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Abstract
The formation of graphene dispersions and its subsequent characterisation
form the basis of this thesis. A range of experimental techniques were employed
for this characterisation, namely atomic force microscopy (AFM), contact angle
and conductivity measurements, UV-visible spectroscopy, Fourier transform
infrared spectroscopy (FT-IR), elemental analysis, pH-zetapotential, acid-base
titration, and capillary zone electrophoresis (CZE). Various fabrication
techniques such as layer-by-layer self-assembly and vacuum filtration were used
to create thin transparent, conducting films as well as micron thick conducting
paper.
Graphene dispersions were created by oxidising graphite, exfoliating
graphite oxide to graphene oxide (GO) via sonication, and reducing it to
chemically converted graphene (CCG) with hydrazine. CCG has been shown to
be a negatively charged colloid. To avoid aggregation on reduction of GO to
CCG, the hydrazine to GO mass ratio was optimised to 7:10. CZE was
performed to investigate the electrokinetic behaviour of colloidal CCG in
comparison to GO. The different amount of charge carrying functional groups
were reflected in the slower electrophoretic mobility obtained for the CCG in
comparison to the GO. CCG and GO paper were produced via vacuumfiltration of CCG and GO dispersions. The conductivity of CCG paper
increased almost linearly with increasing thermal annealing temperature to a
maximum 351 S/cm. A Youngs modulus and tensile strength of 41.8 GPa and
293.3 MPa respectively could be obtained.
Page | ix

Thin films of anionic CCG were produced by self-assembly with the cationic
polymers polyethylenimine (PEI), poly(diallyldimethylammonium chloride)
(PDDA), poly-L-lysine hydrobromide (PLL) or chitosan (CHIT). Up to 20
bilayers of PEI-CCG could be self-assembled with full CCG coverage per layer.
The sheet resistance for a single PEI-CCG bilayer was (29.6 +/- 8.4)
MOhm/square and the absorbance at 270 nm between 0.2 and 0.5.
Raman spectroscopy of self-assembled CCG, GO and thermally annealed
(500°C, 1 h in argon) CCG and GO films showed a lowering in G to D peak
ratio for CCG films. Annealed films showed a higher G to D peak ratio than
non-annealed films. The electrochemical electron transfer properties at selfassembled PEI-CCG films were tested using potassium ferri /ferrocyanide.
Reversible electron transfer chararcteristics were observed. Lastly the
cytocompatiblity of PEI-CCG films was investigated. Cytocompatibility on
neural, muscle, and fibroblastic cells was observed using live cell phase contrast
imaging and lactate dehydrogenase (LDH) assays.
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Chapter 1
General Introduction
1.1

Introduction

Graphene is a one atom thick carbon layer that is a geometrical variation of
buckyballs and carbon nanotubes. It exists naturally only in the stacked form
of graphite (Figure 1.1). It is a semimetal that is transparent, electrically
conducting, shows a high tensile strength and can act as transistor. These are
all properties that make graphene very attractive to material researchers. This
interest is reflected in the exponential growth of publications on graphene since
2004 when graphene was isolated by K. Novoselov et al. 1, 2.
The graphene research field is wide and covers solid state physics, materials
chemistry, and biomedical research. The most common research topics appear
to be graphene-based conductors and semiconductors for use in future
microchips, and thin, transparent graphene films for use as electrodes, for
instance in LCD screens 1. This work falls in the category of the latter and
covers the production of graphene dispersions, followed by the development of
thin, functional graphene films.
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Figure 1.1
2D Graphene can be wrapped up into 0D Buckyballs, 1D
Carbon Nanotubes or stacked up to form 3D Graphite. Adapted from
Ref 3.

1.1.1 The Need for Thin Graphene Films and Possible
Methods to Create Them
The primary motivation for the work presented in this thesis is the
fabrication of thin graphene films. Many applications in materials research
require thin coatings. These include protective coatings for scratch or corrosion
protection, functional coatings for transparent electrodes, and chemically active
coatings for sensors. Each of these applications requires its own specific coating
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with specific properties which are met by choosing the best combination of
coating material and deposition technique.
Graphene as a coating material can be categorised according to the
production methods, as described later in more detail (Section 1.2.1).
Mechanical exfoliation can be used to produce pristine graphene sheets,
however it is not practicable to create large scale graphene films. Chemical
exfoliation on the other hand produces graphene with some defects although
large amounts of graphene can be produced 4, 5. In the last two years CVD
grown graphene has improved to a level that it seems to be now the most
promising technique to create highly conducting and transparent graphene
films on an industrial production scale 6, 7. For high quality micro- and
nanopatterned graphene films the bottom-up chemical synthesis of graphene
nanoribbons and the epitaxially grown graphene by thermal desorption of
silicon on a silicon carbide wafer surface appear to be the best choice 8-13.
The search for the best production method of graphene for each possible
application is accompanied by the search of the best coating technique. A wide
range of chemical coating processes and their corresponding film deposition
techniques have been tested for suitability with graphene in the last few years
(Table 1.1). Most of these deposition techniques rely on graphene dispersions
as starting material. Only a few techniques such as roll-by-roll transfer,
(micro-) contact printing, or etching of the original graphene-carrying substrate
do not rely on graphene dispersions. These techniques can transfer CVD grown
graphene which is in general more conducting than films formed from graphene
dispersions, at same transparency of the films. The reason lies in the crystal
defects and moieties of chemically produced graphene (such as graphene
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dispersions) which reduce the conductivity of graphene dramatically. Posttreatment in the form of annealing can increase the conductivity of films from
graphene dispersions to a level of CVD grown graphene films, provided the
coated substrates do not get damaged by the annealing conditions. If the
bottom-up synthesis of graphene could produce larger graphene sheet sizes
than currently achievable, it might allow to produce graphene dispersions that
can be used to create graphene coatings of the same conductivity and
transparency as CVD grown graphene films with the advantage of a broader
choice of deposition techniques. Other production methods such as the
graphitization of silicon carbide produce high quality graphene but lack
deposition techniques, unless they are used on their production substrate, i.e.
silicon carbide wafer.
The most interest in thin graphene films originates from its electrical
conductivity and optical transparency though graphene films might be useful
due to other properties as well, such as thermal conductivity, semi-conductor
behavior due to doping or border effects, high tensile strength 14, chemical
resistance, big 2-dimensional size for single sheets, and low surface roughness.
The reduced conductivity of chemically synthesized graphene comes with the
advantage of high functionality as described earlier, which opens a whole range
of other applications that cannot be realised with non-functionalised graphene.
Chemical functionalization of graphene is therefore a compromise of
conductivity for other benefits such as ease of coating creation 15, 16, mechanical
stability due to cross-linking 17, 18, biocompatibility 19, 20, sensor 21 and drug
delivery functionality 22, and photovoltaic efficiency 23, 24.
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The range of possible applications of thin graphene films is large and
varied. These applications can generally be categorised according to their
substrate size and shape as macro-scale, micro-scale, and microparticles. In the
macro-scale category are applications such as liquid crystal displays (LCDs),
plasma displays, touch screens, heating coatings for supermarket freezer doors,
car windows or mirrors, antifog and antistatic coatings, corrosion and scratch
protection coatings, sensors, electric capacitors; furthermore electrodes in
electrochromic devices and solar cells, and in general in photovoltaic or
electrochemical cells, biomedical electrodes, flexible electrodes in actuators, and
printed circuit boards. In the microscopic category are applications such as
microelectronic devices, microchips, patterned coatings, e.g. for neural and
muscle cell growth with electric stimulation, implantable electrodes and
electrical-biological-interfaces, and small substrates with micropatterns such as
electrodes with increased surface area. In the microparticles category are
applications such as microporous films made from sol-gel techniques, coated
microparticles, catalysts based on microparticles, photoactive nanoparticles,
drug delivery systems, supercapacitors, batteries, and electrochemical cells.
Graphene has already shown shown its potential as a competitive material
in a few applications. A macroscale example are Indium Tin Oxide (ITO)
coatings that are becoming increasingly expensive due to the limited supply of
economically viable indium on earth, and graphene might be a much cheaper
alternative to create optically transparent, electrically conducting coatings as
used in solar cells and liquid crystal displays 25. At the same time graphene
would allow to create flexible solar cells and LCDs – which cannot be designed
with ITO coatings as they are brittle and break when being bent, stretched or
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compressed. Competition in this area comes from carbon nanotubes and
carbon nanotube-graphene composites, as well as conducting polymers such as
PEDOT-PSS, and other metal oxides, as well as self-assembled silver
nanoparticles 26-30.
Another possible application of thin graphene layers is the semiconductor
and microchip market. In this arena there are currently two techniques
competing – the top-down approach of large scale graphene films grown by
CVD and inverse CVD, i.e. epitaxial growth on silicon carbide wafers, followed
by lithography to create patterns, and the bottom-up technique of building
nanoribbons of graphene by chemical synthesis 12, 13. While the first approach
results currently in unclean cut graphene – which destroys graphenes ability to
be a superior material to silicon in the function of an integrated circuit (or
microchip), the latter suffers from lack of size and ordered deposition in large
scale.
With the aim of large, functional graphene film production, this thesis
explores the creation (Chapter 3) and properties (Chapter 3 and 4) of graphene
dispersions which are then used to produce thin films via vacuum filtration
(Chapter 5) and layer-by-layer self-assembly (Chapter 6). This is followed by
first tests of self-assembled graphene films for applications (Chapter 7).
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1.2

Graphene Dispersions

1.2.1 Graphene Production Methods
Graphene’s honeycomb lattice structure has attracted theorists to calculate
its shape of electronic energy bands long before experimentalists started to
measure electric effects on graphene. One of the first theoretical study on
graphene was published by Wallace in 1947 41. Boehm et al chemically
exfoliated graphite into graphene oxide and reduced it back to graphene in
1962 42. Boehm and his colleagues presented a precise, still largely valid
chemical description of the “thinnest carbon foils” and measured its thickness
with 4.6 Å to be only a few carbon layers, probably only a single carbon layer

thick.

The interest in graphene grew exponentially when Novoselov et al published
a study on the “Electric Field Effect in Atomically Thin Carbon Films” in
2004 2. Novoselov and collegues used mechanical exfoliation, also known as
“Scotch tape method” where scotch tape is used to peel off layers from
graphite glued onto photoresist, until only single layers of graphene are left.
Mechanical exfoliation is an excellent method to create and analyze single,
pristine graphene sheets; however it is not practicable to create large quantities
of graphene unlike chemical exfoliation.
Hydrazine reduction of chemically exfoliated graphene oxide was further
investigated and showed high conductivity for the resulting reduced graphene
oxide sheets 5, however the resulting graphene dispersions were only stable if
dispersed with stabilisers such as polyionic polymers 43. In early 2008, the
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development of colloidal graphene dispersions without stabilisers widened the
field of possible graphene based applications and their production methods 16.
The development of aqueous colloidal graphene dispersions is described in
Chapter 3.
Since then many more graphene production methods and modifications
thereof have been developed, most notably Chemical Vapor Deposition (CVD)
which can create large scale graphene films of high quality, i.e. high
transparency and conductivity 6, 7. In total graphene can be produced in five
different ways (Table 1.2). The two remaining methods are a bottom-up
chemical method as compared to the previously mentioned top-down method
which is the synthesis of graphene nanoribbons 8, 9. And finally there is
graphitization which can be described as “inverse Chemical Vapor Deposition”.
This method creates epitaxial growth of graphene by thermal desorption of
silicon on a silicon carbide wafer surface 11-13.
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Table 1.2

Possible production methods of graphene.

Name of Graphene Based
Material

Chemical Reaction Process

Mechanically Exfoliated
Graphene 2

Peeling off Graphene from
Graphite using Sticky Tape,
Dissolving Sticky Tape

CVD Grown Graphene 6, 7

Chemical Vapor Deposition of
Graphene from Organic Gases

Epitaxial Graphene 11-13

Graphitization of Silicon Carbide

Chemically Converted Graphene
(CCG) or Reduced Graphene
Oxide (RGO) 5, 16

Oxidation of Graphite followed
by Reduction to Graphene

Graphene Nanoribbons 8, 9

Chemical Synthesis of Graphene
from Aromatic Precursors

1.2.2 Chemical Exfoliation of Graphite into Graphene
Oxide
The chemical pathway of producing graphene starts with the oxidation of
graphite which is usually performed using Hummers’ and Offeman’s method or
a modification thereof, as it is one of the quickest and safest methods of
oxidising graphite 44, 45. In all commonly used oxidation methods, graphite forms
an intercalation compound with a strong acid, oxidising agent and water 46, 47.
The oxidation is likely to take place at existing defects in the carbon lattice,
and leaves graphite with an increased gallery spacing 48. After washing the acids
and remaining oxidising chemicals out, a viscous yellow-brown form of graphite
Page | 11

Chapter 1 General Introduction

oxide is left that consists of graphite oxide intercalated with water. Graphene
oxide and graphite oxide is very viscous at only 2 wt% in water. Unlike
reduced graphene oxide, it can be dried and redispersed in water. The
exfoliation takes place to a small extent during oxidation (chiefly due to
stirring) and complete exfoliation is achieved by ultra-sonication.
Other chemical exfoliation methods have been investigated; most notably
intercalation of graphite (e.g. with acid and metal ions) followed by heating
and microwave irradiation to rapidly evaporate the intercalant or initiate a gasproducing

chemical

reaction

of

the

intercalant 49-51.

The

evaporation

dramatically increases the interlayer distance of graphite to form expanded
graphite, and can separate single graphite platelets if the expansion is forceful
enough 52, 53. These thermal expansion methods lead mostly to thin graphite
platelets of several tens of nanometers in thickness and produce hardly any
single layers, i.e. graphene 5. Some exceptions have been reported to produce
high yields of 90% of graphene sheets 34. In this case commercial expandable
graphite was heated to 1000°C, then intercalated by oleum in the presence of
sodium nitrate, and finally sonicated and exfoliated in DMF with various
polymers as stabilisers 34. A further full exfoliation, low-temperature method
based on potassium intercalation has been reported but could not be
reproduced by another team of researchers 5, 52, 54.

1.2.3 The Structure of Graphene Oxide
Many GO structures have been proposed, and the debate is still ongoing
(Figure 1.2). According to these references, graphene oxide contains sp2 and
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sp3 carbon bonds, and mostly epoxide and hydroxyl (including phenolic
hydroxyl) groups in their basal planes, possibly also carbonyl, and mainly
carboxyl with some hydroxyl, and maybe carbonyl groups at the edges 16, 48, 55-61.
Possible are also carbonyl, lactone and quinone groups along the edges. If the
aromatic crystal structure is interrupted by a regular pattern of holes
(cyclohexane chairs in the Scholz-Boehm and Szabó-Dékány model) or irregular
defects in the form of holes, all of the mentioned edge groups can occur at the
edge of these holes 16, 48, 55-61.

Figure 1.2

Possible GO structures. Adapted from Ref 48, 55-61.
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1.2.4 Reduction of GO to CCG
The reduction of graphene oxide (GO) to chemically converted graphene
(CCG) can be performed using a range of reducing agents. If GO is dispersed
in water, which is mostly the case, the reducing agent has to be applicable in
aqueous media. A commonly used reduction agent is hydrazine hydrate 16, 42, 43.
Other reduction agents are hydrogen sulphide, compounds containing the Fe2+
ion

such

as

iron-II-sulfate,

hydroxylammonium

chloride,

and

sodium

borohydride 42, 62, 63. Recently reduction of graphene oxide has been also
conducted with ascorbic acid 38, 64.
An alternative to chemical reduction is reduction through thermal
annealing in different atmospheres or in plasma 14, 37, 65. Further reduction
methods are microwave radiation, photocatalytic reduction with TiO2, flash
light reduction, and electrochemical reduction 66-69.
The exact reduction reactions of different chemical and thermal methods
are still unknown. A possible hydrazine reduction pathway of epoxide groups
on GO forming CCG is shown in Reaction 1.1 5. Molecular dynamics
simulations might shed light on the fairly complex reduction process of
graphene oxide. A very recent publication, and one of the first in this area,
shows that very stable carbonyl and ether groups are formed during thermal
annealing of graphene oxide which might hinder further reduction to pristine
graphene 70.
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Reaction 1.1
Possible reaction process of epoxides in GO during
hydrazine reduction to CCG. Adapted from Ref 5.

1.2.5 The Structure of CCG
Chemically converted graphene (CCG) is produced by reduction of
graphene oxide (GO). The structure of CCG is therefore dependent on its
precursor GO, and consequently has many functional groups attached and
many defects as compared to pristine graphene. The exact structure of CCG is
still unknown and subject of intense research and discussion.
A recent high-resolution TEM study shows that reduced GO contains holes
and many different types of topological defects, with some of them able to
travel across the lattice (Figure 1.3) 71. This chemical and topological structure
is matching a molecular simulation study of annealed, reduced GO (Figure
1.4) 70.
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Figure 1.3
Atomic resolution TEM image of a single layer reduced
(under hydrogen plasma) graphene oxide sheet. Prior to TEM, the
sample was heated to 185°C in air to minimize contamination effects.
For a detailed description of the defects, see Ref 71.
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Figure 1.4
The structure of thermally annealed GO. Adapted from
70
Ref . Color adapted for black & white print. Carbon, oxygen, and
hydrogen are black, grey, and white, respectively.

1.2.6 Colloid Theory
A colloid is a heterogeneous mixture of two materials, the dispersed phase
and the continuous phase 72. The use of the terms colloid, suspension, solutions,
and dispersion overlap to some extent 73. Table 1.3 shows a commonly used
classification. Colloids are considered to be stable in contrast to suspensions
where the dispersed phase can separate from the continuous phase. Colloidal
particles of the dispersed phase are in at least one dimension between 1 µm
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and 1 nm 74. The CCG dispersions as described in the following Chapters are
aqueous, colloidal dispersions of liquid continuous phase and solid dispersed
phase.
Table 1.3
Classification of dispersions in suspension, colloid and
72, 73
solution
. The given sizes are approximate values for each class 72-74.

