increases, there is a need to address this gap in knowledge. Here,
XPS characterization of GO by the C 1s;/, and O 1s; /5 spectra was compared and
advantages in the use of the O 1s;/, spectra identified. The individual peaks of
each oxygen functional group in the spectra were identified and verified by means
of chemical and theoretical analysis. Making use of the newly identified peaks, a
sample of low-oxygen content GO was characterized; this characterization served

to underscore the importance of understanding the O 1s;/; spectra in GO.

Armed with information on the oxygen functional groups, a discussion on liquid
phase metastability and its effect on GO was made. By comparing the O 1s;/,
spectra before and after the effects of metastability had set in, changes in the
physical and electronic properties of GO were correlated with changes in the
chemistry of the material and the contributions of these findings to the theoretical

modelling of GO were also discussed.

Finally, the chemical reaction between FeCl; and GO was explored and the contri-
butions of FeCl; to the reduction of GO characterized. While the intercalation of
ferroelectric materials resulted in exceptional transparency and electrical conduc-
tivity in FLG, mixing FeClz with GO gave a less than spectacular effect. These
effects were studied by looking at the multiplet peaks in the Fe 2p3/, spectra and
other effects on the O 1s;/, spectra.
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3. XPS STUDY ON GO CHEMISTRY

3.1 The O 1s,/; Spectra in GO

3.1.1 Limitations of the C 1s;,, Spectra

The C 1sy/ spectra in GO is well studied, as it can give information regarding
both the carbon basal plane and oxygen functional groups on GO at the same
time, with many studies assigning similar functionalities to the different peaks
identified as summarized in Table B.1l While the references used in Table [B.1]
are not an exhaustive list, only the first four reported on the O 1s;/, spectra as
well and these values are shown in Table This disparity in research effort is
striking and was addressed experimentally by the author in reference [4]. |]
The differences between an analysis of the C 1s;/; spectrum and the O 1s;/,
spectrum are as follows:
1. The photo-ionization cross section of the electrons in the O 1s;/, orbital is
2.93 times greater than that of the electrons in the C 1s; /o orbital®
This means that at the same atomic concentration, the O 1s;/5 spectrum
will be more intense than the carbon spectrum
2. While the C=C & C—-C bonded carbon atoms yields information about the
m-electron fraction, this is a large contribution to the C 1sj /5 spectrum®
This will mask changes in the relative contributions of the remaining func-
tional groups during analysis
3. The oxygen functional groups are more chemically reactive than carbon
atoms in the basal plane of GO
As such, more chemical and bonding information can be derived from an
analysis of the O 1s; /5 spectra than from an analysis of the C 1s; /5 spectra
4. As opposed to an analysis of the C 1s;/, spectrum, an analysis of the O
1s1/2 spectrum is a direct method of looking at chemical changes in GO
Changes in the binding energy of C 1s; /5 electrons depend on the coupling
strength between itself and the oxygen functional group, while the O 1s; /o
spectrum probes the functional groups directly
In all samples, charging was accounted for by correcting the C 1s;/5 peak to a
B.E. value of 284.7 eV.

Section is based on the publication “Identification of functional groups and determination
of carboxyl formation temperature in graphene oxide using the XPS O 1s spectrum”2.
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3.1 The O 1s,/; Spectra in GO

Table 3.1: Binding energy values of the C 1s; /5 electrons in carbon atoms bonded
to different oxygen functional groups. All values are in eV.

C151/2
Nl €U Teon coo =0 coot xosar | B
1 | 2846 236.1 2875 28902 2906 | [
2 | 2850 | 2869 2871 288.8 - | E
3| 2850 286.5 2875 2800 - | [0]
4| 2845 | 2850 2866 2875 2889  — | [I0]
5| 2845 286.7 288.7 ~ |
6 | 2847 286.7 288.3 -
7| - - - 288.5 201 | [13]
8 | 284.9 286.7 288.5 -
0 | 2847 286.9 287.9 -~ |
10 | 284.8 | 285.6 2869 287.9 2894 | [10]

Table 3.2: Binding energy values of the O 1s; /; electrons in oxygen atoms either
singly or doubly bound to graphene oxide or in water. In number 4, phenol is
an “OH bound to an aromatic carbon while the C atom in C—-OH is an aliphatic
carbon. All values are in eV.

C 1s1)9 O 1sy/9
No. CgCC/ C=0 /CCOOSI Phenol H>O Ref.
1 284.6 | 531.2  533.0 — — (7]
2 285.0 | 5314 5329 - - (8]
3 285.0 | 530.7 5325 - 533.1 | [9]
4 | 2845 | 5311 532.0 5334 5347 | [10]

81



3. XPS STUDY ON GO CHEMISTRY

The advantages of studying GO using the O 1s;/, spectra is clearly shown by
the two XPS spectra in Fig. [3.1] In this characterization, GO was mixed with
0.10M of NaOH at a volume ratio of 3:1 and the mixture was dispersed onto
a cleaned glass substrate. The original sample was then cut in two and these
smaller samples were subsequently subject to heat treatment at 573 K for either
one or 15 hours in a nitrogen filled glove box before XPS characterization.

No obvious changes in the composition of GO can be seen in the C 1s /5 spectra
besides the 15 % increase in area of the peak that occurred at 291.4 eV, which

LTS This transition is a

is commonly attributed to the 7 — 7* transition
plasmon peak that occurs in graphene and it points to there being more m-bonds
forming between the carbon atoms as a result of the longer heating time. The
peak representing C=C & C-C bonded carbon atoms in the C 1s;/; spectra
contributed to over 60 % of the area in the spectra and this had the effect of
drowning out information contributed by the other peaks.

Put in quantitative terms, the carbon atoms bound to an oxygen functional group
constituted 40 % of the area in this C 1s; /2 spectrum and a 10 % change in the
contribution from any of the functional groups translated into a 4 % change in the

area of the peak. This 10 % change would have been reflected as a 10 % change

(a) C 1s||(b) A O1s
| ——1h heating :
-===+== 15h heating
El
=
[70]
o
o *
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Figure 3.1: XPS spectra of the a) C 1s; /5 and b) O 1s; /5 electrons in GO mixed
with NaOH after heating in a nitrogen environment at 573 K for one hour (black
solid line) or 15 hours (red dotted line). While the change in the overall shape of
the spectra is not clear from the C 1sy/, data, the O 1s;/5 spectra clearly show
that a chemical reaction had occurred in the mixture.
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3.1 The O 1s,/; Spectra in GO

in the area of the O 1s;/5 spectra and, in this case, using the C 1s;/, spectrum
effectively reduces the signal strength by 2.5x. Furthermore, this scaling factor
is expected to grow larger as the GO material is further reduced.
At higher carbon to oxygen ratios, the C=C & C—C contribution to the area of the
spectrum can increase to over 90 % and in these cases, a further 10 % change in
the concentration of a oxygen functional group is still a 10 % change in the O 1s; 5
spectrum, but in terms of carbon atoms bound to an oxygen functional group,
this is a 1 % change in the total area of the C 1s/5 spectrum’™. Effectively,
the high area C=C & C-C peak causes a reduction in the sensitivity of the
characterization to changes in the composition of oxygen functional groups in
GO and an associated decrease in confidence of the quantitative analysis results.
Looking at the O 1s;/; spectra of the same samples and with reference to the
binding energies shown in Table two points become apparent:

i. There is a change in the composition of the oxygen functional groups on

GO as a result of the extended heating time
ii. Contrary to the reports, two peaks are insufficient to represent all the func-
tional groups present in GO

The first point serves to reiterate the limitations imposed by an analysis that relies
solely on the C 1s;/, spectra and the second point shows the gap in knowledge
that needs to be bridged. Clearly, there are benefits to studying the O 1s;/,
spectra when trying to determine the composition of functional groups in GO.
Using the O 1s,/; spectra, even without peak fitting, it is possible to deduce that
either the FWHM of the peaks had been reduced or that the concentration of at
least two functional groups in GO had been reduced. Here, because every electron
excitation and subsequent detection event that contributed to the spectra had its
origin from an oxygen functional group residing on the basal plane of the GO
material, there was no high area peak contribution to drown out the information
signal that the functional groups were providing.
Coming to the next point, more than two peaks were required to fit the O 1s;
spectrum. If only two peaks were used to fit the spectrum, as suggested by
Mattevi et al. & You et al., no good fit could be achieved™,
The samples differed only in the amount of time that they were heated in a
nitrogen environment and all other conditions, such as the substrate used, the

deposition conditions and the characterization conditions were kept exactly the
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3. XPS STUDY ON GO CHEMISTRY

same. Additionally the FWHM in an XPS characterization is only affected by
conditions such as the lifetime of the core hole, natural FWHM of the exciting
photons, the instrument settings and surface charging and these were kept the
same for both samples. As such, the FWHM of the peaks in both the samples
was also expected to be the similar if not the same.
A better explanation would require the use of three or more peaks and the re-
sulting O 1s;/2 spectrum fit by changing the areas of these peaks. Besides the
observational inferences, this suggestion is further supported by the two reports
in Table which listed distinct binding energies values for C 1s; /5 electrons in
carbon atoms chemically bound to four different oxygen functional groups'%.
While findings on the C 1s;/, spectra are not directly transferable to the O 1s;/,
spectra, there is sufficient evidence thus far to conclude that at least three peaks
should be used to fit the O 1s; /5 spectra of GO.
This result clearly demonstrates the limitations inherent in an analysis of the
C 1sy3 spectrum of GO and the current deficiency of information regarding the
O 1sy/2 spectra of the same. While the C 1s;/, spectrum is still an important
characterization result as it gives holistic information about the GO material, this
analysis is not as sensitive to changes in the composition of the oxygen functional
groups as an O 1s;/, analysis. Only an analysis of the O 1s;/; spectrum can give
this information and it is unfortunate that XPS characterization of this spectrum
is still lacking. This gap in characterization knowledge will become especially
important if the use of GO requires control over the type of functional groups
present or when the carbon to oxygen ratio becomes exceptionally high.
This problem can be approached by first understanding the areas where under-
standing is lacking. Besides the difference in reported binding energy values for O
Is1 /5 electrons in different functional groups, by comparing the reports in Table
[B.2it is also found that:
1. The combined C-OH & C—-O—-C peak does not adequately describe

the GO system

Only one peak is used to represent the O 1s; /5 electron from these functional

groups and as a result, either the binding energy of this peak is seen to either

shift significantly or the FWHM vary dramatically during reduction®1?,
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3.1 The O 1s,/; Spectra in GO

2. Different photon energies were used to excite the samples
While most of the reports in Table used an excitation photon with an
energy of 1486.7 eV, Mattevi et al. used a 1253.6 eV photon to excite the
sample and this introduces some uncertainty when comparing results™*,

3. A correct binding energy value for oxygen in water is needed
The peak representing electrons from trapped water molecules in GO only
occurs in two of the reports and Ganguly et al. showed that the water
molecules had escaped at temperatures below 473 K while Akhavan reported
its presence in the sample at temperatures as high as 773 K*. It would

be very helpful for characterizations if this discrepancy could be resolved.

3.1.2 Influence of Oxidative Debris (OD)

The presence of foreign materials in samples is frustrates XPS characterizations
and despite being a heavily studied material new foreign materials continue to
be found in aqueous GO. The most recent addition was made by Yeh et al. who
found that trace quantities of aluminium from the filtration process remained
in the GO solution and this served to stabilize the GO sheets in an aqueous

9

suspension’”. Before this, in 2011, Rourke et al. made known the presence of

20

OD in aqueous GO and isolated the material from normal GO sheets<”. Since

then, OD has been found to be responsible for electroactivity, fluorescence and

223 However, the

chemical activity in GO, while impeding catalytic activity
effect that OD has on XPS characterization had not been explored sufficiently.

OD is a carbon-rich material known to contain carboxyl, hydroxyl and epoxide
groups and it decomposes from the as-deposited sample when the temperature
of the sample is raised above 473 K%Y, While the functional groups in OD are
expected to be the same functional groups that occur on GO, it is not known if
the O 1s;/5 electrons from these functional groups in OD have the same binding
energies and this creates difficulties during the assignment of functional groups to
peaks during analysis of the XPS spectra. Crucially, the C 1s;/, spectra shown in
the reports revealed that besides its lower decomposition temperature, OD was
expected to be chemically similar to GO and this information has to be consider
when making any analysis of the XPS spectra“%s%,

As such, the difficulties in harmonizing the understanding of O 1s;/ binding
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3. XPS STUDY ON GO CHEMISTRY

energies that were summarized at the end of Section may be influenced by
the presence of OD and this means that OD should be removed prior to any
characterization work. To check for the presence of OD in the GO samples used,
a sample of aqueous GO was dried and the dried film subject to TGA. The
thermogram of this sample is shown in Fig. and like the GO sample of
Rourke et al., the rate of mass loss is greatest at ~473 K, corresponding to the
decomposition of OD. Additionally, it was noted that in both this sample and
that of Rourke et al., the decomposition temperature of OD occurred within the
temperature range of exfoliation as described by You et al. This would mean that
it is decomposition of OD and not the functional groups, as previously thought,
that is responsible for exfoliation in GO. Finally, You et al. observed a 50 % loss
in mass in the sample after it had been heated to 673 K and this was similar to
the 51.7 % mass loss at 673 K in this sample®.

Since OD is a by product of the oxidation process that turns graphite into GO,
the type of OD produced would depend on the method of oxidation. It was
shown that the decomposition temperature of OD in GO made by the Hummer’s
method differed from that of OD in GO produced by Brodie’s method“?. In fact,
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Figure 3.2: Thermogram of GO heated from room temperature to 673 K showing
that the rate of mass loss is the greatest at 476 K. The temperature range for
exfoliation as described by You et al.is highlighted between the dotted lines.
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OD in GO made by the Brodie’s method has a higher decomposition temperature
than OD in GO made by the Hummer’s method*”. This is in line with the higher
exfoliation temperature of OD in GO made by the Brodie’s method and this
shows once again, that the exfoliation effect in GO is very likely due to the
decomposition of OD®. With this confirmed, an experiment was designed to
exclude the effects of OD on the O 1s;/5 spectra while attempting to identify
the binding energy values for these electrons from the various functional groups

present in GO.

3.1.3 Identification of Oxygen Functional Groups

A reference XPS characterization of GO was first made with the GO material
on a conductive metallic substrate and the spectrum is shown in Fig. [3.3] The
spectrum showed the characteristic two hump feature of the C 1s; 5 spectrum of
as deposited GO with a peak to peak separation of about 2.0 eV. Considerations

made when performing this characterization were:

1. The effect of surface charging
GO is an insulator and a thin sample deposited onto a conductive substrate
could allow distortion of the spectra due to surface charging to be avoided.
2. Influence of substrate on sample
Since a thin sample was used, the resulting spectra could reflect substrate
induced effect
3. Occurrence of oxygen on conductive substrate
Natural oxidation will occur on the surface of the metals and electrons from
these oxygen atoms may turn up in the O 1s;/5 spectra, especially since a

thin GO sample was used

Additionally, the possibility of secondary chemical shift due to the oxygenation,
or lack thereof, of neighbouring carbon atoms was also considered“®. However, it
was unclear if these oxygen atoms, which were attached to a next-next neighbour

carbon atom, would have an observable influence on these binding energies.

While the exact binding energy values from this sample would not be useful, this
spectrum could be used to confirm the qualitative effects that occur on GO in

the next experiment.
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XPS spectra of C 1s , electrons in GO

Intensity (Arb. CPS)

T T T T T T T
290 288 286 284
Binding Energy (eV)

Figure 3.3: XPS spectra of the C 1s; /5 electrons in a sample of GO on a conductive
substrate, showing the characteristic double hump feature of GO.

Following this, an in-situ XPS characterization experiment was performed on

another thin sample of as deposited GO. The sample was ~20 nm thick, and

subjected to heating at multiple temperature steps between 473 and 573 K. The
deposited film was first introduced into the XPS chamber held at an ultra high

vacuum, <8x107Y Torr, and the experimental steps involved in each characteri-

zation measurement were as follows:

1.

il.

1il.

1v.

V1.

The temperature of the sample holder ensemble was raised to 473 K.

This temperature was held constant for 15 minutes to allow OD removal
and chemical reactions to occur before the heat source was disconnected.
XPS characterization data for the C 1s; /; and O 1s; /5 spectra were acquired.
The heat source was reconnected and the temperature of the ensemble in-
creased to the next specified temperature.

The sample holder ensemble was held at the new constant temperature for
a total of 15 minutes.

The process is repeated, beginning from step (iii) for the following temper-
atures: 493, 513, 543, 561 and 573 K.

The XPS spectra from this experiment are shown in Fig. [3.4] where the spec-

tra are arranged such that the highest heating temperature corresponds with the
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3.1 The O 1s,/; Spectra in GO

topmost, orange coloured spectrum and the lowest heating temperature is the
bottommost black coloured spectrum. The C 1s;/, spectra was used both as
a method of verification for the findings in the O 1s;/, spectra and as a refer-
ence spectra to correct for any charging effects that might occur in the samples.
Here the electrons in sp? hybridized carbon atoms in a C=C or C-C bond were
corrected to a binding energy of 284.7 eV.

The C 1s;/3 spectra were first analysed by the method of peak fitting using peaks
at 284.7, 285.6, 286.3, 288.2 and 288.8 eV, corresponding to the C=C/C-C, C-
OH, C-O-C, C=0 and COOH groups respectively; fitting details are shown in
Table [3.3] on page 92| It was assumed that the FWHMs would be similar for all
the peaks in the same spectra and as shown, the FWHM of most peaks varied by
no more than +0.1 eV. Unsurprisingly, after correcting for the C=C/C-C binding
energy, the binding energy values shown here were close to those reported by
Ganguly et al. and Akhavan; see reference numbers 3 & 4 in Table [3.1/%1Y.

With the increase in temperature from 473 to 573 K, the peaks were broadened
and a slight shift in the main peak feature towards lower binding energies was
observable in the C 1s;/, spectra. This indicated a reduction in the number of
carbon-oxygen bonds and an increase in the number of C=C & C-C bonds in the
sample. Additionally, the difference between the C 1s,; spectrum in Fig. and
the highly similar C 1s;/5 spectra between 473 and 543 K in Fig. confirms
that most of the OD had been removed in the first heating step.

The C-O-C and C-OH peaks are discussed in this section while the C=0 and
CO*OH peaks are discussed in the following one, along with GO metastability.

3.1.3.1 By Analysis of the O 1s,,; Spectra

With these confirmations, it could be confidently concluded that the O 1s;/y
spectra in Fig. [3.4[b) was a reflection of only the oxygen atoms in GO and that
any changes in the spectra could be directly attributed to changes in the GO
material. From the series of C 1s;/; spectra, it was observed that increasing the
temperature of the system resulted in a reduction in area of peaks from electrons
with higher binding energies. These peaks corresponded to carbon atoms bound
to oxygen atoms and while it could be concluded that there was a decrease in
concentration of these bonds, the actual changes are more clearly observable in

the O 1s;/3 spectra. Furthermore, from the O 1s;/, spectra, it was observed that
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Figure 3.4: XPS spectra of the (a) C 1s;/5 and (b) O 1s; 5 electrons in GO that
was heated in a vacuum at various temperatures. Spectra are corrected according
to the C 1sy/ electrons in sp? hybridized carbon atoms in either a C=C or C-C
bond and have a binding energy values of 284.7 eV. While the reduction in area of
peaks representing oxygen bound carbon atom is observable in the C 1s; /5 spectra,
the details of these changes are clearer in the O 1s; /5 spectra.
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3.1 The O 1s,/; Spectra in GO

the changes to the peak shape were not obvious without peak analysis between
473 and 543 K. However, this changed between 544 and 560 K and a majority of
the O 1sy/, electrons with higher binding energies were removed, leaving behind
a large proportion of oxygen groups with lower O 1s;/, electron binding energies.
The peaks were assigned to functional groups according to the Lerf-Klinowski
and Ajayan models in which up to five oxygen containing functional groups were
expected™27. These are the hydroxyl, epoxy, carbonyl, carboxyl and lactol func-
tional groups and if each of the oxygen atoms in this list had a unique O 1s;/y
electron binding energy value up to seven peaks were expected; as carboxyls and
lactols have two oxygen atoms each. However, a visual inspection of the O 1s;;
spectra in Fig. suggests that four peaks were sufficient to give a good fit.
Considering first the 473 K spectrum, at least three peaks would be required to fit
this spectrum, one low area peak at the low binding energy region and two high
area peaks to make up the main peak. Tracing these peaks vertically upwards
on the page, towards higher heating temperatures, the appearance of a fourth
peak at the low binding energy region, between the main peak and the first low
area peak becomes evident. The emergence of this peak becomes clear in the
fitted spectra shown in Fig. [3.5] and the the fitting details of these spectra and
all intermediate spectra are show in in Table |3.3

{(a) 473 K (b) 573K ]

Intensity (Arb. CPS)

L I LN N PR N A [ T T v T 7 — T v T
536 535 534 533 532 531 530 536 535 534 533 532 531 530

I ' I
Binding Energy (eV) Binding Energy (eV)

Figure 3.5: XPS spectra of GO heated at (a) 473 and (b) 573 K with peak fitting;
fitting details are shown in Table [3.3] The two low binding energy peaks are not
prominent in the 473 K spectrum but emerge in the 573 K spectrum.
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Table 3.3: Fitting details of the C 1s; /5 and O 1s; /5 spectra in Fig. and
The O in (CO)OH is the oxygen with a double bond to the carbon atom and all
the spectra fit such that x2? < 1.

C181/2 0181/2
T/enI}p' F“é“;f)‘;’;‘al ?;E‘} FWHM %Area }3'6]2} FWHM %Area
C=0 | 2%2 12 71| 53090 14 14
(COJOH | 2889 1.2 88 | 5324 14 18
473 COH | 2856 1.2 105 | 5331 14 53.9
CO-C | 2863 1.2 114 | 5345 14 39.9
C=C/C C | 2847 1.2 62.3
C=0 | 2®2 11 68 | 5310 13 33
(CO)OH | 2889 1.1 71 | 5323 14 43
493 COH |2855 11 126 | 5331 14 49.9
CoOC |24 12 106 | 5344 14 125
C=C/C C | 2847 1.2 62.9
=0 | 2883 L1 6.9 | 5310 14 5.4
(CO)OH | 288.7 1.1 72 | 5323 15 0.1
513 COH |285.7 13 86 | 5331 14 47.9
CoC |263 1.2 98 | 5345 15 16.6
C=C/CC | 2847 1.2 67.6
=0 | 2%2 12 81 | 5308 13 16
(COJOH | 2889 1.2 64 | 5323 14 8.5
543 COH |2857 14 57 | 5331 15 48.8
cCoC |22 12 0.9 | 5344 14 38.0
C=Cc/CC | 2847 1.3 69.8
C=0 | 2®2 15 36 | 5300 14 370
(CO)OH | 2888 14 55 | 5323 L5 31.3
561 COH |2857 14 56 | 5331 15 24.6
COC |23 15 65 | 5345 15 17.1
C=C/CC | 2847 15 78.9
C=0 |21 15 52 5310 13 3.0
(CO)OH | 2889 15 52 | 5323 15 30.7
573 COH |2856 14 72 | 5331 14 31.1
cCoC |23 15 51 | 5344 15 15.1
C=C/C C | 2847 15 80.3
C=0 | 2832 - = [ 5309 - -
Expected | (CO)OH | 288.8 - ~ | 5323 - -
Value C-OH 285.6 - - 533.1 - -
+0.1 CoC | 263 - ~ | 5344 - -
C=C/C-C | 284.7 - -
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3.1 The O 1s,/; Spectra in GO

Comparing the change in %Area of the functional groups in the C 1s; 2 and O 1sy o
spectra, a correlation between the relative changes in areas is observed. From the
C 1sy 3 spectra, carbon atoms singly-bound to oxygen atoms were initially present
in higher concentrations and this fell to concentration levels that were similar to
those of the carbon atoms doubly-bound to oxygen atoms. A similar observation
can be made from the O 1s;/, where the much higher concentration of oxygen
atoms singly bound to carbon fell to concentration levels that were comparable to
that of oxygen atoms doubly-bound to carbon. However, as mentioned earlier, the
high area C=C & C-C peak present in the C 1s, ; spectra makes the quantitative
analysis of the oxygen functional groups present less reliable than a quantitative
analysis of the same groups from the O 1s, /5 spectra.

The assignment of functional groups to O 1s;/5 peaks are similar to those by
Ganguly et al. and Akhavan, with peaks having lower binding energies being as-
signed to carboxyl and carbonyl groups and peaks having higher binding energies

20 However, they differ in that each

assigned to epoxy and hydroxyl groups
broader peak was separated into two peaks with smaller FWHMs.
This assignment is supported by the report by Susi et al.who showed that these
broad peaks could be separated into two narrower peaks. Accordingly, the peaks
with binding energies of 530.9, 532.3, 533.1 and 534.4 eV were assigned to the O
1s1 /2 electrons from carbonyl, carboxyl, hydroxyl and epoxy groups respectively.
The influence of oxygenation on neighbouring carbons, mentioned on page 87| was
not observable in these characterization.
In their theoretical calculations, Susi et al. have shown that O 1s;/; electrons in':
i. the C=0 group always have the lowest binding energy
ii. the C=0 group in carbonyls and carboxyls have different binding energies
iii. the OH group in carboxyls and hydroxyls have similar binding energies
iv. the epoxide and hydroxyl groups have the same binding energy in pristine
graphene and have different binding energies in non-pristine graphene,
v. the epoxide peak has the highest binding energy if separable from the hy-
droxyl peak
vi. the epoxide peak has a binding energy that is 1.99 eV higher in non-pristine
graphene than in pristine graphene
Additionally, Hossain et al. have assigned a binding energy of 531.9 eV for elec-

trons originating from the O 1s;/, orbital in an oxygen atom bound to pristine
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graphene in an epoxy and used a C 1s; /5 binding energy of 284.5 eV for electrons
originating from sp? hybridised carbon atoms“®. Using this value, correcting for
the difference in C 1s;/, binding energy values usedﬂ and the increase in binding
energy due to the non-pristine nature of GO, the expected binding energy value
of the O 1s;/2 peak from C-O-C in GO was 534.1 eV; this was within 0.3 eV of
the value shown in Table 3.3

Furthermore, Hossain et al. also reported the presence of two low intensity peaks
at 530.8 and 533.4 eV, values very similar to those shown in Table 3.3, This
is important as it is very likely that these electrons originated from the O 1s; /9
orbitals of oxygen atoms in functional groups situated on the edge of the graphene
flake. Carbon atoms at edge sites are equivalent to carbon atoms next to vacancy
sites and the similarities between the binding energies found by Hossain et al. and
those found here are hardly surprising.

From the experimental conditions described in their report, it can be deduced
that the low intensity spectral lines represented functional groups that contained
only oxygen, namely epoxides and carbonyls. Following the convention that O
Isi /5 electrons in oxygen atoms that form double bonds with carbon atoms have
lower binding energies than the same electrons in oxygen atoms that form single
bonds with carbon atoms, carbonyls should be assigned to the peak at 530.9 eV
and epoxides should be assigned to the peak at 534.4 eV. This echoed the findings
of this report and provides yet more proof that the peaks were assigned correctly.
While no information is available about the O 1s; 5 electrons in the lactol groups
of GO, it is dimensionally similar to a carboxyl group and the O 1s;/, electrons
originating from this group were assumed to have similar binding energies as

3. As such, the contribution from lactols to the O

those from carboxyl groups?
Is1 /2 spectra is expected to overlap with the contributions to the spectra by the
carboxyl groups for the purpose of this discussion.

In this section it was shown that a minimum of four peaks were required to fit
the O 1sy/o spectra of GO and these peaks were uniquely assigned to functional
groups in GO. In the following sections, the these assignments will be thoroughly

analysed by means of mathematical analysis and experimental methods.

*

The binding energy of the C 1s;/, electrons in sp? hybridised carbon atoms in C=C and
C—C bonds is set to 284.7 eV in this thesis.
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3.1 The O 1s,/; Spectra in GO

3.1.3.2 By Quantitative Analysis

The analysis begins with a theoretical model GO based upon the Lerf-Klinowski
model*”. This model is a defect free, square flake of graphene, with sides of
length 300 nm and a C-C bond length similar to that of graphite at 1.42 A2
The graphene flake will have armchair edge sites along two sides and zig-zag edge
sites perpendicular to these armchair edge sites and this sample has an estimated
1.05x10* edge sites and 6.87x10° basal plane sites. Accordingly, the GO flake
is built with epoxides and hydroxyls on the basal plane and on the edge of this
flake, while in addition to these two functional groups, carbonyls and carboxyls

are allowed on the edge of the flake as well.