Dispersion
Continuous
Phase
Gas
Gas
Gas
Liquid
Liquid
Liquid
Solid
Solid
Solid

Dispersed
Phase
Gas
Liquid
Solid
Gas
Liquid
Solid
Gas
Liquid
Solid

Suspension
> 1 µm i
Aerosol (Drizzle)
Aerosol (Dust)
Foam
Emulsion
Sol
Solid Foam
Solid Emulsion
Solid Mixture

Colloid
1 µm to 1 nmi
Aerosol (Vapor)
Aerosol (Smoke)
Foam
Emulsion
Sol (CCG, GO)
Solid Foam
Solid Emulsion
Solid Sol

Molecular
Dispersion
Solution
< 1 nmi
Gas Mixtures
Solution
Solution
Solution
Solid Solution
Solid Solution
Solid Solution

The basis of commonly used colloid theories is the DLVO theory (named
after Derjaguin, Landau, Verwey and Overbeek) which describes the overall
potential on a colloidal particle in dispersion as a sum of attractive and
repulsive potentials. Many of the theoretical descriptions have a strong focus on
spherical colloidal particles which has to be considered when applying them to
2-dimensional colloidal CCG.
The attractive interactions are the same that drive self-assembly (Section
1.4.1), namely ion-ion, ion-dipole, dipole-dipole ii interactions, and hydrogen

i

Size in one dimension of the average dispersed particle
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bonds (special dipole) 76, 77, as well as cation-pi 78, anion-pi 79, pi-pi interactions,
London forces (induced dipole-induced dipole), hydrophobic forces 80, 81, metallic
bonds, and covalent bonds (e.g. coordination bonds 82).
In colloidal systems, aggregation due to metallic or covalent bond formation
is rather rare as compared to aggregation due to other attractive forces. Since
these forces are based on single molecule interactions, big colloidal particles feel
the sum of all single molecule interactions. This sum can be written as an
integral over all molecular forces which allows to calculate interaction forces
and energies of the colloidal particles in the medium. This type of calculation is
called Hamaker Theory if only Van der Waals interactions are considered. Two
colloidal particles that aggregate gain energy through their interaction but lose
energy by having less interaction with the surrounding medium. This energy
between two colloidal particles is called Hamaker constant 83, 84. Lifshitz
developed a more accurate and complete theory of Van der Waals attraction
forces that includes the electrodynamics of induced dipole moments (mutually
affecting polarization changes via exchange of electrodynamic fields) and multiparticle interactions, not only pair wise interactions as used in the derivation of
the Hamaker constant 84, 85.
In addition to the sum of single molecule interactions, there are some
attractive thermodynamic and extrinsic effects 82, 86 which are depletion,
bridging, hydrophobic effects, and steric effects.

Dipole-dipole or induced dipole-dipole or induced dipole-induced dipole interactions are
called van-der-Waals forces 75.
ii
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The depletion force originates from a hydrodynamic effect that keeps
aggregated or almost aggregated particles together. The reason for this effect is
the depletion of medium molecules between the dispersion particles and the
Brownian movement of those medium molecules. This depletion results in less
medium molecules bouncing against the dispersion particles in-between the
particles, whilst on their outside many particles do so, effectively creating
pressure on the outside of the dispersion particles 82, 86.
Bridging interactions occur when single chain polymers adsorb to different
colloidal particles (Figure 1.5). In some cases adding polymers as stabilizers for
suspended

particles

can

lead

to

bridging

interactions

and

therefore

flocculation 82, 87.

Figure 1.5
Polyelectrolyte adsorption onto single (top) and multiple
(bottom) colloidal particles, leading to bridging interactions. Adapted
from Ref 87.
Hydrophobic forces are a result of the polarity of water molecules.
Hydrophobic molecules lack the polar bonding sites with water and are
debated to either create nanobubbles (gas) or ice-like structures of water
around them 82. In any case, these structures are energetically and entropically
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driven to minimize surface area with water, which generally favors aggregation
of hydrophobic particles.
The steric effect affects for instance graphene nanosheet aggregation in a
polymer solution. If the polymer is in high concentration in a solvent, e.g.
water, and two nanosheets approach each other, the polymer has to move out
of the volume between the two nanosheets. Effectively the polymer is forced
out of solution and only water is left. If the polymer has a high solubility this
process is energetically disadvantageous resulting in a repulsive force on the
graphene nanosheets. If the polymer is sparingly soluble the process is
energetically advantageous, resulting in an attractive force on the graphene
nanosheets 82, 86. The other steric effect is caused if the polymer is strongly
attached to the graphene nanosheets and does not move out of the volume
between the nanosheets – preventing aggregation 82.
The repulsive forces are the steric force (description see above under
attractive forces), the solvation force (including hydration), and forces created
by the electric double-layer.
The solvation force, called the hydration force when water is used as
solvent, is caused by the entropic and energetic solvent behavior between
colloidal particle surfaces. If the particles become restricted in movement and
take on a more ordered structure, entropy gain can lead to repulsion. This
effect usually causes an oscillating force dependent on the particle distance
(Figure 1.6). A similar repulsive force occurs when all solvent has to move out
of the space between the colloidal surfaces as they come very close (which is
the opposite to the depletion force). This effect is very pronounced for 2-
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dimensional macromolecules like graphene where the solvent has to move a
long distance (up to several microns), which causes a force against the
nanosheet movement 86. If the colloidal particle is hydrophilic and has a hard
surface, such as silica, mica, glass, clays and graphite oxide nanoparticles, their
hydrophilic surfaces have to be dehydrated which causes a repulsive force 82, 88.

Figure 1.6
Schematic diagram of the oscillating solvation force with
decreasing particle distance (a) to (f). (a) No force on nanosheets as
they are too far apart. (b), (d), (f) repulsive force due to gain in
entropy with sheet distance, while low order of the solvent molecules
can still cause attraction (c), (e). Adapted from Ref 82.
The repulsive potential consists mainly of the electrostatic repulsion
between the colloidal particles, in the case of graphene nanosheets mainly due
to deprotonated functional groups as described in the previous section, i.e.
primarily carboxylic, enolic and phenolic groups. This potential attracts
counter-ions from the surrounding electrolyte which create an ion cloud around
the particle with an immobile ion layer close to the particle iii and a mobile

The ions that are in immediate contact with the surface are called Stern layer 74. The
Stern layer is part of the immobile layer.
iii
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layer iv of ions further away. The Debye-Hückel length (𝜆𝐷 ) (often called double

layer thickness) is defined as the distance from a charged surface in an
electrolyte solution, at which the surface potential of the colloidal particle fell
by a factor of (1/𝑒) (with Euler’s number 𝑒). In the Debye-Hückel

approximation, the double layer thickness of hard, spherical colloidal particles
in low electrolyte concentrations is derived as

𝜆𝐷 = �
where

𝜖0 𝜖𝑟 𝑘𝐵 𝑇
2𝑁𝐴 𝑒 2 𝐼

Equation (1.1)

(𝜖0 ) and (𝜖𝑟 ) are the vacuum and dielectric constant, (𝑘𝐵 ) the

Boltzmann constant, (𝑇) the absolute temperature, (𝑁𝐴 ) the Avogadro
constant, (𝑒) the elementary charge and (𝐼) the ionic strength. With 𝜅 −1 ≡ 𝜆𝐷

and the surface potential (𝑈0 ), the potential at distance (𝑥) from the charged
surface is given as

𝑈 = 𝑈0 ∙ 𝑒 −𝜅𝑥

Equation (1.2)

While the Debye-Hückel approximation is not accurate for many real
colloidal dispersions, it shows the three basic factors that determine the
strength of electrostatic repulsion between colloidal particles, as created by
ionic interaction: the surface potential and the ionic strength of the electrolyte,
which itself depends on the valence of the electrolyte ions and their
concentration.

The ions that are non-specifically adsorbed to the surface, i.e. do not have a one-on-one
counter charge on the surface, are called diffuse layer or Gouy layer 74, 89. Therefore the Gouy
layer can be part of the immobile and mobile layer.
iv
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The surface potential can be controlled by adjusting the pH or changing the
functional groups on the surface of the colloidal particle. The surface potential
cannot be measured directly, however the potential on the slipping plane
between the immobile and mobile ion layer can be measured, which is called
the zeta potential (𝜁) (measured vs bulk solution). Colloidal dispersions above
+30 mV or below -30 mV are considered to be stable and aggregate only very
slowly if at all, with the higher the absolute value, the more stable the colloidal
dispersion.
The Debye length (𝜆𝐷 ) decreases with increasing ionic strength (𝐼) which

allows two colloidal particles to come closer due to better shielding of the
surface charge and therefore reduced repulsive force (Equation 1.1). Thus with
increasing electrolyte concentration or increasing valence of the electrolyte, the
maximum of the total interaction potential of two colloidal particles becomes
lower and moves to shorter distances between the particles which increases the
probability of aggregation (Figure 1.7).
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Figure 1.7
Calculated potentials of a polystyrene sphere with radius
50 nm, surface potential 50 mV and an effective Hamaker constant of
1.8 ∙ 10-20 J in NaCl solutions of 100 mM (dots), 200 mM (full line)
and 400 mM (dashed). Total DLVO Potential VTotal (black, middle three
curves) and its components, the attractive Van der Waals potential
VAttractive (light grey, bottom curve) and repulsive electrostatic potential
VRepulsive (grey, middle three curves). Adapted from Ref 86.

1.3

Characterisation of GO and CCG using
Capillary Zone Electrophoresis

To test the properties of colloids, the testing device should be able to
measure the surface charge of the colloidal particles, the effect of ions from
salts, acids or bases on the surface charge, and the interaction of the solvent
with the colloidal particle. One of the most simply, and most commonly used
method to do this is capillary electrophoresis (CE). Almost all devices for zeta
potential measurements are based on this principle 90. Using only the Malvern
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Zetasizer restricts the experiments to standard tests like average particle size
and zeta potential, based on spherical particle calculations (Section 2.4).
Therefore a scientifically modifiable and in all parameters fully accessible CE
system was used to characterize GO and CCG dispersions.
Capillary electrophoresis (CE) is a simple, high efficiency, low sample and
solvent consumption separation technique that is applicable to almost any
types of analytes. Capillary zone electrophoresis (CZE), a separation technique
of the CE family, was chosen for analysis of the colloidal GO and CCG
dispersions. In CZE, the analyte particles and background electrolyte (BGE)
move freely through the capillary driven only by an external electric field,
resulting in separation of the analytes according to effective surface charge and
flow resistance (see next Section 1.3.1).
The CZE system consists of a capillary that is filled with BGE, with both
capillary ends being immersed into containers of BGE (Figure 1.8 a). The
analyte (CCG or GO) is injected by swapping the container at one capillary
end and injecting a small amount of the analyte by applying pressure. With
both capillary ends back in BGE, a high voltage of several kilovolts is applied
between electrodes immersed in each of the BGE containers. In the strong
electric field, the BGE is moving through the capillary away from one electrode
towards the other. The analyte and each of its single components (e.g. different
CCG sheet sizes or level of oxidation) has a different electrophoretic mobility
than the BGE, and depending on the flow resistance and electrokinetic
properties, the analyte particles become separated according to charge, volume,
and under certain circumstances mass. In case of anionic GO or CCG the BGE
has to be basic to keep them stable in colloidal dispersion. For GO or CCG in
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basic BGE, the electric field force is opposite for GO/CCG and BGE, however
the BGE movement is stronger and the overall movement of GO/CCG follows
the same direction as the BGE, just slower, which causes the separation of
GO/CCG. The detector records the signal of analyte moving past the detection
window as a function of time.
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Figure 1.8
(a) Schematic of the setup and separation process of
CZE. (b) Schematic of the principle of Capillary Zone Electrophoresis
(CZE). The background electrolyte (BGE) migrates to the cathode,
showing a linear flow profile due to the electrical double layer formed
on the silica capillary surface 91-94. The electric field creates an
electrostatic force on the Chemically Converted Graphene sheet that is
negatively charged. The net migration of CCG is to the cathode due to
the strong BGE migration.

1.3.1 Theory
The electrokinetic theory of colloids is fundamentally based on and linked
to the theory of colloids (Section 1.2.6). The electrophoretic mobility (𝜇) of a
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particle is defined as the ratio of electrophoretic migration velocity (𝑣) (in
cm/s) over the electric field strength (𝐸) (in V/cm):
𝜇=

𝑣
𝐸

Equation (1.3)

Placing colloidal dispersions into an external electric field results in mainly
four forces that determine the mobility (𝜇) of the particles (Figure 1.8 b): The
electrostatic driving force resulting from the surface potential of the colloidal
particle, the Stokes drag, i.e. the friction force caused by the particle volume
including the immobile ion layer (also called Stokes radius (𝑎) of the particle),
and two weak forces namely the electrophoretic retardation force, and the force
originating from the relaxation effect 95-97.
Electrophoretic retardation is caused by the counterions in the diffuse layer
of the particle which feel an opposite force to the colloidal particle in the
external electric field, moving into the opposite direction and increasing the
friction force on the colloidal particle. The relaxation effect is caused by the
dipole moment that is created by the shift of the center of the ion cloud’s
electrostatic field versus the one of the colloidal particle, which arises due to
the movement of the colloidal particle (causing a streamline shape of ionic
cloud), and the polarization of the oppositely charged pair colloidal particle –
ionic cloud (causing a field induced ionic dipole moment) 95, 98. For electrically
conducting particles such as graphene nanosheets and carbon nanotubes, a field
induced electric dipole moment created by the shift of the conducting electrons,
can be added to the relaxation effect.
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Smoluchowski’s formula accounts for the first two forces and the third
under the condition of big particles with large radius (𝑎) and thin double layer
thickness (𝜅 −1), i.e. 𝑎𝑎 ≫ 1 95, 99:

𝜀𝜀
𝜇= �
�
4𝜋𝜋

Equation (1.4)

where (𝜁) is the zeta potential, (𝜂) is the medium viscosity, 𝜀 = 4𝜋𝜀0 𝜀𝑟 is

the dielectric constant of the medium (e.g. the electrolyte) with the vacuum

constant (𝜀0 ) and dielectric constant (𝜀𝑟 ), 𝜅 = 1/𝜆𝐷 is the Debye parameter.

Henry fully accounted for the retardation force by introducing the Henry
function 𝑓(𝜅𝜅) that takes on values between 1 for 𝜅𝜅 ≪ 1 (Hückel-Onsager
limit) and 1.5 for 𝜅𝜅 ≫ 1 (Helmholtz-Smoluchowski limit)
𝜇= �

𝜀𝜀
� 𝑓(𝜅𝜅)
6𝜋𝜋

:

100, 101

Equation (1.5)

Overbeek and Booth improved the prediction of mobility for moderate 𝜅𝜅

values (0.2 < 𝜅𝜅 < 50) by taking the relaxation effect into account 95-97. Their
mobility results were found to be accurate only for small zeta potentials

(𝜁 ≪ 25 𝑚𝑚). Wiersema et al. presented an improved theory that was solved

numerically and included various electrolyte systems with different ion valences
(1-1, 1-2, 2-2, 3-1, etc) 95. The accuracy was still restricted to zeta potentials of
25 mV and above, depending on the electrolyte system 95, 98, 102. O’Brien and
White developed an easier numerical solution without zeta potential
restrictions that was largely confirmed by an analytical, non-numerical
approach developed by Dukhin and Semenikhin 98, 99, 103. The results show that
mobility grows linearly with increasing zeta potential only for small particles
and thin double layers. For increasing particle radii and decreasing double layer
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thickness, the mobility develops a maxima (Figure 1.9) 98, 99. A simulation study
of the electrokinetic behavior a colloidal, spherical particle gave slightly
different results 101. Simulations could deliver a clearer understanding of
electrokinetic behaviors as they are developed on only a few basic assumptions
as compared to analytical theories, and they are more easily extendable to for
instance to particles of arbitrary shape.

Figure 1.9
Calculated mobility (𝜇) as a function of zeta potential
(𝜁) for various double layer thicknesses (𝜅 −1) to particle radii (𝑎)
ratios 𝜅𝜅, in KCl solution. For 𝜅𝜅 ≥ 3 the mobility curves have a
𝑒
maximum. Depicted are the dimensionless zeta potential 𝑦 = 𝑘𝑇 𝜁 and
the dimensionless mobility 𝐸 =

6𝜋𝜂𝑒
𝜀𝑘𝑇

𝜇. Adapted from Reference 98.
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1.3.2 Transformation of CZE Theory onto Graphene
Nanosheets
The above mentioned analytical descriptions and numerical solutions
thereof are vastly focusing on spherical particles. In recent years work was done
to extend the theory to non-ideal particles with rough, porous and soft
surfaces 104. Of interest for graphene is the extension of the electrokinetic theory
to non-spherical, 2-dimensional particles. A realistic description of CCG
dispersions becomes even more complicated than the description of colloidal, 2dimensional discs as one such CCG dispersion consists of polydisperse
nanosheets with inhomogeneous size, shape and surface charge distribution. An
approximate solution could be the calculation with an equivalent spherical or
disc shape particle 104.
CE separations have been performed on many micro- to nanoparticles such
as

metal

oxides 105,

gold

nanoparticles 106,

silica 107,

phyllosilicates 108-110,

latexes 111, carbon nanotubes 112-114, carbon nanoparticles from soot 115, and
quantum dots 116. Of these nanoparticles the most interesting are carbon
nanotubes and carbon nanoparticles from soot, as they are in their chemical
structure the closest relatives of graphene. In shape and form, phyllosilicates
are interesting as they are the only nanoparticles with comparable 2dimensional shape.
As an extension of spherical particles, carbon nanotubes can be described
as prolate spheroid and graphene nanosheets as oblate spheroids. On such nonspherical particles all of the above mentioned forces, bar the basic electrostatic
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driving force v, are orientation dependent, most notably the Stokes drag which
is quite obvious, and the relaxation forces. The latter is created by the charge
separation across the particle surface, i.e. polarization of the particle-ions
system vi. The induced dipole (and quadrupole) moments create an opposing
field to the external driving field which lowers the mobility of spheroids as
compared to the Smoluchowski mobility theory (Figure 1.10) 118.
According to this theory prolate spheroids have a higher mobility than
oblate spheroids, meaning that carbon nanotubes would have a higher mobility
than comparable carbon spheres, e.g. buckyballs; and carbon discs, e.g.
graphene nanosheets would have a lower mobility than comparable carbon
spheres (if they had a pristine carbon structure and all had the same size to
double layer ratio, e.g. 𝜅𝜅 = 20) 118. This theory is still valid for any large 𝜅𝜅

and 𝜅𝜅vii, and for discs for any 𝑏 if 𝜅𝜅 ≫ 1 118.

Similar theoretical studies of colloidal spheroids found that the zeta

potential kaolinite (group of the phyllosilicates) might be underestimated when
derived from its mobility and Smoluchowski’s formula, as the flat particles can
have a lower mobility than spherical particles at same zeta potential 119, 120.

If boundary conditions such as the charged wall of a capillary, or surface charge
distributions are not neglected, even the electrostatic driving force can be considered
orientation dependent 117.
vi
In case of electrically conducting particles, also electric polarization.
vii
Spheroid diameter perpendicular to the rotation axis: 𝑎; along the rotation axis: 𝑏.
v
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Figure 1.10 Calculated average electrophoretic mobility divided by the
Smoluchowski mobility, for 𝜅𝜅 = 20, in KCl. The aspect ratio < 1
represents an oblate spheroid, = 1 a sphere, and > 1 a prolate
spheroid. The Smoluchowski mobility is independent of shape and size,
see equation (1). It overestimates the mobility in general due to
retardation and relaxation effects, even for spheres. This discreptancy
is 𝜅𝜅 dependent, as described in the previous section. The change of
the mobility ratio with aspect ratio originates from the shape dependent
induced dipole moments (part of the relaxation effects) which weaken
the driving field at the particle. Full lines are analytical
approximations, dashed lines full numerical solutions. All calculations
with random, averaged orientation of the spheroids to the driving field.
Adapted from Reference 118.
Unfortunately none of the mentioned publications show clearly if larger
discs migrate faster or slower than smaller discs. CE on carbon nanotubes has
successfully separated carbon nanotube bundles according to diameter, and
single carbon nanotubes from carbon nanotube bundles 113, as well as carbon
nanotubes according to length, while purifying them at the same time by
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separating them from soot 112, 114. It was found that longer carbon nanotubes
have longer migration times.
Apart from the shape, CCG’s mobility is also determined by an
inhomogeneous surface charge distribution. Many publications have dealt with
inhomogenous

charge

distribution

of

spheres

and

spheroids 119, 121-125.

Inhomogeneous charge distributions can make the colloidal dispersion unstable,
and just like asymmetric shape, it makes the electrophoretic mobility of the
particles orientation dependent in relation to the driving field and the walls.
Experimental results on inhomogeneous charge distribution have been
presented for kaolinite. Its basal plane is negatively charged throughout the
whole pH range, whereas the edges can become positively charged at very low
pH (Figure 1.11) 109. This edge charge can become dominant and reverse the
electrophoretic movement. Graphene too is assumed to have a different charge
on the edges and in the basal plane as carboxylic groups are supposed to sit
along the edges but not in the basal plane.
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Figure 1.11 Mobility vs pH vs salt concentration for kaolinite.
Adapted from Reference 109.

1.4

Layer-by-Layer Self-Assembly of Graphene

The colloidal properties of CCG can be utilised to create thin CCG films
via a process called layer-by-layer self-assembly. Self-assembly is assumed to
Page | 36

Chapter 1 General Introduction

have great potential for innovative applications as it resembles natures ability
to create static or dynamic structures of highly ordered and complex patterns
while relying on an efficient, low energetic bottom-up synthesis 32, 126.
Applications are for instance photonic and energy harvesting devices,
biological-electrial interfaces, membranes, micro- and nanomechanical, as well
as micro- and nanoelectronical devices 127, 128.
The

terms

self-assembly

and

self-organisation

are

often

used

interchangeably though to avoid confusion they should be distinguished 129, 130.
Self-assembly can be distinguished from self-organisation in that the first forms
units of macromolecular structures that are identical copies of each other. Selfassembly is intolerant of defects and missing building blocks lead to disruption
of the self-assembly process. The self-assembly process usually terminates once
a certain structure is gained and available intermolecular bonds are occupied.
In this sense the self-assembled structure is close to a thermodynamic
equilibrium 129, 130. Self-organisation on the other hand usually grows by itself as
long as building blocks and room are available, and therefore is further away
from an equilibrium than self-assembled structures. Usually self-organisation is
less sensitive to defects than self-assembly 129.
Self-assembly and self-organisation can therefore work in any dimension (in
one dimension for instance during linear polymerization or replication of DNA;
in two dimensions for instance when forming monolayers adsorbed to a surface;
or in three dimensions for instance when forming crystals). In this Chapter selfassembly of CCG nanosheets and polymers will be used to create thin CCG
films, and the term self-assembly will be used only in the meaning of twodimensional film creation by absorption of CCG or polymers.
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Creating thin films by self-assembly is called layer-by-layer deposition or
layer-by-layer self-assembly. It is usually applied on macroscopic substrates (as
compared to on nanoparticles, macromolecules or liquid-air interphases) by dip
coating and occasionally spray or spin coating 31-33. Self-assembly is a simple
and cheap deposition technique as compared to thin film deposition techniques
of other chemical processes (Table 1.1). At the same time it is one of the most
precise coating techniques, being capable of coating nanostructures or
microparticles with very homogenous films of controllable thickness with
atomic resolution.

1.4.1 History and Basic Principles of Self-Assembly
“Molecular self-assembly is the spontaneous association of molecules under
equilibrium conditions into stable, structurally well-defined aggregates joined
by noncovalent bonds”, Whitesides et al., p 1312, 131. It can be static
(irreversible), reversible with environment change, and even dynamic. It can
happen on a substrate surfaces to create thin films, or in dispersions where two
or more molecules form a complex. The focus of this thesis is on the first.
The first known publication of research on surface tension and surface films
dates back to 1891, published by Agnes Pockels 132. In the 1930s it was further
developed by Irvin Langmuir and Katherine Blodgett to describe the wellknown Langmuir-Blodgett films, the first mono-layer films developed and
deposited on different substrates by physisorption 133. The special properties of
monolayer interactions were further investigated by Hans Kuhn and others in
the 1960s 134, 135. Towards the end of the last century self-assembly has found
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application in many different fields rather than being just a field of research
itself 32, 126.
The driving forces of self-assembly are the same as the forces that exist in
colloidal systems as described in Section 1.2.6. Essentially they are based on
intermolecular forces and result in physisorption or chemisorption, such as ionic
and Van der Waals interactions. The intermolecular self-assembly forces, except
for metallic and covalent bonding, are either due to electrical monopoles (ions),
dipoles or quadrupoles (pi-interactions). Ionic interactions or hydrogen bonding
are the predominant modes used in layer-by-layer self-assembly. However, one
of the spontaneous strong bond formations encountered in self-assembly is the
metal (often gold)-thiol bond which can be described as “half-covalent” 136, 137.
Direct covalent self-assembly of for instance azido- and acetylene-functionalised
polymers, is also possible and can be performed using click chemistry 138-140.
Other interaction forces that were mentioned in Section 1.2.6 such as depletion,
bridging, hydrophobic, steric and solvation effects, also play an important role
in the self-assembly process.
Self-assembly happens spontaneously only when the involved system loses
Gibbs energy, i.e. when ∆G = ∆H – T∆S is below zero (T is the absolute
temperature). Since entropy is decreased after self-assembly (i.e. ∆S negative),
the change in released enthalpy ∆H has to be large enough (i.e. ∆H well below
zero) for self-assembly to occur. Typical self-assembly interaction potentials
release little enthalpy ∆H and thus the self-assembly process is often very
sensitive to changes in, for instance, temperature, pH, and ionic strength. Only
metallic and covalent bonds release enough enthalpy for self-assembly to take
place under a comparably wide range of conditions 131. For a large negative
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Gibbs energy the self-assembly process is static. For a small negative Gibbs
energy, the self-assembled structure can be disassembled again by applying
little external energy (e.g. heat). For zero or very close to zero negative Gibbs
energy the self-assembly process is in thermodynamic equilibrium, i.e. dynamic
self-assembly exists with particles self-assembling and disassembling randomly.
Cross-linking chemistry can be used to transform certain non-covalent bonds to
covalent bonds and obtain very stable self-assembled films (Section 1.4.4.6).
CCG nanosheets are aromatic molecules which contain a range of functional
groups (Chapter 3). When perfoming self-assembly of CCG with cationic
polymers, as used in this work, all of the above self-assembly forces except for
forces by metallic and covalent bonding can come into play. As a result of these
forces, self-assembled CCG films are very stable under a wide range of pH and
in many solvents. Covalent bonding can be applied during self-assembly of
CCG using cross-linking techniques (Section 1.4.4.6).
Many self-assembled films rely on ion-ion interactions. These interactions
are usually stable over a large pH range. Purely hydrogen bonded selfassembled polymer-layers on the other hand have been shown to disintegrate
above certain pH values 141. In the following Sections, important factors like pH,
salt content and ionic strength, charge density and the relating film properties
are discussed first for ion-ion bonds, and separately for the weaker hydrogen
bonding (dipole-dipole). Ion-dipole bonded self-assembled films fall in the
middle and can behave like ion-ion and dipole-dipole films. Often combinations
of different bonding and repelling interactions are present, both during a selfassembly adsorption process and in the final film, which make conclusions on
the influence of single bonding types difficult.
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1.4.2 The Variables that Determine Self-Assembly
1.4.2.1

Surface Charge and Zeta Potential

Layer-by-layer self-assembly of polyions creates alternating layers of positive
and negative net charge. The self-assembled thin film can be categorized into
three zones of self-assembled layers 142: The first zone are a few layers that are
influenced by the substrate and initial layer and the layer thickness might not
be constant. The second zone is all self-assembled layers in the middle of the
whole film where layer thickness is constant and net charge is neutral. The
third zone are the few layers near or on the surface of the film which are
responsible for a net charge that allows further layer-by-layer self-assembly.
The charge of a self-assembled surface cannot be measured directly.
However this is not necessary as the zeta potential on the slipping plane gives
usually enough information regarding surface charge. This potential can be
measured for colloidal particles or macroscale substrates, and is naturally
dependent on the pH of the medium. The first is usually measured via
determination of the electrophoretic mobility of the colloid whilst the second is
measured via streaming potential. If the self-assembled material is a colloid
itself, as in the case of self-assembled CCG films, both potentials can be
different, i.e. the average zeta potential of colloidal CCG nanosheets does not
have to be the same as the streaming potential of self-assembled CCG
nanosheets at the same pH. Since a zeta potential for completely dissolved
polymers can be difficult to measure directly, their corresponding zeta potential
is measured either after self-assembly on suspended nanoparticles in the same
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way as the zeta potential for colloidal particles is measured, or through
streaming potential measurement after self-assembly on a macroscopic surface.
Titration and other stoichiometric methods are used to determine the amount
of charge carrying functional groups of the polymers (see next section).
The sign of the streaming potential is normally expected to correspond to
the sign of charge of the polyelectrolyte adsorbed as last layer 142, 143. An
exemption has been reported for PSP viii (polyanion) and PAH ix (polycation)
where the streaming potential was always positive regardless if PSP or PAH
was the last self-assembled layer 144. With other polymer combinations the
absorption of cationic onto cationic and anionic onto anionic has been observed
which indicates other interactions than just anionic-cationic ones, for instance
hydrogen bonding and hydrophobic forces as discussed later 145, 146.

1.4.2.2

Charge Compensation, Charge Density and Degree of
Charge

Charge density of the polymer plays an in important role in self-assembly.
Polymer charge density is dependent on the type and amount of charge
carrying groups of the polymer (degree of charge), the ionic strength and the
pH of the medium which are discussed in the next two sections. Similar to an
increase in pH, a higher degree of charge leads to less adsorbed polyelectrolyte
but to denser films 147. It has been reported that film thickness grows with

poly(sodium) phosphate
poly(allylamine hydrochloride)

viii
ix
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degree of charge at a low degree of charge, which reaches a maximum and
results in decreasing film thickness thereafter (Figure 1.12)

.

148, 149

Figure 1.12 Thickness of a PSS-(PDADMAC-NMVA x) film with
different degrees of polymer charge. Adapted from Reference 148.
With the same type of polymers it has been shown that the more sodium
chloride is added to the polymer solution the more polymer is adsorbed 149. At
the same time however, the more sodium chloride was added, the more degree
of charge of the polymer was necessary to self-assemble at all 65. An increased
salt content shields the charge of the polymer increasingly and more polymer is
needed to compensate the charge of the layer below (determined by the first
layer which is often PEI). If the salt content lowers the charge density of the
polymer too much, the deposited polymer neutralizes the surface and disables
self-assembly. This happens for increasing salt levels first to polymers with a
low degree of charge. Another explaination could be that the previously selfassembled polyelectrolyte layer is dissolved due to a very low gain in enthalpy
P(DADMAC-NMVA) is a linear statistic copolymer consisting of positively charged
diallyldimethylammonium chloride (DADMAC) monomers and neutral N-methyl-Nvinylacetamide (NMVA) monomers 148
x
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through self-assembly which could favor the gain of entropy when the
polyanion or polycation comes off the substrate and is being redispersed back
into solution 149.
Another experiment showed that the higher the polymer charge density the
less sodium chloride ions are found between the layers 150. Self-assembly relies
on charge overcompensation of each deposited layer. For low ionic strengths
charge compensation is mostly intrinsic, which implies a stoichiometric 1:1
ratio of polyanion : polycation charge carrying functionalities. For high ionic
strengths charge compensatioin is mostly extrinsic (Figure 1.13) 150-153.

Figure 1.13 Self-Assembled Polycation and Polyanion. (a) Intrinsic
charge compensation when no salts are present. (b) Extrinsic charge
compensation. (c) Overcompansation. Adapted from Reference 151.
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1.4.2.3

Influence of pH on Layer Build-Up

The charge carried by colloids, macroscopic substrates, and solutes is
dependent on the pH of the surrounding media which can be determined by
zeta potential titration and acid-base titration. This charge influences the selfassembly process, resulting in different bilayer symmetry, layer thickness, film
growth (linear or exponential, see below), and film stiffness as shown by QCM
and ellipsometry measurements on PAHix-PAA xi films (Figure 1.14) 154, 155. The
carried charge of the polyelectrolytes evidently depends on their pKa value, and
therefore self-assembly is occasionally categorized into either strong or weak
polyelectrolyte adsorption. At very low pH the polyanion carries very little net
charge (i.e. is nearly neutral) while the polycation is highly charged. To
compensate the charge of each other, there is a lot of polyanion deposited in
combination with only little polycation. At the same time the nearly neutral
polyanion does not self-assemble as flat as the highly charged polycation. At
very high pH the behavior of polycation and polyanion is opposite. At
intermediate pH values the polymers are about equally but oppositely charged
and pack densely, forming symmetric bilayers and a thin, stiff film. At pH
levels above and below neutral one of the polymers is less charged which makes
the layers less dense and allows the polymer to interdiffuse with the polymer
layers below.

xi

poly(acrylic acid)

Page | 45

Chapter 1 General Introduction

Figure 1.14 Five pH ranges can be distinguished as regimes of PAAPAH films which show different charge of PAA and PAH, different
penetration of each polymer into the layers below, different layer
symmetries, different layer growth (linear and exponential), different
layer thickness, and different layer stiffness. Adapted from
Reference 154.
A similar pH related film thickness dependency was found with PF xiiPMA xiii self-assembled films 156. Here each polymer deposition took place at a
certain pH rather than both polymers at the same pH. It was confirmed by
ellipsometry and refractive index measurements that a fully charged polyanion
and a half charged polycation, or vice versa, leads to thickest films, whilst fully
charged polycation and polyanion lead to closely packed polymers and thin but
stiff films 155, 156. A theoretical study supports this theory 157. The morphological
change of the polymer with pH can be seen in solution as well where anionic or
cationic polymers start to curl up since the repelling force due to charge
xii
xiii

poly(fumaric acid)
poly(methyleneamine)
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carrying functional groups in their polymer-chain is reduced

. When

158

comparing results of different studies one has to be aware that the pKa value
and charge of a self-assembled polymer layer can be different from its in
solution value

. On top of that experimental differences might influence the

156

results such as if the washing solution was pH adjusted to each polymer pH or
neutral

.

154

1.4.2.4

Ionic Strength and Effect of Adding Salt

Ionic strength of the polymer solution plays an important role in that it
shields the charge carried by the polyions more when it is increased, e.g. by
addition of salts. For colloids like CCG this means that the Debye length is
decreased and can reach the critical coagulation concentration (c.c.c.) of the
salt which makes the colloid to start fast aggregation

. An increase in salt

86

concentration therefore can have a similar effect on layer-build-up as a decrease
in pH concentration which can be partly explained by the change of ionic
activity of the polyions. For instance just like a decrease in pH can cause
polyionic polymer chains in solution to curl up due to the decrease in carried
charge, the shielding effect of adding salt can cause exactly the same curling
up

.