From this calculation, it is estimated that 0.15 % of all available reactive sites
are edge states with each site having an equal possibility of being a:

i. sp? hybridized carbon in a graphene-like ring,

ii. sp® hybridized carbon in an epoxide or hydroxyl or

iii. sp? hybridized carbon in a carbonyl or carboxyl.

Taking the average, it is estimated that 33 % of all edge sites are sp? hybridized
carbon in a carbonyl or carboxyl. The hydroxyls, epoxies and carbonyls con-
tribute one oxygen atom per functional group, but the epoxy group is unique as
it takes up two binding sites per bound oxygen atom. Also, while the carboxyl
group contributes two oxygen atoms per functional group, it also opens the hexag-
onal carbon ring, creating a bonding site for a carbonyl in the process. Since the
average was taken in this theoretical model, it is also assumed, for simplicity,
that these effects of carboxyls and epoxy groups on the number of binding sites

on the edge of the flake cancel each other out.

Typically, unreduced GO has a C/O ratio of 2.0, meaning that there is one
oxygen atom to every two carbon atoms in the flake and with 0.05 % of the
binding sites reserved for carbonyls and carboxyls, the calculation allowed no
more than 0.10 % of the oxygen atoms to be bound to the flake as carbonyls
and carboxyls; this calculated concentration is far lower than any carboxyl and

d™Y Ag such, the prediction shows that there

carbonyl concentrations reporte
should initially be an appreciable concentration of carboxyls and carbonyls in
GO on the graphene basal plane. A large concentration of vacancies on the basal

plane will need to be created to accommodate this and, in turn, this ensures that
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hydroxyls and epoxies will occur near a vacancy site on the basal plane. This
means that the binding energies of electrons from the O 1s;/, orbitals of these

functional groups will be separable as calculated by Susi et al.*

The change in C/O ratio with respect to temperature was calculated by taking
the ratio of the areas of the spectra in Fig. [3.6] after scaling them according
to the appropriate sensitivity factors®. The sample at 473 K had a C/O ratio
of 3.35 and the carbonyl and carboxyl groups on the edge of the sheets were
calculated to represent up to 0.15 % of the oxygen atoms present. However, this
is still insufficient to account for the ~6 % presence of carbonyls and carboxyls
shown in the O 1s;/, peak fitting data of Table . This meant that the higher
proportion of carbonyls and carboxyls could only be accounted for by considering

(i) irregular flake shapes and (ii) the presence of vacancies on the basal plane.

Firstly, due to the fact that flakes are of arbitrary shapes and sizes, the surface
to edge ratio in real GO can exceed 0.15 %. As shown in Fig. a smaller
square flakes of side 100 nm can have up to 0.46 % of sites as edge sites and
this, coupled with an arbitrary concave edge shapes, can increase the number of
edge sites available for carbonyl and carboxyl groups slightly. Secondly and more
significantly, the creation of vacancies in the basal plane can increase the number
of sites available for carbonyls and carboxyls. For each vacancy created, up to
3 carbonyl bonds can be accommodated on the the basal plane and a minimum
of 2 % of vacancies would be required in the basal plane to accommodate all the

carbonyls and carboxyls.

Next, changes to the composition of the functional groups with increased heating
temperature was characterized. These values were previously listed in Table |3.3]
and with a starting value of 6.2 % at the a heating temperature of 473 K, the
composition of carbonyls and carboxyls present in GO rose gradually to 13.1 % of
the O 1s; /5 spectrum at 543 K. At 561 K, this composition percentage increased
dramatically to 49.2 % and a maximum carbonyl and carboxyl composition of 53.7
% was reached at the heating temperature of 573 K. This increase suggested that,
besides hydroxyl and epoxide loss, carbonyls and carboxyls were being created in

GO during thermal annealing.
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Figure 3.6: Change in C/O ratio of the samples as the temperature increases
as calculated from the spectra in Fig. (3.4 The C/O ratio drops initially due to
remnant OD removal, however, this stops at about 513 K and oxygen functional

group removal dominates.
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Figure 3.7: Calculated percentage of edge states on square graphene sheets with

sides of length 100 to 1000 nm.
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This observed increase was confirmed by factoring in the calculated change in the
C/O ratio between 510 and 573 K, shown in Fig. . Within this temperature
range the C/O ratio increased from 3.21 to 3.78, an 18 % increase, but in the same
time, the proportion of carbonyls and carboxyls in the GO material increased by
831 %. This percentage increase was calculated after taking into account the
effect of oxygen functional group loss on the actual number of oxygen atoms
present in the sample and is calculated as follows.

Assuming that the number of carbon atoms under study remained constant during
the analysis, the increase in the C/O ratio must come from a reduction in the
concentration of oxygen functional groups. Using an arbitrary number of 10,000
carbon atoms under analysis, at a temperature of 510 K, the C/O ratio is 3.21
and there are 3115 oxygen atoms in the same area of analysis. Of these, 5.5 % or
171 of the atoms are in a carbonyl or carboxyl bond. As the C/O ratio increased
to 3.78 at 573 K, the number of oxygen atoms under study was decreased to 2646,
with 53.7 % of these atoms, or 1421 oxygen atoms, bound to carbon as a carbonyl
or carboxyl. This then gives the calculated 831 % increase in the carbonyl and
carboxyl concentration in the sample.

In this case, because the percentage increase in carbonyl and carboxyl formation
far exceeded the increase of the C/O ratio, the increase in composition of car-
bonyls and carboxyls cannot be solely attributed to hydroxyl and epoxy group
removal. It must then be concluded that beginning at a heating temperature
of 543 K, the conversion of functional groups on the GO flake to carbonyls and
carboxyls was observed.

Before moving further into the analysis, the accuracy of the changes in the C/O
ratio were first confirmed by a calculation of the uncertainty of each measure-

305U In these calculations, systematic errors inherent in the determination

men
of C 1sy/2 and O 1s;/5 peak intensities were ignored as this would only affect the
absolute value of the C/O ratio and any relative error would only carry forward

in the calculations®?.

Random errors, on the other hand, would vary from measurement to measure-
ment and affect the accuracy of the characterization. Random errors include the
effects of stray magnetic fields, probability of miscounting at high count-rates,
also known as electron collection inefficiency as well as the fact that the count

rate is a Poisson distribution. While the effect of stray magnetic fields is easily
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managed by good construction and design of the setup, random errors due to
electron collection inefficiency and random errors due to the distribution cannot
be avoided?,

The uncertainty due to these random fluctuations (o) was calculated as the
square root of the square sum of electron collection inefficiency and counting

errorss4:

Onr = V0%, + 02 (3.1)

with o.p & o defined as follows.

The equation of electron collection inefficiency (ocy) is:

N
where D is the number of channels in the detector (7 channels), 7 is the pulse
width of the electron detection event (< 200 ns), Ny is the true count rate and
N is the measured count-rate (~15 keps).

Counting errors (o) are calculated by:

11 H*%H (3.3)

)
ORrE Xc LO1s Oi5

where the subscripts C and O represent carbon and oxygen respectively. Rep-
resenting these element with ‘i’, the remaining symbols are y,, the fractional
composition of the element in the sample — calculated from the C/O ratio, I;, the
area of the spectrum and o, , the standard deviation of the peak areas of each
element, calculated by use of Monte Carlo simulation implemented in CasaXPS=2.,
Typical values for oo, & orr were 0.05 % & 0.73 % respectively and this gave
a ogpr of 0.74 %. Between 473 and 510 K, the C/O ratio fell by 4.5 % and up
to a heating temperature of 573 K, the C/O ratio rose by 12.5 %; these changes
were much larger than the uncertainty attributed to random fluctuations and this

confirmed the validity of the observed changes in the C/O ratio.
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3.1.3.3 By Chemical Reactions

Thermogravimetric Analysis

To better understand these changes, the C/O ratio was compared against the
TGA thermogram of GO which is shown in Fig. [3.8f The GO material in this
batch had a typical C/O ratio of 1.8 and as seen in Fig. this increased to
3.36 at 473 K. Subsequently, the C/O ratio decreased to a minimum of 3.2 at 513
K before reaching a maximum of 3.8 at the final measurement temperature of
573 K. As seen in the thermogram, the temperatures of 425, 510 and 545 K mark
the starting temperatures of three regions of interest on the differential curve and

these temperatures correspond to a change in chemical activity in the sample.

As marked in Fig. [3.8 the exfoliation region from 425 to 510 K overlaps with
the region of falling C/O ratio in Fig. [3.6, while carboxyl formation occurred
after 543 K, correlating with a change in the mass loss regime on the thermo-
gram. Despite the differences in samples and characterization techniques, the
observed similarities in temperature region helps to validate the importance of
these observations.
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Figure 3.8: Thermogram of GO with the differential peak occurring at 476 k.
The exfoliation region labelled as You et al. have described in their report, while
the carboxylation region is assigned based on the analysis in Chapter [3.1.3.2

100



3.1 The O 1s,/; Spectra in GO

Verification of O 1s,/, peaks

Since it was already known from Table that O 1s;/5 electrons in C-O bonds
had higher binding energies, >532.0 eV, than in C=0 bonds, <532.0 eV, iden-
tification of each functional group could be achieved by selectively removing one
of the two peaks present within each envelope. In this section, one of the C-O
bonds will be selectively removed to prove the presence of that functional group
in GO while the C=0 bonds will be separated by a different technique discussed
later in Chapter [3.2.3]

A list of chemicals with the expected reactions between itself and GO is shown
in Table [3.4] and in most cases, the chemicals were mixed with GO prior to
deposition. The samples would subsequently be heated for varying lengths of
time at either 483 or 573 K before characterization by XPS. In the case of 3-
aminopropyltriethoxysilane (APTES), which came as a liquid, GO samples were
thermally annealed before immersion in a bath of APTES that was maintained
at 353 K for 2h.

In the first experiment, NaOH was added to GO to a concentration of 0.10M and
two samples were made from this mixture. The first sample was heated at 483
K and the second sample at 573 K in a nitrogen environment for one hour. The
samples were then characterized by XPS and the resulting O 1s; 5 spectra shown
in Fig. 3.9 As expected, there is a reduction in the area of the peak with the
highest binding energy in the sample heated at 483 K and the complete removal
of this peak in the sample heated at 573 K, signalling that the C—-O—-C ring had

opened and there was a reduction in the quantity of these bonds in the sample.

Table 3.4: Chemicals and the expected reactions with functional groups on GO.

’ Chemical ‘ Expected Reaction ‘ Ref. ‘
C-O-C ring opening to give
NaOH either ionic oxygen or C-OH (5253
APTES | Removal of oxygen from C-O—-C [36]

NaCl Unknown, but likely similar to NH,C1 -
NH4Cl | Unknown, but likely similar to NaCl -
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Name Pos. FWHM % Area Name Pos. FWHM% Area

COOH  531.8 1.6 3.5 COOH 5318 1.6 425

Intensity ( Arb. CPS})
1

NaOH GO 483 K, 1h INaOH GO 573 K, 1h
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Figure 3.9: O 1sy/, spectra of GO mixed with NaOH at a concentration of 0.10M
and heated for one hour in a nitrogen environment at either (a) 483 or (b) 573 K.
The C/O ratios of these samples were 4.41 and 4.95 respectively.

The experiment was repeated at higher NaOH concentrations and with longer
heating times. In this experiment, NaOH was mixed into the GO solution at
concentrations of either 0.10 or 0.20 M and the samples were heated in a nitrogen
environment for 15 hours at either 483 or 573 K. The XPS characterization of
the O 1s;/5 electrons from these samples are shown in Fig. (3.10]

Comparing the spectra in Fig. & [B.10] in all cases, doubling the concentration
of NaOH in the solution and increasing the heating time from one to 15 hours
had no effect on the C-O—C functional group removal in GO when heated at 483
K. It is possible that NaOH acts as a catalyst to remove epoxide bonds or that at
0.10 M of NaOH, the reactant is already in excess and doubling this concentration
had no effect on the sample®. Additionally, comparing Fig. [3.9(a), Fig. [3.10)a)
& (c) increasing the heating time had no effect on the removal of C-O-C and the
area of this peak remained between 2.6 and 4.4 % of the total area of the spectra.
Interestingly, in all samples that were heated to 573 K in the presence of NaOH
(Fig. 3.9(b), Fig. [3.10(b) & (d)), the C-O-C peak was removed completely, leav-
ing behind only the hydroxyl groups. This identification was further confirmed
by the following chemical reactions.
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|Name Pos. FWHM % Area
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Figure 3.10: O 1s;/, spectra of GO mixed with NaOH at 0.10 M (NaOH GO)
and heated at (a) 483 or (b) 573 K for 15 h, with C/O ratios of 4.48 and 4.96
respectively. (c) and (d) are subject to the same heat treatments, but have 0.20
M of NaOH (NaOH+ GO) mixed into the solution and have C/O ratios of 4.45
and 4.64 respectively. As shown, the temperature plays an important role in the
removal of C-O—C, while the heating time and NaOH concentration appears to
have no significant impact.
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3. XPS STUDY ON GO CHEMISTRY

Yang et al. introduced GO to APTES at 353 K and this resulted in the opening
of the epoxy ring along with the subsequent removal of the oxygen atom®®. In
this experiment, GO samples were first heated at 483 or 573 K to remove OD
and thermally reduce the sample. These heated samples were then immersed in
a bath of APTES maintained at 353 K on a hotplate for two hours and after
removal from the APTES bath, they were characterized by XPS. Fig. [3.11] shows
the O 1s;/; spectra of these characterizations and as expected the peak at 534.4
eV is removed, while a new peak due to the oxygen atoms in APTES appeared
at 535.8 eV. Remarkably, the O 1s;/, spectra from the two samples appear very
similar despite the different initial heating temperatures. Besides showing that
the C-O-C functional group is selectively removed from GO, it is also showed
that the APTES-GO reaction is complex and favours the formation of C-OH
bonds in the material.

In the final set of experiments of this section, GO was mixed with NaCl and
NH,4CI at a concentration of 0.10 M before heating at 573 K for 15 hours in a
nitrogen environment. While the effects of these chemicals on GO are not known

prior to these characterizations, some inferences can be made. NaCl was chosen
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Figure 3.11: O 1sy/; spectra of GO immersed in an APTES bath for two hours at
353 K after heating at (a) 483 and (b) 573 K, C/O ratios of 3.47 and 4.04 respec-
tively. Interestingly, the spectra looked remarkably similar despite the different
reaction conditions.
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3.1 The O 1s,/; Spectra in GO

for comparability against the NaOH samples, and the NH4Cl sample was chosen
to compare the effect of the cation on the reaction.

Chen et al. described NaOH as a catalyst in removing hydroxyls from GO and
showed that NaOH removed the hydogen atom from the hydroxyl while Na™
and H,0 worked together to extract the oxygen atom®. In changing the anion
from OH to CI, no differences are to be expected as the NaOH catalyst would
automatically be generated after the first epoxides were removed and changing
the cation would in theory prevent the reaction from occurring at all. Rather
surprisingly, the O 1s;/, spectra in Fig. tell a different story.

Beginning with Fig. [3.12((a), the epoxides were removed as expected. However,
the spectra also show that, at 67 %, the proportion of hydroxyls in this sample
was far greater than the <49 % of hydroxyls seen in similar samples heated with
NaOH, as seen in Fig. [3.10| (b) & (d). Substituting NaCl with NH,CI gives a
similar result, with a near total removal of the C—O—C peak from the spectrum in
Fig. [3.12(b). The higher concentration of hydroxyls in this sample came primarily
from a reduction in the area of COOH functional group peaks and at this point,
the data suggests that the presence of the chloride ions favour the formation of

hydroxyls over carboxyls.
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Figure 3.12: O 1s;/, spectra of GO mixed with (a) NaCl and (b) NH4Cl after
heating at 573 K for 15 h in a nitrogen environment, C/O ratios of 2.35 and 2.38
respectively.

105



3. XPS STUDY ON GO CHEMISTRY

Although this experiment does not shed light on the chemical processes, it does
prove that the area of the peak with the highest binding energy is reduced and
in some cases removed from the O 1s;/, spectrum. Based on this observation,
along with other theoretical results, it was possible to identify that the epoxy

functional group contributed electrons to this peak.

3.1.3.4 Concluding Remarks on O 1s;/, Assignments

In many reports the XPS spectra of thermally reduced GO were shown with
temperature increments in the order of hundreds of Kelvin. Due to the large range
of heating temperatures, a multitude of effects such as OD removal and vacancy
healing occur and this makes the analysis of the XPS spectra challenging. Here,
the presence of OD affects the accuracy of the analysis while vacancy healing
changes the binding energy of O 1s;/, electrons. As a result of this, the binding
energies of O 1s; /5 electrons in each of the different functional groups have yet to
be identified.

While it has always been clear that O 1s;/, electrons from oxygen atoms in C-
O bonds have higher binding energies than the same electrons in C=0 bonds,
individual peaks for each functional group within these larger umbrella groups
were lacking. By first heating the sample to 473 K to remove OD and increasing
the temperature gradually to 573 K, four distinct peaks with binding energies
of 530.9+0.1, 532.3+0.1, 533.1+0.2 and 534.4+0.2 eV were identified; the C 1s;/y
electron binding energy in C=C & C—-C bonds for these samples was referenced
at 284.7 eV. In these characterizations, the influence of secondary chemical shifts
due to the oxygenation of neighbouring carbon atoms was not observed. Through
chemical reactions with NaOH, 3-aminopropyltriethoxysilane, NaCl and NH4ClI,
the peak representing the epoxide functional groups at 534.4 eV was removed,
leaving only the peak representing the hydroxide functional groups at 533.1 eV.
A TGA characterization was performed and the resulting thermogram compared
against changes observed in the C/O ratio of the sample. The analysis revealed
that the exfoliation of GO was caused by the decomposition of OD and that the
removal of OD resulted in a decrease in the C/O ratio. To verify this finding, the
experiment was repeated three months after the initial results and the graph of

the C/O ratio of this experiment is shown in Fig.

106



3.1 The O 1s,/; Spectra in GO

The upward trend of the C/O ratio was retained and variations between Figures
& are explained as follows. The concentration of OD in each sample
of GO can vary and having less OD in this sample resulted in an insignificant
decrease in the C/O ratio between the temperatures of 460 & 520 K. Additionally,
the lower C/O ratios were caused by liquid phase metastability which causes the
formation of difficult to remove carboxyls in GO*+Z,

By comparison with theoretical predictions, and as will be verified later, the
530.9 and 532.3 eV peaks were assigned to carbonyls and carboxyls respectively.
By tracking the proportion of these peaks in the O 1s;/, spectra and comparing
the changes in these values against changes in the C/O ratio, the formation of
carboxyls on the GO sheet between the temperatures of 543 and 561 K was
observed. The change in contribution would have been too subtle to pick up if
only the C 1s1/p spectra were used and this highlighted the importance of the

often overlooked O 1s; /5 spectra in the quantitative analysis of GO.
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Figure 3.13: C/O ratio of a repeat in-situ heating experiment conducted three
months after the first characterization in Fig. The lower C/O ratios are due
to liquid phase metastability that results in the formation of difficult to remove
carboxyls.
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3. XPS STUDY ON GO CHEMISTRY

3.2 Metastability of Aqueous GO

Having the ability to identify the peaks from the O 1s;/, spectra, allows greater
insight into the effect of metastability in GO to be determined®“=?. As shown in
Fig. the longer a dilute suspension of GO was kept at 353 K, the darker the
colour of the suspension became. Here, the GO suspension was kept in air-tight
bottles and a temperature of 353 K was chosen to accelerate the effects of liquid
phase metastability on the suspension®’. Heating was done in the dark and this
ensured that any changes in the colour of the suspension could attributed solely
to the effect of heat on GO. Here, the effect of metastability on the composition
of oxygen functional groups is studied and used to verify the identities of the

carboxyl and carbonyl peaks in the O 1s;/, XPS spectra.

Oh 1h 2h 3h 4h Sh 6h 8h 10h 12h 14h'|8h22h24h 48h72h

; — =

Figure 3.14: Temperature enhanced liquid phase metastability of GO causes the
observed colour change in the GO suspension. The samples came from the same
parent suspension and any changes are due to the effect of heat.

3.2.1 Computation of Functional Group Energies

Functional Group Bond Energy

As mentioned earlier in Chapter[1.2.3.5] the cause of metastability in GO has been
attributed to the motion of functional groups across the graphene basal plane.
This would only be possible if the C-O bond in the various functional groups were
sufficiently weak and to test this, the bond strengths of the functional groups on
the graphene basal plane were calculated using the Vienna Ab-initio Simulation
Package (VASP)#43 VASP simulations use periodic boundary conditions and
the structures used in these calculations consisted of a single functional group on
a graphene sheet with side lengths of three unit cells and the wave functions of the

electrons in the atoms were approximated using ultra-soft psuedopotentials®*42.
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3.2 Metastability of Aqueous GO

Structures were first drawn by manually positioning atoms in three-dimensional
space before they were optimized and the the energy of these systems, E;, recorded.
The convention used here assigned the value of 0 to represent the entire system
and the values 1 to represent the graphene sheet and 2 to represent the func-
tional group. In this way, the bond energy between the graphene sheet and the
functional group, E,, was calculated by subtracting the energy of the components

from the energy of the system:

2
E, = Ey — ) E; (3.4)
=1

The difference between the zero point energy (ZPE) of the system and its com-

ponents, d(ZPE), was calculated in a similar fashion:

2
d(ZPE) = ZPE, — » ZPE; (3.5)

=1

and the ZPE corrected binding energy , EZPF | found to be:

EF® = B, + d(ZPE) (3.6)

In this calculation, only hydroxides and epoxides were considered as the trans-
lation of carbonyls and carboxyls across the graphene sheet would require the
concurrent translation of a broken bond or vacancy respectively. To simplify this
first-level theoretical analysis, the functional groups were assumed to be non-

mobile and no calculations were performed for these functional groups.

To calculate the binding energy of the functional groups on the graphene sheet,
three different binding sites had to be considered as well. These are the bridge
(B), hexagonal (H) and top (T) sites and the functional groups were sited on these
three locations before energy minimization and ZPE calculations were performed.

These sites are shown in the schematic of Fig. [3.15|a).
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Figure 3.15: (a) Schematic showing the bridge (B), hexagonal (H) and top (T)
sites on the graphene sheet where the epoxides and hydroxides could attach them-
selves. (b) The hydrogen in the hydroxide group must be positioned off center with
respect to the perpendicular from the graphene basal plane passing through the
oxygen atom, dotted line.

It was found that the energy of the system with a hydroxide group attached was
minimized only when the hydrogen atom in the hydroxide group was positioned
away from the line made by a perpendicular from the graphene sheet passing
through the oxygen atom. When the hydrogen atom was placed along this line,
the system was unstable and the energy minimized structure required the removal
of the hydrogen atom from the system.

Table |3.5| summarizes the energies of the various systems described and the cal-
culated E, and EZPF values. From this table, it could be deduced that hydroxides
preferred the T-site and epoxides preferred the B-site when bound to the graphene
basal plane. For the epoxides, the B-site was, by far, the most stable binding site
and, neglecting intermediate states, 0.71 eV would be needed to move the oxygen
atom from this site to a T-site. Translation of the hydroxide across the graphene
basal plane came at a lower energetic cost, with a mere 0.15 eV increase in the
energy of the system when the functional group travelled from a T-site to a B-site.
These calculations also showed that, while it might have been possible for both the
hydroxide and epoxide to traverse a H-site during translation, the high energetic
cost involved meant that this motion would not be preferred. Instead, the carbon-
carbon bonds and the carbon atoms in the basal plane could be thought of as
‘railway tracks’ and the functional groups would travel like ‘railway cars’ along
these ‘railway tracks’ if sufficient energy was provided.
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3.2 Metastability of Aqueous GO

Table 3.5: Calculation of system and component energies made using VASP and
the evaluation of binding energies between the functional groups and the graphene
basal plane. All values are in eV and the preferred site for each functional group
is highlighted by the red box.

Monolayer Graphene

E4 -166.06
ZPE,; 6.03
Components
Hydrozide (-OH) FEpozide (-O-)
E, -7.59 -1.60
ZPE, 0.46 -
Systems
Graphene with ~-OH Graphene with —O—
Site B H T B H T
Eo | -174.20 | -174.03 | -174.50 | -170.07 | -168.29 | -169.21
ZPEy | 6.66 6.57 6.81 6.26 6.14 6.10
Binding Energy on Graphene
Hydrozide (-OH) Epoxide (-0O-)
Site B H T B H T
Ey -0.55 -0.38 -0.85 -2.42 -0.63 -1.55
EZPE | .0.38 -0.30 -0.53 -2.19 -0.53 -1.48
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3. XPS STUDY ON GO CHEMISTRY

Molecular dynamic simulation showing an epoxide translation

Using models from the bond energy calculations, molecular dynamical (MD) sim-
ulations were performed and an epoxide was observed to ‘walk’ from one

B-site to a neighbouring B-site. This suggested that, in an ideal graphene sheet,
there was enough energy in the combined buckling of the sheet buckling and vi-
bration of the epoxide oxygen atom to cause the atom to translate across the
surface of the graphene sheet. A series of images showing the translation of this

epoxide is shown in Fig. [3.16

Figure 3.16: Series of images from a MD simulation showing the epoxide func-
tional group ‘walking’ across the graphene basal plane.

System energy reduction due to functional groups coalescing

As a final test in this series of computational experiments, the energy of two
hypothetical GO systems were computed and compared. For simplicity, only
epoxides and hydroxides were used and these functional groups were either ran-
domly dispersed across the graphene basal plane or grouped together in a dense
configuration as shown in Fig. 3.1

After optimizing these systems, it was found that despite having the same num-
ber of atoms and functional groups, the system with functional groups dispersed
across the entire graphene sheet had a higher energy than the system with func-
tional groups collected together. Despite the fact that both the collection and
dispersion of these functional groups was done in a random manner, the total
energy was still observed to have been reduced by 2.31 eV. It would therefore

be reasonable to expect that other more optimized configurations could exist in
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3.2 Metastability of Aqueous GO

Figure 3.17: Images of the structures that were used in the comparison. In (a),
the functional groups are randomly dispersed across the basal plane and when
grouped together as shown in (b) the energy of the system was reduced by 2.31 eV.

nature. The GO sheet with the functional groups collected together was more
energetically stable than the GO sheet with functional groups dispersed across
the entire sheet and this reduction in energy could provide an energy gradient to
promote the coalescence of these oxygen functional groups and be the driver of

liquid and solid phase metastability.

Summary of computation results

The hydroxide and epoxide bond energies with the graphene basal plane were
calculated and it was deduced that the translation of these functional groups
across the graphene sheet would likely be constrained along particular paths.
These paths tracked the bonds between and locations of the carbon atoms in
the sheet and, due to the amount of energy required, the likelihood of either a
hydroxide or an epoxide passing through the H-site was low.

Following this, through a MD simulation, the translation of an epoxide from one
B-site to an adjacent B-site was observed. This happened when the graphene
sheet buckled, temporarily allowing one of two epoxide bonds to break. From
this state and with the acquired momentum, the oxygen traversed a T-site before
finally landing on an adjacent B-site.

Calculations showed that the energy of a system with oxygen functional groups
dispersed across the entire graphene basal plane was higher than that of a system
with the oxygen functional groups coalesced together. This was consistent with
experimental observation and, as was shown in the simulation, that this drove
the transport of functional groups across the graphene basal plane, causing both

liquid and solid phase metastability™.
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3. XPS STUDY ON GO CHEMISTRY

3.2.2 Metastability Induced Changes in Oxygen

Composition

A fresh sample of GO (fresh-GO) was heated in a nitrogen only environment at
573 K for 15 hours and the sample was characterized by XPS. A large volume,
>20 ml, of GO solution was then kept in an air tight darkened bottle for one
year at room temperature. The aged solution was then used to make another
GO sample (aged-GO) which was also subject to the same heat treatment and
characterization. The O 1s;/; spectra of these characterizations are shown in Fig.
[B.18 and the aged-GO sample shows a significant reduction in the proportional

contribution of the C-OH peak. |

Rather surprisingly, the reduction in proportional contribution of the C-OH peak
is not due to a reduction in the concentration of that functional group on GO

but instead is due to an increase in the concentration of the other functional
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Figure 3.18: O 1s;/; spectra of (a) fresh- and (b) aged-GO after heating in
nitrogen environment at 573 K for 15 hours. Comparing the spectra of fresh-
GO with the in-situ reduced sample in Fig. [3.5(b) shows that the presence of a
nitrogen environment changes the composition of functional groups after heating.
Contributions to the C-OH peak come from both hydroxyls and carboxyls.