158, 159

For ionic self-assembly to work, each layer must show a charge
overcompensation to allow another oppositely charged component to selfassembly on top

142, 151

. For PSS –PDDA films it has been shown that an

increase in NaCl concentration of the deposition solution increases layer
thickness due to the lower effective charge of the polymers 149, 151. If the ionic
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strength is too high, the overcompensation cannot take place anymore and the
self-assembled layer neutralizes the surface, making subsequent self-assembly
impossible

. This is dependent on the charge density of the polymer – the

149

higher the charge density, the more salt can be added to increase polymer
adsorption (see above). Not only the ionic strength determines the layer
thickness but also the type of salt being used 160. While low levels of ionic
strength lead to increased layer thickness, high ionic strengths can not only
stop self-assembly but also lead to dissolution of previously self-assembled
layers 160.

1.4.2.5

Hydrophobicity

On the basis of collected theoretical and experimental data about
electrostatic self-assembly Kotov came to the conclusion that short-range
hydrophobic interactions are the driving force of self-assembly, and that
electrostatic forces are not the all-determining factor if self-assembly can take
place, as hydrophobic forces have to be considered 80. This was confirmed by
Dubas et al. who showed that the film of self-assembled PSS/PDADMA
becomes thicker with increasing ethanol content, i.e. increasing hydrophobicity,
in the PSS and PDADMA solutions (Figure 1.15) 81.
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Figure 1.15 Thickness of (PSS/PDADMA)10 films self-assembled
from water/ethanol mixtures with 0.1M NaCl. Increasing concentration
of ethanol leads to increasing hydrophobicity of the polymers which
leads to increased adsorption onto the already adsorbed polyelectrolyte
film. Adapted from Reference 81.

1.4.2.6

Molecular Weight

For ionic self-assembly a change in molecular weight does not seem to affect
the layer thickness as strongly as pH or ionic strength. Molecular weight did
not change the behaviour of PGA/PAH and HA/PLL of growing in the first
layers exponentially and then linearly 161. Molecular weight had only a small
effect on layer thickness for Zetag xiv/PSS films 147. No significant difference in
film thickness was observed with PVP xv-PAA films of different PAA molecular
weights 160. If the molecular weight has an effect then mostly a higher molecular
weight is correlated with a higher layer thickness, in rare cases, however it can

xiv
xv

copolymer of acryloyloxyethyl trimethylammonium chloride and acrylamide
poly(2-vinyl-N-methylpyridinium iodide)
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be the opposite (Figure 1.16) 161. In a self-assembly experiment with deposition
by spin-coating high and low molecular weight of the same polyelectrolyte
resulted in the same layer thickness 162. Polyelectrolytes with low charge density
seem to be more affected by low molecular weight and resulting thinner films
than polyelectrolytes with high charge density 81, 155, 163. Due to this reason
polymers of very low molecular weight (<10000) appear not to be suitable for
electrostatic (and hydrogen-bonded) self-assembly.

Figure 1.16 Film thickness with increasing number of self-assembled
HA/PLL layers. Increasing molecular weight leads often to a slightly
increased film thickness. MWHA = 130000 and MWPLL = 20000 (■),
55000 (○), and up to 360000 (▲).Adapted from Reference 161.

1.4.2.7

Concentration

Just like molecular weight, concentration has only a minor influence on
layer thickness, and in general a higher concentration tends to increase the film
thickness slightly (Figure 1.17) 81. Guzmán et al. reported that an increase in
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concentration of PDMAEMA xvi increased the thickness of its adsorbed layer on
top of a PSS layer 152. Regarding the growth behavior of PAH xvii and PSP xviii,
Cini et al. reported a linear growth at lowest concentrations to exponential
growth at mid-concentrations, and exponential followed by linear growth at
high concentrations 144. In a self-assembly experiment with deposition by spincoating increased polyelectrolyte concentration resulted in thicker layers 162.

Figure 1.17 Thickness vs polymer concentration (for both polymers)
for 5 layer pairs of PSS/PDADMA. Adapted from Reference 81.

triblock copolymers made of 2-(N,N-dimethylamino)ethyl methacrylate and εcaprolactone
xvii
poly(allylamine hydrochloride)
xviii
poly(sodium phosphate)
xvi
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1.4.2.8

Temperature

Since the temperature is part of the entropy term (– T∆S), a higher
temperature should disfavour self-assembly. The opposite is the case, higher
temperatures increase usually the film thickness for polymers (Figure 1.18). It
is assumed that self-assembly is diffusion limited through the self-assembled
layers and a higher temperature increases the diffusion rate through the selfassembled layers and allows for a lower energetic arrangement of the
polymers 164.

Figure 1.18 PSS/PDADMA film thickness vs number of bilayers.
Deposited in 0.1 M NaBr at different temperatures. Adapted from
Reference 164.
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1.4.2.9

Dipping Time and Kinetics of Self-Assembly

The kinetics of electrostatic self-assembly of polymers is regarded to be
bimodal, i.e. the polyions quickly adsorb to the surface from solution, and then
diffuse slowly through the polymer film to find a low energetic state of
interaction with the already self-assembled counter-polyelectrolyte 33, 152. For
electrostatic self-assembly this first, quick adsorption from solution is often
found to be diffusion-limited 81, 152, 162. It depends on the material and type of
interaction 165. For instance PEI adsorption onto uncharged, pristine graphite,
was found to be rather reaction limited than diffusion-limited 166. A more
realistic model for many self-assembly experiments is convective diffusion
rather than pure diffusion, especially when spin- or spray-coating is used for
self-assembly 81, 162.
Typically, the amount of adsorbed polyion reaches its near maximum after
10-15 min (Figure 1.19). Some polyelectrolyte combinations reach this state
quicker, in only a few minutes or even seconds, while others need up to about 1
hour 81. After the polyelectrolytes have adsorbed to the surface, they can
occasionally partly desorb again, causing the film to become thinner or less
dense (or both). The reason for the desorption is the formation of soluble
complexes of both polycation and polyanion that result in a more favorable
energetic and entropic state when being redissolved 167.
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Figure 1.19 Film thickness vs exposure time for PSS/PDADMA at 1
mM in 1.0 M NaCl solution. Adapted from Reference 81.

1.4.3 Adjustable Properties of Self-Assembled Films
Apart from properties inherent to the material, such as conductivity,
transparency xix etc., there are properties that are typical for self-assembled
films which can be influenced by the variables described in the previous
sections xx.

Most self-assembled thin films lose only a few percent in transparency due to their small
thickness. Yet absorbance is mainly influenced by the material.
xx
One of the natural properties of self-assembled films is the high degree of order.
xix
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1.4.3.1

Layer Symmetry, Film Growth, and Film Thickness

Film growth of layer-by-layer self-assembly, i.e. layer thickness depends
mainly on charge density (and therefore pH and degree of charge), type of
added salts, and ionic strength of the polyion solution (see above). Molecular
weight and concentration of the polyion, temperature and exposure time play a
role as well (see below). Layer thickness gives only a vague hint on the
adsorbed amount of material as thinner films can be packed more densely. Film
growth can be zero, limited, logistic, linear, and exponential, with symmetrical
or asymmetrical polyanion-polycation layers. Some polyion combinations can
be self-assembled only a few times while others can be self-assembled several
hundred times.
The first few layers on the bottom of the self-assembled film are determined
by the substrate and initial layer, and can therefore differ from the following
layers 142. On the other hand the last few layers near the top of the selfassembled film can be influenced by the environment and surface charge of the
film. Subsequent layers can alter the thickness of the below lying layers, and
sometimes dissolve away parts of the below lying layer. The interior layers in
the film are mostly charge neutral 142. The first layers can therefore be thicker
or thinner than the interior layers. For instance for HA xxi/PLL xxii and
PGA xxiii/PAH the first layers grow exponentially and subsequent layers grow
linearly 161.

hyaluronic acid
poly(L-lysine)
xxiii
poly(L-glutamic acid)
xxi

xxii
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The maximum number of layers is reached when no more negative Gibbs
energy is gained by adding another layer. This can be due to too little release
of enthalpy or loss in too much entropy of the system. Usually the first is the
case with either the surface becoming neutral or dissolution of previously selfassembled layers lead to a higher release of enthalpy. Higher charge density of
the polyions leads usually to a higher maximum number of layers.
Isothermal

titration

microcalorimetry

measurements

indicate

an

endothermic self-assembly process for exponential film growth, while linear film
growth is correlated with strongly exothermic self-assembly 168. Weakly
exothermic self-assembly could be associated with weakly exponentially
growing films.
Some polymers have been reported to grow exponentially while others
grow linear, such as PLL/HA in NaCl exponential 33, PGA/PLL in NaCl
exponential 169, PLL/Alginate in NaCl exponential 170; PSS/PAH in NaCl 169 and
others 138, 152 grow linear. Polymer combinations in some publications cannot be
put in a definite category 161, 171, 172. Increasing salt content can cause continuous
transition from linear growth to exponential growth, such as PDDA/PSS
(Figure 1.20) 173.
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Figure 1.20 Relative absorbance of PDDA/PSS films self-assembled
from different NaCl concentrations. Adapted from Reference 173.
Depending on the pH and therefore on the polymer charge density, PAA
and PAH can be switched to linear or exponential growth 154. The same
experiment showed that polyanion-polycation symmetry can be influenced by
the combination of charge density of the polyions which can be achieved by
adjusting the pH of the polymer solution (Section 1.4.2.3) 154.

1.4.3.2

Water Content and Surface Potential

Self-assembled films can contain considerable amounts of water 174. For
example PAH/PSS films have been reported to contain more than 40 % of
water in their hydrated state 175. The water content is dependent on the
polyelectrolytes and salt content, which can be used to alter the multilayer
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surface roughness and thickness by swelling 176. Closely linked to the water
content is the surface potential or surface wettability which can be controlled
by choice of polyanion and polycation, type of last polyion deposited, as well as
salt concentration and pH during deposition 177. Thus thickness change can
occur during self-assembly by hydration or dehydration of the self-assembled
layers below 154.

1.4.3.3

Surface Morphology and Surface Roughness

As mentioned in the previous section, hydration can affect the surface
morphology 175, 176. Basically all variables that influence the layer build-up
influence also the surface morphology of the self-assembled film, i.e. type and
charge density of the polymer 149, pH 156, ionic strength 149, 173, 176, temperature 164,
deposition time 178, and concentration 144. One study found that the refractive
index and surface roughness were inversely correlated for polyelectrolytes that
were self-assembled from solutions with varying pH 156. While an influence of
polyelectrolyte concentration on surface roughness is not uncommon, even
exotic behavior has been observed where the surface roughness either increased
or decreased with number of layers, solely by changing the concentration 144.

1.4.4 Hydrogen Bonded Self-Assembly
The above description of the self-assembly process is focused on
polyelectrolytes that adsorb because of ionic, i.e. electrostatic, interaction. This
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section describes polymers that self-assemble via hydrogen bonding and not via
ionic interaction. These polymers range from neutral to very weakly charged
basic or acidic polyelectrolytes, and also include some nonionic polymers. Since
hydrogen dipole interaction is weak as compared to ionic interaction, other
weak potentials such as hydrophobic interaction potentials play an important
role here as well.
One of the most famous and most important hydrogen bonded selfassembled structures is the double helix deoxyribonucleic acid (DNA). It is one
of many possible macromolecular structures self-assembled by multiple
hydrogen bonding and it has been used to form layer-by-layer self-assembled
films 146, 179.

1.4.4.1

Special Properties of Hydrogen Bonded Self-Assembly

Some multilayer behaviour that cannot be explained by solely ionic
interactions has been explained by considering hydrogen bonding. Among those
behaviours are self-assembly of same-charged polyelectrolytes and pH, ionic
strength, and temperature dependent dissolution of self-assembled layers as
described in the following 145, 146, 180.
Self-assembly based on hydrogen bonding is always intrinsic whereas ionic
self-assembly can be intrinsic and extrinsic; as layer-by-layer self-assembly ionic
interaction is mostly extrinsic (see above). The counterparts to zwitterions
therefore are hydrogen bond donor and acceptor molecules and functional
groups. Carboxylic acids are such molecules that can self-assemble into
supramolecular structures via hydrogen bonding 181.
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If the hydrogen bonding is energetically favoured over ionic repulsion (i.e. if
its release of Gibbs energy is higher and if there are no kinetic barriers) then
same-charged polyions can be self-assembled onto each other. An example for
negative polyion self-assembly is the self-assembly of DNA oligomers with
blocks

of

repeating

nucleotides

by

hybridization xxiv.

Nucleic

acid

thermodynamics is a well advanced research area which might serve as helpful
source for the understanding of self-assembly via hydrogen bonding. Also
positive polyion self-assembly has been reported, with two polycations
containing quaternary ammonium cations being successfully self-assembled
onto each other, and it is assumed that self-assembly of two almost completely
protonated polycations could have been based partly on hydrogen bonding (as
other explanation was polycation penetration to deeper polyanion layers
given) 145, 182. Neutral self-assembly has been shown for PMMA/PVA and other
neutral polymers 183. Another study successfully self-assembled several non-ionic
polymers onto dedoped, i.e. neutral polyaniline which was afterwards doped to
gain a conducting polymer layer xxv 76.
Since self-assembly via hydrogen bonding can be independent of the surface
charge both self-assembly methods (electrostatic and H-bonding) can be used
in one application. This has been shown in an experiment that was designed to
recognise barbituric acid and triaminopyrimidine (Figure 1.21) 77.

DNA oligomers are negatively charged due to the phosphate residues in the DNA
backbone.
xxv
Polyaniline adsorption was performed with partly acid-doped polyaniline for solution
stability reasons 76. Doped polyaniline can also be electrostatically self-assembled 184.
xxiv
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Figure 1.21 Growth in absorbance of a multilayer with number of selfassembly
deposition
cycles.
Electrostatic
self-assembly
of
polyelectrolytes (●) with one layer of non-electrostatic self-assembly via
hydrogen-bonding (○).Adapted from Reference 77.

Film dissolution will be discussed in the following self-assembly variables
sections as they depend on several self-assembly parameters.

1.4.4.2

Influence of pH

The hydrogen-bonds in a multilayer film are not directly susceptible to pH
changes. However if the multilayers are self-assembled through hydrogenbonding and consist of neutral polyions, a change in pH can cause the polyions
to become protonated or deprotonated, resulting in an electrostatic repulsion of
the polyions, which can become dominant over hydrogen-bonding and cause
the multilayer to disintegrate. The pH threshold of disintegration depends on
the types of polymers that were used to create the self-assembled film 185. For
PAA it has been shown that the pH threshold of pH 3 left 1% PAA ionised,
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meaning that with more ionisation the single PAA strands repelled each other
stronger than hydrogen-bonding could adsorb them to the surface 180.
This multilayer disintegration behaviour was shown in an experiment with
PAA/PEG forming stable hydrogen-bonded multilayers at low pH as PAA is
protonated 171. When the pH was elevated to neutral, the PAA/PEG layer
dissolved due to deprotonation of PAA and subsequent electrostatic repulsion.
A PAH/PSS multilayer was electrostatically self-assembled on top of the
hydrogen-bonded PAA/PEG multilayer and could be released from the
substrate by dissolving the hydrogen-bonded multilayers below (Figure 1.22).

Figure 1.22 Schematic of the disintegration of the hydrogen-bonded
PAA/PEG film which detaches the PAH/PSS film from the substrate.
Adapted from Reference 171.
This principle of hydrogen-bonded multilayer disintegration allows to build
different release applications 141, 185. Kim et al. created a drug delivery system 186.
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On change of pH a polymer/micelle multilayer successfully disintegrated and
released micelles that carried drugs.

1.4.4.3

Influence of Ionic Strength

During hydrogen-bonded self-assembly ionic-strength has been reported to
have an effect on layer thickness 180. Increasing the ionic strength led first to
increased polymer deposition. At high ionic strength the polymer deposition
declined again to the point at which the ionic strength was so high that no
more polymer deposition was possible. At this point the polymers started to
precipitate 180. This is very similar to the behavior of electrostatic self-assembly
from solutions of varying ionic strength. When the ionic strength of the
solution becomes very high, the polymers favor - from an energy and entropy
point of view - to stay in solution or agglomerate in solution.
Some hydrogen bonded self-assembled polymer films disintegrate above a
certain pH threshold. It has been shown that the pH disintegration threshold of
these films increase with addition of NaCl 141, 185. Ions from the salt are shielding
the charge and therefore diminish the repulsion of the charged polyions, as
discussed above for polyelectrolyte multilayers (Section 1.4.2.4). The ionic
strength was not varied over a large scale so that it is possible that above a
certain ionic strength the film disintegrates due to the high ionic strength as
shown by DeLongchamp et al.

.

180

They showed that with increasing salt concentration (at constant pH 2.5)
PEO/PAA film thickness first becomes thinner (denser), then thicker
(swelling), before the film finally disintegrates. Johnston et al. found the
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opposite, that a multilayer film of negatively charged DNA oligomers dissolves
when put in pure water instead of a high ionic strength solution (at pH 6.5),
because the negative charge of the phosphate backbone in the oligonucleotides
was not shielded anymore 146. This oligonucleotides multilayer, however, was
obviously above (or below as they are anionic) the pH threshold of
disintegration.
Concluding from the above results, it seems that increasing ionic strength is
especially

advantageous

for

stabilizing

hydrogen-bonded

self-assembled

multilayers if the pH threshold is overstepped. However if the pH itself ensures
a stable multilayer film, a very high ionic strength can disintegrate the film.

1.4.4.4

Influence of Temperature

Just like ionic strength can change the pH threshold of multilayer film
disintegration, temperature can do the same (Figure 1.23). Depending on the
self-assembled polymers, increasing temperature can increase or decrease the
pH threshold, or be independent of temperature changes 187. By self-assembling
temperature independent films of PVPON/PMAA on top of temperature
dependent PNIPAM/PMAA films, Zhuk et al. could release freestanding
PVPON/PMMA films on temperature change, analogous to the pH triggered
release described above 187. By choosing the right polymer combination,
triggered film disintegration can be designed for almost any chosen
temperature and pH value in the range from 10°C to 37°C and pH 2 to 7, and
probably beyond 187.
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Hydrogen-bonded multilayers on membranes have also been used to create
temperature controlled dye permeability of such membranes 188. The possibility
of creating hollow nanospheres as drug carriers for temperature controlled drug
release was investigated 188. Quinn et al. were able to release dye from
hydrogen-bonded polymers, with release rate dependent on temperature 189. In
another experiment, Zhu et al. created PINAM based micelles that were selfassembled as hydrogen-bonded multilayers, causing temperature and ionic
strength dependent swelling of the film, which allowed them to release pyrene
on a temperature controlled rate 190.

Figure 1.23 Thickness vs pH of (PNIPAM xxvi/PMAA xxvii)5 films show
disintegration at temperature dependent pH values. Adapted from
Reference 187.

xxvi
xxvii

poly(N-isopropylacrylamide)
poly(methacrylic acid)
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1.4.4.5

Other Variables

Hydrogen bonded self-assembly is dependent on a few more variables,
analogously to the variables mentioned above for electrostatic self-assembly of
polyelectrolytes. Hydrophobicity plays an even more important role than in
electrostatic self-assembly and can contribute considerably to the stability of
hydrogen bonded multilayer films 80, 183, 187, 188. Increased molecular weight of the
adsorbing polymers results in an increase of the total polymer deposition and
layer thickness 180, 185. However, some polymer combinations do not show a
correlation of molecular weight and amount of adsorption 76. Thus, only as
tentative generalization the influence of molecular weight on amount of
adsorption can be ranked from highest to lowest: hydrogen bonded selfassembly, self-assembly of polyelectrolytes with low charge density, selfassembly of polyelectrolytes with high charge density. The reason is given by
the effective valence of a polymer chain which is lower for shorter and less
densely charged polymers, which makes the adsorption of the polymer chain
less likely and less stable 180. Lastly the necessary dipping time to obtain a fully
grown multilayer, takes usually longer for hydrogen-bonded self-assembly than
for the stronger electrostatic self-assembly due to the weaker hydrogen bonding
and the resulting slower kinetics of hydrogen-bonded self-assembly 146.

1.4.4.6
Since

Cross-Linking
hydrogen-bonded

multilayers

tend

to

be

less

stable

than

electrostatically bonded, ionic multilayers, covalent cross-linking is necessary to
create non-ionic but very stable self-assembled thin films that do not decay
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with change of temperature, pH or ionic strength. Click chemistry is naturally
fitting self-assembly in that it creates covalent bonds through “simple,
modular, and highly specific chemical reactions featuring high yields under
mild conditions” as self-assembly uses the same philosophy to create thin films,
except for including by definition non-covalent bonds 131, 191, 192. The majority of
cross-linking methods for hydrogen-bonded multilayer films falls into the
category of click chemistry.
For hydrogen-bonded films through carboxylic groups cross-linking can be
performed using carbodiimide chemistry such as treatment with EDC xxviii and
ethylenediamine 193. If amines and carboxylic acids are present, thermal
imidization and cross-linking with EDC and NHS xxix is possible as well. Crosslinking with UV radiation can be another option. Yang et al. used a
photoinitiator-labeled PAA xxx to crosslink it with PAAm xxxi using UV light
after hydrogen-bonded self-assembly 194. Connal et al. self-assembled PMAthiol
and PMAene containing either thiol groups or ene functionalty, and cross-linked
them with UV light to create stable PMA xxxii capsules 191. They showed that the
same multilayers can be cross-linked also with ene-end functional PEG xxxiii.
Apart from these hydrogen-bonded polymers, cross-linking can obviously be
performed as well on electrostatically self-assembled polymers and any other
type of self-assembly to enhance film stability.

1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide hydrochloride
N-hydroxysuccinimide is often included to increase cross-linking efficiency with EDC.
xxx
poly(acrylic acid)
xxxi
polyacrylamide
xxxii
poly(methacrylic acid)
xxxiii
poly(ethylene glycol)
xxviii
xxix
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1.4.5 Self-Assembly of Graphene Oxide
Since CCG is a relatively new material, publications of self-assembly of
CCG or GO are low in numbers. Almost all published work focuses on GO and
postreduction of GO while CCG offers the possibility to self-assemble without
necessary postreduction.
In 1996 Kotov et al published research of GO self-assembled with
PDDMAC 195. Since the GO was not sonicated during production, the selfassembled GO layers consisted of nanoplatelets of 2-3 layers and a thickness of
2.2 +/- 0.5 nm with the PDDMAC being 1.6 +/- 0.3 nm thick, which was
measured by surface plasmon resonance spectroscopy (SPR) and confirmed by
XRD and AFM 195. Kotov et al reduced their films electrochemically and and
with hydrazine. The volume conductivity of the hydrazine reduced film
increased from 1.2 x 104 Ω-1m-1 by a factor of 27000 to 3.1 x 107 Ω-1m-1.
Kovtyukhova et al reported on self-assembly of GO in combination with
PAH 45. In spite of sonication and fully exfoliated GO nanosheets, the
multilayers were thicker than expected which was attributed to the folding of
GO sheets as seen in AFM images. The thicknesses were 2.3 nm for each of the
first two PAH/GO bilayers, and 4.9 nm for the following bilayers as determined
by ellipsometry. The low value for the first two layers was attributed to
incomplete surface coverage. Partial electrochemical reduction of GO to
reduced GO was observed when the current in an ITO-(GO/polymer)Platinum cell was increased above a certain current density. The resistivity
dropped from 106 Ω cm by about 3 orders of magnitude 45.
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In another set of experiments by Cassagneau et al,

GO oxidation of 25%

(GO-25), 42% (GO-42), and 33% (GO-33) (as determined by elemental
analysis) was used for self-assembly with PDDA, PAH, PEI and PEO 196. The
GO-25 was oxidised once, GO-42 twice and GO-33 three times. Their pKa value
was found to be 6.3 for GO-25, 6.4 for GO-42 and 6.9 for GO-33. The
thicknesses of the layers were determined by SPR, UV-Vis, QCM, and AFM.
PEI at pH 6.6 showed a thickness of 1.8 nm on a quartz or gold substrate,
while PDDA at pH 6.5 showed 1.7 nm. GO-25 films were thickest in
combination with PAH or PDDA at 3.6 nm, followed by PEI at 20 nm, and
PEO at 0.9 nm. All given errors were below 0.3 nm. The thickness increased by
about the same factor as the percentage of GO oxidation indicating that not
only acidic functional groups play an important role in self-assembly of GO.
This is further supported by the possibility to self-assembly cationic polymers
and anionic GO onto non-ionic PEO.
Szabo et al self-assembled uncompletely exfoliated graphite oxide platelets
(about 10 carbon layers) in combination with PDDA and each layer shows
charge overcompensation as shown by streaming potential measurements. The
authors state that charge equilibrium by self-assembly (zero streaming
potential) takes several days as the polycationic polymer has to interpenetrate
the multilayer which is firmly blocked by the 2-dimensional GO sheets. Zero
streaming potential was measured at 1.19 mmol PDDA (about 300 g) per 1 g
GO (at set pH 9.8 where aqueous GO without PDDA is largely deprotonated)
which seems to be a very high ratio. XRD of the multilayers shows mainly the
interlayer spacing of the GO platelets which is determined by the amount of
oxidation and intercalated water. It increased from 0.339 nm for pure graphite
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powder to 0.630 nm for GO powder. This interlayer spacing increase depends
on the graphite oxidation method. For multilayers it is an average of graphene
layers in one graphene film, such as when GO platelets are self-assembled, and
the GO layer distance caused by the PDDA layer. The GO/PDDA multilayer
was measured to approximately 0.77 nm. Hydrazine reduction with subsequent
annealing at 400°C decreased the electrical resistance from >2.11 x 105 kΩ to
6.6 kΩ 197.
Wu et al reported 60 S cm-1 for self-assembled films of PAA and GOCTAB xxxiv platelets of about 3 layers 198. The interlayer spacing of 0.328 nm for
graphite increased on oxidation to 0.388 nm for graphite oxide. Multilayer
PAA/GO-CTAB lead to interlayer spacing of about 0.55 nm, increasing with
increasing number of layers. Increased concentration of potassium hydroxide to
the PAA solution led to higher conductivity. For a PAA degree of
neutralization of 0% (i.e. no potassium hydroxide), the maximum conductivity
was about 15 S cm-1 at 23 bilayers. For a PAA degree of neutralization of 100%
the conductivity reached 60 S cm-1 at 23 bilayers. Thickness was not reported,
but it can be assumed that adding salt increased the coverage of GO-CTAB
platelets and therefore increased the conductivity. Additionally the potassium
ion might act as conductivity-enhancing dopant.
In 2009 Wang et al self-assembled low oxidised graphene oxide in DMF onto
negatively charged gold patterns. The graphene oxide nanosheets were

xxxiv

The surfactant cetyltrimethyl-ammonium bromide (CTAB) adsorbed to the GO

surface
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produced by thermal expansion and treatment with tetrabutylammonium
hydroxide before being dispersed in DMF containing a polymer as stabilizer 199.
Shen et al recently reported on self-assembly of GO that was reduced with
NaBH4 and covalently modified with PAA and poly(acryl amide) (PAM). No
conductivity was reported 200. Ni et al found a PDDA-GO bilayer spacing of
1.09 nm for self-assembly on a substrate and 1.49 nm for freeze-dried PDDAGO flocculate (i.e. PDDA and GO mixed and self-assembled in dispersion. The
specific capacitance of the flocculate was 176 F g-1 at a scan rate of 5 mV s-1.
Conductivity or sheet resistance was not presented.

1.5

Aims and Overview of this Study

The motivation of this study was the development and characterisation of
conducting graphene films. In Chapter 3 the production and properties of CCG
dispersions are investigated which is followed by a characterisation using
Capillary Zone Electrophoresis in Chapter 4. CCG was then applied to form
graphene paper using vacuum-filtration (Chapter 5) and graphene coatings
using layer-by-layer self-assembly (Chapter 6). Self-assembled CCG coatings
were produced and analysed in combination with cationic polymers in
Chapter 6, porphyrins, photosynthetic reaction centers and other materials in
Chapter 7. The results are intended to demonstrate the applicability of CCG to
form strong, conducting graphene paper, and graphene coatings for possible use
in solar cells or implantable electrodes.
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General Material and Methods
2.1

Production of Chemically Converted
Graphene (CCG) Dispersions

Throughout this study Chemically Converted Graphene (CCG) was
produced by oxidation of graphite to graphite oxide, exfoliation by ultrasonication into graphene oxide (GO) and reduction with hydrazine to form
CCG. The following sections give an overview of the production methods as
used in various Chapters. For details on the development and characterisation
of CCG dispersions please refer to Chapter 3.

2.1.1 Production of Graphene Oxide Dispersions
GO was synthesised from natural graphite powder (SP-1, Bay Carbon Inc.)
in two oxidation steps as described by Kovtyukhova et al. 1. The main part of
the oxidation process is based on a method by Hummers and Offeman 2.
Typically graphite oxide was diluted to 0.05 wt% and exfoliated into a GO
dispersion by sonication at 30% amplitude for 30 min (Brandson Digital
Sonifier, S450D, 500 W). Following the oxidation is a washing process which
consists of
Page | 94

Chapter 2 General Material and Methods

1) a) washing the GO on a filter with MilliQ water to remove acids and
salts, followed by
b) dialysis to remove remaining acids and salts.
The alternative is replacing all washing by centrifugation, i.e.
2) washing the GO by adding MilliQ water, centrifuging the dispersion
causing GO to settle down, and removing the supernatant (repeatedly
several times).

2.1.2 Reduction of GO to CCG
CCG is produced by reduction of GO as described in detail in Chapter 3.
Typically for every 10 mL of 0.025 wt% GO, 5.0 µL of hydrazine solution (35
wt% in water, Aldrich) and addition of 35 µL ammonia solution (28 wt% in
water, Crown Scientific) were added. The dispersion was reduced in a water
bath at 95°C for 1 h. Again there follow two possible purification methods to
ensure minimum amounts of remaining hydrazine:
1)

either using dialysis against a 0.5 % ammonia solution after reduction
to remove excess hydrazine, or

2)

omitting dialysis and choosing an optimized hydrazine concentration.

Excess hydrazine or remaining salts and acids in the GO precursor cause
CCG to aggregate.
All of the above mentioned purification methods are investigated in
Chapter 3. In all remaining Chapters GO was washed with method 2) and
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CCG was treated with method 2) as centrifugation allows for larger material
production than filtering and dialysis. It was taken care that comparative sets
of measurements were performed on the same batch of CCG since despite all
precautions different batches of CCG dispersions can vary slightly in average
CCG sheet size and extent of oxidation and reduction. These variations were
caused by the up-scaling of CCG production as demand of CCG stock material
increased from single-experiment scale (20 mL) to lab scale (litres) during the
course of this PhD study.

2.2

Centrifugation

Mild centrifugation of up to 4,400 rpm to remove unexfoliated graphite
oxide in GO dispersions or aggregates in CCG dispersions were conducted in a
Eppendorf 5702 Centrifuge. When the dialysis of graphite oxide was replaced
by washing for more economic and larger-scale production of CCG, graphite
oxide was washed by centrifugation in a Beckman J2-MC Centrifuge at 9500
rpm (15971 rcf) at constant 15°C, achieved by built-in water cooling. The
washing was performed extensively by distributing about 200 mL graphite
oxide gel (about 2.5 wt% in water) equally in 4 containers adding 300 mL
Ultrapure MilliQ each, shaking the GO up for about 15 min and spinning it
down, removing the top liquid and repeating this cycle 15 times until the top
water showed a pH of >5.5.
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2.3

Sonication and Standard GO/CCG

Dispersions were ultrasonicated using a Brandson Digital Sonifier S450D,
500 W at various chosen amplitudes (measured in %). For 20 mL of dispersion,
a microtip was used, for 100 mL dispersions the microtip was replaced by a flat
tip on the horn. All dispersions were cooled during sonication and stayed
between 10° C and 40° C.
In Chapter 3 the standard sheet size for CCG was defined to be
(267 ± 151) nm in this work. It was determined by statistical analysis of AFM
images of CCG that was produced by sonication of 100 mL of 0.05 wt% GO at
30% amplitude for 30 min, followed by reduction with hydrazine to CCG. GO
was produced from natural graphite powder (SP-1, Bay Carbon Inc.).
During the course of this study the sonicator slowly lost power and the
same sonication settings seemed to result in less sonication amplitude.
Therefore another device of the same model was used. This change caused the
standard sheet size of GO and CCG to increase slightly as determined by
atomic force microscopy (AFM). While in Chapter 3 the standard sheet size for
CCG was determined at (267 ± 151) nm, under same synthesis conditions the
average CCG sheet size increased to more than (340 ± 150) nm in Chapter 4.
Constant monitoring of the GO and CCG sheet size was performed during the
course of this study, and sonication was adjusted if necessary to create
“standard” GO and “standard” CCG as described in Chapter 3. It may be
noted that “standard” does not only refer to the size of the GO and CCG
sheets but also to the oxidation and reduction treatment which determines the
chemical composition and structure of GO and CCG.
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2.4

Zetasizer and Zeta Potential

2.4.1 Size
Particle sizes were measured using either AFM or a Malvern Zetasizer
Nano-ZS particle analyser and a Malvern Clear Transparent Zeta Cell. The
particle size measurement on the Zetasizer instrument is based on dynamic
light scattering. By measuring the fluctuations of back-scattered light from the
particles, their average velocity caused by their Brownian movement can be
measured 3. This velocity is then used to calculate their average size based on
the Stokes-Einstein equation. The velocity measurement determines the
average speed of flat CCG or GO sheets in their Brownian movement, and the
Stokes-Einstein equation used in the Zetasizer device to calculate the
hydrodynamic size (i.e. including adsorbed solvent particles) from the
Brownian movement is based on the assumption that the particles are
spherical. The measured particle size can therefore only be an effective average
size of a spherical particle. Hence the absolute values for CCG and GO
nanosheets are not accurate. Comparative values between dispersions of CCG
and GO nanosheets and values of aggregates are considered to be accurate.
Accurate size measurements of CCG and GO with dimensional size information
(lateral size and thickness) have to be performed with other methods like AFM
(Section 2.6).

Page | 98

Chapter 2 General Material and Methods

2.4.2 Zeta Potential
The same device and cell (Malvern Clear Transparent Zeta Cell) was used
to determine the zeta potential of CCG and GO dispersions. As described in
Section 1.3 there is no direct way of measuring surface charge or zeta potential.
Instead the zeta potential is usually calculated from the mobility which is also
used by the Malvern Zetasizer Nano-ZS 3. Mobility is determined by applying a
voltage to both ends of the Transparent Zeta Cell and measuring the particle
movement by Laser Doppler Velocimetry, i.e. by measuring the frequency shift
of laser light reflected from the moving particles 3. The zeta potential
measurement is therefore closely related to capillary zone electrophoresis as
described in Section 1.3, and it suffers from the problem described in the same
Section: Theoretical models are used in the zeta sizer device to calculate the
zeta potential from the mobility. These models are mainly based on spherical
particles and insufficient to accurately calculate the zeta potential of twodimensional GO and CCG sheets (Section 1.3). Hence for GO and CCG they
are regarded to deliver only approximate results. Capillary Electrophoresis was
carried out in addition to the Malver Zetasizer measurements to gain more
information about the colloidal behaviour of GO and CCG (Section 1.3).