Section is based on the publication “Identification of functional groups and determination
of carboxyl formation temperature in graphene oxide using the XPS O 1s spectrum”2.

114



3.2 Metastability of Aqueous GO

Table 3.6: Breakdown of the actual number of oxygen functional groups in the
fresh- and aged-GO samples per 1000 carbon atoms.

\ \ Fresh GO \ Aged GO \
C/O ratio 6.10 4.70
Number of
Oxygen Atoms 164 213
Functional Percentage | Number of | Percentage | Number of
Group / % Atoms / % Atoms
C=0 20.8 34 29.0 62
COOH 25.5 42 26.8 57
C-OH 43.6 72 32.7 70
Cc-0-C 10.1 16 11.5 24

groups, as shown in Table[3.6] In these samples, the C/O ratio of the fresh- and
aged-GO samples were 6.10 and 4.70 respectively and overall, the C/O ratio in
these samples was higher than the C/O ratio of the samples heated in a vacuum.
Calculating the number of oxygen functional groups per 1000 carbon atoms in
the sample in absolute terms showed that the number of C-OH bonds had not
changed in either the fresh or aged sample. Instead, liquid phase metastability
had resulted in the formation of more C=0 and COOH functional groups per
1000 carbon atoms after heating at 573 K.

To further understand this difference, the UV-vis absorption spectra of the fresh-
and aged-GO were compared. Samples of the same thickness were deposited
by ultrasonic spray deposition onto quartz substrates and the UV-vis spectra
obtained from this characterization shown in Fig. [3.19. The point of maximum
absorption occurred at 230 nm and the intensity of this absorption was the same
in both samples. Following this, at longer wavelengths, a broadband increase in
absorption was observed as well as the widening of the shoulder occurring at 300
nm. Saxena et al. concluded that the characteristic peak at 230 nm was due to
a m — m* transition and that the shoulder at 300 nm was caused by a n— 7*

transition, commonly associated with the presence of peroxide bonds“”.

Knowing that the sample thicknesses were the same, the similarity in absorbance
of the peak at 230 nm showed that the number of sp? hybridized carbon atoms in
the samples had remained unchanged. Following this, the increase in absorption

at 300 nm was evidence that the oxygen atoms had clustered together, forming
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Figure 3.19: UV-vis spectra of fresh- (thin black line) and aged-GO (thick red
line) thin films deposited by ultrasonic spray, with the aged sample showing a

broadband increase in absorption. The characteristic peak at 230 nm and the
shoulder at 300 nm are due to the # — 7* transition and peroxide absorption.

regions of high oxygen concentration on the GO flake and this was in line with
the expectations of liquid phase metastability®”. Additionally, the clustering
of oxygen atoms also allowed for the overlap of domains of un-functionalized
carbon atoms to give graphitic domains which were responsible for the broadband
increase in absorption observed=’,

Further evidence for the clustering of the oxygen functional groups on the GO
flake can be obtained by use of Tauc plot*®4? The theory and calculation details
were discussed in Chapter and Mathkar et al. have shown that the optical
bandgap on GO is directly related to the concentration of oxygen functional
groups on the flake®”. The Tauc plot of the fresh- and aged-GO samples are
shown in Fig. [3.20] and, at 2.24 eV, the optical bandgap of fresh-GO is shown
to be larger than the optical bandgap of aged-GO at 1.41 eV. As mentioned
earlier, the shoulder at 4.1 eV (A = 230 nm) is due to peroxide absorption and
is ignored for the determination of the optical bandgap. The higher C/O ratio
and optical bandgap of fresh-GO means that though lower in concentration, the
oxygen functional groups were well dispersed across the graphene sheet and the
lower C/O ratio and optical bandgap of aged-GO indicated that there were regions

on the sample that had a very low concentrations of oxygen functional groups.
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Figure 3.20: Tauc plot of fresh- (thin black line) and aged-GO (thick red line) in
an indirect allowed transition. The calculated optical bandgap of the samples are
2.24 and 1.41 eV respectively.

Additionally, Zhou and Bongiorno have shown, using nudged elastic band density
field theory calculations, that the energy of a system is reduced by between 0.1
to 0.8 eV when two oxygen functional groups are placed in close proximity of
one another®!. This means that the formation of oxygen rich domains on the
GO material is energetically favourable and provides a strong motivation for the
clustering effect to occur.

Having shown that the oxygen functional groups in aged-GO are positioned closer
together than in fresh-GO, any differences in the composition of these groups on
GO after heating at 573 K must be due to the increased proximity. In their
work, Zhou and Bongiorno had also shown that (i) when hydroxyls are placed in
close proximity the formation of an epoxide with the release of a water molecule is
exothermic and has a lower activation energy of 0.5 eV and (ii) when two epoxides
were placed in close proximity, the formation of carbonyls was exothermic with
an activation energy of 0.8 eV®L, This explained the observations listed in Table
[3.6] where there was an increase in the number of epoxide, carbonyl and carboxyl

groups in the aged-GO sample.
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3.2.3 Determination of Carbonyl and Carboxyl Peaks

To differentiate the carbonyl peak from the carboxyl peak in the O 1s;/, XPS
spectrum, the mechanics of formation of these functional groups in GO must be
discussed. Ignoring edge states, the formation of carbonyls from two epoxides
involves the breaking of C—C bond on the basal plane while the formation of a
carboxyl creates a vacancy on the basal plane, as shown in Fig. [3.21 |

In Chapter [3.1.3.1], it was shown that after removing OD, a majority of oxygen
functional groups were bound to the GO flake as either hydroxyls or epoxides with
a small but measurable quantity of carbonyls and carboxyls on the plane. Since
(i) an epoxide is formed from two hydroxyls, (ii) two carbonyls from two epoxides
and (iii) a carboxyl from a carbonyl and a hydroxyl, the closer positioning of the
functional groups in aged-GO, as compared to fresh-GO, meant that there was
a higher likelihood that carbonyls and carboxyls would form. As shown in Table
[3.6] while the number of hydroxyl groups in the aged sample was similar in both
the fresh- and aged-GO samples, the number of carboxyls had increased and
this meant that electrons contributing to the C-OH peak must have come from

carboxyl groups.

@) B A b (0)

Figure 3.21: Schematic of (a) two adjacent epoxides that result in the formation
of (b) two carbonyls and (c) the creation of a vacancy on the basal plane due to
the formation of a carboxyl group (carboxyl is shown projected into the plane).
The carbon plane extends beyond what is drawn here and the carbon atoms are
represented in grey, the oxygen atoms in red and the hydrogen atoms in white.

Section is based on the publication “Identification of functional groups and determination
of carboxyl formation temperature in graphene ozide using the XPS O 1s spectrum”2.
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Understanding that the formation of a carboxyl group requires hydroxyls, it be-
comes obvious that this is also a self limiting reaction. Without referring to
Table 3.6] it should be clear that the formation of more carboxyls in the aged-
GO sample leads to there being fewer free hydroxyl functional groups present in
the sample. This also means that there are now fewer hydroxyls to react with the
newly formed carbonyls to form carboxyls and, as shown in Fig. [3.21] the forma-
tion of a carboxyl group incurs the creation of a vacancy and two dangling bonds
that are easily terminated with carbonyls, while the formation of two carbonyls
can occur when two epoxides meet on the same pair of carbon atoms®. As such,
when compared against the fresh-GO sample, the rate of carbonyl formation is
expected to exceed the rate of carboxyl formation in the aged-GO samples.

Per 1000 carbon atoms, the 62 carbonyls in the aged-GO sample was found to
be nearly double the 34 carbonyls in the fresh-GO sample, see Table 3.6 At the
same time, the 57 carboxyls in the aged-GO sample was 36 % greater than the
42 carboxyls groups in the fresh GO sample. This shows a greater increase in
the number of carbonyls than carboxyls in the aged-sample after heating and is

in line with the above theory.
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3.2.4 Effect of Metastability on TGA

Metastability on GO manifests itself as a clustering of the oxygen functional
groups on the graphene basal plane, and as shown in Fig. [3.22] the peak differ-
ential temperature and region of constant mass loss are increased by about 5 K
as well. While the overall shape of the thermogram is similar to that of fresh-GO
in Fig. the increased temperature of the peak of the differential curve and
region of constant mass loss show that, just like GO, OD is subject to the effects
of metastability as well.

As was shown in Table[3.6] the main effects of metastability on GO are a decrease
in the C/O ratio and a more than proportional increase in the number of C=0
bonds in the aged-GO material. As the the bonds between oxygen and carbon
atoms are converted from weaker single bonds to stronger double bonds, the
activation temperatures for chemical processes occurring in GO are expected to

increase as well as evidenced by the higher onset temperature shown in Fig. |3.22
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Figure 3.22: TGA thermogram of aged-GO has a similar shape to that of fresh-go
in Fig. 3.8l The peak of the differential curve occurred at 480 K and the region of
constant rate of mass loss was between 517 and 560 K. These temperatures were
about 5 K higher than those in the fresh-GO sample.
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3.3 Low Oxygen Content GO

The assignment of the the O 1s;/; peaks was tested on a specially prepared
sample of edged-functionalized graphene oxide (EFGO) from Garmor, Inc®4. The
company claims that oxygen functional groups in EFGO were present only on
the edge of the graphene sheet and the pristine hexagonal lattice maintained
on the basal plane of the flake. A sample of this material was subject to XPS

characterization and the C and O 1s;/, spectra are shown in Fig. |3.23

The C/O ratio of this sample was found to be 6.7 and despite the unique method
of production, the C 1s;/, electron binding energy of this sample was found to
be similar to that of GO made by the Hummer’s method shown in Table [3.1]
The peak fitting results are summarized in Table and the binding energy of
O 1sy/3 electrons was found to match the values found for GO produced by the
Hummer’s method listed in Table . From the peak fitting results of the C 1s; /5
spectrum, it appeared that the C-OH and C-O-C bonds were present in higher

C1s O 1s

Intensity (Arb. CPS)

1 L L L L " L " 1 " 1 " L L L L 1

294 292 290 288 286 284 282 536 534 532 530 528

Binding Energy (eV) Binding Energy (eV)

Figure 3.23: XPS characterization spectra of the C and O 1s;/; electrons in
EFGO. As expected, the low oxidation level results in a C 1s;/, spectrum con-
sisting mainly of electrons from sp? hybridized carbons, with some low area peaks
representing the oxygen bound carbon atoms occurring at the edge of the sam-
ple. While it would be difficult to find the contributions of the functional groups
by peak fitting of the C 1s;/5 spectrum, this was much easier when the O 1sy/9
spectrum is used.
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3. XPS STUDY ON GO CHEMISTRY

Table 3.7: Fitting details of EFGO with a C/O ratio of 6.7. The C 1s /2 spectrum
is dominated by a high area peak at 284.7 eV, making the deconvolution of the
spectrum difficult. As compared to the C 1s; /5 spectrum, the O 1s; /2 spectrum can
be fit to a higher with greater confidence, with more accurate quantitative results.

C 1s)o O 1s;)9
F“éﬁf)il‘l’;lal ?eEV FWHM %Area }38]% FWHM %Area
coon |27 10 w2 [Ees g O
Coo |4 102 | gie (0
C=C/C-C |284.7 0.9 85.5

concentration than the C=0 and COOH bonds. However, the accuracy of this
observation is limited by the high area peak representing electrons from C=C and
C-C in sp? hybridized carbon atoms, making it difficult to find accurate fitting
values for these peaks.

On the other hand, using the O 1s; /» spectrum allowed the composition of oxygen
functional groups in the material to be decided with greater confidence. As shown
in Table[3.7] the functional groups appeared in roughly the same proportion in the
material, unlike GO produced by the Hummer’s method in which a majority of
the functional groups in as-prepared GO are in the form of epoxies and hydroxyls.
Besides this, the data was also used to verify the assignment of the C=0 and
COOH peaks. As the contribution to the C—OH peak comes from both the
hydroxyl and carboxyl groups, this meant that the area of the COOH peak in
the sample can be, at most, equal to that of the C-OH peak and can never be
greater. The contribution to spectral area of the 530.9 eV peak is 4.6 %higher
than the contribution to the spectral area of the C—OH electrons at 533.2 eV.
This rules out the assignment of the COOH group to the peak with a binding

energy of 530.9 eV and confirms the assignment to a carbonyl group.
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3.4 FeCl; in GO

3.4 FeC13 in GO

In an attempt to adapt the stellar TCE properties of graphene intercalated with
FeCl; onto a GO, a sample was made by mixing FeClz with GO at mixing con-
centrations of 0 to 15 %?. While the resulting films had less than spectacular
TCE properties, the cause of these poor results were explained by studying the
XPS spectra of these samples.

The introduction of FeCly meant that new peaks would be introduced to the
O 1sy/2 spectrum and this introduced new challenges into the deconvolution of
the spectrum. Due to the oxidation state independence of the binding energy of
the O 1s;/3 electrons, the Fe 2ps/, spectrum would be required in this analysis.
As such, the use of Fe multiplet theory is fundamental to this study and this
theory will first be covered®®. Subsequently, the theory will be used to analyse
the experimental findings and conclusions drawn to explain the lack-lustre TCE

properties of GO mixed with FeCls.

3.4.1 XPS of GO mixed with FeCl;

In 2012, Khrapach et al. showed that intercalating FLG with FeCls allowed the
fabrication of a small TCE that had a sheet resistance of 8.8 /00 and a trans-
mittance of 84 %, giving a 0q4./0,, value of 2354, In this experiment, varying
quantities of FeCl3 was mixed with GO and the resulting mixture spray-coated
onto a glass substrate. The samples were then heated at either 473 or 573K in
a nitrogen environment and the resulting TCEs characterized for transmittance
and sheet resistance. These measurement values and the corresponding calculated
Odc/0op Values are tabulated in Table .

As FeCls decomposes at ~523 K, the difference in performance of the TCEs in
these two scenarios is expected to be due to the effect of FeCls decomposition®4.
The close proximity between the decomposing FeCl; and the oxygen atoms in
GO would allow the possibility of a chemical reaction to occur and this would be

observable in the O 1s;/3 spectra as shown in Fig. |3.24]
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3. XPS STUDY ON GO CHEMISTRY

Table 3.8: Characterization details of GO mixed with FeCls. The o4./00p values
fall with increasing FeCls concentration when heated at 473 K and the trend was
reversed when the samples were heated at 573 K. % T — Transmittance at 550 nm,
Rgn — sheet resistance.

Doping / vol% | % T / % Ren / kQ O | 04c/00px1073
g 0.0 95.5 - -
é; 5.0 87.2 - -
2 10.0 83.6 - -
2 15.0 77.8 - -
< 0.0 7.7 322 4.36
= 50 67.3 446 1.93
< 10.0 63.6 862 0.863
3 15.0 60.4 1170 0.563
= 0.0 76.7 163 8.14
= 5.0 55.6 49.6 11.2
< 10.0 491 34.4 12.8
s 15.0 39.2 23.2 13.6

Name Pos. FWHM % Areat—————— | Name Pos. FWHM % Area
Fe O 530.0 1.3 1.0 Fe O 530.0 1.4 A

COOH 53324 1.3 18.0 COOH 531.1 1.5 227

Intensity (Arb. CPS)

ST3K
U T T T T T T T
536 534 532 530 528 536 534 532 530 528

Binding Energy (eV) Binding Energy (eV)

Figure 3.24: As the heating temperature is increased from (a) 473 to (b) 573 K,
the area of the C=0 peak decreases and the area of the Fe,O, peak increases.
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3.4 FeCl; in GO

From the O 1sy/, spectra it was possible to deduce that the presence of FeCls
increases the likelihood of carbonyl and carboxyl formation, with a majority of
the hydroxide functional groups present bound in a carboxylic group. As the
heating temperature and FeCls concentration were increased, carbonyl release
was favoured and this may be responsible for the significant decrease in sheet
resistance of the samples. However, the binding energy of the O 1s;/; electrons
in oxygen atoms bound to metallic cations were not useful in determining the
oxidation state of the cation that the oxygen atom was bound to. This statement
will be explained in a later section, but on the positive side, the same Fe,O, peak

can be used to verify the accuracy of the assigned peak binding energy values.

3.4.1.1 Binding Energy of Metallic O 1s,/; Electrons

In a series of articles, T. Yamashita & P. Hayes had a discussion with E. Paparazzo
on whether the binding energy of the O 1s;/; electrons were affected by the
oxidation state of the metal that the oxygen atom was bound to®"®”. Yamashita
& Hayes claimed that the oxidation state of the O 1s;/; electrons were unaffected
by the oxidation state of the metal and showed this with oxides of iron®%¢".
However, Paparazzo had shown earlier that for a given first row transition metal
oxide, the O 1s;/, binding energy increased with decreasing oxidation number of
the cation and reported a linear binding energy shift of up to 0.5 eV from Fe,O3
to Fe;_, 006162

However, it should be noted that a binding energy of 529.3 eV for the O 1s;/,
electrons in FeyO3 is unusually low and this shift could instead be caused by
the formation of metal bound hydroxides as shown by Mclntyre & Zetaruk® 63,
In their work they showed that the binding energies of the O 1s;/, electrons
in FeOOH formed two distinct peaks at 530.0 +0.2 and 531.1 0.2 eV with the
former peak being assigned to electrons from the oxygen atom and the latter peak
assigned to electrodes from the oxygen in the hydroxide group.

To verify this, data on the binding energy of O 1s;/, electrons was collated from
XPS experiments that involved transition metals from the first row of the pe-
riodic table. This data is displayed in Table [3.9] and is arranged according to
the oxidation number of the transition metal and corrected to a C 1s;/5 electron

binding energy of 284.7 eV.
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3. XPS STUDY ON GO CHEMISTRY

Table 3.9: O 1sy, electron binding energies from oxygen atoms chemically bound
to transition metals (Me) as Me, O, or Me,(OH),. The Me are from the fourth row
of the periodic table and are at various oxidation states. All values were corrected
to a C s/, binding energy of 284.7 eV.

Binding Energy / eV
Element Oxidation State Ref.
1+ 2+ 3+
530.1 0.2
52 64
2101 (OH - +1.7) | &4
530.0 .
55 |
22Mn 530.0 (OH = +1.2) [64]
530.0 0.3
26 61H64
S9Fe 530.0 (OH = +1.4) [ |
530.1 +0.2
59 1
0 (OH = +1.3) =
529.4 +0.1
59NT; |
s (OH = +1.6) (6]
530.2 [65]
SaCu 530.2 ( OH52_91 1.0) [66]
530.3 [67]
yALH 529.8 [66]]

With the exception of nickel which has a low binding energy, it was observed
that, regardless of oxidation state, the binding energy of electrons in the O 1s; /9
orbital of oxygen atoms chemically bound to transition metals is 530.0 £0.2 eV
and that the binding energy of a similar electron in a hydroxide chemically bound
to the same transition metal is at least 1.0 eV higher. While this meant that it
would be impossible to identify the oxidation number of the transition metal from
the O 1s;/5 spectra, it became exceptionally useful when correcting the spectra
for charging effects. The binding energy of electrons from the O 1s;/, orbitals
could be used as a reference point and the binding energy values of the oxygen
functional groups in GO could be verified independently.

By taking reference from the O 1s;, peak from Fe,O, the binding energy values of
the same electrons from the different functional groups on GO could be confirmed.
Using the table in Fig. (b), the binding energies of the O 1s; /5 electrons in
carbonyls, carboxyls, hydroxyls and epoxides on GO are 530.8, 532.1, 533.0 and
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3.4 FeCl; in GO

534.2 eV respectively and are within 0.2 eV values found for GO in Table3.3|and
EFGO in Table 3.7 This result confirmed the accuracy of the assigned binding

energy values of the various peaks.

3.4.1.2 Multiplet Theory

The multiplet structure in a XPS spectra originates from an interaction between
the partially filled core shell after photoionization and the presence of an un-
paired electron in the outer shell. This interaction affects the kinetic energy of
the photoemitted electron and results in the formation of a multi-peak envelope
in the observed spectrum. Gupta & Sen calculated the multiplet spectra from
this interaction for free ion states, accounting for electrostatic and spin-orbit in-
teractions on the Hartree-Fock model and the resulting spectra is shown in Fig.
.25] By performing a peak fitting on the graphs, the binding energy and relative
areas of these multiplet peaks would be identified®?.

(a) M\ Fer |(b) N\ Fer |1(c) A Fe

TE 5 43210
Energy ioV)

Figure 3.25: (a) Original graphs of multiplet peaks by Gupta & Sen, (b) the fitting
of these multiplet peaks to find the relative contributions and binding energies of the
individual components in the envelope and (c) similar fitting made by Grosvenor
et al. with the observed difference in the Fe?* spectrum circled in red. The graphs
are drawn to the same scale and five peaks are required to achieve an adequate fit.
Reprinted with permission from reference [[53]. Copyright 1975 by the American Physical Society.
Reprinted with permission from reference [68]. Copyright (© 2004 John Wileyand Sons.
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The data from the original article was extracted first by digitizing the original
data and the resulting envelope was characterized by peak fitting using peaks that
had the same FWHM. The relative areal contributions and binding energies of
the various peaks from this peak fitting for the Fe?* and Fe3™ multiplet envelopes
are shown in Table [3.10] Notably, despite having been calculated for free ions,
these multiplet peaks have been successfully used to analyse oxidized transition

metals at various oxidation levelg@3#04:68

The breakdown of the individual peak components were listed in the work by
Grosvenor et al. and a check revealed a noticeable discrepancy between the orig-
inal calculated data and their multiplet envelope®. The multiplet envelope for
the Fe?* ion is shown and the difference highlighted in Fig. (c) 008 Tnstead

of three peaks, using five peaks are required to give a good fit to this envelope.

This distinction is important because while only three peaks are rightfully ex-
pected from a basic coupling schemes, the inclusion of a spin-orbit component
may have caused a splitting of the levels®”. As such, it would be more accurate to
approach peak fitting from this perspective and, rather than force a fit with three
peaks, five peaks should be used to fit the Fe** spectrum. Doing this ensured
that the widths of the peaks in both the Fe?T and Fe3* were the same and this
is in line with the basic principles of Gupta & Sen®?. As a final point, although

Table 3.10: Summary of the peak areas and binding energies (B.E.) in the mul-
tiplet envelopes of the Fe?T and Fe?* ions, followed by the values from Grosvenor
et al. Here, B.E. values are referenced to the first peak in the Fe?t envelope, while
Grosvenor et al. referenced the first peak of each envelope at 0 eV. The %Area
values in each envelope sum to 100 % and the peaks have a FWHM of 1.05 eV.

| Peak | 1 2 3 4 5 |

2] po2r BE /eV] 0 407 +15 +20 +3.3
2 %Area | 19.3 214 193 250 15.0
2| pest BE. /eV | 4+01 +1.7 +31 +3.7

= %Area | 40.6 304 21.0 8.00

5| pezt BE. /eV| 0 +14 +30

§ %Area | 36.1 464 17.5

5| pedt BE /eV| 0 +1.6 +29 +35

@, %Area 399 304 196 10.1
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the distinction between three and five peaks in multiplet envelope is of theoret-
ical significance, random errors in a typical characterization may be larger than
the difference described here and the use of the experimental data compiled by

Grosvenor et al. was sufficiently accurate.

3.4.2 Chemistry of FeCl; and GO

An aqueous suspension of GO was mixed with 15 vol% of FeClz and the resulting
mixture deposited onto a glass substrate. Upon standing the mixture, a light
green tint was observed at the top of the mixture, while the bulk of the mixture
remained dark brown and orange. Just like it was in the GO experiment, the
temperature of the sample was raised incrementally and the sample was charac-
terized by XPS after each temperature increment. The resulting Fe 2p3/, spectra
are shown in Fig. [3.26] and the main peak is observed to shift slightly towards
lower binding energies as the heating temperature was increased.

The contributions of the various iron containing compounds were subsequently
identified by application of the multiplet peak envelopes that were recorded by
Grosvenor et al.®® An example of a good fit using the correct set of multiplet
peaks and a poor fit using an incorrect set of multiplet peaks is shown in Fig.
3.27] In this example, the sample consisted of almost equal concentrations of
FeCl, and FeCls and is in line with the observation from Fig. that there is
negligible contribution from the Fe, O, peak to the spectrum at 473 K.

The presence of Fe?" ions in the mixture explained why a green tinge was observed
when standing the mixture and this meant that FeClz had hydrolyzed under these
conditions. The reactions between these reactants complicated understanding of
the system, but by studying the products of this reaction some insight could be
developed.

In this example, a pre-peak and a surface peak were used and this practice was
consistently used throughout the fitting process®®. The surface peak is a spectral
feature the arises due to electron energy loss to the surface of the sample, while
the pre-peak is a peak that appear just before the first Fe multiplet peak in the
spectrum®. Following through for all the Fe 2ps /2 spectra, the relative contribu-

tions of the various ferric compounds in the sample were tracked and are listed
in Table B.111
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l

Intensity (Arb. CPS)

I
720 716

| |
712 708

Binding Energy (eV)

Figure 3.26: Series of Fe 2p3/9 spectra from a mixture of FeCl and GO as the
heating temperature was increased from 473 to 573 K. The low binding energy
edge of the spectra was observed to shift towards lower binding energies as the
temperature was increased.
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Name Fos. FWHM e Area Name Pos. FWHM %o Area
FPre-peal 'l‘q'w Lo 8.7 P CT!:E:‘L "f._l" - L -.'.: l).l.
LR 12 Fed(D) 7087 14 121
7105 17:3 FeQ (I} 7089 16 15:1
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Figure 3.27: Fitting of Fe 2p3/, spectra from GO mixed with FeCl; heated at
473 K. (a) Fit made using FeCly and FeCl; fits the spectrum well, while (b) which

is fit using FeCls and FeO is shown to be a poor fit.

Table 3.11: Relative contributions of FeClg FeCly and FeO in the sample as the
temperature increased from 473 to 573 K and a graph of these values.

Temperature | Relative contribution / %
/ K FeCl; FeCl, FeO
473 49.0 51.0 0.0
493 254 74.6 0.0
513 27.5 47.2 25.3
533 0.0 45.3 o4.7
953 0.0 18.3 81.7
573 0.0 194 80.6
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The multiplet envelopes were distinct and only the combination of iron com-
pounds used in this table could be used to fit the Fe 2ps/, spectra. No other
combination of multiplet envelopes, at any relative concentrations, would be able
to fit the spectra as well. For the samples with Fe,O, in the O 1s;/, spectra the
use of multiplet envelopes made it was possible to confirm that it was FeO and

not Fe;O3, Fe30O4 or FeOOH that was present in the sample.

At a temperature of 473 K, the oxidation state of the Fe ion was reduced from
3+ in FeCls to 2+ in FeCl,. This had the effect of increasing the carbonyl
concentration in GO, as was shown in Fig. [3.24] and comparing this against
the O 1sy/5 spectrum of GO at the same temperature (Fig. the increase in
carbonyl concentration can be understood as follows:

i. Fe3t in FeCl; is reduced to Fe?* in FeCl, and a chlorine anion is released

ii. GO is oxidised when a hydroxyl functional group loses its hydrogen and the
remaining oxygen atom forms an epoxide in the flake

iii. The increased formation of epoxides results in an increased concentration
of carbonyls in GO

iv. The carbonyls do not become carboxyls because there are no hydroxyl
groups remaining, as evidenced by the equal %Area of the peaks repre-
senting carboxyls and hydroxyls in Fig. [3.24|a)

v. The redox reaction was subsequently balanced by the formation of HCI

which can escape from the sample at elevated temperatures

As the temperature was raised, the FeCl, and FeClz molecules decomposed and
the Fe cation would be attracted to the electron rich oxygen atoms in the carbonyl
groups on GO. The atoms are chemically bound to form FeO and this remains
on the sample, while the remaining chloride ions can react to form chlorine gas.
Here, the GO is reduced by the removal of the oxygen atom, while the chlorine

atoms are oxidised when the gaseous chlorine is formed.