2.5

Substrate Preparation for Self-Assembly and
AFM

There three methods were used to prepare the substrate for self-assembly:
Piranha solution, UV treatment, and plasma treatment.
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Quartz slides were mechanically cleaned with detergent and water (latex
gloves and rubbing between fingers), then rinsed with ethanol and dried under
a strong nitrogen gas stream. Then they were cleaned in 3:1 sulphuric acid
(98 %) : hydrogen peroxide (30 %) piranha solution at 60°C for 1 h. The
quartz slides were then rinsed thoroughly with MilliQ water. Occasionally this
treatment had to be repeated to remove all self-assembled CCG. The clean
samples were then used immediately for self-assembly or material deposition.
If the substrates were already very clean, such as new silicon wafer
(ShinEtsu, N-typ, AX00300), they were rinsed with ethanol and then put
under intense UV light at ambient conditions for at least 10 min to remove any
carbon based residues and to make the surface more hydrophilic. Due to
technical problems with the UV cleaning system, plasma cleaning (2 min,
1200 mTorr) was used in a few occasions (Harrick Plasma Cleaner PDC 32G-2
with Plasmaflo PDC-FMG). All samples were always cleaned immediately
before being used in an experiment.

2.6

Atomic Force Microscopy

2.6.1 Introduction to AFM
Atomic force microscopy (AFM), also called scanning probe microscopy
(SPM) is a sample profile scanning technique. The tip, also called probe, of a
cantilever approaches the sample surface and scans in lines over the sample
(Figure 2.1). Several piezo crystals move the tip horizontally and vertically.
The flexing of the cantilever due to the tip interacting with the sample surface
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is measured with a laser beam that reflects of the back of the cantilever into a
position sensitive detector. In contact mode a feedback system keeps the tip at
a pre-set cantilever deflection and the necessary height movement is recorded
while scanning the sample. In tapping mode, also called AC mode, the
cantilever is vibrated slightly above its resonance frequency. When approaching
the surface the cantilever frequency and its amplitude are dampened by the
interaction force with the substrate. The feedback system keeps the cantilever
at a height above the surface so that a pre-set amplitude is maintained. Again
the height is recorded during the scan.
The advantage of AFM over other imaging techniques is its precise height
measurement of the sample surface. Since the thickness of graphene sheets lies
in the nanometer and subnanometer domain, AFM is the best choice for CCG
height profile measurements. This means at the same time that the substrates
to place the sample on need to have very low surface roughness. Standard glass
or quartz slides do not offer low enough surface roughness for AFM imaging of
CCG. Commonly used substrates are mica, HOPG xxxv, and silicon wafer. The
latter is used in this work.
The AFM tip can move only vertically over the surface and is therefore not
able to image “overhangs” or “caves” in the substrate surface. This
disadvantage of AFM imaging does not affect this CCG study as the CGG
sheets lie flat on the substrate and therefore overhangs and caves do not exist.

xxxv

Highly Ordered (or Oriented) Pyrolytic Graphite
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Figure 2.1
Schematic of an Atomic Force Microscope (AFM). The
substrate is scanned with the tip of a cantilever. The deflection of the
cantilever is measured with a laser beam which is recorded with a
position sensitive detector (e.g. photodiode array). The detector data
are used by the feedback controller which uses a piezo crystal to adjust
the tip height above the surface. During the scan the height position is
recorded and transformed into an AFM image on the PC screen.

2.6.2 AFM Experiments
The substrate used for AFM was silicon wafer. In a standard procedure
0.0005 wt% CCG or GO was drop cast onto about 0.5 cm2 clean silicon wafer
(UV-cleaned, Section 2.5). The silicon wafer was then put in a petri dish to
prevent dust to settle on the surface, and air-dried.
AFM was performed on an SPM Dimension 3100 from Veeco (Chapter 3)
and on an Asylum MFP 3D using Igor Pro 6.04 Software for analysis of the
images (other Chapters). Images were taken in AC mode at low scanning rates
of 0.2 to 2 Hz at resolutions up to 1024x1024 points. AC mode showed less
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lines across the AFM image than contact mode. In contact mode the tip seems
to easily catch CCG or polymer material from the surface and drag it along
which causes lines across the AFM image. The standard cantilevers were
NSC15/AIBS from MikroMash (Probe Material n-type silicon, phosphorus
doped, Resonance Frequency typically 325 kHz, Spring Constant typically 40
N/m, Tip Radius typically 10 nm, Tip Cone Angle 40°, Total Tip Height 2025 µm), which were set at a target amplitude of 2.00 V and set point of 800
mV on the Asylum system.

2.7

SEM

Scanning electron microscopy (SEM) was used to determine threedimensional structures of samples that contain hollow or overhanging areas and
are therefore not suitable for AFM (Section 2.6). Furthermore AFM was not
used to measure CCG paper thickness of hundreds of nanometers to
micrometers as the AFM scan showed a slow height drift when scanning large
areas of tens of micrometers. The SEM images delivered more accurate crosssection thicknesses and information about the CCG paper structure at the
same time.
The SEM images in Chapter 3 were taken on a Hitachi S900 at the Electron
Microscope Unit of the University of New South Wales. The CCG samples were
attached to the SEM sample holder with conducting carbon tape. Best results
were achieved by relying on the conductivity of CCG rather than sputter
coating the material (e.g. with Pt/Pd, Cr, or Ir) which covers the fine features
of CCG materials.
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The SEM images in Chapter 7 were taken on field emission scanning
electron microscope (FESEM) JEOL7500. The samples were drop cast and air
dried on a piece of gold mylar and mounted into the sample holder (without
being sputter coated).

2.8

UV-Vis

For obtaining UV-visible absorption or transmission spectra a Shimadzu
UV 1601 spectrophotometer was used. All measurements were performed in
matched quartz cuvettes or quartz slides, and all measurements were calibrated
by first determining the baseline and then using a clean reference sample
during the actual measurement.
When a large number of samples was required for a self-assembly
experiment, UV-Vis was used rather than QCM or AFM, as the coating of UVVis quartz samples allows for more flexibility during the coating process, better
rinsing, and a higher sample throughput.

2.9

Conductivity Measurement

2.9.1 Four Point Probe
Room temperature sheet resistance was measured with a Jandel RM3
Conductivity Meter using a linear four-point probe with 0.65 mm pin distance.
The pins were spring loaded to ensure all samples are exposed to the same
contact pressure.
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2.9.2 Two-Point Probe
A two-point probe technique for conductivity measurement was used in one
experiment (Section 6.3.3.5.3) as the setup did not allow using the four-point
probe. In this case, copper tape was attached to both ends of the rectangular
shaped sample (Figure 2.2). Then a line of silver paint was painted along the
end of the copper tape touching the copper tape and the sample. This was
done to ensure lowest possible contact resistance with the sample. A
multimeter was used to determine the resistance (𝑅) which was then
transformed into the sheet resistance (𝑅𝑆 ) via the following formula
𝑅𝑆 =

𝑤
𝑅
𝑙

Equation (2.1)

with (𝑤) being the width of the copper tape on the sample, and (𝑙) being
the distance between the two lines of silver paint on both ends.

Figure 2.2
Picture of coated quartz sample as prepared for two-point
probe conductivity measurement. Here 8 bilayers (each side) PEI-CCG.
The two-point probe technique is less accurate as compared to the four-point
probe technique due to the measurement of lead and contact resistance which is
avoided in the latter technique by separating voltage and current leads.
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Another more important difference is the scale: the used four-point probe
technique measures resistance over a scale of 0.65 mm, while the two-point
probe measures over most of the sample which was usually 12 mm x 18 mm.
The scale has implications on the possible pathway of electrons moving from
one electrode to the other, as current moves along pathways of lowest
resistance. A single low resistance pathway between the electrodes of the probe
is enough to lower the measured resistance. Oppositely, if there is a low
resistance trough running across the sample perpendicular to the electron flow,
then the measured resistance is high. Only if the surface is homogeneous in
resistance, the scale of resistance measurement can be neglected. Therefore
results from both resistance measurement techniques can only be compared
with caution.
Sheet resistance (𝑅𝑆 ) was transformed to conductivity (𝜎) by using the

following equation

𝜎=

1
1
=
𝜌 𝑅𝑆 𝑡

Equation (2.2)

with (𝜌) being the resistivity and (𝑡) being the thickness of the tested
sample.

2.10 Raman Spectroscopy
Conductivity of graphene is strongly related to its crystal structure and
crystal defects. Raman spectroscopy interrogates the vibrational band structure
of CCG and therefore gives insight into the crystal structure.
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Raman spectroscopy is a method to measure low energy transitions in
molecules and crystals as they typically occur on transition of rotational or
vibrational states. The Raman effect was discovered and published by the two
Indian scientists Chandrasekhara Venkata Raman and Kariamanikam Srinivasa
Krishnan, and the two Russians scientists Grigorii Samuilovich Landsberg and
Leonid Isaakovich Mandelstam independently in 1928 4.
Raman scattering is caused by inelastic light scattering which causes an
energy loss to the incoming photon and an energy gain in the molecule or
crystal usually through a rotational or vibrational transition (Figure 2.3) 5. The
energy 𝐸𝑖𝑓 = ℏ𝜔𝑖𝑓 the photon loses or gains from a rotational or vibrational

transition of state (𝑖) to (𝑓) is measured as frequency called the Raman shift
Δ𝜔 = 𝜔𝑖𝑓 . Raman spectroscopy measures the Raman shift of light scattered

from a sample that is shone in by a laser with known wavelength (ω1 ) (in this

study 488 nm).
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Figure 2.3
Schematic of different ways of light scattering. The
Raman effect is caused by Stokes and Anti-Stokes scattering. Rayleigh
scattering occurs in general with much higher probability than Raman
scattering and has to be filtered out during Raman spectroscopy.
Unbroken lines are energy levels f and i of the molecule or crystal.
Dotted lines are virtual energy states. Arrow upwards indicates photon
annihilation, arrow downwards photon creation. The frequency of the
incoming photon is ω1, the outgoing (or scattered) photon ωs, and the
transition frequency from state i to f is ωif which is also called Raman
shift when measured as frequency difference of incoming and outgoing
photon.
Since pristine graphene is a carbon crystal its vibrational states exist in the
form of phonons. The frequency of a phonon depends on the crystal structure
(honeycomb for graphene), the direction of propagation in relation to the
crystal structure and its wavelength (i.e. its wave vector) 6. This frequency as
function of the wave vector is called phonon dispersion. Figure 2.4 shows the
phonon dispersion for wave vectors pointing in certain directions (Γ, 𝑀, 𝐾 in the

so called first Brillouin zone) and along the lines between them. The exact
structure is still debated 7-10. For instance it is likely that there is a kink in the
band at the end of the arrow indicating the D peak in Figure 2.4 10. In a similar
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way electrons moving through the carbon crystal structure follow an electronic
energy dispersion (also called band structure) (Figure 2.5).

Figure 2.4
(a) Phonon dispersion for graphene and the transitions
for the Raman G, D’, and D Peak. (b) Brillouin zone of graphene.
Arrows are reciprocal lattice vectors. The phonon dispersion in (a) is
calculated for wave vectors along the dotted lines in (b). Adapted from
Ref. 8, 9
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Figure 2.5
(a) Electronic π, π* band structure of graphene. (b) First
Brillouin zone of graphene. The band structure in (a) is depicted wave
vectors along the dotted lines in (b). Adapted from Ref 11.
If the Raman selection rules and fundamental quantum mechanical rules
allow, transitions of phonon states and electric states are possible which are
stimulated by the incoming photon of the Raman laser and detected in the
frequency shift of the outgoing photon (Figure 2.3).
The G peak (Raman shift 1582 cm-1) is caused by the inelastic light
scattering with the carbon crystal, creating (Stokes) or annihilating (AntiStokes) a phonon at Γ (which stands for a certain wave vector) (Figure 2.4) 12.

The scattered phonon has an accordingly lower (Stokes) or higher (AntiStokes) energy.
The D (1350 cm-1) and D’ (1620 cm-1) peak are caused by electron-phonon
scattering 10, 12. In this case the laser photon creates an electron/hole near 𝐾

which scatters inelastically with the carbon crystal creating (or annihilating)
phonons near 𝐾 and Γ, respectively losing some of its energy to create the

phonon (Figure 2.6) 12. After scattering on a defect in the carbon crystal
structure, the electron/hole recombines and emits a photon that shows an
equally lower (Stokes) or higher (Anti-Stokes) energy. The scattering on a
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defect (or border of the graphene sheet) is necessary to conserve the
momentum of the process. Pristine graphene does not show the D or D’ peak
unless the measurement is taken near the edge of the graphene sheet. In this
case the edge act as defects 12-14.
The 2D peak (~2700 cm-1) is created in the same way as the D peak, only
that the elastic scattering at a defect is exchanged for inelastic scattering at
the same phonon (with opposite momentum to fulfil the Raman selection
rules) 12, 15.
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Figure 2.6
Transition scheme for double resonance processes of the
(a) D’ and (b) D peak. A photon with energy EL excites an electronhole pair near K, which scatteres inelastically with a phonon which
changes the electron-hole’s momentum and wave vector from K to (a)
intra-valley to K or (b) to K’, scatters on a defect back to K, and
decays with emission of a photon. Adapted from Ref 10.
The 2D peak can be used to determine the amount of few layer graphene 15.
The reason is that the electronic band structure splits into two curves (and
more) when two (or more) graphene sheets lie on top of each other (Figure
2.7). Hence four slightly different energy transitions are possible which split the
previously described 2D peak into four Raman peaks close to each other and
whose sum forms the shape of the total 2D peak 15. A 2D peak analysis
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therefore allows to determine the amount of (pristine) graphene sheets on top
of each other.

Figure 2.7
Transition scheme of the 2D peak. As a result of the
electronic energy band splitting for two-layer graphene, the 2D peak
splits into four sub-peaks. Same process as in Figure 2.6 (b) only that
the electron/hole – phonon scattering can occur with four different
momenta q1B, q1A, q2A, and q2B. Adapted from Ref 15.

Page | 113

Chapter 2 General Material and Methods

Thus Raman spectroscopy allows to investigate the graphene crystal
structure in a non-destructive way. It can give information about the amount
of defects (which is correlated with its conductivity), in the case of extensive
functionalization possibly also about the type of functional groups attached,
and the number of graphene layers which makes it an excellent method to test
chemically converted graphene, i.e. CCG.

2.11 Electrochemical Characterisation
2.11.1 Electrochemistry Introduction
When immersing an electrode into an electrolyte the chemical potential
difference between the electrode and electrolyte drives a chemical reaction at
the solid/liquid interface until an electrical double layer is created and the
electric potential difference neutralises the chemical potential difference. At this
stage their electrochemical potential difference is zero and the solid phase
species in the electrode and its liquid phase ions in the electrolyte are in
electrochemical equilibrium 16, 17. The electric potential difference in equilibrium
is called Galvani potential and cannot be measured directly 18. The reason is
that the electrodes of a voltmeter to measure the Galvani potential create each
another Galvani potential.
The closest measurement available is the measurement of electric potential
differences between electrodes. To be able to compare potential differences
across electrochemical experiments, the standard hydrogen electrode was
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declared as universal reference electrode 18. The electrode potential was defined
as the electric potential difference between the electrode in question (called
working electrode) and the standard hydrogen electrode (measured as opencircuit voltage) 19. Other more conveniently to use reference electrodes have
known electrode potentials in relation to the standard hydrogen electrode, such
as the Ag/AgCl electrode used in this study.

2.11.2 Three-Electrode System
When performing electrochemical experiments current needs to be able to
pass through the working electrode and into or out of a counter electrode (also
called auxiliary electrode). In a two-electrode setup the reference electrode is
also used as counter electrode. Since an electrochemical experiment aims at
measuring current and voltage changes at the working electrode, the ideal
reference electrode is non-polarisable, i.e. it has a constant electrode potential
regardless of the current going through it 20. Otherwise it is unclear if the
change in electric potential difference between the reference and working
electrode occurred at the working electrode or at the reference electrode.
Almost all reference electrodes are polarisable. To overcome this problem,
the task of the counter electrode and reference electrode is split between two
electrodes

(making

it

a

three-electrode

setup).

In

a

three-electrode

electrochemical cell the electric potential difference is controlled (or recorded)
between working and reference electrode, and the current is recorded (or
controlled) between working and counter electrode (Figure 2.8). The counter
electrode is made of inert materials like carbon, gold, or platinum as used in
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this study, and has a large surface area to avoid large current densities and low
electron transfer kinetics which cause resistance.

Figure 2.8
Schematic of a three-electrode electrochemical half-cell
setup as used in this study.
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2.11.3 Theory
The electrode potential (𝐸) can be derived from the electrochemical
potential and described by the Nernst Equation 16
𝐸 = 𝐸0 −

𝑅𝑅
∙ ln 𝑄
𝑛𝑛

Equation (2.3)

with the standard electrode potential (𝐸 0 ), i.e. the working electrode

potential of the electrochemical system at standard state (1 bar, 25.0°C, 1
mol/dm-3), the universal gas constant 𝑅 = 8.314472 J K −1 mol−1, the absolute

temperature (𝑇), the Faraday constant 𝐹 = 96485.3399 C mol−1 , (𝑛) the
valence of the involved ion (1 for ferricyanide/ferrocynide used in this study),
𝑎

the reaction quotient 𝑄 = 𝑎𝑟 with the activities of the oxidant (𝑎𝑜 ) and
𝑜

reducant (𝑎𝑟 ) which are equal to their concentrations (𝑐𝑜 ) and (𝑐𝑟 ) at low
concentrations. Hence at 25°C the Nernst equation can be written as
𝐸 = 𝐸 0 − 0.059 V ∙

1
𝑐𝑟
∙ log
𝑛
𝑐𝑜

Equation (2.4)

In an approximation the peak current (𝐼𝑝 ) (anodic or cathodic) can be

described as equal to the product of the scan rate (𝑣) and the electric double
layer capacitance (𝐶𝑑 )
𝐼𝑝 = 𝐶𝑑 𝑣

Equation (2.5)

which allows to determine the capacitance with cyclic-voltammetry 16, 21.
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Figure 2.9
Typical cyclic-voltammogram of a reversible redox couple
showing cathodic (Ic) and anodic (Ia) peak currents at the oxidation and
reduction peak, respectively. In a reversible redox system the Ic / Ia
ratio equals 1, and the voltage difference Eac between the peak currents
equals 59 mV divided by the number of electrons involved in the redox
couple.
A frequently used fully reversible redox reaction to test the electrode for
stability

in

a

redox

environment

is

the

redox

couple

potassium

ferri/ferrocyanide. The reduction of the ferricyanide anion [Fe(CN)6]3– creates
the ferrocyanide anion [Fe(CN)6]4– which can be oxidised back to [Fe(CN)6]3–:
[Fe(CN)6]3– + e–

⇔

[Fe(CN)6]4–

Reaction (2.1)

For a reversible redox couple the ratio of cathodic over anodic peak current
𝐼𝑐 /𝐼𝑎 equals one, regardless of scan rate, and the voltage difference (𝐸𝑎𝑐 )

between the peak currents is 23 𝑅𝑅/𝑛𝑛 (or 59 mV at 25°C) divided by the
number of electrons involved in the redox couple (Figure 2.9) 16, 22. In the case

of ferri/ferrocyanide only one electron e– is involved, i.e. 𝑛 = 1.
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Chapter 3
Synthesis and Characterisation of
Chemically Converted Graphene xxxvi
3.1

Introduction

Graphene can be produced either by mechanical exfoliation 2, epitaxial
growth 3-5, chemical vapor deposition 6, 7, or chemical synthesis in the form of
graphene

nanoribbons 8-10

(Chapter 1).