The equation for these reactions are represented as:

GO-(C-OH) + FeCl, — GO—~(C=0) + FeCl, + HCI (3.7a)
GO—(C=0) + FeCl, 3 rGO + FeO + Cl, (3.7Db)
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3.4 FeCl; in GO

The presence of FeCls in the sample facilitated the formation and subsequent re-
moval of the carbonyl groups in GO and gave rise to the improved sheet resistance
values shown in Table |3.8] However, due to the presence of FeO in the resulting
film, the transmittance values of these films were far too low for practical use
in TCEs. Considerable effort was spent into finding methods of FeO removal
from the reduced GO sample, however no satisfactory method was found. In the
following chapter, the use of GO in TCEs will be explored.
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4

Graphene Oxide Transparent
Conducting Electrodes

Ultrasonic spray deposition was chosen as the method to fabricate a transparent
conducting electrode (TCE) using GO. It allowed the reliable and repeatable fab-
rication of films while a high degree of control over various deposition parameters
could be maintained. These parameters included concentration of the suspension,
temperature of the substrate during deposition, the size and material that the
substrate is made of.
This chapter begins with a theoretical study of the optimal thickness of a GO
TCE based on the figure of merit (FOM), followed by a series of experiments
that incrementally improve the FOM of the GO based TCE. The challenges were
approached systematically with the various stages of development as follows:
Phase 1 — Spray deposition parameters

e Develop a baseline for the performance of a GO only TCE

e Establish ideal deposition parameters that give a good TCE
Phase 2 — Improving the reduction of GO

e Reduce sheet resistance by increasing the degree of reduction of GO

e Build on previous knowledge to optimise film thickness
Phase 3 — Addition of conductive network

e Find ideal method of using nanowires in the TCE

e Testing of network stability
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4. GRAPHENE OXIDE TRANSPARENT CONDUCTING
ELECTRODES

4.1 Calculating Optimal Film Thickness

In Section the sheet resistance and transmittance values of graphene were
related to the thickness of the film by Equation (1.11) and (1.12) respectively.
The equations were then combined to give a FOM for the TCE by calculating

the 04./0,p value of the film:

e (Caok A @)

The number of GO layers present in the sample had to be a discrete integer

number of monolayers and since these monolayers have a fixed thickness per
monolayer and parametrizable sheet resistance and absorbance values, the FOM
can be converted into an equation that is a function of the number of layers of GO
present. Using N to represent the number of layers in the sample, the equations
for the sheet resistance, Ry, (N), and the transmittance, T (N), are

1 280 R
Ra(N) = oo = = 0/0 = 7 0/ (4.22)

2
T(N) = (1 =7a)" = (1= 7))V = (971" % = 1'% (4.2b)

where e = 1.602 x 107! C is the elementary charge, pu = (~10° c¢cm?/Vs) is

2

the carrier mobility, n; ~ 2.22 x 10'%m~2 is the approximate intrinsic carrier

concentration in graphene, N is the number of layers, a ~ % is the fine structure
constant and ¢ = 3 x 10® m/s is the speed of light™ . The value 2820 in the
numerator of Equation (4.2a) is an estimate and depends on n; which is in turn

depends on the doping concentration of the layer.

For visual clarity, the symbols Tj and Ry were used to represent the transmittance
and sheet resistance values of a monolayer of the graphene material, and the FOM

equation becomes

-1

(4.3)

L, 2 fo
VIV Zy
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4.1 Calculating Optimal Film Thickness

Taking the differential of Equation (4.3]) with respect to N,

ode N
dzee d Zy | NIy
AN dN2Ry |y _p%

x y (4.4)
7z | T (1 + Nn(Ty) - T, )

2 (1-T)

Since Zj is a constant and Ry and Ty were constants for the system, it would be
interesting to consider the effects of varying N for various Ty values. Requiring N
€Z,N>1and 0 < Ty <1, only the determinant term, (1 + N1In(Tp) — Tﬁ),
was of concern in this derivative; all other terms in the equation had a positive
value. However, the determinant does not factorize neatly and it was instructive
to graph it as a function of N for different values of T as shown in Fig.

Change in determinant as a function of N and TG

B
.
Z o
= 4
T | ——To0% \K
zZ | —e—T=70% \
+
~ g4 —=—T,=50% N
] —=—T,30%
i T,=10%
1 2 3 4 5

Number of Layers

Figure 4.1: Graph showing how the determinant in Equation changes for 1
< N <5 and Ty = 10, 30, 50, 70 & 90%. For all values of N, the number of layers,
and Tp, the transmittance of a monolayer, the determinant is negative; this means
that the derivative of g—jc with respect to N is always negative and that the highest
FOM value obtainable for any system is from a monolayer.
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4. GRAPHENE OXIDE TRANSPARENT CONDUCTING
ELECTRODES

The determinant was negative for all allowed values of N and T, and this meant
that the derivative in Equation (4.4) was also negative for all allowed values of N
and Ty. In making a TCE, adding a layer over the absolute minimum number of
layers required had the effect of reducing the TCE properties of the film.

This meant that the design principle behind fabricating a TCE using a layered
material was to use the minimum number of sheets necessary to achieve the
mechanical or conductive properties required of the film. The sheet resistance
would then be reduced by increasing the carrier concentration of each sheet of
the layered material.

While this theoretical background demands that TCEs be fabricated from the
thinnest layers possible, other parameters exist to guide the fabrication process
as well. Uniform surface coverage is required for good TCE fabrication and the
random deposition pattern emitted from the nozzle during spray deposition may
make it difficult to achieve a uniform deposition within one pass. Additionally,
the arrangement of the GO flakes may change depending on how the layers are
deposited and this may also have an effect on the resulting deposition and inter-
actions that may occur due to the volume of suspension infused or the rate of
nozzle motion may not have individually identifiable effects.

In the following section, these interactions were explored experimentally in order
to characterize the effect of spray deposition parameters on the FOM of the
resulting TCE.
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4.2 Phase 1 — Spray Deposition Parameters

In the early stages of the Ph.D. work, films were fabricated with the goal of
characterizing chemical information from the sample and control of the deposition
was not considered. This changed when it came to the use of GO in the fabrication
of TCEs. As GO is a highly transparent material, even more transparent than
graphene, and ultra thin samples were required, it was near impossible to observe
any colour changes on the transparent glass panel after deposition which would
have indicated successful film fabrication. Typically, it was only after thermal

reduction that the films would become visible on the glass panel.

The trick used to confirm that GO had been deposited onto the glass panel was to
observe the subtle change in the colour of the edge of the panel after deposition.
While the absorbance by a few layers of GO present would be insufficient to
noticeably change the colour of light passing perpendicularly through the glass
panel and GO layers, the light that is emitted from the edge of the glass panel
arrives at the panel edge through a less direct route and in the process, the colour
of the emitted light is changed.

After passing through the deposited GO film, the light beam enters the glass panel
where, at the appropriate incidence angle, the light beam could undergo multiple
internal reflections. The beam of light continues to propagate down the length
of the glass panel and each time it was reflected of the top of the glass panel, as
shown in Fig. it would interact with the GO film. Interaction of the light
ray with GO resulted in the reduction of the intensity of some wavelengths while

achieving a good reflection of other wavelengths. At the end of these reflections,

Reflected beam Incident beam

Glass Panel

Figure 4.2: Schematic of a series of internal reflections occurring within the glass
panel that imparts a brownish hue onto the light that is emitted from the edge of
the glass panel when a layer of GO is deposited.
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the light beam would have interacted with the GO film a sufficient number of
times such that certain wavelengths were ‘selected’.

The colour of light emitted from the edge of a normal glass panel was bluish-
green and when a thin, nearly transparent layer of GO deposition was deposited
onto the glass panel, the colour of the light emitted from the edge turned slightly
brown. This observation gave confidence that a layer of GO had indeed been

deposited onto the glass panel.

4.2.1 Optimization of parameters

Having developed confidence in the deposition technique, the deposition of a
thin layer of GO was optimized by designing an experiment that would deposit
a constant volume of GO suspension onto the glass panel, while varying the
deposition parameters used to deliver the suspension. As the final volume of GO
suspension used in the TCE may also influence the quality of the final film, this
characterization was made starting with an arbitrary volume of GO.
Three parameters could be varied in the deposition process and they were the:
(i) suspension infuse rate,
(ii) number of passes per deposition cycle and
(iii) speed of nozzle motion.

These parameters were related according to the following equation:

Infuse rate x Number of passes

Nozzle move speed = Constant volume (4.5)
A total of 16 different combinations of deposition parameters were used and these
are summarized in Table 4.1l The infuse rate was varied between 0.025 and 0.100
ml min~!, for between one and four deposition passes and the nozzle head move
speed adjusted according to Equation . The width of the spray cone was
approximately 20 mm and the volume of solution deposited onto each sample
was estimated at 4.0 nl mm~2. The concentration of the GO suspension here was
5.0 mg ml~! and the GO suspension was deposited onto the glass panel with a
coverage of about 1 x 1078 g mm~2. As a point of comparison, a monolayer of
graphene weights 3.8 x 107!° ¢ mm™2 and dividing the mass of of GO deposited

by this value gives an estimated deposition of 20 monolayer of GO in the film."?.
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Table 4.1: Tabulated values of the required spray head move rate for a given
suspension infuse rate and number of deposition passes used in this experiment.

Infuse rate 1 9 3 4 Number of

/ pg ml~1 Passes
25.0 10.4 20.8 31.2 41.6 Nozzle
50.0 20.8 41.6 62.5 &83.3 move
75.0 31.2 62.5 93.7 125 speed
100 41.6 833 125 167 / mm s !

GO was deposited onto cleaned glass panels according to the parameters in Table
[4.1] with two samples being made for each set of deposition parameters. After
deposition, the samples were thermally reduced by heating at 573 K for 15 hours.
Following this, the samples were characterized for sheet resistance using the jig,
for transmittance using the spectrophotometer and for thickness by atomic force
microscopy. These average of these characterization values, along with the calcu-
lated o4c/00p value are tabulated in Table

While the experiment was planed such that the same volume of material would
be deposited on every sample, the data in Table showed that the depositions
were not as similar as would have been expected. This was likely caused by
dynamic interactions that happened between GO and the glass panel during
spraying; adhesion between the glass panel and GO may be different just before
GO arrived at the glass panel, when the glass panel was wet by the suspension
and when a fresh suspension of GO was deposited onto an existing layer of GO on
the glass panel that had already dried. Changing the volume deposited each time
affected the wetness of the glass panel which would then affect the deposition.
A contour map of the o4./0,, values proved to be instructive in this analysis. As
seen in Fig. [£.3] the quality of the deposition, as defined by the o4./0,p, value,
changed depending on the deposition parameters. In this case, the best TCE was
fabricated by infusing the 5 mg/ml GO suspension at a rate of 50.0 ul/min over
two passes. On average, these samples had a sheet resistance of 106 k2/0J; a

transmittance of 72.9 % and a corresponding o4./0,, value of 10.4 x 1073,
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Table 4.2: Sheet resistance, transmittance at a wavelength of 550 nm, thickness
and o4c/0op values for the 16 deposition parameters used in the characterization
experiment.

| Sheet Resistance / kQ 0! | Transmittance / %

Passes 1 2 3 4 1 2 3 4 Passes
25.0 206 301 204 170 69.8 745 745 59.8
50.0 161 106 158 144 72.9 729 745 59.2
75.0 108 131 156 122 67.3 71.1 731 634
100 153 158 231 169 | 67.6 70.1 73.1 65.9

Infuse Rate . _3
/ul min-! Thickness / nm 0de/0op / x10
25.0 19.1 16.3 16.1 16.2 4.63 3.95 582 3.78
50.0 14.7 12.7 37.3 31.6 | 6.82 104 7.54 4.37
75.0 31.2 18.5 33.7 39.0 | 801 7.71 7.10 6.02
100 22.5 15.7 36.1 40.1 | 5.71 6.15 4.81 4.82
100 FOM / x 10°

10.4
9.55
g 75 8.72

E
::. 7.90
L 7.07

=
f s 6.24
8 5.42

=
= 4,59
3.76

25

Passes

Figure 4.3: Contour map of the o4./0,p values from Table The best samples
were produced using 2 passes and a infuse rate of 0.050 ml/min giving a FOM of
10.4 x 1073.
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As evident from the characterization results, these thermally reduced GO only
films were neither sufficiently transparent nor were they sufficiently conductive
for use as a TCE and much work would be required to bring it within range of
the typical 85 % transmissivity and 15 © /00 of ITO. The modification strategy
involved:
1. Improving the level of GO reduction
This would increase the conductivity of the film and reduce its sheet resis-
tance, but would reduce the transmittance of the film at the same time.
2. Making the GO film thinner
This would improve the transmittance of the TCE and this is important as
the transmittance of the same amount of GO would decrease further as the

level of reduction was increased.

4.2.2 Repeatability of depositions

The reliability of the deposition was checked by fabricating three samples using
the best parameters identified in the previous section and comparing their FOM
values. The characterization values of these samples are tabulated in Table
and the transmittance with respect to wavelength graphed in Fig. [£.4]

As shown, the average gqc/0,p value of these samples was 9.8 x 107® and this
was close to the FOM value of the optimized samples shown in Table [4.2] This
meant that as long as the deposition parameters were replicated exactly, it would

be possible to fabricate films of GO with very similar optoelectronic properties.

Table 4.3: Sheet resistance, transmittance and FOM value of 3 samples fabricated
using the same deposition parameters. The samples showed some variations in
transmittance and sheet resistance values but the range of variance was small.

Sample Transmittance Sheet Resistance ocq4c/00p
@ 550nm / % / kQ O™t / x1073

1 73.5 110 10.3

2 74.9 120 10.1

3 72.1 118 9.0
| Average | 73514 116+6 9.8+0.8

147



4. GRAPHENE OXIDE TRANSPARENT CONDUCTING
ELECTRODES

|
85 !
1
1
- 1
S 80- :
jum} 1
e 1
k7
E 75 4
% 73.5%
= Sample 1
"\?2 | % Sample 2
70 i «1 %0 P P
I Sample 3
1
1
65 1

T T T T T T L T E 1

400 600 800 1000 1200 1400
Wavelength (nm)

Figure 4.4: Transmittance graph of the three samples fabricated to test the

reliability of depositions made by the ultrasonic spray coater. The transmittance

of the samples at 550 nm are shown to be quite close, with an average value of
73.5+1.4 %.

While this preliminary check confirmed that the same deposition parameters
would regularly give films with similar transmittance and sheet resistance prop-
erties, the reliability of this deposition technique will be further confirmed in the
remainder of this chapter.

In the next section, experiments shown were designed to systematically analyse
changes to the optoelectronic properties of the film when particular modifications
were made to the fabrication steps. In many of the following experiments, a
reference sample was made using a standard set of deposition parameters. These
reference samples were compared to ensure no errors were introduced during the
deposition process and across the experiments, these standard samples showed
very little variation in their o4c/0op values. In one experiment, eight samples
were fabricated using the same deposition parameters and showed little variance
in the sheet resistance and transmittance values, giving further proof that the

deposition technique was reliable.
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4.3 Phase 2 — Improving GO Reduction with
Ascorbic Acid

As explained previously, the two point strategy of improving the GO TCE in-
volved increasing the degree of reduction of the film and reducing the thickness of
the film. These points will be addressed in the section, beginning with a method
to improve the degree of reduction. While thermal reduction at a high tempera-
ture of 1373 K was shown to be very effective in removing the oxygen functional
groups on GO, this exceptionally high operating temperature may become a prob-
lem when attempting to integrate reduced GO with another material that is not
as thermally robust®. Alternatively, hydrazine is an excellent reagent that is ca-
pable of reducing GO to give reduced GO with a high C/O ratio. However, there

exist real concerns regarding the use of this chemical at the industrial scale™.

Hydrazine is a possibly-carcinogenic, combustible liquid that affects the reproduc-
tive systems in animals and is very toxic to aquatic organisms®”. Where possible, it
would be preferable that the large scale industrial application of this chemical be
avoided. This hypothetical problem could become reality if GO were to be used
to fabricate TCEs as large volumes of hydrazine would be required to reduce GO.
The exhaust gases from this process, which will likely contain hydrazine, needs

to be cleaned before discharge and it is desirable to avoid this chain of events.

In 2010, Gao et al. and Zhang et al. showed that AA was a useful reducing
agent which had reduction capabilities rivalling those of hydrazine when used
with GO On top of this, AA did not possess any of the environmentally
harmful properties that hydrazine did and made it an ideal reagent for use in
large volumes. Additionally, AA reduction of GO occurred at low temperatures
and this meant that high operating temperatures could be avoided during film

fabrication.

In the following section, the theoretical reaction between GO and AA is explained
and after that, the experimental results from incorporating AA into a GO thin
film are shown. There were many methods of incorporating AA into the GO
matrix and the series of experiments that led to the fabrication of the best GO-
AA TCE are tracked and explained here.
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4.3.1 Theory of Reaction

In their report, Gao et al. gave a possible mechanism of GO reduction by the
action of AA and the process is outlined in the schematic shown in Fig. {4.5.
They suggested that it was the hydroxyl groups on the furan of AA that reacted
with the epoxy or hydroxyl group on GO by first forming bonds with GO and
subsequently detaching itself from the carbon basal plane. In the process, GO
would be de-oxygenated, a water molecule formed and a conductive m bond would
be restored to the basal plane. In fact, they showed that reducing GO with AA
resulted in a material that had a conductivity of 7700 S/m which was higher than
the conductivity of 4160 S/m that the sample reduced using hydrazine had.

Although Gao et al. showed that GO reduced with AA had conductivities exceed-
ing that of GO reduced by hydrazine, the sample produced by Zhang et al. had
a conductivity of only 800 S/m™. The conductivity of GO reduce by hydrazine
was ~4000 S/m and this means that besides using AA as a reduction agent, the
process in which AA is introduced to GO and even the method of deposition have

significant effects on the optoelectronic properties of the TCE.

, v

Ascorbic Acid Dehydroascorbic Acid

Epoxy group e >=<
2 NG ARSIy
Eirtiroxyi %

ydroxyl groups i HO >=<
b) ﬁ+g—> ; F—> —> 4 U

Figure 4.5: Schematic of the reduction reaction of AA on GO that removes (a)
an epoxide and (b) a hydroxyl functional group from the basal plane. Grey, red
and white spheres represent carbon, oxygen and hydrogen atoms respectively.

Adapted with permission from reference [[I0]. Copyright 2010 American Chemical Society.
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As a final point, it was also shown that while being more environmentally friendly
than hydrazine, AA had the same efficacy in the reduction of GO, This was
a compelling reason to employ AA in the chemical reduction of GO that would
be deposited by ultrasonic spray coating for the fabrication of TCEs. Besides
mixing GO with AA, there were also various pre- and post-deposition processes
that could be employed to improve the reduction of GO and increase the FOM
of the fabricated TCE. The task at hand was to optimize a strategy, through the
manipulation of these deposition parameters, that would allow the fabrication of
a TCE with a high o4./0,, value.

4.3.2 Experiment Results
4.3.2.1 TGA Analysis of GO-AA Mixture

In this characterization, AA was a powder and used as-is, while AA was stirred
into GO at mass ratio of 10:1 and the mixture quickly dried by dropping the
mixture onto a glass panel kept at at 323 K. The GO-AA mixture formed a
film on the glass panel and this film was scraped off the panel for use in the
characterization. About 4 mg of each sample was used and these thermograms
are shown in Figs. &[T

Thermogravimetric analysis of GO was conducted and the graph in Fig.
records a mass loss of 43.2 % at a temperature of 483 K. At a similar temperature,
AA lost 38.3 % of its original mass, see Fig. [4.6] and using these values, the GO-
AA mixture had an expected mass loss of 38.3 % at 500 K[|

However, the mass loss observed in the sample at 500 K was 28.3 % and this
was less than three-quarters of the expected value. The disparity between the
expected mass loss and the actual mass loss was likely due to the chemical inter-
action between GO and AA while the mixture was still an aqueous suspension.
This results suggested that the chemical reaction between GO and AA happened
quickly at room temperature and this had ramifications on the deposition method.
Further to this, the effect of AA on OD had yet to be determined and this may
have consequences on the conversion of OD into gaseous components as well.
On a positive note, this observation supported the hypothesized reactions between
GO and AA that was shown in Fig. [£.5] Water and dehydroascorbic acid were the

* 4 x432% + 19 x 37.8% = 38.3%
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Figure 4.6: Thermogram of ascorbic acid that was heated from room temperature
to 673 K at a rate of 5 K/min.
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Figure 4.7: Thermogram of a GO and AA mixture that was dried before char-
acterization. At 500 K, the total mass loss was 28.3 % and this was less than
three-quarters of the expected mass loss.
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products of the proposed reaction between GO and AA and these water molecules
would have been removed when drying the suspension. Due to these reactions,
there would be fewer oxygen functional groups available for thermally activated
release and at any given temperature, the mass loss percentage in the mixture
was expected to be lower than than the proportional sum.

As shown in Fig. [4.7] a second differential peak appeared at 570 K and this peak
marked a further ~25 % loss in sample mass. Even so, at a temperature of 573
K, the percentage mass loss of the GO-AA mixture was 43.6 % and this was still
lower than the predicted mass loss of 51.3 %.

4.3.2.2 Deposition Processes

A chemical reaction happened between GO and AA when the materials were
mixed and the effects of these changes on the optoelectronic properties of the
fabricated film will now be explored. It was assumed that the quality of the fab-
ricated film depended on the fabrication technique and changes to the fabrication
methods were made one step at a time. The changes were:

Step 1. Spray coating of premixed GO-AA

Step 2. Methods of improving films made by premixed GO-AA

Step 3. Dual-spray method to mix GO and AA just before deposition

Direct Mixing of GO and AA

The deposition mixture was made by adding 50 mg of AA directly to 30 ml
of 5.0 mg/ml GO suspension and the contents thoroughly mixed by agitating
the mixture. At this point, it was noted that adding an excess of AA to GO
resulting in the quick formation of dark coloured clumps in the suspension and
this was taken to mean that GO had been reduced and the clumps were made
of hydrophobic reduced GO sheets. This clumping effect was also observed when
the mixture was allowed to stand for a long period of time and the following
experiment was devised to identify conditions that facilitated the fabrication of
films with desirable optoelectronic properties.

After mixing AA into the GO suspension, the mixture was allowed to stand for
either zero, one or two days at either room temperature or 353 K. In all the
mixtures that were stood at 353 K, the GO flakes were no longer hydrophilic and

had separated themselves from water to form a sediment at the bottom of the

153



4. GRAPHENE OXIDE TRANSPARENT CONDUCTING
ELECTRODES

bottle; these mixtures could no longer be used for any depositions. The other
samples that were left standing at room temperature for either one or two days
also showed some sedimentation, however sufficient suspension could be taken

from these mixtures to fabricate the samples.

These suspensions were deposited onto glass panels to form films and subject
to thermal reduction at 573 K for 15 hours in a nitrogen environment either
immediately after deposition or after thermal annealing at 353 K for three days.
These processes and the corresponding optoelectronic properties of the resulting

thin films are summarized in Table (.4

As shown, adding 50 mg of AA to 30 ml of 5 mg/ml GO suspension had little
to no effect on the transmittance of the deposited films. These films exhibited a
transmittance of ~70 % at 550 nm, which was similar to the 73.5+1.4 % of GO
only films. However, this small reduction in transmittance was accompanied by

a significant reduction in the sheet resistance of these films.

Comparing against GO only films and ignoring the effects of annealing for the
moment, the sheet resistance values were observed to have fallen by up to 75 %,
from 116 to 30.9 kQ/0, and the o4./00p values of these films tripled, from 9.8
x 1073 to 2.69 x 1072. The similar transmittance values meant that a similar
quantity of GO had been deposited and the lower sheet resistance values showed

that the electronic properties of the films had improved significantly.

However, the characterization results also showed that it would be difficult to fab-

ricate TCEs reliably using this method. On one hand, the longer time between

Table 4.4: Characterization results of TCEs made from a GO-AA mixture. The
solutions were allowed to stand at room temperature for between zero and two
days and some of the deposited films were annealed for three days at 353 K before
thermal reduction.

Time Annealing? Transmittance Sheet Resistance o04c/00p
/ Days " @550 nm / % / kQ Ot / x1072
0 No 64.4 34.2 2.69

Yes 68.9 30.9 2.48
1 No 70.2 43.2 2.25
Yes 72.7 64.9 1.68
9 No 72.4 28.2 3.81
Yes 71.0 31.4 3.21
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mixing and deposition, made the deposition more transparent and this was desir-
able. On the other hand, no trend was observable for the sheet resistance values,
highlighting several shortcomings to this method:

(i) GO that had been reduced by AA had to be removed prior to deposition
and this would have resulted in a GO suspension that had a concentration
of less than 5.0 mg/ml

(ii) The process of separating the sediments from the aqueous GO suspension
is inexact and the presence of remnant particles resulted in regular clogging
of the ultrasonic spray nozzle

(iii) These problems affected the quality and reliability of the deposition process

Dual-Spray Method of Deposition

To prevent the formation of particulates in the suspension, AA had to be mixed
with GO at the latest possible time. Post-deposition annealing would be in-
troduced as some time was required for the the effects of metastability and the
reaction between GO and AA to be completed before thermal reduction was
performed. To achieve this, a dual-spray method of material deposition and an
annealing step were introduced to the fabrication process.

AA was diluted into water at the same concentration as before, 1.67 mg/m,
and GO was used at a concentration of 5 mg/ml. The materials were held in
two separate reservoirs and fed into the nozzle via different feeding tubes. The
materials were then mixed in the nozzle and in the air space while travelling
from the nozzle to the substrate during the deposition process. This setup also
allowed the concentration of AA to be varied by changing the volumetric flow
rate of the AA solution. These deposition parameters are summarized in Table
[4.5) and the effect of annealing on the optoelectronic properties of these samples
was also tested.

The characterization results of these samples are summarized in Fig. [£.8 and the
data showed a three- to five-fold increase in the oq4./0,, value over that of films
made by the single feed method shown in Table [£.4. While the transmittance of
samples that had the same concentration of AA had remained relatively constant
at ~70 %, the sheet resistance of the samples had fallen greatly from over 30 k§2/CJ
to 12.3 kQ/0. The corresponding oq./0,, value increased by about 3x from 0.027

* 50 mg of AA into 30 ml of water
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Table 4.5: Parameters used to deposit each material in the dual-spray method of
fabricating the TCEs.

15t Feed Tube — Graphene Oxide
Setting  Concentration Infuse Rate
Number  / mg ml™! / pl min~!
1 5.0 50
2" Feed Tube — Ascorbic Acid
Setting  Concentration Infuse Rate
Number  / mg ml™! / pl min~!
1 1.67 100
2 1.67 200

(a) (b)

70 02 \77/A No Anneal (0.1 ml/min) 70 - > Annealed (0.1 mimin}| 05
| 7 |__INo Anneal (0.2 ml/min) ' | Amnealed (0.2 mimin)| 7777 0.108
60_ o : = 0.09 60 :
4 1 I
o~ | - | 0.106
I I
| | i |
2 | : 4 0.08 ;- : 0.104
301 : 30+ ;
1 | |
56 | . i 0.102
] | I
0.07
- | ~ 8.49 I
10 1 10 7 %4_55 | 0.100
| | = sttty B |
0- - R AT ——
Transmission Sheet Resistance Transmission  Sheet Resistance c /o
@ 550nm (%) (k0O) @ 550mm (%) (kx0O) g p

Figure 4.8: Characterization results of GO-AA thin films made by the dual-spray
technique. (a) No annealing was performed and samples were thermally reduced
immediately after deposition. (b) Samples were thermally annealed at 353 K in air
for 72 hours before thermal reduction.
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in the previous experiment to 0.079 here. As the concentration of AA in these
films was kept the same, any improvement to the optoelectronic properties of this
film were attributed solely to the use of the dual-spray method.

As shown in Fig. [4.§(a), increasing the concentration of AA in the film had
the effect of reducing the sheet resistance from 12.3 to 6.43 k2 /O], however the
transmittance was reduced from 70.2 to 53.1 % at the same time. The film was
more conductive but less transparent and the nett effect of this was no change in
the average o4./0,p, values of these samples.

However, by introducing annealing, both the transmittance and sheet resistances
of the TCEs decreased. The decrease in transmittance value was in-line with GO
metastabilit and overall a modest increase in the o4./0,, values was recorded.
The difference in oqc/00p values of Figs. [L.8(a) & (b) also meant that the GO
flake had changed as a result of thermal annealing.

Without annealing, the increased reduction of GO by the addition of more AA
had no impact on the FOM value. Any improvements to the sheet resistance
came at the cost of reduced transmittance. However, by thermal annealing, the
sheet resistance of the films could be reduced further, with minimal impact on
the transmittance, thereby allowing the FOM value to increase. As opposed to
the situation without annealing, this represented an improvement to the quality
of the deposited film. Furthermore, compared to GO only films in Table [4.3]
these samples represented a hundred-fold increase in the o4./0,, value that was

achieved by improving the reduction of GO.

* Chapter
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Vapour Annealing

Inspired by the quick reduction observed in the aqueous mixtures of GO and
AA, a further development to the annealing step was tested by vapour annealing
of the samples. Vapour annealing involves thermally annealing the samples in
a high humidity environment and was accomplished by suspending the samples
over a small volume of water in a sealed beaker and allowing the beaker and its
contents to stand for 72 hours at 353 K.

After vapour annealing, the samples were thermally reduced in a nitrogen envi-
ronment at 353 K for 15 hours, and the optoelectronic properties of the samples
characterized after that. These results are shown in Fig. 4.9

As a result of vapour annealing the transmissivity of the films was increased, the
sheet resistance reduced and the corresponding oq4./0p values increased. Com-
paring the o4./0,p values of the samples in Figs. & , it was clear that water

vapour was required to improve the optoelectronic properties of the samples.
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Figure 4.9: Characterization results of the GO-AA samples with annealing in a
high humidity environment. A general improvement in the optoelectronic proper-
ties of all samples was observed.
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Summary of Annealing Techniques

In all cases, samples that had a higher concentration of AA exhibited signifi-
cantly lower transmissivity than samples with a lower concentration of AA. This
reduction in transmissivity, due to the effect of a higher concentration of AA,
offset any improvements to the FOM value that a decrease in the sheet resistance
could give, resulting in the same o4./0,, values. Allowing AA more time to react
with GO by standing the samples at 353 K for 72 hours and the effects of GO
metastability to occur on the sheet, it was observed that the sheet resistance of
the films could be reduced further. In fact, the sample that had a higher con-
centration of AA exhibited a larger increase in the FOM than the sample that
had less AA. This reduction was further improved by allowing water molecules
to interact with the GO and AA mixture and the sample with more AA showed
a larger improvement.

Beginning with no spread in 4./, values of samples with different AA con-
centrations (Fig. [4.8(a)), the spread increased to 0.005 when the samples were
allowed to stand for 72 hours at 353 K. By introducing a high humidity environ-

ment, the spread in FOM values was further increased to 0.052.

AA Infuse Rate

At this point, it had become clear that AA was instrumental in reducing the sheet
resistance of the samples and that a good technique for its deposition had been
developed. However, its presence in the film resulted in a reduction in the film’s
transmissivity. An experiment was thus designed to find an optimum infuse rate
of AA for the fabrication of these GO based TCEs.

Keeping all other deposition parameters constant, the infuse rate of AA, with
a concentration of 1.67 mg/ml, was varied between 0.05 and 0.20 ml/min and
vapour annealing was conducted before the samples were thermally reduced.
Three samples were made for each set of parameters and the average charac-
terization results of these samples are displayed in Fig. [4.10

As before, vapour annealing resulted in a higher o4./0,, value and samples which
had AA infused at a greater rate exhibited higher FOM values as well. Surpris-
ingly, samples fabricated with AA infused at a rate of 0.15 ml/min exhibited the
highest average 4c/0op 0f 0.239; on average, these samples had a low sheet re-
sistance of 2.55 k€2/[J and a transmittance of 58.3 %. As the AA infuse rate was
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Figure 4.10: Effect of AA infuse rate on (a) the transmissivity at 550 nm, (b)
the sheet resistance and (c) the calculated o4./0op value of the samples. The FOM
value was maximized at a AA infuse rate of 0.15 ml/min.

increased from 0.05 to 0.20 ml/min, the ratio of AA to GO increased from 1:3 to
4:3 (as shown in Fig. 4.10{(b)) and this increase initially resulted in an improved
reduction of sheet resistance. This trend continued until the optimum AA:GO
ratio of 1:1 was arrived at and beyond this, increasing the amount of AA resulted
in an increase of the sheet resistance instead. This showed that besides reducing
the transmissivity of the sample, an excess of AA in the sample had the effect of

impeding electrical conductivity, thereby increasing the sample sheet resistance.

Effect of AA Concentration
While it had been established that the optimum GO to AA ratio was 1:1, it was

not known if the AA infuse rate and if changing the volume of solution deposited
had any appreciable effect on the quality of the samples. As such, the next step
was designed to vary the concentration and flow rate of AA. The infuse rate
of AA was reduced from 0.15 ml/min to 0.10 ml/min and the concentration of
AA varied accordingly. To maintain a unity ratio of GO and AA, samples were

fabricated using AA at a concentration of 2.5 mg/ml.

Other samples were also made with the same AA flow rate of 0.10 ml/min. AA
with a concentration of 1.67 mg/ml was used so that these results could be com-
pared with results from the previous batch and more samples were made with a
high AA concentration of 8.35 and 12.5 mg/ml. Additionally, the time of vapour
annealing was also varied in this experiment. Here, the samples were vapour an-

nealed at 353 K for either 24 or 72 hours before thermal reduction in a nitrogen
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environment and two samples were made for each set of deposition parameters.
A graph and a table of the characterization results of these samples is shown in
Fig. & Table [4.6] respectively.

The samples that were fabricated using an AA concentration of 1.67 mg/ml and
annecaled for 3 days had a o4c/0,p value of 0.144 and this was similar to the
0.142 of a sample fabricated in a similar manner in the previous experiment,
Fig. 4.10(c). The highest average cq4./0,, value attained here was 0.248 for the
samples that had an AA:GO ratio of 1:1 and this was slightly higher than the
0.239 of the comparable sample in the previous experiment. This showed that
the optoelectronic properties of the samples were not significantly affected by
the infuse rate of AA and the concentration of AA in the sample was of greater
importance.

Furthermore, this experiment established that there was no advantage to having
an excess of AA during fabrication. As seen from samples that used an AA
concentration of 8.35 and 12.5 mg/ml, increasing the AA concentration reduced
the o4c/00p values of the films. It was also observed that a longer annealing
time had the effect of raising the oq4./0,, values of the samples and improving
the repeatability of the results, as evidenced by the smaller spread in the data

points.
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Figure 4.11: 04./0,p values of samples that were fabricated with AA of different
concentrations. The samples that were annealed for three days had a smaller
variation in oq./0,p values and showed an overall improvement over samples that
were annealed for one day.
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Table 4.6: Characterization results of samples that were fabricated with varying
AA concentrations and annealed for either one or three days.

1 Day Annealing

A A Concentration | Transmittance Sheet Resistance
/ mg ml~1 @ 550 nm / % / kQ Ot Ode/Top
1.67 61.8 5.99 0.123
2.50 57.6 3.03 0.196
8.35 54.9 4.64 0.116
12.5 44.3 3.83 0.098

3 Day Annealing
AA Concentration | Transmittance Sheet Resistance

/ mg ml~1 @ 550 nm / % / kQ Ot Tde/Top
1.67 56.2 3.94 0.144
2.50 60.0 2.61 0.248
8.35 48.2 2.04 0.210
12.5 48.5 3.79 0.114

Summary of Optimized Deposition Parameters

Thus far, changes to the method of fabrication and associated incremental im-
provements to the oq./0,, value of TCE samples fabricated by the technique of
low temperature thermal reduction of GO were shown. Starting with GO only
films, the method of thermal annealing, the inclusion of AA and the method of
vapour annealing were progressively applied onto the depositions to improve its
optoelectronic properties. The effect of these parameters on the quality of the
deposition were explored and their effects on the optoelectronic properties of the
deposited films characterized. These steps and the o4./0,, values of the best
samples are shown in Fig.

While the resulting deposition could be made more transparent by fabricating
thinner films, the sheet resistance would increase and the performance of the
TCE would be limited by the maximum oq4./0,, achieved here. In other words,
while it would be possible to fabricate a thin film of AA reduced GO with a
transmittance of 90 %, based on the maximum og4./0,, value of 0.248 shown

here, this film would have an associated sheet resistance of 14 kQ /.
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Figure 4.12: Progressive increase in the oq4c/00p value of the GO based TCEs.
Starting from a minimum of 0.01 in GO only films, changes in the fabrication steps
resulted in a 25-fold increase in the average o4c/0qp value of the samples.

The 04c/04p results here set some boundary conditions on the possible uses of AA
reduced GO and showed that the experiments were fast approaching a limit of how
transparent and conductive reduced GO films could be made; it appeared that
the experiments were reaching an upper limit for the o4./0,, values of reduced
GO. It would not be possible to improve the optoelectronic properties of the film
beyond this point as the processes used in the fabrication would not reduce the
GO material any further and this meant that the sheet resistance values would

not be expected to decrease any further as well.
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4.4 Phase 3 — Transparent Conductor using
GO & Silver Nanowires

Further improvements to a TCE made using GO required that the conductivity of
the film be improved significantly while keeping the impact on the transmittance
at a minimum. To achieve this, silver nanowires (AgNW) were employed in the
film by mixing the nanowires directly into GO. While this worked to improve
the conductivity of the film, the hydrophilic nature of the GO flakes meant that
the loading capacity of silver nanowires within the GO matrix was limited by
the concentration of AgNW in its isopropanol solvent. Attempts were made to
increased the concentration of AgNW in isopropanol before mixing with GO,
however these attempts failed. |

The next method involved depositing AgNW and GO in separate steps, allowing
a high degree of control over the quantity of each material that was eventually
deposited. From this, the optoelectronic properties of the TCEs were shown
to increase dramatically and it was also observed that the application of the
GO layer onto the AgNWs improved the nanowire’s resistance towards thermal
degradation.

A thorough study was made and it was shown that capillary instability was the
root cause of thermal degradation in the AgNWs. Modelling of the time to
failure of these nanowires was then studied and the calculated values compared
with experimental findings. Following this attempts to improve the model are
examined.

In the following sections, details on the improvements to the optoelectronic prop-
erties of GO-AgNW TCEs are shown and discussed. Following this, capillary
instability in nanowires is explained and the viability of time to failure modelling

from this theory discussed.

Sectionis based on the publication “Time to failure modelling of silver nanowire transparent
conducting electrodes and effects of a reduced graphene oxide over layer”13,
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4.4.1 Mixing GO, AA and AgNW

Mixing GO with AgN'W

In the first experiment, AgNWs suspended in isopropanol were purchased from
Sigma Aldrich and the suspension was stirred into the GO suspension. These
nanowires had an expected diameter of 110 nm, lengths of between 20 and 50
pum and were suspended in isopropanol at a concentration of 0.5 %. They were
fabricated by the polyol process and the nanowire surface was stabilized by a

coating of polyvinylpyrrolidone, allowing the growth of very long nanowires+ .

Isopropanol is miscible in water and when used at low concentrations, the addition
of the AgN'W suspension did not appear to have any effect on the GO suspension.
The main concern here was that while the AgNWs are stiff and can suspended in
both water and isopropanol, GO flakes are hydrophilic and flexible and changing

the solvent could inadvertently affect the dispersibility of the GO suspension™,

The AgNW suspension was mixed into the GO suspension with increasing volu-
metric ratio and the mixture stirred to ensure a good dispersion of the AgNWs
among the GO flakes. To five parts of GO suspension, one, two or three parts of
the AgN'W suspension were added and the mixture stirred for at least 30 minutes

using a magnetic stirrer before deposition.

The dual spray method of infusing the GO suspension and ascorbic acid, at a
concentration of 1.67 mg/ml, separately was by far the best method of fabricating
a reduced GO TCE and the process was employed in this experiment. However,
the addition of the AgNW suspension would dilute the GO suspension and this

meant that there was now less GO present in the new TCEs.

Despite keeping the deposition process identical, the final effect on the optoelec-

tronic properties of the resulting TCE was a complex interplay between the:

1. Effect of isopropanol on GO flakes
The presence of isopropanol may affect the GO flakes in the suspension neg-
atwely as the GO sheets could curl up into ball-like structures to minimise
the surface area in contact with isopropanol.

2. Dilution of the GO suspension by isopropanol
Adding a large volume of isopropanol to the GO suspension meant diluting
the suspension. Since the deposition parameters would not be changed, this

should result in thinner, more transparent films. However, the presence of
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AgNWs in the film has to be taken into account as well and the final effect
on the transmittance can only be determined experimentally.
3. Effectiveness of AgNW dispersion among the GO flakes
Despite the long stirring times, it is not know if and how well the nanowires
would attach themselves to the GO flakes.
4. Effect of AgNWs on film conductivity
The AgNWs are significantly more conductive than the GO flakes and this
was expected to reduce the sheet resistance significantly if it is well dispersed
among the GO flakes.
5. Reduction in transmittance due to presence of AgNW
Unlike GO flakes, AgNWs are opaque, which reduces the total transmittance
of the fabricated TCE and opposes the increase in transmittance mentioned
m point 2.
As can be seen, there is a complex combination of, effects that finally determine
the 04c/0,p value of these films. Many optimizations could have been made to
maximize the FOM value of these films, but of primary importance was the need
to find out how much AgN'W suspension was needed to make the sheet resistance
of the final TCE comparable to that of ITO.

Dispersion of AgNW within GO upon deposition

Three different mixtures of GO and AgNW were made and only the GO:AgNW
suspensions that were mixed at a ratio of 4:1 and 3:2 were usable after stirring.
In the suspension that had a GO:AgNW volumetric ratio of 2:3, the large volume
of isopropanol caused the GO sheets to agglomerate and these agglomerations
were too large to pass through the ultrasonic spray nozzle.

Of the remaining two mixtures, one sample was made using each mixture and
the samples studied under optical microscope. These images are shown in Fig.
and despite the increase in AgNW suspension added to the GO suspension
the increase in the quantity of nanowires present was not discernible by simple
visual observation.

Moving from the mixing ratio of 4:1 to 3:2, the concentration of AgNWs was
expected to have doubled and the concentration of GO reduced by 25 %. This
suggested that films made using the second mixing ratio would be more trans-

parent and conductive than films made using the first mixing ratio. Five samples
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were made using each mixing ratio following the optimized procedures developed
in the previous section and the transmittance, sheet resistance and calculated
Tdc/0op ratios of these samples tabulated in Table

Comparing the characterization data shown in Table 4.6 and [4.7] the introduction
of AgNWs to GO increased the transmittance of the films from 60.0 to 75.0 %
while maintaining the low sheet resistance values. This was achieved because
GO had been ’displaced’ from the film by the introduction of AgNWs. At the
same time, the associated increase in sheet resistance that was expected with
the reduction in GO concentration, was countered by the presence of the highly

conductive AgNWs. The decrease in transmittance caused by these AgNWs was

Figure 4.13: Optical images of films made from GO mixed with AgNW in volu-
metric ratios of (a) 4:1 and (b) 3:2. While the concentration of AgNWs in the film
had doubled, this was not discernible by simple visual observation. The scale bars
in the images are 20 pym long.

Table 4.7: Characterization results of films made using AA-reduced GO and
AgNWs which were mixed with different volumetric ratios. %T — Transmittance
at 550 nm, Ry, — Sheet resistance in k2 /.

GO:AgN'W Ratio 4:1 3:2
Sample %T Ran 0dc/0op | BT Ran  0de/0op
1 76.6 4.39 0.302 78.6  2.98 0.493
2 75.0 4.60 0.265 78.7 2.49 0.595
3 76.6 4.86 0.272 74.3  4.26 0.277
4 72.5 4.10 0.263 709 2.73 0.368
5 71.6 2.29 0.453 75.1 3.03 0.404
<Average> 74.5  4.05 0.311 75.5  3.10 0.427
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less than the increase in transmittance due to the reduction of GO content in the

film and this resulted in the overall nett increase in film transmittance.

The overall effect of these improvements are reflected in the o4./0,, values, which
increased from 0.248 in AA reduced GO films to 0.311 and 0.427 in the films here.
However, it was also noted that the process was made less reliable when the GO
and AgNW mixture was used. Of the five samples fabricated using each mixture,
one sample in each set exhibited an abnormally high or low sheet resistance
value, likely due to inconsistencies introduced to the deposition process when

isopropanol interacted with the GO sheets.

However, as shown here, increasing the concentration of AgNWs in the GO films
resulted in an overall improvement in the optoelectronic properties of these films.
While it would have been desirable to increase the concentration of AgNWs in
the mixture, this was not possible and an alternative method was needed. Ideally,
this alternative method would increase the concentration of AgNWs in the GO

films without compromising on the reliability of the deposition process.

4.4.2 GO over layer on AgN'W network

The AgN'W concentration in the film was increased by depositing the AgNW and
GO in two separate deposition steps. AgNW would first be deposited onto the
glass panel to achieve a percolating network and the AA-reduced GO would then
be deposited as an over layer onto this AgNW network. With this modification,
the bilayer architecture would allow full control over the optoelectronic properties
of the resulting film, as long as the deposition parameters of the AgNW and GO

suspensions were well controlled.

Adhesion of AgN'W onto Glass Panel

As a first level test, the quality of the adhesion between the AgNWs and the glass
substrate was investigated. Demonstrably good adhesion between the AgNWs
and glass substrates was required as the GO over layer would be deposited onto
the AgNWs in a second deposition step. The two-step deposition process would
have been futile if the second deposition step caused the removal of material

deposited in the first step.
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To one part of the original AgNW suspension, nine parts of isopropanol was
added and the diluted suspension stirred for 30 minutes before deposition was
attempted. The suspension was sprayed onto a cleaned glass panel and the panel
moved to an optical microscope where a picture of the AgNWs on the glass panel
was taken. After this, more AgNW suspension was deposited onto the glass
panel and another image of the AgNWs on the panel taken and this process was

repeated a further 13 times.

In all, 15 deposition cycles were made and a selection of these optical images
shown in Fig. .14 As shown in this series of images, neither the effect of
successive deposition cycles nor the mechanical agitation of transport from the
spray coater to the microscope resulted in the removal of the AgNWs once they
had been deposited. The strength of the adhesion between the AgNWs and the
glass substrate was sufficient to prevent the loss of the nanowires during the

fabrication process and this meant that the bilayer TCE could be fabricated.

The optoelectronic properties of this AgNW network were also characterized and
the UV-vis spectrum of this film shown in Fig. [£.15 In this sample, the AgNW
network had a transmittance of 86.0 % at a wavelength of 550 nm and a sheet
resistance of 34.4 /0. This gave an estimated AgNW network density of 40
mg/m? and a calculated o4c/0qp, value of 70.0, which was the highest o4c/0qp
value achieved thus far'™. This good result in the AgNW network meant that
further improvements could be expected after the AA reduced GO over layer was

incorporated.

By themselves, AgNW networks displayed very good optoelectronic properties,
but it was also known that AgNW networks were not stable and would degrade
when stressed’. Under mild operating conditions, this stress could lead to elec-
trode failure in as little as 18 days and this did not bode well for these AgNW
based electrodes. 18 days was far too short a lifetime and meant that AgNWs
could not be a standalone solution for electrode replacement. However, through
the application of an over layer or addition of a passivating material, the Ag-
NWs could be protected from degradation and the lifetimes of these electrodes

extended and this would be tested next=24,
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Figure 4.14: Optical microscope images of spray deposited AgNWs after multiple
deposition cycles. An image was taken at approximately the same location after
each deposition cycle and the images for the (a) 15, (b) 5" and (c) 15" deposition
cycles are shown here. The red-dashed circle highlights a distinct feature that was
tracked across the deposition cycles and the scale bar inset is 50 ym long.
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Figure 4.15: UV-vis spectrum of AgNW network. The deposited film had a
transmittance of 86.0 % at 550nm, a sheet resistance of 34.4 /0 and a oqc/00p
value of 70.0.

Application of GO over layer

The AA reduced GO films fabricated in Chapter would not be transparent
enough for use in this application and thinner films had to be fabricated. This
would increase the optical transmittance of the final film and any shortfall in
electrical conductivity would be more than made up by the AgNW network un-
derneath. Hence, very thin films of AA reduced GO were fabricated by reducing
the number of passes of GO over the glass panel. Five samples were made in
this manner and the samples were vapour annealed before thermal reduction.
Following this, they were characterized and these details are shown in Fig. {4.16|
By reducing the amount of GO deposited, the transmittance was increased from
60.0 % in the thicker samples to 87.7 % here, while the sheet resistance increased
from 2.61 to 12.5 kQ2/0. Changing the deposition parameters moved the system
away from optimum and caused a minor decrease in the oq./0,, values. Where a
higher value of 0.248 was expected, the 04./0,, value of the thinner sample here
had decreased to 0.223. Although this did not represent a drastic change in the
optoelectronic properties of the final deposition, it did reiterate the sensitivity
of the optoelectronic properties of a spray deposited film towards the process
parameters used to fabricate it.
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Figure 4.16: Optoelectronic properties of thin AA reduced GO films. Five sam-
ples were made and the deposition characteristics shown to be repeatable. Chang-
ing the deposition parameters resulted in a tolerable reduction in the oq4./00p values
of these films.

With this covered, AgNW networks were deposited onto glass panels and an AA
reduced GO over layer sprayed over the AgNW network. Eight samples were
made using this technique and the samples were subject to vapour annealing for
three days before they were thermally annealed in a nitrogen environment for 15
hours at 573 K. Following this, characterizations of the optoelectronic properties
of these films were performed and these results shown in Fig.

The application of an AA reduced GO over layer onto the AgN'W network resulted
in films with an average transmittance at 550 nm of 65.7 %, an average sheet
resistance of 5.1 Q/0 and an average oq4./0,p value of 160.0. Of these TCEs, the
best performing sample had a sheet resistance of 4.7 /00 and a transmittance
at 550 nm of 68.1, giving it a oq4./0,, value of 189.9. At the time of reporting
the work, this was possibly the only TCE that had been fabricated using AA
reduced GO"¥. Comparing the optoelectronic properties of these film against
similar spray deposited films, the improvements introduced by the use of AA had
increased the oq4. /0, slightly, from a previous high of 179, shown by Moon et al.,
to the current high value of 19042,
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Figure 4.17: Characterization details of the eight AgNW with AA reduced GO

over layers. The samples showed low sheet resistance values with an average value
of 5.1 /0.

The reasons for the observed reduction in sheet resistance of the films from the
previous minimums of 12.5 kQ/OJ for AA reduced thin GO films and 34.4 Q /O]
for AgNW networks are attributed to the following effects:

(i) The addition of the AA reduced GO over layer had the effect of reducing
the sheet resistance of the TCE as the flake would bridge the open spaces
between nanowires. The bridging of these nanowires gave alternate path-
ways along which electrons could travel, thereby reducing the overall sheet
resistance of the TCE212225

(ii) Heating the nanowires during the thermal reduction step partially removed
the polyol coating around the AgNWs, thereby improving inter-wire contact
resistance 19,

(iii) The thermal reduction step also caused nanowire welding at contact points

between the nanowires and this would further reduce the sheet resistance
of the AgNW network?8.
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While the FOM is seen to span a large range of values, this ‘variation’ in op-
toelectronic properties is caused by the way that FOM is calculated and is not
indicative of a highly variable deposition process. Instead, it would be more in-
structive to consider the spread of transmittance values, which was 5.0 % and the
spread of sheet resistance values, which was 1.9 /(0. These values indicated that
the process was repeatable and with further automation and refinements, sample
to sample variations could be reduced further and the average oq4./0,p values of

the samples increased.

Summary of AA reduced GO over layer on AgNW network

The main motivation of this work was to find a method of using AgNWs with AA
reduced GO in order to fabricate films with high o4./0,, values. Due to solvent
induced limitations, the benefits imbued to the electrode by the direct mixing of
the GO and AgNW suspensions were limited and resulted in only modest increases
in the o4./0,, values of these films. Furthermore, while a AgNW network had
both high conductivity and transmittance, the susceptibility of the nanowires to
stress induced degradation mean that it could not be used as standalone electrode.
The goal of a high quality TCE was achieved by using the AgNWs and the AA
reduced GO in a bilayer film. At 190, the best TCE fabricated by this method
had a 04./0,, value that was moderately higher than that of a comparable film

122 The improvements shown here can be attributed to the

reported by Moon et a
use of AA which is an exceptionally effective GO reducing agent. Additionally,
the use of AA is preferred over the use of hydrazine as AA had the advantage
of being an environmentally safe chemical reagent, while both chemicals were
deemed equally effective at reducing GO.

Finally, the repeatability of the samples shown here was good and with further au-
tomation, the spread in transmittance and sheet resistance values were expected
to become smaller, while the average o4./0,, values are expected to increase.
From other reports, it was known that applying the GO over layer would increase

the lifetime of the AgNWs in the TCEs and this would be the next topic of study.
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4.5 Instability of AgNWs under Stress

AgNW percolating networks with and without an AA reduced GO over layer were
tested against humidity and thermally induced degradation in different gaseous
environments. After fabrication, the samples were either kept in a high humidity
environment, similar to that used in vapour annealing or heated at 573 K in either
air or nitrogen for an appropriate length of time. |

In this section, the effects of these stresses on the nanowire are observed and
discussed. The cause of the respective degradation effects are analysed and by
identifying the root cause of nanowire degradation, recommendations are made
to develop protocols and methods of TCE fabrication that would maximise the

life time of TCEs incorporating nanowires.

4.5.1 Stress Induced AgN'W Degradation

Humidity induced AgN'W degradation

Samples were subject to degradation in a high humidity environment with the
temperature of the system was maintained at 353 K and the relative humidity
kept at 100 %. Following degradation, the nanowires were observed under a
scanning electron microscope (SEM) and these images are shown in Fig.
Comparing the images in Fig. [4.1§] it is observed that the GO over layer had
protected the nanowires from humidity induced degradation. When AgNWs were
exposed directly to the high humidity environment, the formation of flakes and
the partial erosion of the nanowire shafts were observed. The nature of nanowire
degradation in the AgNW only sample was similar to the degradation observed in
a report by Khaligh and Goldthorpe who also observed flaking in their degraded
nanowires“’. Degradation of these nanowires resulted in an increase in the sheet
resistance of the AgNW electrode and eventually resulted in device failure.

This experiment clearly established the need for encapsulation in finished devices

so that water vapour was prevented from coming into contact with the nanowires.

Sectionis based on the publication “Time to failure modelling of silver nanowire transparent
conducting electrodes and effects of a reduced graphene oxide over layer”13.
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Figure 4.18: SEM images of a) as deposited AgNWs, b) AgNWs after humidity
degradation and ¢) AgNWs with AA reduced GO over layer after humidity degra-
dation. The formation of beads was observed on the AgNWs only sample, but no
obvious change was seen in the sample that had a GO over layer. Scale bar inset
is 2.0 pm long.
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The exclusion of water from the sample would prevent flaking and this mode of
nanowire failure could then be nipped in the bud. As shown in Fig. [£.18] simply
adding an AA reduced GO over layer onto the AgNWs, the interaction of water
with the nanowires could be reduced significantly or even prevented, such that

no observable degradation occurred.

Thermally induced AgN'W degradation

While protection from degradation due to humidity can be achieved by encapsu-
lation, the effects of thermal degradation cannot be avoided and this is of special
importance if the nanowires are to be used in devices such as solar cells or heating
elements. In this test, nanowires were subject to high temperatures in either an
air or nitrogen environment and the SEM images of these samples after degrada-
tion are shown in Fig. 4.19, The higher temperature was chosen so as to hasten
the effects of heat induced degradation on the nanowires and minimize the effect
of humidity on these samples.

As shown in Fig. [4.19(a), no obvious changes to the nanowires were observable
after they had been heated for 15 hours at 573 K in a nitrogen environment.
Additionally, welding of the nanowires at points of intersection could be seen and
this was to be expected, while the lack of flake formation confirmed that the water
free environment had prevented humidity induced degradation from occurring.
A second SEM image of the same location was made with higher magnification
and this is shown in Fig. 4.20L Upon close inspection, it was clear that some
changes had occurred to the nanowire and some undulations had begun to form
along the lengths of some of the nanowires. In other locations, it appeared that
long nanowires may have broken into two or more distinct pieces, suggesting that
some thermally induced degradations is likely to have occurred in this sample.
On the contrary, the sample of AgNW that was heated in air, Fig. [4.19(b), did
not resemble nanowires at all. The drastic difference between this sample and the
sample that was degraded in nitrogen was surprising and it was only the metallic
trails of silver left behind that suggested that nanowires were once present on
the sample. It was deduced that the AgNWs had become the large metallic
globules with diameters of ~2 pum seen here. The application of an AA reduced
GO over layer served to reduce the severity of the degradation, however even in

this sample, the formation of metallic globules appeared to have begun as well.
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Figure 4.19: SEM images of AgNWs after high temperature degradation for 15
hours at a temperature of 573 K in (a) a nitrogen environment, (b) air and (c) air
after an over layer of AA reduced GO had been applied. There were no obvious
effects of thermal degradation on the AgNWs that were heated in a nitrogen envi-
ronment, but when heated in air, the nanowires were destroyed and the application
of the AA reduced GO over layer retarded the degradation process to some extent.
Scale bar inset is 5.0 pm long.
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Figure 4.20: Higher magnification image of the sample in Fig. showing
changes in the shapes of the nanowires. Some of the nanowires that display signs
of breakage and surface undulations are highlighted in the red-dotted ovals. Scale
bar inset is 1 ym long.