Another

possibility

is

chemical

exfoliation into graphene oxide (GO) and subsequent reduction to chemically
converted graphene (CCG). Addition of polymers or other stabilizers is usually
required to prevent aggregation of GO upon reduction 11, 12. Here we describe a
chemical route to chemically converted graphene in a stable, aqueous dispersion
without the need for stabilisers.

xxxvi

Parts of this Chapter have been published in 1.
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3.2

Materials and Methods

3.2.1 Chemicals and Reagents
Natural

Graphite

Powder

(SP-1,

Bay

Carbon

Inc.);

Potassium

Permanganate (Analytical Reagent, Chem Supply); Potassium Persulfate
(Analytical Reagent, Chem Supply); di-Phosphorus Pentoxide (Reagent Grade,
Scharlau); Sulfuric Acid (>98% Univar, Ajax); Hydrochloric Acid; Hydrogen
Peroxide (30% in water, Chem-Supply); Ultrapure MilliQ Water; Ammonia (28
wt% in water, Crown Scientific); Hydrazine (35 wt% in water, Aldrich);
Sodium Chloride (Univar); Sodium Hydroxide (Ajax); Tetrabutylammonium
hydroxide (>98%, Sigma-Aldrich).

3.2.2 Production of GO
3.2.2.1

Purification by Filtration and Dialysis

Graphene Oxide (GO) was synthesised from natural graphite powder
following a method described by Kovtyukhova et al. 13 which itself is based on a
method by Hummers and Offeman 14. In a typical procedure 10 g of potassium
persulfate and 10 g of di-phosphorous pentoxide was mixed into 30 mL of
concentrated sulphuric acid and heated to 80°C. 20 g of graphite powder was
added and stirred for 2 h which turned into a thick, black-blue mixture. MilliQ
water was added carefully and the resulting mixture was vacuum-filtered until
the rinse water pH became neutral (measured with a TPS 900-P pH-Meter at
room temperature).
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After being air-dried, the graphite oxide was oxidized further using
Hummers’ and Offeman’s method 14. It was put into 460 mL concentrated
sulphuric acid which was temperature controlled in an ice bath at 0°C. 60 g of
potassium permanganate was added gradually under constant stirring and
cooling, with the temperature not exceeding 20°C. The mixture was then
stirred at 35°C for 2 h, followed by slow addition of 920 mL MilliQ water. The
reaction was terminated by adding first 2.8 L of MilliQ water and then 50 mL
of 30% hydrogen peroxide, turning the mixture into bright yellow.
The mixture was then filtered and washed with 5 L of 10% hydrochloric
acid to remove metal ions. After adding MilliQ water to form a viscous, brown
suspension of approximately 2%, the product was subjected to dialysis for 48
hours with frequent change of dialysis water, to remove the remaining metal
ions. The concentration of the remaining viscous suspension was determined
via weighing before and after drying it in a vacuum-oven at 50°C. The viscous
suspension was then usually diluted to 0.05 wt% and 100 mL were sonicated at
30% amplitude for 30 min in a water bath so that the temperature never
exceeded 40°C (Brandson Digital Sonifier, S450D, 500W, flat tip on the horn).
It was then centrifuged in an Eppendorf 5702 centrifuge at 1400 rcf for 30 min
to remove any remaining amount of unexfoliated graphite oxide, and diluted to
0.01 or 0.005 wt% for use in experiments or reduction to Chemically Converted
Graphene (CCG). Other concentrations and sonication times were investigated
with the aim to find highest concentrations and shortest sonication times
possible for high yield of CCG.
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3.2.2.2

Purification by Centrifugation

Instead of filtration and dialysis, it is possible to use centrifugation to wash
out acid and metal ions, which has a higher throughput, especially since the
filter tends to clog when graphene oxide starts to exfoliate in the last washing
process after full oxidation. The same happens during centrifugation: after the
first oxidation step the oxidized graphite can be centrifuged down at a few
thousand rcf. After the last oxidation process, graphene oxide starts to
exfoliate during the washing process and centrifugation at 16000 rcf is
necessary to separate out the exfoliant. This was performed in a Beckman J2MC Centrifuge at 9500 rpm (15971 rcf) temperature controlled at 15°C by
integrated water cooling. The washing was performed extensively by
distributing about 200 mL graphite oxide gel (about 2.5 wt% in water) equally
in 4 containers adding 300 mL Ultrapure MilliQ each, shaking the GO up for
about 15 min and centrifugating it down, removing the supernatant and
repeating this cycle 15 times until the supernatant showed a pH of >5.5. The
samples were then considered clean enough, as even after 15 times washing, it
is impossible to reach pH 7 since graphene oxide itself at around 2%
concentration has a very low pH of below 2.

3.2.3 Production of CCG
3.2.3.1

Without Purification and Increasing pH

For every 10 mL of 0.025 wt% GO, 5.0 µL of hydrazine solution (35 wt% in
water), and 35.0 µL of ammonia solution (28 wt% in water) were added. The
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dispersion was shaken and stirred for a few minutes and then put in a water
bath at 95°C for 1 h. Concentrations of hydrazine were varied to investigate
level of reduction and dispersion stability of CCG. Concentrations of ammonia
were varied to investigate zeta potential and dispersion stability of CCG.
Concentrations of GO were varied to investigate maximum yield of CCG in
dispersion.

3.2.3.2

Purification by Dialysis and Increasing pH

To obtain stable CCG dispersions, GO samples reduced from varying
hydrazine concentration were subjected to dialysis against 0.5 % ammonia
solution to remove any excess hydrazine and ions, especially metal ions that
can cause aggregation of CCG. They were compared against CCG dispersions
that were not exposed to dialysis after reduction from GO.

3.2.4 Preparation of GO and CCG AFM Samples
Silicon wafer pieces were UV-cleaned as described in Chapter 2. A
0.0005 wt% CCG or GO drop was placed onto an approximately 0.5 cm2 large
piece of cleaned silicon wafer. The silicon wafer was then put in a petri dish to
prevent dust to settle on the surface, and air-dried, and finally subjected to
AFM (SPM Dimension 3100 from Veeco) as described in Chapter 2.
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3.2.5 Freeze-Drying of CCG Dispersions
Freeze drying was performed by instant freezing of 0.005 wt% CCG
dispersion in a round flask in liquid nitrogen. The frozen CCG dispersion was
then freeze dried at -50°C and 0.1 mbar pressure which took several hours to
complete. The freeze drying device (Christ Alpha 1-4 by B. Braun Biotech
International) was connected to an external vacuum pump (PASCAL, 2015
SD). The sample was attached onto an SEM sample holder with carbon sticky
tape and subjected to SEM as described in Chapter 2.

3.2.6 Conductivity and Elemental Analysis of CCG Paper
Produced by Vacuum-Filtration
CCG dispersions were vacuum filtrated through Anodisc membrane filters
(47 mm diameter, 0.2 µm pore size, Whatman) to form CCG paper (details in
Chapter 5). For elemental analysis and conductivity tests the paper was dried
at 150°C for 24 h to remove water. xxxvii
The CCG paper was tested for conductivity as described in Chapter 2, and
sent for elemental analysis. Elemental analysis was conducted by the
Microanalytical Unit, Research School of Chemistry, Australian National
University.

xxxvii

In Chapter 5 it will be found that this heat treatment results in a slight reduction of

CCG.
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3.2.7 Further Characterisation
The optical microscope was an ISSCO from Industrial & Scientific Supply
Company PTY Ltd with CCD camera.
Attenuated total reflectance FT-IR spectra were recorded on a Nicolet
AVATAR 360 FTIR with the Smart OMNI Sampler of germanium crystal.
Transmission electron microscopy (TEM) was performed on a JEOL 200kV
Scanning Transmission Electron Microscope. The samples were prepared by
drop-casting 5 µL of 0.0005 wt% CCG onto a TEM copper grid which was airdried in a petri dish.
Contact angle measurements where performed on a Data Physics Contact
Angle System.

3.3

Results and Discussion

3.3.1 Exfoliation of Graphite Oxide into Graphene Oxide
Oxidation of graphite was performed in sulphuric acid containing strong
oxidation agents, namely potassium persulfate, di-phosphorus pentoxide, and
potassium permanganate (which forms manganese heptoxide when in contact
with sulphuric acid) 15. The acid and oxidation agents move between the
graphite layers and form an intercalation compound. The intercalation
increases the gallery space of graphite oxide, and the oxidation creates
functional groups such as hydroxyl, carbonyl, epoxide and carboxyl groups on
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the carbon sheets. This increases the polarity and therefore hydrophilicity of
the sheets. Strong acid keeps the pH and zeta potential of graphite oxide low
and prevents excessive swelling in water. When the acid is washed out with
MilliQ water, the intercalation compound attracts more water and the
hydrophilic properties of graphite oxide cause it to swell considerably which
results in very viscous dispersions that consist of only about 2 wt% graphite
oxide and 98 wt% water (Figure 3.1) 16.

Figure 3.1
Schematic of graphite oxidation (a), exfoliation to
graphene (b) and reduction to chemically converted graphene (c) 1.

When diluting the graphite oxide dispersions to 0.05 wt%, part of the
graphite oxide exfoliated spontaneously into graphene oxide (Figure 3.2 a, b,
c). Stirring can cause partial exfoliation; however even when stirred for 5 h at
98°C graphite oxide did not completely exfoliate (Figure 3.2 e, f). It can be
seen that the top layers of graphite oxide develop wrinkles which look
considerably different to expanded graphite. Sonication resulted in almost
complete exfoliation into colloidal graphene oxide (Figure 3.1 b).
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Figure 3.2
Atomic force micrographs of unexfoliated graphite oxide
(a) and exfoliation taking place on the surface of the same graphite
oxide particle (b). Further spontaneously exfoliated sheets during
graphite oxidation (c), and a reduced GO sheet (i.e. CCG) thereof (d).
Stirring of GO after oxidation for 5 hours at 98°C does not result in
more exfoliation (e, f).
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3.3.2 Reduction of GO to CCG
3.3.2.1

Overview: How to Produce Stable CCG Dispersions

Reducing graphene oxide (GO) with hydrazine led to a colour change of the
dispersion from brown to black (Figure 3.1 c). The absorbance maximum
shifted from 231 nm for GO to 270 nm for CCG over the period of 1 h, with
very little redshift for longer times, showing that the hydrazine reduction is
complete after 1 h (Figure 3.3). In previous experiments and publications
hydrazine reduced GO started to aggregate over the space of approximately
24 hours unless polymeric or surfactant stabilizers were added 11, 12.

Figure 3.3
UV-Vis spectra of the reduction process of a GO
dispersion (0 min) with hydrazine to form a CCG dispersion (60 min).

Five steps were found to be important to keep CCG from aggregating.
Firstly, GO had to be well purified either by filtration and dialysis, or by
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centrifugation as described in Section 3.2.2. Secondly CCG dispersions had to
be either reduced in an optimised CCG to hydrazine ratio, or dialysis had to
be performed to remove hydrazine from CCG after reduction as described in
Section 3.2.3. Thirdly, the pH of the CCG dispersion had to be increased to
around 10, and fourthly, the concentration of CCG had to be kept below
0.05 wt%.
A fifth and minor source of aggregation was identified. During reduction
and long term storage, a small amount of aggregation happened on the airliquid interface due to evaporation of water. This can be prevented by
minimizing the air-liquid surface area, e.g. by keeping the dispersion in flasks
with long thin necks or by using separation funnels and adding mineral oil on
top of the CCG dispersion. If sonication time was increased during GO
exfoliation, the resulting CCG dispersions were more resistant to air-liquid
aggregation and long term aggregation in general, due to the decreased average
CCG sheet size which stays better in dispersion (Chapter 4).
If all of these steps were obeyed, the obtained CCG dispersions were stable
for months without containing any polymeric additives or surfactants
(Figure 3.4 to 3.6). The reason of CCG aggregation is discussed in the
following sections.
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Figure 3.4
Aggregation of CCG takes place within a few hours unless
the pH is lowered, then the CCG dispersions are stable for many
months.

Figure 3.5
Optical microscope images of CCG. (a) Colloidal CCG.
The darker drops are likely to be caused by the surface morphology of
the microscope glass slide interacting with the colloidal CCG
dispersion. (b) CCG dispersions after aggregation when no ammonia is
added to stabilize the dispersion by increasing the pH.
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Figure 3.6
Sheet size of purified GO, CCG with and without
addition of ammonia. Increasing particle size is indicative of
aggregation. According to AFM measurements, the absolute sheet size is
slightly higher than measured by the Malvern Zetasizer. This can be
attributed to the approximation of spherical colloidal particles that is
usually assumed by non-imaging sizing systems as used here. 1

3.3.2.2

Investigation of the Structure and Properties of CCG

3.3.2.2.1

Chemical Structure of CCG

The properties of CCG dispersions depend on the chemical structure of
CCG which in turn depends on the chemical structure of GO and the reduction
process of GO. The structure of GO and possible thermal and chemical
reduction reactions of GO to CCG are still being debated (Chapter 1). The
functional groups on GO are mainly epoxide groups in their basal planes,
carboxyl groups along the edges, and hydroxyl (and phenolic hydroxyl) groups
on edges and basal plane 1, 15, 17-23. Other possible groups are carbonyl, lactone
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and quinone groups along the edges. If the aromatic crystal structure is
interrupted by a regular pattern of holes (cyclohexane chairs in the ScholzBoehm and Szabó-Dékány model) or irregular defects in the form of holes, all
of the mentioned edge groups can occur at the edge of these holes 1, 15, 17-23.

Figure 3.7
FT-IR spectra of CCG and GO. The bands at 1500-1600
cm-1 are attributed to carboxylate ions and possibly ketones, the peak at
1690 cm-1 is attributed to carboxyl groups. Adapted from Ref 1.

While several reduction pathways of the epoxides in GO are possible to
restore some aromaticity of GO during hydrazine reduction to CCG, none of
the hydroxyl, carboxyl and carbonyl seem to be removable by hydrazine 11, 24.
These groups can be removed or transformed by thermal annealing which tends
to create holes and topological defects in the carbon nanosheet 24-26. FT-IR
spectra show that carboxylate ions (or salts thereof, e.g. with ammonium or
remaining potassium ions) and possibly ketones are likely to be present in
CCG after hydrazine reduction from GO (Figure 3.7). Elemental analysis
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shows increasing deoxygenation of GO with increasing hydrazine to GO
concentrations (Table 3.1). The decreased hydrogen content indicates that not
only epoxide groups are reduced but also hydroxyl and possibly carboxyl
groups. The reduction of some hydroxyl and carboxyl groups is further
supported by the fact, that aggregation takes place when reducing GO in high
hydrazine to GO concentrations (about 70:10 wt% ratio). If only epoxides were
reduced, the hydrophobicity might increase, but the surface charge of the CCG
particles should stay negative enough to keep the reduced particles dispersed
(see discussion of colloidal properties below). On the other hand the samples
were dried at 150°C for 24 h before being sent to elemental analysis, which
could have caused a slight thermal reduction of the CCG papers.
Table 3.1
Elemental analysis of CCG at various hydrazine to GO
wt% reduction ratios RN2H4/GO, for C, N, H and O, assuming no other
elements and a water content of (5 ± 2) wt% (as determined by
thermogravimetric analysis). Shown are also the conductivity of
graphene paper produced by vacuum filtration of the corresponding
CCG dispersion.
R N 2 H 4 /G O

C
(wt%)

N
(wt%)

H
(wt%)

O
(wt%)

C/N

C/O

Conductivity
(S/m)

0.87:10

60.40

3.53

1.50

34.57

20.1

2.33

4

3.5:10

63.89

3.03

1.17

31.90

24.6

2.67

37

7:10

82.92

3.25

0.11

13.72

29.8

8.06

7222

35:10

85.32

3.15

0.11

11.42

31.6

9.97

7161

70:10

81.25

4.09

0.19

14.46

23.3

7.49

7272

700:10

84.25

3.78

0.40

11.57

26.0

9.71

7287
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3.3.2.2.2

Chemical Structure Determines Conductivity

The restoration of the polyaromatic carbon structure by hydrazine
reduction is supported by the increase in conductivity from approximately
10-5 S/cm for GO to more than 72 S/cm for CCG (measured on the respective
paper produced by vacuum filtration at ambient conditions, Chapter 5). The
conductivities presented in relation to the elemental analysis are about twice as
high as the ones presented in Chapter 5, as the samples for elemental analysis
were dried at 150°C for 24 h to reduce the water content in the CCG papers.
This temperature treatment results in slight reduction of the CCG paper which
increases the room temperature conductivity almost exactly by a factor of 2
(Chapter 5).
One aspect of CCG’s electrical properties can be seen with the bare eye.
The shiny, black appearance of dry CCG is similar to shiny, gray graphite, and
well removed from the dull, brown color of dry GO. It originates from the semimetallic properties of CCG where light is reflected by the delocalized electrons
as in metals.
In summary the experiments show that all but the optimum wt% or mass
ratio of hydrazine to GO of 7:10 result in either CCG aggregation or low
conductivity. The optimum ratio of 7:10 leads to stable dispersions and high
conductivity for the CCG paper produced. These conditions were subsequently
used throughout this thesis.
If higher concentrations of hydrazine are used they can be removed by
dialysis to prevent further aggregation after reduction (Section 3.3.2.3.2.3). At
the optimum hydrazine to GO ratio, CCG forms stable dispersions at
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concentrations of up to 0.05 wt%. The use of higher concentrations leads to
aggregates as the collision probability of the colloidal CCG sheets increases and
the electrostatic repulsion potential is not high enough to avoid aggregation
which is typical for lyophobic colloids (Chapter 1).