These results suggested that it was the different gaseous environment that the
nanowires were heated in that was causing the drastically different effects ob-
served and this effect was understood in the following manner. By diluting the
nitrogen environment with oxygen and other gases, severe degradation was ob-
served within the same time frame and the over layer acted as a barrier to limit

contact between the nanowires and the gases in the atmosphere.

4.5.2 Unsupported Hypotheses of Nanowire Instability

A search of known phenomenon that could explain the observed changes in the
nanowires was performed and three possible causes were found. They are

1. Capillary instability, also known as Rayleigh-Plateau instability,

2. Geometry induced melting point depression

3. Kirkendall effect.
Close examination of these phenomenon revealed that capillary instability was the
cause of the observed degradation and this will be the subject of the remainder of
this chapter. Before doing so, the reasons for ruling out melting point depression

and the Kirkendall effect will be discussed in this section.
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Geometry induced melting point depression

It is well known that the high surface to volume ratio in nanostructures can cause
the physical properties of these nanostructures to differ from that of the bulk
material. According to this theory, the large surface area to volume ratio of the
structure, in this case nanowires, reduces the cohesive energy in the structure and
this in turn depresses the melting point of the material. Qi calculated the extent
of geometry induced melting point depression in different geometric structures
and using these results, it was estimated that for nanowires with a diameter of
100 nm, the melting point depression would not exceed 10 %",

Silver has a bulk melting temperature of 1234 K and this meant that the nanowires
were expected to remain stable up to a temperature of 1110 K. This geomet-
rically depressed melting point far exceeds the temperatures attained in these
experiments and cannot account for the difference seen in the samples of AgNWs
that were heated in different gaseous environments. This ruled out melting as a

possible explanation of the observed effects.

Kirkendall effect

The Kirkendall effect is a consequence of the different rates of diffusion of atoms
through a material®*U, In this case, the atoms are silver from the nanowire and
oxygen from air, while the layer was suspected to be silver oxide. It was possible
that at the elevated temperatures used in this experiment, silver reacted with
oxygen and formed a surface barrier layer of silver oxide. The different rates of
diffusion of the silver and oxygen atoms through this barrier could then result in
the nanowire destruction observed. Typically, the process was expected to result
in the formation of hollow shelled nanoparticles, however nanowire destruction
caused by the flow of atoms could not be ruled out®!,

To check this, a fresh sample of AgNW was prepared and subject to XPS char-
acterization before thermal degradation in a nitrogen environment. The temper-
ature used was increased to 773 K and after four hours, changes to the nanowires
were observed by SEM. The XPS spectrum of silver and SEM image of the ther-
mally degraded nanowire are shown in Figs. &[22

From the XPS spectra, it could be confirmed that only metallic silver was present
on the sample prior to thermal degradation and still, breakage of the nanowire

was observed®2. The possibility that silver might form a compound with nitrogen
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4 Name Position %Area
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Figure 4.21: The Ag 3d XPS spectrum of AgNWs before they were subject to
thermal degradation showed no signs of oxidation. Only metallic silver was present

in the sample.

Figure 4.22: SEM image of AgNW that was thermally degraded in nitrogen for
four hours at a temperature of 773 K. The formation of spheres was observed in
this sample despite the exclusion of oxygen. Scale bar inset is 2.0 ym long.
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was checked, but found to be extremely unlikely. While AgsN could be formed
when silver oxide or silver nitrate and ammonia gas were brought together, this
compound is unstable at temperatures greater than 438 K®#* The high op-
eration temperatures used here and the lack of proper reagents meant that the
formation of a AgsN surface layer on the nanowire was not possible.

This ruled out the Kirkendall effect as a cause of the observed degradation. There
was no boundary layer for the atoms to diffuse through meaning that no prefer-

ential diffusion gradient could be set up.

4.5.3 Capillary Instability

Capillary instability of a jet was first theorized by Lord Rayleigh in 1878 and
can be summarized as the permanent relocation of surface atoms due to the
occurrence of surface waves®?. For a jet or solid of revolution, these surface waves
are oriented parallel to the cylindrical axis of the body and the wavelengths of
these waves determined the likelihood and speed at which capillary instability
was manifested itself on the body.

Surface waves are naturally occurring perturbations which drive atoms from the
troughs to the crests of these waves. While all allowed wavelengths occur at the
same time, the amplitude of some wavelengths grow at a faster rate than others
and the dominant wavelength is determined from the dispersion relations.

Here, the dispersion relation is given by the equation:

2 _ I (kRo)
w k’Ro (ijo)

RS (1 o k2R%) (46)

where I, and I; are Bessel functions of the 1% kind, w is the angular frequency,
k is the wave number, p is the density and Ry is the radius of the nanowire. The
derivation of this dispersion relation is shown in Appendix [A]

It is clear from this equation that w is real and positive only when

27TRO
A

kRy < 1 = <1 (4.7)

meaning that the wavelength of the surface wave must be greater than the cir-

cumference of the nanowire for instability to occur.
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The wavelength of the fastest growing perturbation, \,,.., was determined using
the Rayleigh’s criterion. This criterion was derived from the dispersion relation
and the wavelength was found to be related to the radius or diameter, D, of the

nanowire by the equation
Amaz = 9.016 X Ry = 4.508 x D (4.8)

Inspecting the SEM image of AgNWs degraded in air and making some mea-
surements, initial evidence was obtained to support the occurrence of capillary
instability on the nanowires.

As shown in Fig. the separation distance between some metallic globules
appear to fulfil this criterion, while other globules clearly do not. For the globules
that do adhere to the criterion, the diameter was estimated at ~120 while for
those that did not adhere to the relationship, it was speculated to be caused
by the overlapping of these nanowires, as well as the random distribution of the

nanowires on the substrate.

Figure 4.23: Measurements of the distance between some globules and cal-
culations of the original nanowire diameter based on Rayleigh’s criterion. The
nanowires had an expected diameter of 110 nm and while the measurements here
show agreement with the criterion, it is also clear that not all globule separations
agree with the calculation.
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This phenomenon had also been observed by other authors who worked with cop-
per and gold nanowires which were heated to high temperatures in a vacuum®=%=Z,
Despite the lack of a gaseous environment, the formation of metallic globules was
observed in their nanowires. This confirmed that surface waves were the cause of
instability in the nanowires and confirmed the exclusion of the Kirkendall effect
as an explanation for the observed phenomenon.
Furthermore, Karim et al. showed that Rayleigh’s criterion tended to over esti-
mate the original diameters of the nanowires and attributed this to simplifications
made in the model®®. Additionally, contact made between the nanowire and the
substrate was also found to protect the nanowire from some effects of capillary
instability“®. This explained why the calculated nanowire diameters found in Fig.
were typically larger than expected.
Analysing the data that had been collected thus far, it was clear that the time
taken for capillary instability to manifest in the nanowires was dependent on:
i. the gaseous environment that the nanowires were in,

ii. the temperature at which the nanowires were kept at
and possibly

iii. the mechanical contact between the nanowires and the materials around it.
While capillary instability has been identified as the cause of nanowire degra-
dation, the analysis is developed by considering the relationship between the
gaseous environment of the nanowire and the time taken for these nanowire to
break apart. A calculation that takes into account these factors along with other
factors such as the material that the nanowire is made of and diameter of the
nanowire was shown by Nichols and Mullins and this work can be adapted to

gain further insight into the results shown here®? L,
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4.5.4 Nanowire Spheroidization

A model of capillary instability in nanowires that accounted for both the effect
of the gaseous environment and the temperature of the nanowires was developed
by Nichols and Mullins®?*#!. They termed the process of turning nanowires into
globules as spheroidization and using their model, they numerically solved the
time taken for nanowire spheroidization to occur. This model takes into account
the gaseous environment, material and radius of the nanowires and the temper-
ature that the nanowires are kept at to make an estimate of the time taken for

spheroidization of the nanowires to occur.

The development of this model began with Mullin’s work on thermal grooving
where he derived a mathematical formulation to describe the development of
surface grooves®?. Mullin’s noted that the rate of growth of a groove was deter-
mined by the rate of surface diffusion of the atoms in the material, J, given by

the equation:

DQv 0K

= — — 4.
J kT  Os (4.9)
where
K-+ 4L (4.10)
R R, '
and
D, =D Eo (4.11)
s = Doexp | — o :

Here, R; [cm]| and Ry [cm]| are the principal radii of the curvature, s is the
arc-length of the curve formed between the intersection of a plane normal to
the surface and the surface itself, Dy is the coefficient of surface diffusion for
the atomic species in a given gaseous environment [cm?/s], E, is the activation
energy per atom [eV], v is the surface tension [N/m], € is the volume of the
atomic species [cm?], v is the number of diffusing species per unit surface area
(v ~ Q7%3), T is the temperature [K] and k is the Boltzmann constant [J/K]3%,

Together with Nichols, Mullins then successively used this formulation to model
changes to the shape of a field emitter cathode using this theory*". The calcula-

tion and findings are summarized in the following pages.
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Beginning with a finite element analysis of the surface of a solid of revolution,

the normal motion of this element, n, is described by the equation:

An Q\ [A(Jy)

— == 4.12

At <y> [ As 412)
with ¢ as the average distance of the surface from the cylindrical axis.

Inserting Equation (4.9)) gives:

on  DANQPvPK

ot kT 0s?

= BV’K (4.13)

Solving this partial differential equation numerically, the time taken for spheroidiza-

tion can be found and Nichols & Mullins defined a value:

B
ot (4.14)

- 1
(5 o)
As before, Ry is the radius of the nanowire.

Here, 7 is dimensionless and spheroidization of the nanowire occurs at a 7 value
of 4415. By substituting the appropriate constants and experimental parameters,
the time taken for spheroidization is then calculated from Equation (4.14)).

Recently, the temperature dependence of the surface tension of silver was found

and the relation found to follow the equation®:
v = 1.134 — 0.905 x 10727 (4.15)

and was used in the equation.

According to this theory, the time to spheroidization of the nanowire depended
on the value of B and the radius of the nanowires; smaller values of B and larger
values of Ry would mean that more time was required to achieve the same 7 value.
While it was obvious from this equation that larger nanowire radii increased the
time taken to spheroidization, the effect of temperature was not as obvious as
the temperature term appeared in both the numerator and the denominator of
B. It was instructive to graph the dependence of B on temperature, shown in
Fig. [£.24] which was calculated using the updated surface tension parameter in
Equation (4.15)).
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Figure 4.24: Graph showing the change in the B parameter with respect to

temperature. The self diffusion coefficient value used here was for silver in air#2,

Do = 2.5 x 10° cm?/s, and E, = 2.16 eV.

As can be seen, increasing the temperature increased the value of B for silver in air
and this meant a reduction in the time to nanowire spheroidization. However, the
value of B was dependent on the value of the surface diffusion coefficient which was
in turn dependent on the gaseous atmosphere. Various authors have estimated the
surface diffusion coefficient and activation energy of surface diffusion of silver in
different gaseous environments. Using these values, the time to spheroidization
for silver nanowires with a diameter of 110 nm at a temperature of 573 K in
different gaseous environments could be estimated. Other constants were taken
from a report by Ashby and the calculated time to spheroidization summarized
in Table [4.8%3.

As can be seen, the introduction of environmental oxygen results in a lowering of
both the surface diffusion coefficient and the activation energy of diffusion and
this reduced the calculated time to spheroidization of the nanowires. It is believed
that the physisorption of oxygen onto the surface of silver causes the reduction in
both the surface diffusion coefficient and activation energy and clearly, it was the
latter quantity that played a bigger role in determining the time to spheroidization

in these nanowires.
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Table 4.8: Calculated time to spheroidization, t, of a nanowire with a diameter
of 110 nm at a temperature of 573 K, based on the different surface diffusion
coefficients, Dy and activation energy, E, of the silver atoms in different gaseous
atmospheres.

\ Gas | Dy / cm’st  E, / eV t /s | Ref |
o 2.5 x 10° 2.16 3.04 x 10° | |42
1% 106 240+ 0.15 1.38 x 10° | [A4]
Hydrogen 5.0 x 107 2.76 3.90 x 10° | [45]

Nitrogen (93 %)

1442 . . . 1 1
& Hydrogen (7 %) 1 x10 416 £ 048 4.21 x 10 [46]

The expected time to spheroidization for these AgNWs heated at 573 K was
between one and 38 hours in air and 1.17 x 10® hours in nitrogen. Referring to
the SEM images shown in Fig. [£.19] calculations for AgN'Ws in air were accurate
to within an order of magnitude and the lack of degradation on the AgNWs heated
in nitrogen suggested that there was some agreement between the experiments
and theory.

Additionally, Fig. shows that spheroidization of the nanowires occurred
within four hours of heating at 773 K in nitrogen. Calculating the time taken
for spheroidization of the AgNWs under these conditions, it was found that
spheroidization could occur on the nanowires in as little as 3 minutes under ideal

conditions, giving further agreement between experiment and theory.

4.5.5 Time to Failure Modelling

Time to spheroidization modelling was an important step in determining the va-
lidity of the Nichols & Mullins model in the previous section. However, nanowire
spheroidization was not a good indicator of device failure as the device was ex-
pected to fail before full spheroidization occurs. To check this, the 7 values for
silver nanowires that had failed under different stress conditions were considered.
Surveying experimental data available, time to nanowire electrode breakdown
could be broadly classified under one of two categories:

1) Thermally induced degradation

2) Thermal and humidity induced degradation
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In the first case, the temperatures used were high and experiment time spans
short meaning that capillary instability was the only cause of degradation in
the nanowires. While in the second case, the temperatures used were low and
nanowire the effects of humidity played an equally, if not more important, role in
the degradation process of the nanowires.

Considering AgNW electrodes that were only subject to thermally induced degra-
dation and using the appropriate data from these reports, 7 values of the nanowires
were calculated and tabulated in Table 1.9 The 7 values calculated here were
separated into either conditions for which the electrodes remained stable or con-
ditions for which the electrode had failed.

This data shows that the lifetime of the nanowires are well behaved and that
the 7 value can be used to estimate the actual lifetime of the AgNW electrodes.
The electrodes are seen to be stable up to a 7 value of ~1000, while electrode
breakdown was first observed at a 7 value of 1.35 x 10®. Using a 7 value of 1000
as the limit of AgNW electrode stability, the lifetime of a AgNW electrode made
from nanowires of radius 20 nm was estimated to be on the order of 5.61 x 10°
years when heated at 353 K, a typical temperature condition that solar energy

conversion devices would face.

Table 4.9: Calculated 7 values based on various experimental conditions. The 7
values are split into two categories, the first being the maximum values at which
the AgNW electrode was observed to remain stable, while the second category was
the minimum value for which the AgNW electrode was known to have failed.

Conditions T
Gas Temperature Radius Tirr}e Stable Fail Ref.
/ K / nm / min
Air 523 30 20 258 —
573 55 20 - 1.35 x 103 7]
N 673 55 20 2.89 —
2 773 55 20 - 2.65 x 10*
573 50 10 980
653 50 10 — 1.80 x 10°
Air 503* 13 60* — 3.47 x 10 | [48]
523* 30 140%* — 1.81 x 103
553* 60 155% - 1.53 x 103

*Estimated values
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Even under the harshest naturally occurring temperature conditions, failure of
nanowire electrodes in these solar panels would not be due to capillary instability.
This finding is an important step towards the development of stable nanowire
based TCEs and allays fears that the nanowires would not be sufficiently robust.
Instead, these results point to the presence of gaseous water as the main culprit
in nanowire degradation. Depending on the substrate that the nanowires were
deposited onto, the sheet resistance tripled within eight to 30 days“*=*4 This
meant that a good encapsulation technique and the use of oxygen and water

getters are extremely important when using nanowires as electrodes.
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4.6 Summary of Findings

‘“ In this chapter, the development of a spray coated TCE based on reduced GO
was shown. Using AA as a reducing agent and under optimum spray coating
conditions, a TCE with a transmittance of 60% at a wavelength of 550 nm and
sheet resistance of 2.61 k2/0J was fabricated, giving the TCE a o4./0,p value of
0.248.

By itself, AA reduced GO did not have sufficient conductivity or transparency
to function as a TCE. To improve the optoelectronic properties of these films,
AgNWs were incorporated into the films and the combination proved to be very
effective. Using these materials together, a TCE with a transmittance of 68.1 %
at a wavelength of 550 nm and sheet resistance value of 4.7 /00 was fabricated.
The incorporation of AA reduced GO with AgNW films enabled the fabrication
of TCEs with improved high temperature stability under ambient conditions and
high 04./0,p values of about 190"

Studying the effect of thermal degradation on the AgNWs led to the use of a
model that could estimate the lifetime of the nanowires under different thermal
conditions. This model was accurate in predicting the time to degradation of
the nanowires to within one order of magnitude and allowed the estimation of

a lifetime of these nanowires when used in electrodes®®

. Through this analysis,
it was found that nanowire degradation due to capillary instability was not the
main cause of electrode failure. Instead, humidity induced degradation played the
leading role of electrode degradation, establishing the need for good encapsulation

techniques when using nanowires as electrodes.
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5)

Graphene Oxide in

Phthalocyanine (Gas Sensors

Besides use in transparent conducting electrodes, other potential applications of
GO make use of either its large surface area to volume ratio or its unique electronic
structure to achieve a desired outcome. As mentioned in Chapter[1.3.2] GO is not
selective towards any analyte and most gas sensors make use of its large surface
area to volume ratio to improve the capabilities of a second material that is both
sensitive and selective towards an analyte gas™®. |

This chapter begins by an analysis of a new operating principle that combines
two materials in a chemiresistor setup for a gas sensing device. This is followed
by a demonstration of the sensing characteristics of monolayers of Zinc Phthalo-
cyanine (ZnPC) and GO with respect to a nitrogen dioxide (NO) analyte. The
sensing material and analyte was chosen with foreknowledge that the reaction
between ZnPC and NO, was well researched, thereby allowing the work to focus
on demonstrating the operating principle and analysing the device design®,
The bilayer device was analysed by comparing experimental results against the
theoretical model developed and with this understanding, a new sensing layer
was chosen. This new sensing layer was expected to improve the performance
characteristics of the bilayer device and the results from this test validated the

accuracy of the theoretical model.

This chapter is based on work in patent application with filing number: PCT/2015/050210.
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5. GRAPHENE OXIDE IN PHTHALOCYANINE GAS SENSORS

5.1 ZnPC/GO Bilayer for Gas Sensing

5.1.1 Gas Sensing Principles

Gas Sensing Capabilities of Phthalocyanines

The sensitivity of MPc materials towards NOy was established in the early 1990s
and its electrical conductivity made it and ideal sensing layer material in a
chemiresistor setup®. The high selectivity towards NO,, a pollutant that has
adverse effects on the human body, and low cross-sensitivity of ZnPC towards
other analyte gases, with the exception of chlorine, makes ZnPC an ideal starting
point for this work®4

When compared against metal oxide gas sensors, phthalocyanines have the advan-
tage of low working temperatures. While the former was operated at temperatures
in the range of hundreds of Celsius, the operating temperature for phthalocya-
nines was typically less than 100 °C and this greatly reduced the energy used
during device operation®®?. Reducing the energy consumption of the gas sens-
ing device is important as modern electronic equipments are typically powered
by a built-in secondary battery and the lower operating temperature potentially
allows the incorporation of the phthalocyanine based device into these devices
with limited energy sources.

Besides this, phthalocyanine layers consists of small molecules with mobile 7—
electrons meaning that, unlike metal oxides, crystallinity is not required for con-
ductivity. This allows flexibility in phthalocyanines based sensors and could in-
crease the possible uses of phthalocyanines gas sensors significantly.

Despite the superior sensing properties of ZnPC, and other phthalocyanines, po-
tential uses of the material were limited by the low electrical conductivity of the
material . As shown in the schematic of ZnPC in Fig. [5.1] only 18 m-electrons
per phthalocyanine molecule are available to provides the material with its electri-
cal conductivity when deposited as a film* 249 Ag a result, phthalocyanine films
have typical resistivity values of ~1 x 10° Q/m and, when operated at voltages
of <5 V, the finished devices would have typical operating currents on the order
of nanoamps™ 2 These exceptionally low operating currents and large drifts
in the baseline current and higher device currents would be beneficial towards

improving device accuracy and ease of signal processing.
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5.1 ZnPC/GO Bilayer for Gas Sensing

Figure 5.1: Schematic of ZnPC molecule showing the macrocycles surrounding
the zinc center of the molecule.

Gas Sensing Capabilities of Graphenic Material

On the other hand, graphene and GO have large surface area to volume ratios
making them ideal platforms for gas sensing. Reduced GO could be made excep-
tionally sensitive to the presence of even a single analyte molecule, however the
film still lacked analyte selectivity??. Just like reduced GO, GO is not a selective
sensing material and this made it a poor gas sensing layers as well2%23,
Graphene is different from GO in the sense that it is poorly reactive to a majority
of analyte molecules. To utilize the large surface area to volume ratio of graphene
for gas sensing, it has to be functionalized by attaching sensing molecules onto
the carbon basal plane?. Though promising, this method runs into the problem
that the density of sensing sites was limited by the density of sensing molecules
that could be arranged onto the carbon basal plane.

Despite these drawbacks, graphene based materials have better conductivities
than phthalocyanine materials and this advantage could be harnessed to improve
phthalocyanine based sensors for integration with ASICs. By combining the
materials in a properly designed device, the strengths of one material could be
used to overcome the limitations of the other.

Typically, this is achieved by dispersing the sensing material as particles on a
conductive graphene based platform, and the change in current detected when

the analyte molecule interacts with the sensing material®?.
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Concurrent use of ZnPC and GO in a Device

While ZnPC and GO have individually demonstrated their potential for gas sens-
ing, the combination of these materials for a gas sensing application has yet to
be studied. A search through online databases revealed that these materials have
only been used together in a broadband optical limiter and the experiments re-
ported in this chapter are the first to report on the gas-sensing properties of these

materials when used together®?,

5.1.2 Bilayer Device Fundamentals

Device Background
In mixed material devices, the device resistance is changed when the analyte
physisorbs onto the sensing molecules of a first material and, in a doping like
reaction, changes the carrier density or mobility in the conductive matrix made
of a second material. While this concept is excellent in improving particular
aspects of the sensing device, it is not without its drawbacks.
These drawbacks include:
(i) The non-selective conductive layer is exposed to the analyte and this in-
creases the likelihood of false positives due to cross-sensitivities
(ii) Due to the lower concentration of sensing sites, sensitivity of the device to
the analyte is reduced
The embodiment of this design is shown in Fig. and differs from others
in the way that the phthalocyanine materials were expected to interact with the
conductive film. Instead of using a doping technique to change the carrier density,
this design utilized a change in the external applied field to modulate the Fermi
level in the conductive layer to change the resistance of the layer. Changing this
Fermi level then changes the resistance of the layer by modifying the concentration

of carriers in the conducting layer.

Device Principles

Instead of depending on a doping like interaction in the form of a physical con-
nection between the analyte, sensing material and conducting layer, interaction
in the bilayer gas sensor device is in the form of an electric field coupling between

the analyte and sensing material.
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Au rGoO
Sio,

Figure 5.2: Schematic of the bilayer device for gas sensing showing the deposition
of a sensing layer onto a conductive reduced GO layer with variable sensing layer
and conductive layer thicknesses.

This design offers the following advantages:

(i) Errors due to cross sensitivity can be eliminated if the sensing layer used

encapsulates the conductive material
(ii) Sensing sites density is higher in the bilayer device than a device that dec-
orates the GO flake with sensing material

Graphene and reduced GO are candidate materials for the conductive layers as
the application of an external electric field is known to change the conductivity
of a reduced GO layer and open band gaps in bilayer graphene?™28. The goal
of this work was to prove and collect data on the concept of the bilayer device
by characterizing the performance of this novel device. After that, the specific
requirements of the device design, conductive layer and sensing layer can be
defined and optimum materials chosen.
In this design, the electric field was provided by the ZnPC sensing material when
it reacted with the analyte molecule. In layers consisting of only ZnPC, the
material acted as a p-type semiconductor and holes would be injected into the
layer when it interacted with an oxidising gas such as NO,81012,
ZnPC is sensitive to sub-ppm concentrations of NO, and responses were observed
within seconds of NO, exposure®®. This response comes from the physisorption
of NOy onto the ZnPC molecule and results in an exchange of electrons, creating a
microscopic dipole that spans the two molecules. This is represented as a change
in the contact potential difference (CPD) at the ZnPC/environment interface
when the film is exposed to NOy, shown in Fig. [5.3
However it is not known if the dipoles created from the individual ZnPC-NO,
interactions result in the formation of a field. Even if a field was created, it was
also not known if this field would be sufficiently large to cause a change in the

resistivity of the conducting layer.

199



5. GRAPHENE OXIDE IN PHTHALOCYANINE GAS SENSORS

70
60 - Dry synthetic air only
50+
< 40+
[= 1
~ 304
6 ]
204
104 50 ppb of NO, in
1 _ dry synthetic air
T T -
¥ T ’ T . T T T ¥ T
0 100 200 300 400 500
Time (s)

Figure 5.3: Contact potential difference measured by Kelvin Probe at the
ZnPC /environment interface when 50 ppb of NOg is introduced.

Device Design

The device is fabricated by depositing a layer of sensing material onto a layer
of conductive material in a bilayer device as shown in Fig. On a silicon
substrate, gold interdigitated electrodes were deposited in a finger like structure
as was shown in Fig. and on to these electrodes, varying thicknesses of
GO and ZnPC were deposited. As phthalocyanines are not stable at the higher
temperatures used to reduce GO, the sensing layer was deposited onto conductive
layer only after thermal reduction of GO had been performed.

After fabrication, the devices were pre-conditioned by exposure to ambient condi-
tions for at least two days before any sensing measurements were made. This prac-
tice was carried over from ZnPC only devices which required the pre-conditioning
step to allow oxygen doping to occur. In these samples, oxygen doping helped to
reduce the resistance of the finished ZnPC only device but was not expected to
affect the bilayer device. In this case, the pre-conditioning step was retained to

stabilize the sensing material and minimize changes to the ZnPC layer used.
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5.2 Expected Response of the Bilayer Device

5.2.1 Theoretical Model of a Bilayer Device

Before coming to the results from the bilayer devices, the expected outcome from
the experiment was studied by considering the effect of an electric field from a
sensing layer on the resistance of the conductive layer underneath. A simplified
schematic of the bilayer device is shown in Fig. [5.4] which assumes that the
source and drain electrodes are of the same height, h, as the conductive layer,

while the sensing layer forms neatly over the conductive layer only.

ZnPC (Potential=v,) 2%
J ’ g
I v
h $ Source Reduced GO Drain I ® )
P y > L-——->3x

Figure 5.4: Simplified schematic of the bilayer gas sensor used in deriving the
expected response. The thickness of the conductive layer, source and drain are
exaggerated for visual clarity.

Setup of Model

The resistance, R, of the conductive layer is given by:

pl pl
R A b-h (5.1)

where p is the resistivity of the conductive layer and b is the breadth of the
electrode in the y-direction of the schematic in Fig. [5.4]
Making the simplification that electrons are responsible for conductivity and ne-

glecting the conductivity of the ZnPC layer, p is rewritten as:

1

nej

p = (5.2)

where n is the carrier concentration, e the electron charge and p the mobility of

the carrier.
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Treating the reduced conductive layer as a semiconductor, the carrier concentra-

tion varies as a function of the external applied voltage, V, according to:

V+Ey—E;
n(V) = n;exp <%) (5.3a)
with R
n(0) = n; exp( fk:; Z> = ng (5.3b)

Here n; is the intrinsic carrier concentration, Fy & E; are the Fermi and intrinsic
energy levels respectively, k is the Boltzmann constant and T is the temperature.
The sensing layer provides the external applied voltage and, like a parallel plate

capacitor, was assumed to change linearly through the conductive material:

V:%(%>,0<z<h (5.4)

5.2.2 Effect of Analyte Sensing Event

Dependence of Layer Resistance on 1}

Using this model, the conductive layer can be treated as a stack of parallel re-
sistors and the total sheet resistance found by summing the resistance of these
resistors. This is done in the form of an integration by using Equations
through as shown in the following calculation.

h h
1 = ﬁdz = / bnep dz
R o pl 0o

b V+E;— E;
= elu n; exp <+—f) dz

L)
be;lmo hkT { (hV_T )}
be;lmo hkT { <LT> }
()]
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Taking the inverse of this gives the relationship between the resistance of the
conductive layer and the external applied voltage from the sensing layer. The

previous equation then becomes:

_ Vo

M AT e (B =D

(5.5)

This modified equation has the familiar resistance term that was shown in Equa-
tion (5.1) and a second voltage dependent term. Taking the limit of this second

term as V) — 0: v
li 0 =1 .
% KT [oxp (5 — 1)) o0

which is the expected behaviour of the device. That is to say, the resistance of
the conductive layer is not changed when no external voltage is applied.

Equation is plot in Fig. and shows the relationship between the re-
sistance of the conductive layer and the magnitude of the applied voltage. The
graph shows that the magnitude and direction of the change in resistance of the

conductive layer depends on the voltage applied to the system.

ol Vo
R/ —) = W lexp (B —1)]
A kT lexp (gr — 1)

R (P!
(A)

Figure 5.5: Plot of the resistance, R, of a semiconducting layer against an arbi-
trary applied voltage, V at room temperature. Resistance values are shown as a
multiple of the resistance of the layer without an applied voltage.
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Taking derivatives with respect to 1}
This analysis is further developed by taking the first and second derivatives of
Equation (5.5)). These derivatives are:

AR pl FT [exp (57) — 1] — Voexp (57)

k 5.7a
Vo A (kT [exp (1) - 1) o
R plexp (4F) [-2kT exp (33) + Voexp (33) + 25T + Vi (5.7b)

dvo2 A (KT)? [exp () — 1}

At room temperature, kT ~ 25 meV and letting 'O—l = 1, the above equations
are plot for arbitrary values of Vj in Fig. [5.6l The graphs show that maximum
gradient change occurs at high negative voltage values, while the maximum rate
of gradient change occurs when the external applied voltage is equal to zero.
Borrowing naming conventions from field effect transistors, the external voltage
can be affected by the application of a gate voltage, V,, which affects the system
by replacing all instances of V|, with V + V; in the equations.

&R _{pa ] exp () [—2kTexp (12} + Voexp (13) + 25T + V]
04dvE’ LA (KT [exp (J2) —1]°
I

1
1
]
I
I
200 | J
I
]
]
I

dR/dV
dR/av*

100

v, ’ \A] u.'r] [exp () —1]*

[J!(J (X1
V. (V) V, (V)

Figure 5.6: (a) First derivative and (b) second derivative of resistance with respect

l
to applied external voltage. kT at room temperature is taken as 25 meV and % is

taken to be unity.
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5.2 Expected Response of the Bilayer Device

This point is important as different Fermi energies in the conductive and sensing
layers means that a contact potential, V. exists along the interface region of these
materials. Depending on the depth of the depletion region formed, the contact
potential could change the carrier concentration within the conductive layer, may

have an effect on the sensitivity of the device and can be removed or enhanced

d
by the Vy + V, term. For Vj + V, # 0, either a larger or smaller ﬁ value can
0

2

be attained, but the e will always be made smaller.

0

This has implications on the device depending on the signal processing method
utilised for detection. For example, if the signalling method used is an absolute
change in the resistance of the device, it is desirable that the contact potential

and applied gate voltage work in tandem to put the device in a region where the

magnitude of v is large. This ensures that any change in V; due to a sensing
0

event would result in a large change in the resistance of the device.

Similarly, if the signalling method used in detection is the instantaneous change in
the gradient of the resistance graph, then it would be ideal to apply a voltage by
means of a bottom gate design to counteract the contact potential (V, — V., = 0),

so that the change in gradient due to analyte detection event is maximised.

Effect of Changing Layer Thicknesses
Conductive Layer Thickness

The relationship between the resistance of the device and its dependence on the
external applied voltage can be found from Equation (5.5 by expansion of the A
term (A = b x h). Changing the thickness of the conducting layer will causes its

resistance to change according to %

Using the theoretical model, the magnitude of the change in device current due

to a sensing event is expected to scale linearly with hA. This is shown in Equation
(5.5)), where the device resistance is a product of bp_h and a function of V4. For

the same V[ value, a larger h will give a larger change in R and hence a larger

change in the device current.
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5. GRAPHENE OXIDE IN PHTHALOCYANINE GAS SENSORS

Sensing Layer Thickness

In principal, modifying the thickness of the sensing layer should not affect the
performance of this bilayer device as the applied voltage from the sensing layer
depends on the concentration of bound analytes in the sensing layer and not the
quantity of these bound analytes. Treating the analyte-sensing layer combination
as a bound charge, the potential experienced at a given distance, r, from the

surface of the sensing layer depends on:

1
V(r) %44 + / Pd g (5.8)
A

- Amey Jg 1 r

where the unit surface charge is integrated across the surface, 8§, and the unit
charge density integrated for the volume, V, of the layer.

While this may be true for a steady state solution, it oversimplifies the model.
Besides considering the dynamic nature of analyte bonding onto the sensing
molecules, one will need to take into account the rate of diffusion of the ana-
lyte through the sensing layer as well.

In the short term, it is likely that a majority of sensing events occurs at the sensing
layer /environment interface and not within the bulk of the sensing material. This
effect would weaken the field in the sensing material and could reduced the change

in device current observed.

Discussions on the Model
In these calculations, some assumptions were made which will be discussed here.
It was assumed that
1. the sensing layer was infinitesimally thin,
2. the sensing layer did not contribute to resistivity,
3. the conductive layer was not affected by the analyte gas,
4. the sheet resistance in the conductive layer was much greater than the
contact resistance between the conductive material and the metal electrode.
5. and the external applied voltage from the sensing layer, Vj changes accord-
ing to the concentration of analyte physisorbed onto the sensing layer.
The first assumption was made to simplify the calculation and remains true for
ultra-thin sensing layers on a reduced-GO conducting layer. The model can be

improved to include the real thickness of the sensing layer, however this would
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5.2 Expected Response of the Bilayer Device

introduce a time dependent factor to the equation and require one to have knowl-
edge on the rate of diffusion of the analyte through the sensing material.

The second assumption may not hold true all the time. As shall be shown later,
a typical ZnPC sensing layer deposited on the finger electrode setup exhibits
a device resistance in the order of gigaohms, while the GO layer has a sheet
resistance on the order of kilohms. Since the layers act as resistors in parallel, it is
easy to see that the overall resistance of the system is not affected significantly by
the addition of a high resistance sensing layer onto the lower resistance conduction
layer. Additionally, it was noted that the model does not account for instances
when the sensing and conductive layers have similar conductivities.

The third assumption is not true for reduced GO as its resistivity does change
when introduced to NOs and this must be taken into account during data analy-
sis??%0  However, this point may be ignored if the ZnPC turns out to be a good
encapsulant and can be engineered to prevent interaction between reduced GO
and NOs.

The fourth assumption can be assumed to be true as the contact resistance be-
tween reduced GO and a metal electrode is typically in the order of kilohms which
is much lower than the sheet resistance of the reduced GO conductive layer=!.
The fifth assumption is arrived at by taking account of the fact that the rate
of absorption and desorption on the sensing layer depends on the proportion
of available sensing sites available in the layer. It is expected that the voltage
derived from the sensing layer depends on the concentration of filled sensing sites
in the sensing layer and at a given analyte concentration, the rate of analyte
physisorption onto the sensing layer will gradually decrease over time while the
rate of analyte desorption will gradually increase.

Given enough time, an equilibrium will be reached such that the rate of desorption
will match the rate of physisorption and there is a constant number of occupied
sensing sites in the sensing layer. These occupied sensing sites then provide a net
electric field whose strength depends on the concentration of these dipoles.
Finally, although these assumptions affect the accuracy of the quantitative data,
they are not expected to affect the qualitative data described and future work

will improve on the model to address these assumptions.
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5.3 Characterization of Monolayer Devices

Due to the low device currents inherent in the phthalocyanine only devices, there
was a need to increase currents in the device so as to reduce data acquisition
time and to improve the systems response speed to changes in external stimuli.
A typical ZnPC sensing layer in the gas sensor device is 60 nm thick, however
device currents rarely exceeded one nanoamp. As a result of these low device
currents, data sampling rates on a Keithley 2636A did not exceed 1 Hz and this
limited the responsiveness of the system.

Sampling rates could be increased dramatically as device currents were increased
and these higher currents would reduce the challenges involved in integrating
the device into an ASIC as well. Ideally, the modified device should display
significantly increased conductivity values while retaining the same sensitivity
towards the analyte.

In this section, the sensing capabilities of a ZnPC layer and reduced GO layers
are first explored. In the following section, the performance characteristics of the
bilayer devices with various combinations of layer thicknesses are shown. Finally,
the results shown in these sections and the effectiveness of the approach towards

achieving the desired goal are discussed.

5.3.1 Characterization Parameters

Experiment

In a standard experiment, the finished device is prepared for testing by first
mounting it into a closed testing chamber, shown in Fig. [2.15] after the sample
had been subject to two days of oxygen doping. After mounting, a stream of
synthetic dry air is blown into the chamber and the electrodes held at a bias of
5 V for two minutes before the testing phase was conducted. This was done to
stabilize the device and to get a baseline current of the device.

The testing phase consisted of running a stream of synthetic dry air which has
a controlled concentration of the analyte gas mixed into it and recording the
change in device current. The analyte gas was mixed with the synthetic dry air
at concentrations of 50, 60, 80, 100, 120, 200 and 500 ppb and for each given

concentration, the mixture was pumped into the chamber for one minute. After
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5.3 Characterization of Monolayer Devices

each minute of testing, the chamber was purged with synthetic air for two minutes

before the next concentration of the mixed gases was pumped into the chamber.

Device

The devices were made using ZnPC and/or reduced GO layers of varying thick-
nesses and a list of all samples used is shown in Table[5.1] For the reference device,
only ZnPC at a thickness of 60 nm is shown as it was a thickness optimized for
maximum sensitivity and device current®?. For the reduced GO reference devices,
two thicknesses were used so that the responsiveness of thin and thick layers of

reduced GO towards the presence of NOy can be shown.

5.3.2 ZnPC Sensing Layer

The response of the ZnPC sensing layer to increasing concentrations of NO, is
shown in Fig. along with a plot of the sensitivity of the device towards changes
in analyte concentration. Here, the sensitivity of the device is determined by the
slope of the relative gradient change (RGC) graph and the RGC graph is a plot

of the change in the gradient of the current time graph against the concentration

Table 5.1: List of all ZnPC and GO thicknesses used in the gas sensing devices
in this chapter. All thicknesses in nanometres.

Experiment Thicknesses | Sample
ZnPC GO | Reference
60 0 60/0
Reference 0 5 0/5
0 44 0/44
1 5 1/5
Constant 1 11 1/11
ZnPC 1 22 1/22
Thickness 1 33 1/33
1 44 1/44
Constant 1 44 1/44
Reduced GO 10 44 10/44
Thickness 60 44 60/44
Equal
Thicknesses g g 5/5
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Figure 5.7: Characterization results of the ZnPC gas sensing device. The black
line represents the device current and the blue line represents the NOs concen-
tration. (Inset) A plot of the RGC at different NOgy concentrations; the device
sensitivity is given by the gradient of the RGC against NOg concentration graph.

of NO, introduced into the chamber. As a point of clarification, the change in
the gradient was calculated at the point in time when NO, was introduced into
the chamber and is calculated by subtracting the gradient after NOy introduction

from the gradient before NO, was introduced.

As shown in Fig. [5.7], the typical gas sensor device with a ZnPC layer has a
device current on the order of 0.1 nA and the RGC of the device changed almost
linearly with respect to NOs concentration. From this graph, the sensitivity of
the device was calculated to be 3.76 fA(s ppb)~'.

While the linearity of the RGC towards NOs concentration is important, the low
device current needs to be overcome while keeping operating voltages unchanged
so that the sensor can be easily integrated into hand-held consumer devices which
have typically have low operating voltages and significant limitations in terms
of operating power available. Besides low device currents, the characterization
results also showed other problems that were inherent to the ZnPC based gas

sensor device.
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5.3 Characterization of Monolayer Devices

These problems noted are as follows:

(i)

Baseline drift

The current levels of the ZnPC device falls over time and this is most
visible just before the 50 ppb measurement, where the device current is
falling steadily. The cause of this drift is as yet undetermined and poses
issues to the reliability of the device.

Long saturation times

In all cases, the time taken for saturation was longer than one minute and
and no saturation was observed. This was also why the RGC, and not the
absolute change in current, was used to characterize sensitivity of the device

towards the presence of NO,.

Due to this, the sensitivity of the device to the concentration of NO, present was

determined by means of RGC and not the gradient as it was recognized that the

two minute recovery interval was not sufficient for full removal of the absorbed

NO,.

By using RGC, the effects of desorption and absorption are accounted for

without having to fully remove all NO, from the sensing layer and this speeds up

the process of characterization. However, use of this technique comes with the

following issues:

(i)

It is easy to envision circumstances under which the RGC technique will
give an erroneous result. For example, if the device were first exposed to
a NOy concentration of 100 ppb and this was increased to 200 ppb, the
RGC method would not show a NOs concentration of 200 ppb. Based on
the RGC shown in Fig. it is likely that the device will reflect a NOy
concentration of less than 50 ppb instead. While this may be a real problem
for a consumer device, the controlled experiment conditions ensures that
this does not occur here.

This method may lead to an artificial improvement of the device sensitivity
as shown in Fig. |5.8] The slope of the graph increases slightly from 3.62
to 3.76 fA/(s ppb) when the method of RGC is used. However, because
it would not be feasible to fully remove all NOy before the next sensing
event, taking the actual gradient is not a robust method especially if the
sample has a lower proportion of sensing sites available. Furthermore, the
same error will be carried throughout the experiment and is not expected

to affect the final result when comparing among devices.
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Figure 5.8: Graph showing the sensitivity of the ZnPC gas sensor device towards
NO32 and two methods of finding the sensitivity are shown.

5.3.3 Reduced GO Sensing Layer

Reduced GO layers of 5 and 44 nm were tested for sensitivity towards the presence
of NO; and these characterization results are shown in Fig. [5.9] Despite being
thinner than the ZnPC layer, these devices have measured current values on the
order of milliamps and this is six orders of magnitude greater than the current

values in ZnPC layers.
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Figure 5.9: (a) Response of 5 and 44 nm thick reduced GO layers to increasing
concentration of NOs. (b) Sensitivity graph of the layers.
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5.3 Characterization of Monolayer Devices

With a slope of 58.1 nA/(s ppb), the RGC graph shows that the device made
using 5 nm of reduced GO was almost 6x more sensitive to changes in the NOy
concentration the the device made using 44 nm of reduced GO. However the latter
device had the advantage of having a device current that was almost 20 times
higher than the device made using the thinner layer of reduced GO.

These results suggest that the rate of NO, diffusion through reduced GO is low.
Although the devices were made of the same material and should have the same
reactivity towards NOs, the thicker device had a higher current and lower sensi-
tivity towards the presence of NO,. This observation also meant that the ZnPC
layer could sufficiently encapsulate the reduced GO layer such that NOy could be

prevented from reacting with the bulk of the conductive layer.

5.3.4 Comparing Sensitivities of Monolayer Devices

Due to the large differences in current values, the data had to be normalized
before comparison. Normalization was done by dividing each data point by the
range of the experimental data after shifting the first data point as ‘0’.

In terms of an equation, the current, I, was normalized using the equation

]Norm — ['L B [1
’ ]Max - ]Min

(5.9)

where I}™ is the normalized current, i is the index of the data point and Iy,
and Iyp.x are the minimum and maximum current points respectively.

Using this method, the effect of device current on the value of the sensitivity can
be removed and the normalized RGC used to compare the devices. A graph of
the data after normalization and the normalized RGC of these devices are shown
in Fig. [5.10(a) & (b) respectively. Despite the marked improvement in device
currents when using reduced GO, the slope of the normalized RGC graph confirms
that reduced GO was less sensitive to NOy than ZnPC. Additionally, it is well
known that reduced GO is an unselective gas sensor, making it an unattractive
material for use in the sensing layer.

Comparing the 5 & 44 nm thick reduced GO layers, the lower normalized sensi-
tivity of the device with a thicker reduced GO layer confirms that NO, diffusion

through the layer is slow. Being made of the same material, the rate of physisorp-
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Figure 5.10: (a) Experimental data of ZnPC and reduced GO layers after nor-
malization. (b) Normalized RGC graphs of the monolayer devices.

tion of NOy onto the reduced GO flakes should be the same in both devices and
assuming that the NOy was uniformly distributed through the reduced GO layer
the films should have had the same normalized sensitivities.

Instead, a lower normalized sensitivity was observed and this could only be under-
stood if the NOy penetrated the reduced GO layer slowly. Table [5.2] collates the
values of the ZnPC and GO layers and it appeared that sensitivity and normalized
sensitivity were inversely related to device in monolayer devices. These charac-
teristics of the ZnPC and reduced GO layers will be used later in the chapter to
prove the validity of the bilayer concept.

Table 5.2: Summary of the important performance characteristics of the mono-
layer gas sensor devices.

’ Material \ ZnPC \ Reduced GO ‘
Thickness 60 nm 5 nm 44 nm
Current 0.20 nA 0.89 mA 15.8 mA

Sensitivity | 3.76 fA(s ppb)~! | 58.1 nA(s ppb)~! | 10.4 nA(s ppb)~*

Normalized 2.02 x 1075 7.73 x 1076 1.13 x 1076
Sensitivity (s ppb)~! (s ppb)~! (s ppb)~!
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5.4 Characterization of Bilayer Devices

This section will consider the sensitivity of the bilayer device to the presence of
varying concentrations of NO,. The first part of this section will focus on the
effect of varying the thickness of reduced GO with a thin layer of ZnPC, while the
second part of the section will vary the thickness of ZnPC on a layer of reduced
GO. To complete the characterization, a device with equal thicknesses of GO and

ZnPC was fabricated and characterized.

5.4.1 Changing Reduced GO Thickness

In the first series of experiments, a 1 nm thick layer of ZnPC was deposited onto
reduced GO with thicknesses from 5 to 44 nm. After oxygen doping for two days,
the devices were tested for sensitivity towards NOs and the experiment results
are shown in Fig. [5.11] Set in each results graph is the normalized RGC when
the device was exposed to different NO, concentrations and the corresponding

normalized sensitivity value of the device.

From these results and those shown in Table [5.2] adding 1 nm of ZnPC onto 5
nm of reduced GO almost tripled the normalized sensitivity of the sensor based
on reduced GO from 7.73 x 107 to 2.01 x 107° (s ppb)~!. However, increasing
the thickness of the reduced GO layer decreased the normalized sensitivity of
the bilayer device and all of the devices that followed had normalized sensitivity
values lower than the 0/5 device.
At the same time, the results also showed that device currents increased with
increasing reduced GO thickness. The current levels in the device increased from
~14.5 pA in the 1/5 device to ~18 mA in the 1/44 device and this is a marked
improvement over the 0.1 nA device currents observed in the devices made using
Z/mPC only. Furthermore, the graph of the device current against reduced GO
layer thickness, shown in Fig. [5.12] confirms that a linear relationship exists
between these parameters and the slope of the graph was used to derive a physical
property of the gas sensor device.
The device current and reduced GO thickness are related by Ohm’s law and
Equation to give:

I =V.-—-h (5.10)
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Figure 5.11: Response of bilayer sensor device consisting of 1 nm of ZnPC on
5, 11, 22, 33 & 44 nm of reduced GO as compared to a device consisting of only
5 nm of reduced GO. Inset graphs are the normalized RGC values and the device
consisting of 5 nm of reduced GO is included as a point of reference.
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Figure 5.12: Graph showing the linear increase in device current with respect to
reduced GO thickness.

The device current changed linearly with respect to the thickness of the reduced

b
GO layer and since the bias applied was 5 V, — was found to be equal to 0.096.
p

This value depends on the design of the electrode and has implications on the

design of the inter-digitated finger electrodes.

5.4.2 Changing ZnPC Thickness

In this series of experiments, the thickness of the reduced GO layer is kept con-
stant at 44 nm, while the thickness of the ZnPC layer is increased from 1 to
60 nm. As before, the devices are oxygen doped prior to the characterization
measurement, and the results are shown in Fig. [5.13]

The device current was high, in the order of tens of milliamps and the samples
with 1 and 10 nm of ZnPC recorded an increase in normalized sensitivity. With
the addition of 1 nm of ZnPC, the normalized sensitivity was almost tripled from
1.13 x 1075 (s ppb) ™! in the 0/44 device to 3.19 x 107° (s ppb)~! in the 1/44
device. On the other hand, the addition of 10 nm of ZnPC onto 44 nm of reduced
GO resulted in a modest 18 % increase in the value of the device’s normalized
sensitivity and the device with 60 nm of ZnPC on 44 nm of reduced GO exhibited

a 33 % decrease.
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Figure 5.13: Response of bilayer sensor device consisting of ZnPC with thick-
nesses of 1, 10, & 60 nm on a 44 nm thick layer of reduced GO. Inset graphs are
the normalized RGC values and the device consisting of 44 nm of GO only is shown
for reference.

These results show three things about the bilayer devices. Firstly, the maximal
effective thickness of the interaction between ZnPC and reduced GO was more
than 54 nm, but less than 104 nm. Secondly, the decrease in normalized sensitivity
values with increasing device thickness that was observed in the previous section

was also seen here. Finally, the device current increases with increasing thickness
of the ZnPC layer.
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5.4.3 Discussions on Bilayer Device Concept

Relative Gradient Change of Bilayer Device

The measurement of device sensitivity shown thus far is the second time derivative
of the current time graph of a device under test and by using Equation , the
expected change in device sensitivity to a change in conducting layer thickness
can be predicted.

v
The current and resistance of the device are related by Ohm’s law, I = —A, where

V4, the applied bias, is a constant. Taking the derivative with respect to R gives:

I Vu

5= (5.11)

The RGC at the point of NO, introduction is the change in gradient and is related

to the change in current as follows:

d*I
RGC = —
dt?

_d(dl dr
dt \dR dt

_d( Vi dR
Cdt\ R2 dt

dR 2
2 dR 1 &R
=_V _gdt T _ . —
A ( g dt> TR @
(d_R)2 _R.-%R
=2V~ dt (5.12)

R3

The resistance of the bilayer device was shown in Equation [5.5| and is composed
of two component; a time independent component, comprising of physical dimen-
sions, and a time dependent component that depends on the concentration of

analyte in the gaseous environment in the form Vy(t).

With this, the equation can be rewritten as:

R= = = f(Vo(t)) (5.13)
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The first and second differentials of this equation are simply:

dR

dt

R
dt?

ol df(Va(t)
bh dt
A0
bh dt?

This simplifies Equation to become

(p_l _ df(Vo(t)))2 _ (p_l_ (Volt)) - £ d%(t))
bh dt bh 0 bh dt2
AR (& - f(vo(t)”
2 2
Ly b (—df(dv,?(t”) - (f(Vo(t)) yaru dvt%(”)
Al F(Vo())

(5.14a)

(5.14b)

(5.15)

According to this equation, the RGC of the device is expected to change linearly
with respect to the thickness of the conductive layer.

To check if the calculations match the experimental results, the relative gradient
change and sensitivity graphs of bilayer devices consisting of 1 nm of ZnPC on
various thicknesses of reduced GO are shown in Fig. [5.14]
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Figure 5.14: Graphs of the (a) RGC values at different concentrations of NOq
and (b) sensitivity of bilayer devices with 1 nm of ZnPC on various thickness of

reduced GO.
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The values of the RGCs shown in Fig. [5.14|a) are not normalized values from the
current versus time graphs in Fig. and this is not the same as the normalized
RGC values that are shown in the inset of the graphs in Figs. & For
a given NOy concentration, the graphs show that the RGC values increases with

increasing conductive layer thickness.

However, the sensitivity values of these devices are lower than the sensitivity
values of reduced GO only devices, as shown in Table 5.3l In the case of the
device with 5 nm of reduced GO, the addition of 1 nm of ZnPC caused the
sensitivity to fall by over 12,000, while the current decreased by 61x.

It is believed that the difference in device currents observed here is caused by a
lack of environmental dopants in the thinner reduced GO layer. The concentra-
tion of oxygen and water molecules from the environment that is present within
the the layer is expected to change the conductivity of graphene, carbon nan-
otubes and reduced GO and the height of the electrode walls and presence of the
ZnPC layer would have prevented this doping interaction from occurring in the
thinner 1/5 device but not in the thicker 1/44 device™* 2.

The cause of this decrease in sensitivity values becomes clearer when comparing
devices with 44 nm of reduced GO. Here the device current did not change sig-
nificantly, but the sensitivity still fell by 12x and indicates that the addition of
the ZnPC layer imparts analyte selectivity to the devices. Instead of reacting
with all the gases present, the ZnPC layer selective binds with the NOy molecules

and prevents a significant proportion of the other gases from binding with the

Table 5.3: Device current and sensitivities of devices made from either 5 or 44 nm
of reduced GO with and without 1 nm of ZnPC. While the sensitivity is reduced,
the normalized sensitivity is improved by the addition of 1 nm of ZnPC.
Abbreviations: Sens. — Sensitivity & N. Sens. — Normalized Sensitivity.

Thickness of / nm 0 1 ZnPC

885 14.5 Current / 1A

5 58.1 0.004 Sens. / nA (s ppb)~!
0.773 2.01 N. Sens. / x107°(s ppb)~!
15.8 17.8 Current / mA

44 10.4 0.859 Sens. / nA (s ppb)~!
1.13 3.19 | N. Sens. / x107°(s ppb)~!

Reduced GO
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reduced GO layer. While this reduces the sensitivity in real terms, the normalized
sensitivities of the devices are shown to benefit from the addition of ZnPC and
this normalized sensitivity is more important for the gas sensing device.

Furthermore, comparing sensitivities instead of RGC at a given NOy concentra-
tion has the added advantage of reducing data noise as each sensitivity data point
is the gradient of the RGC against NO, concentration graph. Furthermore, Fig.
5.14)(a) shows that the RGC changes linearly with respect to NOy concentration
and Equation [5.15 shows a linear relationship between RGC and h. This means
that the sensitivity is expected to change linearly with thickness and this is shown
in Fig. 5.14(b). By comparing device sensitivities, the accuracy of the analysis is

improved and confidence in the reliability of the conclusions increased.

Normalized Sensitivity of Bilayer Device

The normalized sensitivity values of these bilayer devices towards the presence of
NO, are tabulated in Table [5.4] and plot against layer thickness in Fig. [5.15] The
results indicate that normalized sensitivities decrease predictably as the overall
thickness of the device increased.

Considering first the samples with 1 nm of ZnPC on reduced GO, increasing the

reduced GO layer thickness decreased the normalized sensitivity of the device.

However, as shown in Figs. [5.11] and |5.14{(a), this decrease also came with an

increase in both device conductivity and RGC.

On the other hand, adding 1 nm of ZnPC onto 5 or 44 nm of reduced GO
resulted in a two and half to three time increase in the normalized sensitivity of
the reduced GO layer. The sensitivities increased from 7.73 x 107% and 1.13 x
1075 (s ppb)~! in the 0/5 and 0/44 samples respectively to 2.01 x 107 and 3.19
x 107 (s ppb)~! in the 1/5 and 1/44 samples respectively

Similarly, increasing the thickness of the ZnPC layer reduced the normalized
sensitivity of the device as well. For the devices made using 44 nm of reduced
GO, the normalized sensitivity fell from 3.07 x 107% to 7.57 x 10~7(s ppb)~*
as the thickness of the ZnPC layer was increased from 1 to 60 nm. This clearly
indicated that enhancements in sensitivity were due to changes occurring at the
surface of the ZnPC/environment interface and not within the sensing layers.
Taken together, it can be deduced that the increase in normalized sensitivity

towards NOy must have come from the addition of the ZnPC layer.
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Table 5.4: Tabulation of the normalized sensitivity values of the different devices
towards the presence of NOy. Norm. Sens. refers to the normalized sensitivity

value.

0 Norm. | & Norm. Norm.
é Sample Sens. g Sample Sons. . Sample Sens.
2 1/5 201 | 1/44 307 | 2] 0/5 773
=0 1/11 6.59 ﬁ 10/44 1.33 % 0/44 1.13
o122 637 || 60/44 0757 |G| 60/0 203
S| 1/33  6.00 z =
= 1/44 319 |N

Normalized sensitivity values have the suffiz “x 107% (s ppb)~1”

2.2x10°

3.5x 107"
B Thickness of reduced GO with Inm ZnPC

20x107 A W A Thickness of ZnPC on 44 nm of reduced GO
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1L.Bx107 A
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Figure 5.15: Normalized ensitivity of device plot against changes in the thickness
of the variable layer. Left axis: Normalized sensitivity of device with 1 nm of ZnPC
on a variable thickness of reduced GO (black squares). Right axis: Normalized
sensitivity of devices with a variable thickness of ZnPC on a 44 nm thick layer of
reduced GO (red triangles).
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As mentioned earlier in Section [5.1.1] the sensitivity of reduced GO towards the
presence of an analyte is typically enhanced by the direct dispersal of sensing
particles onto the reduced GO flakes™. However, barring effects of analyte
diffusion rate through the sensing layer, these devices sensitivities are expected

to be independent of thickness and cannot these observations.
Taking the following points into consideration,

1. The same two and half to three fold increase in normalized sensitivity ob-
served in both the 5 and 44 nm thick reduced GO samples, indicates that
the effect responsible for the improvements observed in both the samples is
independent of thickness within this thickness range.

2. Whether the thickness of reduced GO or ZnPC was change, the same trend
of decreasing normalized sensitivity was observed as shown in Fig.

3. Based on the fabrication method, one can be sure that ZnPC forms a thin

layer on top of the conductive reduced GO layer.

The evidence points towards an electric field as the cause of these improvements.

5.4.4 Equal Thicknesses of ZnPC and reduced GO

To further verify these effects, a device with equal thicknesses of ZnPC and GO
was fabricated and 5 nm of each material was used to make the layers in this 5/5
device. Based on the results shown in Fig. the analyte-ZnPC interaction
appeared to occur at the ZnPC/environment interface only and increasing the
thickness of ZnPC was expected to reduce the device’s normalized sensitivity.
In fact, the sensitivity and normalized sensitivity of this device would be expected
to be between that of the 1/5 and 1/11 devices i.e. a sensitivity of between 4 &
211 pA(s ppb)tand a normalized sensitivity of between 6.59 x 107¢ & 2.01 x
1075 (s ppb)~!. The experimental data of this 5/5 bilayer device along with the
device sensitivity values are shown in Fig. and Table [5.5 respectively.

As predicted, the 5/5 device had sensitivity and normalized sensitivity values
closer to the 1/5 device than the 1/11 device, had a device current of about
0.1 mA and the a normalized RGC that changed linearly with respect to NO,
concentration. With this result, it was confirmed that the electric field from the

ZnPC layer had cause the improvements in normalized sensitivities seen here.
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Figure 5.16: Change in the device current over time when the 5/5 device was
exposed to NOs. Inset: Normalized RGC at different concentrations of NOy and
the normalized sensitivity of the device.

Table 5.5: RGC and normalized RGC values of the 5/5 device.

NO, Norm.
Conc. / Egg,l RGC
/ ppb / x 1074 g1
50 0.252 4.26
60 0.656 4.92
80 0.535 6.00
100 1.18 7.43
120 1.13 8.45
200 1.98 14.8
500 5.82 43.6
12.1 pA 8.84 x 107
Slope (s ppb)~* (s ppb)~"

Most significantly, this result confirms the validity of the model developed. The
change in the current of the conductive layer depended on the applied voltage
from the sensing layer, the diffusion of NOy through ZnPC was slow, keeping a
majority of the physisorbed molecules at the top of the sensing layer and the
magnitude of this applied voltage from the sensing layer was modulated by the

thickness of the device.
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5.5 NiPC(OBu)g on GO Bilayer Device

5.5.1 Choice of Sensing Layer

Besides predicting the relationship between layer thickness and device sensitivity,
the model also predicted that the sensitivity of the device depended on the mag-
nitude of the applied voltage from the sensing layer. The device response and
sensitivity were expected to increase if the sensing layer used could generate a
larger applied voltage when bound to an analyte molecule. This meant changing
the sensing layer to increase the strength of the field from the dipole formed when
NO, binds with the sensing molecule.

NO, is an oxidising gas and by increasing the availability of electrons in the
sensing molecule, the net electron transfer for a single sensing event could be
higher. In turn, this would increase the strength of the dipole and the electric
field into the conductive layer. Chemically, this can be achieved by attaching
electron donating groups as side chains to the phthalocyanine material.

Bohrer et al. showed that the binding energy between NOy and nickel phthalo-
cyanine (NiPC) was greater than the binding energy between ZnPC and NOy“".
NiPC could be a good alternative sensing material as the stronger binding be-
tween NO, and itself could form a dipole with a stronger field.

By attaching 8 side chains consisting of -OCHy;CH>;CH3CHj3 to NiPC as shown
in Fig. [5.17, Nickel(IT) 1,4,8,11,15,18,22,25-octabutoxy-29H,31H-phthalocyanine
(NiPC(OBu)g) is formed. The addition of the side chains around the phthalo-
cyanine would increase the availability of electrons in the NiPC layer.

Due to this effect, the peak absorption wavelength of NiPC(OBu)g was 740 nm
and this was longer than the peak absorption wavelength of 670 nm of NiPC.
This meant that the highest occupied molecular orbital (HOMO) was now closer

to the lowest unoccupied molecular orbital (LUMO) in the modified material“’.

5.5.2 NiPC and NiPC(OBu)g Sensors

Before use in bilayer devices, layers of of NiPC and NiPC(OBu)g were deposited
onto interdigitated electrodes and the devices tested for sensitivity to NOy. Unlike
NiPC which was was deposited by PVD, NiPC(OBu)g was deposited onto the

electrodes by spin coating. Layers with a thickness of 60 nm were fabricated
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Nickel (IT) Phthalocyanine Nickel (11) 1,4,8,11,15,18,22 25-
octabutoxy-29H,3 1 H-phthalocyanine

Figure 5.17: Molecular structures of nickel phthalocyanine and Nickel(II)
1,4,8,11,15,18,22,25-octabutoxy-29H,31H-phthalocyanine

using these materials and the completed devices tested for sensitivity towards

different concentrations of NOy; the results of these tests are shown in Fig. [5.18]

The device currents were found to be on the order of nanoamps and this was close
to the device current of the ZnPC device (Fig. [5.7). However, the addition of
the alkyl side chains to the phthalocyanine molecule reduced the device current
by two orders of magnitude from 47 nA in NiPC to 0.7 nA in NiPC(OBu)s.

The key performance indicators of the three phthalocyanine only devices in this
chapter are collated in Table Comparing the NiPC and NiPC-OR layers
against the ZnPC layer, the former layers gave higher device currents but sur-
prisingly had lower normalized sensitivities. This was surprising as the stronger
binding between the analyte and sensing molecule did not result in greater mono-
layer sensitivities®®. However, these results also showed that the NiPC(OBu)g
layer was the more suitable substitute to ZnPC for the reasons that follow.

Firstly, the normalized sensitivity of the NiPC(OBu)g layer was closer to that
of the ZnPC layer. This reduced the likelihood of sensitivity induced differences

that would have to be considered if NiPC were used as the substitute.
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Figure 5.18: (a) Characterization results of NiPC and NiPC(OBu)g gas sensing
devices. (b) Normalized RGC and normalized sensitivity values of the devices at
different concentrations of NOs.

Table 5.6: Key performance indicators of the phthalocyanine layers in NOy gas
sensing devices.

Normalized Operatin
Material Sensitivity CurI:'ent / ;gl A
/ (s ppb)~*
NiPC 8.25%x 107° 47
NiPC(OBu)sg 5.63x 107° 0.7
ZnPC 2.60x 107° 0.2

Secondly, the absorption peak of NiPC(OBu)g occurred at 740 nm and this was
lower in energy than the 688 nm absorption peak of ZnPC and 630 nm absorp-
tion peak of NiPC, suggesting that the HOMO-LUMO separation was smaller in
NiPC(OBu)g**#. This also meant that the likelihood of electron donation from
the material to an oxidizing analyte was greater in NiPC(OBu)s.

Finally, the device currents were more similar and this would avoid any unwanted
effects on the normalized sensitivity of the device due to the different current levels
in the new sensing layer.

For these reasons, NiPC(OBu)g was the more appropriate material to use to test
the hypothesis described in Section [5.5.1] Any differences in the performance
of the bilayer device to a comparable ZnPC/rGO device could be attributed
immediately to changes in the strength of the field from the dipole formed between

the analyte and sensing layer.
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5.5.3 NiPC(OBu)sg on reduced GO Sensor

While NiPC(OBu)g films with thicknesses of 60 nm could be fabricated con-
sistently, the minimum thickness that could be reliably fabricated was 30 nm.
Although this was thicker than desired, a reliably consistent process was more
important as it would not be possible to determine the thickness of NiPC(OBu)s
in a non-destructive manner in the finished device.

The characterization results of the finished device are shown in Fig. [5.19; as
before, the inclusion of 5 nm of reduced increased the conductivity of the device
significantly. The device currents was ~0.38 mA and this value was lower than
the 0.89 mA of the 0/5 device, but higher than the 0.015 mA of the 1/5 device.
As was discussed earlier in Section the sensitivity of a given bilayer device
increased with higher operating currents. Unsurprisingly, the higher device cur-
rent in NiPC(OBu)g/rGO gave a device with a higher sensitivity of 82.4 pA(s
ppb)~! than the 1/5 device. However, the thickness of the NiPC(OBu)g layer in
this device meant that the normalized sensitivity of the device had to be compared
against that of the 1/33 device.

The normalized sensitivity of the NiIPC(OBu)s/rGO device was more than one
and a half times greater than that of the 1/33 device and this can be attributed
to the presence of a stronger field from the sensing layer. As shown in Fig. [5.15
and by the example of the 5/5 device, the normalized sensitivity depends on the
total thickness of the layers in the device. These values are shown in Table

According to the model, improvements in the normalized sensitivity of devices
of similar thicknesses had to come from an increase in the magnitude of Vj, the
applied voltage from the sensing layer. Corroborating evidence from other fun-
damental studies point towards NO, forming stronger dipoles with NiPC(OBu)sg
than ZnPC and the facts converge to the conclusion that the improved normal-
ized sensitivity observed in the NiPC(OBu)g/rGO device was due to a stronger

electric field from the sensing layer=® .
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Figure 5.19: Characterization data of the device made from 30 nm of
NiPC(OBu)g on 5 nm of reduced GO.

Table 5.7: Sensitivity and normalized sensitivity values of the NiPC(OBu)g/rGO
device compared against the 1/5 and 1/33 ZnPC on reduced GO devices respec-
tively.

\ Sample | NiPC(OBu)s/rGO | ZnPC/rGO |
Thickness (nm) 30/5 1/5
Sensitivity 294 40

(PA s™! ppb ")

Thickness (nm) 30/5 1/33
Normalized Sensitivity

(x10-5 51 ppb-1) 9.86 6.00
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5.6 Concluding Gas Sensor Device

In summary, the work shown in this chapter covers the following points:

(i) Testing of a bilayer device to improve current levels in phthalocyanine based
gas sensor devices
(ii) Proof that a bilayer device could be made with higher device currents while
maintaining little to no loss in normalized device sensitivity
(iii) Development of a theoretical model to describe the bilayer device
(iv) Proof of the theoretical model by testing prediction from the model against

experimental results

A summary of the sensitivity values of all the devices discussed in this chapter is
shown in Fig. |5.20] Fig. [5.20(a) shows that there is a relationship between the
normalized sensitivity value and the total thickness of the bilayer device while
Fig. 5.20(b) shows that devices with higher operating currents generally have

higher sensitivities.
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Figure 5.20: Summary of (a) normalized sensitivity and device thickness and
(b) sensitivity values and device currents of the monolayer and bilayer gas sensing
devices. The data shows that the normalized sensitivity and sensitivity values in
the bilayer devices are respectively dependent on the total thickness of the device
and the thickness of the conductive layer.
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Comparing the ZnPC device against the 1/5 device shows that good control over
the thicknesses of the sensing and conducting layer allows the normalized sen-
sitivity of the device to be maintained while the sensitivity and device currents
are improved dramatically. Additionally, increasing the thickness of either the
conducting or sensing layer typically resulted in improved device currents and
sensitivities, but had the side effect of reducing the associated normalized sensi-
tivity of the device.

The theoretical model developed treated an analyte bound to a sensing molecule
as a dipole which would emit an electric field. The field from the dipole would
interact with the conductive layer by changing the conductive layer’s carrier con-
centration, thereby modulating the device current and producing a measurable
response. Consequently, the thickness of the conducting layer was also expected
to affect the sensitivity of the device and the model was validated by the experi-
mental results summarized in Fig. |5.20(b).

This model also predicted that the strength of the signal could be increased by
increasing the strength of the field from the dipole. This was tested by using
NiPC(OBu)g to replace ZnPC in the sensing layer as it was expected to form a
stronger bond with NOy than with ZnPC. Due to limitations in the fabrication
phase, the resulting NiPC(OBu)s on reduced GO device had layer thicknesses of
30 and 5 nm respectively and could not be directly compared against any device
fabricated earlier.

However with the device characterization results, a firm confirmation could be
made regarding the effect of the dipole field on the bilayer gas sensing device.
The bilayer samples in Fig. [5.20(a) shows that the normalized sensitivity of
a bilayer device falls with increasing device thickness. The NiPC(OBu)g/rGO
device bucked the trend and had a normalized sensitivity greater than that of the
1/33 device while having sensitivity values similar to that of bilayer device with
5 nm of reduced GO.

According to the theoretical model, this meant that the dipole formed between
NO; and NiPC(OBu)s gave a stronger electric field than the dipole formed be-
tween NOy and ZnPC.

The result shows that the reduced GO conducting layer can be used as a platform
for a multitude of sensing materials which form strong dipoles when bound to an

analyte molecule. While the sensitivity of the bilayer device is controlled by the
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thickness of the conducting layer and thicker conducting layers are more sensitive
than thinner ones, the normalized sensitivity depends strength of this dipole and
the total thickness of the bilayer device.

As shown, the bilayer gas sensor device improves device operating currents and
sensitivity towards analyte gases. With good control on layer thicknesses, these
improvements can be made with little to no change in the normalized sensitivity
values and the platform also allows new tunable dimensions in the device so that

a device with the exact attributes desired can be fabricated .
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6

Conclusions & Future Work

6.1 X-ray Photoelectron Spectroscopy of GO

Summary

The oxygen functional groups on GO were identified by means of the O 1s;/,
electron binding and four distinct peaks were identified. For the first time, the
binding energy of these electrons in the carbonyl (530.9 eV), carboxyl (532.3
eV), hydroxyl (533.1 eV) and the epoxy (534.4 eV) functional groups on GO
are identified and these peaks verified by means of chemical and mathematical
analysis. The identification and assignment of these peaks will aid in overcoming
future challenges when using GO with high C/O ratios.

O 1sy/2 electrons in oxygen atoms that were singly bound to the graphene basal
plane were easily distinguished from electrons that were doubly bound to car-
bon atoms, the peaks were identified pair wise. The analysis was done such
that carbonyls and carboxyls were identified in one set of experiments (Chapters
13.1.3.1] & [3.1.3.2)) while hydroxyls and epoxies were identified in a different set of
experiments (Chapters |3.1.3.1{ & [3.1.3.3).

To do so, irregularities introduced to the data by the presence of OD and the

effects of vacancies on the binding energies of hydroxyls and epoxies in GO were
studied and accounted for in the experiment setup and during analysis. During
characterization, OD was removed from the material and by accounting for the
effect of vacancies on O 1s;/, electron binding energies, the findings harmonized

conflicting accounts in literature.
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As it turned out, GO with vacancies caused a separation in the peaks of the
hydroxyl and epoxy groups and was historically interpreted as a shift in the
position of the peak due to the changing chemical environment on GO during
reduction. However, computational results showed that while electrons from the
O 1sy 5 orbital in the epoxy and hydroxyl functional groups on GO had the same
binding energy, the presence of a neighbouring carbon vacancy separated these
peaks. By taking into account the C/O ratio in GO, the expected concentration
of carbonyl groups present, it was concluded that a large number of vacancies

existed in GO and confirmed the computation findings.

By identifying these functional groups on GO, it was observed that carboxylation
occurred at a thermal reduction temperature of about 543 K. It was therefore
recommended that techniques of GO reduction employing thermal reduction not
exceed this critical temperature and that alternative chemical means be employed

to suppress the temperatures required.

With these findings, metastability in aqueous GO was also studied and found to
be a rearrangement of the oxygen functional groups on GO (Chapter . This
rearrangement resulted in the formation of domains of high oxygen concentration
on GO and is verified by spectroscopic techniques. Computational results also
showed that this configuration was preferred as the configuration minimized the
energy of the GO flake. However, this had implications on the thermal reduction
process of GO and the formation of domains in aged-GO meant that the material

would form carboxyls more readily.

The identification of these O 1s;/, peaks meant also meant that the chemical com-
position of edge functionalized graphene oxide could be characterized (Chapter
. The high C/O ratio in the material meant that the proportion of the C 1s;
spectra taken up by oxygen bound carbon atoms was so small that the peaks had
to be combined so as to give a meaningful interpretation of the spectrum. By
using the O 1s;/, spectrum, the individual functional groups could be identified
and the relative proportions of the groups were found. In the second case,

The spectroscopic work was then extended to analyse a mixture of thermally
reduced FeClzand GO. From the O 1s;/, spectra, the presence of metal bound
oxygen was observed and its identity found by analysis of the Fe 2p3/, spectra.
While FeCl; worked as a good chemical reagent to remove oxygen functional

groups from GO, it resulted in the formation of difficult to remove FeO.
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Future Work

Having identified that oxygen functional groups were readily removed in a ther-
mally reduced mixture of FeCly and GO, much effort was spent in identifying a
suitable method of removing the FeO by product. Despite reducing the sheet re-
sistance of the fabricated film significantly, the by product left behind reduced the
optical transmission of the film substantially and this affected the performance of
the film as a TCE. While some effort was initially spent in trying to remove this
by product, no further progress was made on this front. As it turned out, FeO
was a persistent material that would resist effort spent in removing in. It would
be interesting to develop a method where the by product is easily washed away
by a solvent and if so, the effort may lend itself to an industrial application.

On top of this, the oxygen functional groups were identified for O 1s;/, peaks
from GO produced by the Hummer’s technique and these assignments are ex-
pected to be robust for GO produced by the other methods as well. Successful
characterization of GO produced by the Staudenmaier and Brodie methods would
further verify the validity of the O 1s;/, assignments described here and further

development of the canonical GO model mooted for in this thesis.
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6.2 GO in Transparent Conducting Electrodes

Summary

Films of GO were fabricated by depositing GO onto heated glass panels by the
method of ultrasonic spray coating. By changing deposition parameters such as
nozzle move rate and suspension infuse volume, the thickness of the film could
be varied and the method was reliable in producing films of the desired thick-
ness. After deposition, these films were thermally reduced at 573 K in a nitrogen
environment to form TCEs. By optimising the deposition process, TCEs with
an average sheet resistance of 106 k2/J and transmittance of 72.9 % at 550 nm
were produced and these TCEs had an average FOM of 10.4 x 1073.

The next step involved improving the reduction of GO at the low thermal reduc-
tion temperatures. This was achieved by the optimal use of AA in a dual spray
process. The dual spray process involved spraying GO through one nozzle and
AA through a second nozzle during the ultrasonic spray coating step. After de-
position, vapour annealing was performed at 353 K to allow the chemical reaction
between AA and GO to occur before the samples were thermally reduced at 573
K. This method gave optimized TCEs with an average sheet resistance of 2.55
kQ /0O, transmittance of 58.3 % at 550 nm and a FOM value of 0.239.

Further improvements to the GO based TCE required the sheet resistance to be
reduced further while increasing the transmittance of the film. This was done
by adding a second material with high conductivity to a thinner GO film. The
second material would reduce the sheet resistance while the thinner GO film
would improve the transmittance of the film. By using a bilayer consisting of
AgNWs in one and AA reduced GO in another, TCEs with an average sheet
resistance of 5.1 /00 and transmittance of 65.7 % at 550 nm were fabricated.
The average FOM of these samples was 160 and the best sample produced by
this method had an FOM of 189.9 with sheet resistance and transmittance values
of 4.7 Q/0& 68.1 respectively.

It was also found that the GO over layer protected the AgNWs from degrada-
tion due to capillary instability by limiting the amount of oxygen present near
the nanowires and damping surface waves on the nanowires. Excluding oxygen
decreases the rate of surface diffusion of silver atoms on the cylindrical surface

of the AgNWs, while damping the surface waves slows the mechanical motion of
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the nanowire surface and these effects increase the time taken for spheroidization
significantly. The time taken for spheroidization was calculated using equations
developed by Nichols and Muller and the experimental and theoretical times were

found to be agree to within an order of magnitude.

Future Work

While silver nanowires were used in this work, the methods are potentially can
be extended for use with other nanowires and this would improve the device in
several ways:

(i) Although AgN'Ws are highly conductive, the material cost is of silver is high
and can be reduced cheaper metals were used to fabricate the nanowire.
The spray deposition process could be kept unchanged while metals such
as copper or even aluminium could be considered as substitutes for silver
to bring down material costs.

(ii) Different metals have different coefficient and activations energies of surface
diffusion and this has implications on the time take for spheroidization to
occur in these nanowires. In this way, new material may increase the lifetime
of the conductive nanowire network.

(iii) Understanding on the damping effect of substrates and over layers on the
time taken for spheroidization in nanowires is new and more effort can be
spent towards improving understanding in this area so that the model of
Nichols & Mullins can be improved further.

By working on these points, understanding of the spheroidization process in
nanowires can be increased and the model will be useful for predicting the lifetime
of nanowires under different conditions. The effect of water vapour and should be
included in this model and with this understanding, new methods of passivating
the effect of spheroidization can be developed so that the nanowires can be kept
stable for the desired lifetime.
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6.3 GO in Gas Sensing Devices

Summary

Some issues faced in the use of phthalocyanine or GO only sensing layers for
chemiresistive gas sensors were shown and the relative merits and flaws of these
monolayer devices were demonstrated and discussed. While more sensitive and
selective towards a particular analyte gas, phthalocyanine sensing layers have the
problem of high device resistivities. This resulted in devices which have extremely
small currents when operated at low voltages and proved to be a barrier towards
ASIC integration.

GO films on the other had were significantly more conductive and device currents
were typically three to six orders of magnitude higher in these devices. Compared
to devices built with phthalocyanine sensing layers, devices built with a reduced
GO layer recorded a large change in device current when the NO, analyte was
introduced, but the reduced GO layer lacked analyte selectivity, making it a poor
gas sensing layer.

A design for a bilayer device was proposed and the method of fabrication proposed
and tested in this chapter. By adding a thin layer of phthalocyanine onto a thin
layer of reduced GO, the electric field emanating from the dipole that forms when
an analyte pairs with a sensing molecule in the phthalocyanine layer was expected
to modulate the carrier concentration in the GO device, thereby modulating the
device currents. This bilayer device was tested by varying the thicknesses of
Z/nPC and reduced GO used and confirmed by replacing the ZnPC sensing layer
with a NiPC(OBu)g layer.

A theoretical model to describe the sample was shown and the calculations and
predictions of the model shown. Following that, the results from the experiments
were compared against the theoretical model and the two were found to be in
good agreement. The bilayer model was supported by experimental results and
the stronger electric field from the reaction of NOy with NiPC(OBu)g resulted in
a larger change in a larger device normalized sensitivity.

Most importantly, a bilayer device would increase the device currents by at least
five orders of magnitude with no change in the normalized sensitivity of the
device. This improvement removed the challenge of low device currents that was

typically faced when integrating phthalocyanine devices into ASICs.
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Future Work

It was noted in the discussion that the bilayer model was did not take into account
the effect of sensing layer current in the calculation of device current. While
this does not seem to have affected the results, the model would benefit from a
development in this aspect. Besides improving confidence in the findings of these
experiments, the inclusion of sensing layer currents may also serve to explain the
increase in device currents observed when the thickness of the phthalocyanine
sensor was increased for a given thickness of reduced GO.

Furthermore, the model also makes a crucial assumption that analyte diffusion
through the sensing layer was minimal within the given time period. While this
assumption is in line with the method of RGC, it does not paint a complete picture
of the sensing mechanism in phthalocyanines and the model can be improved by

taking this point into consideration.
A value of 0.096 for — was found and this value is understood to depend greatly

on the design of the %ngers in the electrodes. This value is affected by changing
the electrode width, length and separation and larger magnitudes give devices
with greater device currents levels. This information can be utilized in the design
process and greater understanding will allow electrode design to be optimized for
the desired use.

Besides device performance, device cycle durability and sensing material reliabil-
ity are important aspect of sensor design. On one hand, the impact of the bilayer
gas sensor on the cycle durability of the ZnPC layer has not been looked into
and it is also not known if any interactions occur between the reduced GO and
phthalocyanine layers. On the other hand, some initial work done has indicated
the reliability of the ZnPC material and more work is being done to verify this
point. These are important steps that will have to be looked into carefully when

developing the bilayer gas sensor device.
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Appendix A

Derivation of Dispersion Relation

in Capillary Instability

Perturbation of an infinitely long nanowire
Assuming a AgNW of infinite length, with a radius of Ry, density of p and surface

tension of ¢ in free space, the pressure within the nanowire pg is:

g

o (A.1)

po =0V -n=
where it is assumed that there is no external pressure.

Applying a perturbation to the surface, the perturbed radius of the nanowire is:
RY = Ry 4 gevttikz (A.2)

where ¢ < Ry, w & k and t have their usual meanings and z is the distance along
the axis of the nanowire.
Considering the radial, ugl), and axial, uél), components of the perturbation

velocity and using the Navier-Stokes equations to first order approximation gives:

oul! 1 opW
= —= A.
ot p Or (A3a)
oult 1 0p™M
= —— A.3b
ot p 0z (A.3b)

where p() is the perturbation pressure.
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A. DERIVATION OF DISPERSION RELATION IN CAPILLARY
INSTABILITY

Applying the Continuity and Navier-Stokes equations

The continuity equation becomes:

pA VI = pAyVs

For simplicity, it is assumed that the perturbations have the same form:
wt) = R(r)er (A.5a)
it = Z(r)ets (Ab)
pt) = P(r)estth: (A.5¢)

These perturbation equations are substituted into the Navier-Stokes and conti-
nuity equations to give:

Navier-Stokes equations

1dP
R=——— A6
“ p dr (A.6a)
wZ = —%P (A.6b)
p
Continuity equation
dR R
— + —+1kZ =0 AT
dr * r o (A7)
Combining them yields:
d*R dR
2 R 2 —
s + r— (1 + (kr)’ )R =0 (A.8)

which is a modified Bessel equation. For the solution to be well behaved, the first

kind of these solutions requires that
R(r) = CIy(kr) (A.9)

where C is a constant.
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Determining pressure and normal force on surface
The pressure on the cylindrical surface, P(r), can then be found by using the
Bessel function identity I}(¢) = I;(¢), the Navier-Stokes equation and the con-
dition for stability in Equation (A.9):

wpC

Pr) = = == Lo(kr) (A.10)

To determine the normal force on the surface of the nanowire, the boundary

conditions for this nanowire are considered. This is given by:

IR
~ulM A1l
Sl (A1)
Substituting this into Equations (A.5h) & (A.9) gives:
Ew
C = A12
I (kRy) ( )
and Equation (A.10) becomes:
2 2
Pr) = — w?pe Io(kr) _wipE Io(kRy) (A.13)
kI (kRy) kL (kRy)
Here, the Bessel equation identity
A2 —1)2))
I,(\z) = \" Zj = Ou[vﬂ(z) (A.14)

!

was used, where A = 1 + ¢ and z = kRy.
The curvature of the surface is calculated from the principal radii of the surface,

R, and R,, and the normal force on the surface of the nanowire is balanced when

po + pi = <Ri1 + R%) (A.15)

where 1 ) s 1 E it
TR T ~ gt " (A.16a)
L etk (A.16D)
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A. DERIVATION OF DISPERSION RELATION IN CAPILLARY
INSTABILITY

Using these expressions for Ry and Ry in Equation (A.15]) gives:

wm_ 9 _ &9

po+ o = = (1= KRG e (A.17)
0

Since it was established in Equation (A.1)) that py = 7 Equation (A.17) be-

comes

€o wt+ikz

) = %0 (1 k) a9
0

Dispersion Relation

Taking the relationship in Equation (A.5¢), the equation for P(r) in Equation

(A.13)) and making these substitutions into Equation (A.18]), the dispersion rela-

tion is written as

2 g k}Il(kRO)

_ .22
= R TR (1—k*R}) (A.19)

Calculations based on derivation shown in “On the instability of jets., Proc.
London Math. Soc., 10:4-13, 1878.” with annotations.
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