3.3.2.2.3

Chemical Structure Determines CCG Sheet Thickness

Figure 3.8
TEM image of drop-cast CCG onto TEM copper grid. A
single CCG sheet with many wrinkles and folds is visible.
Transmission electron microscopy (TEM) shows the paper-like structure of
CCG but was found to give little information on the thickness and morphology
of the CCG sheets (Figure 3.8). Therefore morphological characterization was
performed

using

atomic

force

microscopy

(AFM).

The

atomic

force

micrographs show a tendency of GO nanosheets to be slightly thicker than
CCG nanosheets, both on the SiO2 surface of silicon wafer (approximately
1.2 nm vs 1 nm) and on exfoliated sheets of same kind (approximately 0.8 nm
vs 1 nm) (Figure 3.9). The increased thickness on silicon wafer is assumed to
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be caused by interaction of graphene with SiO2. Neither GO nor CCG is
assumed to be flat, they are assumed to have crystal defects that cause these
aromatic carbon sheets to have ripples. Additionally the functional groups
increase the sheet height. Another important factor contributing to height and
interlayer spacing is the adsorption of water molecules. Therefore the AFM
height cross-sections indicate that GO contains more functional groups than
CCG.
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Figure 3.9
(c,d) 1

3.3.2.3

Atomic force micrograph of drop-cast CCG (a,b) and GO

CCG is a Lyophobic Colloid

3.3.2.3.1

Hydrophobicity of CCG

Lyophobicity of a colloid relates to any dispersive medium. If water is the
dispersive medium such as in CCG dispersions, the colloid is called
hydrophobic.

Page | 140

Chapter 3 Synthesis and Characterisation of Chemically Converted Graphene

During graphite oxidation, the functional groups increase the polarity of
GO nanosheets and decrease the polyaromatic carbon content, rendering the
nanosheets hydrophilic and reducing pi-pi interactions. This in turn minimizes
aggregation. While the GO sheets are hydrophilic colloidal particles, hydrazine
reduction of GO sheets make these groups less abundant, increasing
hydrophobicity as confirmed by contact angle measurements (Figure 3.10).
Aggregated GO sheets such as in GO gels of low water content could be
redispersed either by shaking or more effectively by sonication. CCG
aggregates could not be redispersed, neither by shaking nor by extensive
sonication as the polyaromatic carbon structure promotes pi stacking which
makes it impossible to redisperse the aggregated CCG sheets.

Figure 3.10 Contact angle measurement of water on (a) GO and
(b) CCG paper prepared by vacuum filtration. For details see
Chapter 5.
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3.3.2.3.2

Colloidal CCG

As discussed in Chapter 1, stable colloidal dispersions usually show a zeta
potential above +30 mV or below -30 mV. The closer the zeta potential to
zero, the higher is the aggregation rate. Colloids usually aggregate when the
ionic strength of the dispersive medium is increased, and scatter light according
to the Tyndall effect.

3.3.2.3.2.1

Zeta Potential and pH

The dispersion of GO is not only caused by its hydrophilicity but also by
the electrostatically stabilised colloidal character. Szabó et al summarised the
possible acid/base contributions of functional groups in GO 27:
•

deprotonation of carboxylic groups
→ C-COOH + H2O ⇔ → C-OO− + H3O+

•

deprotonation of enolic and phenolic groups
>C=C∠OH + H2O ⇔ >C=C∠O− + H3O+

•

proton complexation of the 𝜋 electron system of graphite planes
acting as Lewis basic sites

•

C𝜋 + 2 H2O ⇔ C𝜋 H3O+ + OH−

protonation of various Brönsted basic oxygen species (ethers,
carbonyl groups)

The first two reactions are dominating and cause an overall negative surface
charge of GO; the last two cause positive surface charges (Figure 3.11). Since
CCG keeps its carboxyl, hydroxyl and carbonyl groups on reduction with
hydrazine, while losing most of its epoxide groups, CCG sheets retain most of
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GO’s negative surface charge. This surface charge causes electrostatic repulsion
between the CCG sheets, which allows CCG to form a stable colloidal
dispersion. Since CCG is hydrophobic, the colloid is classified as lyophobic
colloidal dispersion.
The degree of deprotonation of the above mentioned acidic groups on CCG
(carboxylic, enolic and phenolic hydroxyl groups), and the less dominant basic
reaction processes, are pH dependent. The resulting ionic double layer created
by these deprotonated acid groups (and protonated bases) can be characterized
by measuring the zeta potential. The greater the absolute value of the zeta
potential, the greater is the surface potential of CCG nanosheets and thus the
more stable is the dispersion due to electrostatic repulsion. A zeta potential to
pH titration was conducted for GO and CCG which showed that the zeta
potential lies below -30 mV for pH values above approximately 3 for GO and
above approximately 5.5 for CCG (Figure 3.11). GO is therefore very stable at
pH 7 while CCG is mildly stable at pH 7. Adjusting the pH of GO during
hydrazine reduction to 10 by adding ammonia, resulted in CCG dispersions
that were stable for months (Figure 3.4).
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Figure 3.11 Zetapotential titration of GO and CCG. (a) Washing by
dialysis, and pH adjustment by adding hydrochloric acid and
ammonia 1. (b) Washing by centrifugation, and pH adjustment by
adding hydrochloric acid and sodium hydroxide. The steep drop of the
zeta potential of CCG between pH 6.8 (no added acid or base) and 7.2
which is the point where NaOH was added. The pH of GO without
added acid or base is 3.85.
It should be noted that the theory of the electrokinetic mobility of graphene
nanosheets, as discussed in Chapter 1 and Chapter 4, is not trivial. It is likely
that the Malvern Zetasizer used for the measurements in this thesis does not
show the absolute value of the electrokinetic zeta potential as it uses spherical
particle approximations.
The results of a volumetric acid-base titration of the same samples as in
Figure 3.11 (b) are shown in Figure 3.12 (a). GO was chosen for titration at
higher concentration as it is stable over a large pH range and does not
aggregate like CCG. Additionally GO is more pure than CCG; the latter can
contain traces of hydrazine which can affect the titration. A detailed GO
titration shows an equivalence point close to pH 7 which is unexpected as the
functional groups of GO are considered rather weak acids whilst the
equivalence point of pH 7 indicates a strong acid. Assuming the HendersonPage | 144
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Hasselbalch equation is valid for the GO and CCG titration, then the pKa of
GO and CCG respectively equals the pH at half of the amount of NaOH at the
equivalence point. Using the half-equivalence point rule, the pKa of GO,
however, is approximately 3 which is close to the pKa of 3.75 of formic acid
which shares the carboxylic functionality with GO (Figure 3.12 b). The pKa for
weak acids is usually also an inflection point in the titration curve which
cannot be identified for GO or CCG, and determining the pKa using the
Henderson-Hasselbalch equation seems to be questionable.

Figure 3.12 (a) Acid-base titration of the same samples, point by
point, as in the previous Figure 3.11. The very left (GO) and very
right point (GO and CCG) are outside the displayed Figure.
(b) Titration of 100 mL 0.05 wt% GO. All samples washed by
centrifugation only.
Several factors can influence the titration curve and measured pKa of GO
dispersions. GO is a highly polyprotic acid with several possible acidic (and
basic) functional groups as described above. It is therefore not only the
carboxylic groups that contribute to the pKa value of GO (and CCG).
The pKa for polyelectrolytes is usually defined as the pKa of any of the
repeat units of the polyelectrolyte 28. For highly complex molecules like GO or

Page | 145

Chapter 3 Synthesis and Characterisation of Chemically Converted Graphene

CCG, there is no repeat unit and the pKa cannot be calculated analytically.
Additionally polyelectrolytes that possess acidic repeat units with functional
acidic (or basic) groups in close distance to each other cannot be compared
directly with their isolated repeat units pKa 28, 29. The reason is that the close
distance of the repeat units changes the pKa of each repeat unit, depending on
the protonation stage of other repeat units in its vicinity.
Furthermore any remaining ions in GO dispersions, such as metal ions,
chloride ions and remaining acids decrease the pKa value either by substituting
hydrogen on the GO acid functionalities, or by being present in GO dispersions
and lowering the measured pKa. These impurities might be better removed by
dialysis than washing by centrifugation which could lead to the lower zeta
potential for the centrifuged GO (Figure 3.11 (a) dialysis, (b) centrifugation).
Additionally for CCG the hydrazine reduction can contribute to lower pH
values if remaining hydrazine is present. Dialysis against a 0.5 % ammonia
solution and the use of minimal amounts of hydrazine for reduction, as
described later (Section 3.3.2.3.2.3), diminishes the amount of hydrazine left in
CCG dispersions. Since the washing by centrifugation was performed
extensively, and Figure 3.11 shows different batches of GO and CCG, the
difference in zeta potential across the two batches can also be explained by
varying levels of oxidation of graphite to graphite oxide 27, 30.
The zeta potential did not always decrease with increasing pH for GO
(Figure 3.11 b). This increase in zeta potential for GO is likely to be caused by
the Na+ ions that are shielding the surface charge of GO while Figure 3.11, left
contains ammonium hydroxide at high pH values. Addition of salts, especially

Page | 146

Chapter 3 Synthesis and Characterisation of Chemically Converted Graphene

alkali salts like NaCl are known to decrease the zeta potential of colloidal
particles. It is known that colloidal particles can even become neutral and
finally reverse their charge with change of pH due to ion adsorption 31. It is
noted that in all measurements presented here (Figure 3.11 and 3.12) either
HCl or NaOH or NH3 was added, none of them in combination.
Cassagneau et al report pKa values for GO of around 6.4 30. Szabó et al
could not find an endpoint, and therefore could not determine a pKa value 27. In
both cases, however, graphite oxide was synthesized by Brodie’s method, and
not by Hummer’s method as in this thesis. Additionally graphite oxide was not
sonicated and could contain unexfoliated graphite oxide particles amongst the
exfoliated graphene oxide particles which could influence the pH by
intercalation effects.
Ammonia and tetrabutylammonium hydroxide can intercalate graphite
(oxide) and adsorb to the surface of graphene (oxide) 32-34. It has been shown
that ammonia adsorbes readily onto GO in a reaction with the carboxylic
groups (either as Bronsted or Lewis acid), and epoxy and hydroxyl groups via
hydrogen bonding 32. Annealing GO at high temperatures in ammonia
atmosphere forms reduced GO containing nitrogen (N-doped) 35. At room
temperatures and increased concentrations both chemicals seem not to bind
covalently but rather through hydrogen bonding or ionic bonding which
changes its absorption spectrum (Figure 3.13). On occasions the absorbance
was increased for some GO samples at a pH of approximately 6 to 7.
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Figure 3.13 (a) UV-Vis spectra of 0.005 wt% GO at various pH
adjusted by adding ammonia, and (b) absorption of the same set of
data at 500 nm.

Figure 3.14 (a) Salt effect and (b) Tyndall effect on CCG colloidal
dispersions 1.

3.3.2.3.2.2

Tyndall Effect and Ionic Strength

The Tyndall effect was performed and supports the colloidal theory of
graphene (Figure 3.14 b). It shows laser light scattering on the colloidal
particles which makes the path of the laser beam through the colloidal
dispersion visible (unlike in solutions where no colloids are present). While this
proves only that small particles are present (either stable colloidal particles, or
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unstable suspended particles that slowly settle down), another effect supports
CCG being a colloidal dispersion (Figure 3.14 a): The salt effect shows that
the colloid aggregates when salt is added beyond the critical coagulation
concentration, as it increases the ionic strength of the medium and lowers the
zeta potential of the colloidal particles by screening their surface charge
(Chapter 1). These results are in line with the above mentioned zeta potential
measurements of CCG as a colloidal dispersion.

3.3.2.3.2.3

Necessity of GO and CCG Purification

The purification of GO with washing by either filtration and dialysis or
extensive centrifugation is therefore necessary to remove ions that would
otherwise create a high ionic strength in the CCG product and cause
aggregation. Likewise acids have to be washed out of GO to keep the pH of the
CCG product high and ensure that the zeta potential of CCG stays low. Both
washing methods, filtration-and-dialysis and extensive centrifugation, were
found to produce equally stable CCG. In either case, adding base such as
ammonia, lowers the zeta potential further and guarantees a value
below - 30 mV.
Excess hydrazine ions from hydrazine hydrate (H2NNH2·nH2O + H2O →
H2NHNH2+ + nH2O + OH−) could have a similar effect on the zeta potential of
CCG as excess of sodium ions from sodium hydroxide (Na+ OH−) and increase
the zeta potential above -30 mV, and therefore cause aggregation in spite of
increasing pH (Figure 3.11 b). Therefore dialysis of CCG against a 0.5 %
ammonia solution is necessary to remove excess hydrazine hydrate while
keeping the pH high enough to prevent aggregation. This prevents, of course,
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only further aggregation after reduction as aggregation during reduction, like
any CCG aggregation, is not reversible. The other option is to choose just
enough hydrazine to reduce GO to CCG without having excess hydrazine left
in CCG. This is the case for the optimum mass ratio of hydrazine to GO of
7:10 as shown in Section 3.3.2.2.1.
The standard procedure to produce what is called standard GO and
standard CCG throughout this work, is therefore based on washing of GO by
centrifugation and adding the optimum amount of hydrazine to GO at a mass
ratio of (hydrazine : GO - 7:10) for reduction to CCG. The reason is the higher
production throughput and lower costs at same quality.

3.3.2.4

Physical Properties of CCG

3.3.2.4.1

Sheet Size and Standard CCG

Sonication time and sonication amplitude were investigated regarding sheet
size of GO and CCG. It was found that sonication time and sonication
amplitude are effective methods of controlling GO and CCG sheet size (Figure
3.15), and that both sonication time and sonication amplitude are similarly
efficient in controlling sheet size (Figure 3.16). This comparable efficiency of
time and amplitude depends on the sonicator, and was found to change slightly
even between sonicators of the same model (Section 2.3).
GO and the reduced CCG counterpart shows approximately the same
average sheet for small sheet sizes up to a few hundred nanometers (Figure
3.15 b, c, e, f). The larger the average GO sheet size becomes, the more stays
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CCG behind in average size (Figure 3.15 a, d). The reason is that large GO
sheets are lost during reduction from the CCG colloidal dispersion due to
aggregation. This becomes very obvious for GO sheets of tens of micrometers
in size and incompletely exfoliated graphite oxide particles which show a
considerable amount of aggregates after reduction to CCG (Figure 3.2 c, d).
Thus smaller sheet sizes make CCG dispersions more stable, not only
during reduction of GO but also long after reduction (Chapter 4). Sonication of
100 mL of GO at 30 % amplitude for 30 min resulted in almost complete
exfoliation. In combination with subsequent centrifugation (30 min at 1400 rcf)
to extract unexfoliated particles, sonication is an effective method to create
stable CCG dispersions of single sheets without any aggregates. The average
sheet size of CCG produced this way was (251 ± 125) nm, its median sheet size
227 nm (Figure 3.15 g). The corresponding average GO sheet size was
(267 ± 151) nm, its median sheet size 223 nm (Figure 3.15 h). These two sizes
for GO and CCG respectively are part of the properties of standard GO and
standard CCG as mentioned above (Section 3.3.2.3.2.3). Unless stated
otherwise, experiments are conducted with standard GO and standard CCG.

Page | 151

Chapter 3 Synthesis and Characterisation of Chemically Converted Graphene

Figure 3.15 (a)-(f) AFM images of GO and CCG to examine their
sheet size which was controlled via sonication amplitude (%) and
sonication time. (g, h) Sheet size distribution of CCG and GO
produced by sonication at 30 % amplitude for 30 min. The sizes taken
are indicated by black lines in (b) for CCG and (e) for GO. For each
sheet the length and width (perpendicular to avoid correlation) were
averaged and put into the size distribution diagrams (g) for CCG and
(h) for GO. The average CCG sheet size was (251 ± 125) nm, the
median CCG sheet size was determined at 227 nm. The average GO
sheet size was (267 ± 151) nm, the median GO sheet size was
determined at 223 nm. These two sizes for GO and CCG respectively
are called “standard” sizes for the whole course of this study.
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Figure 3.16 AFM images of drop-cast GO of various sonication
amplitude and time. Sonication time and sonication amplitude are
equally effective in controlling sheet size.

3.3.2.4.2

Morphology of Freeze-Dried CCG

Unlike AFM samples of CCG sheets which allow to investigate only two
dimensionally ordered CCG sheets, freeze-drying of CCG dispersions in
combination with SEM allows to investigate aspects of the three-dimensional
structure of CCG in dispersion. The resulting porous carbon structure can be
described as an inelastic graphite sponge that is fragile and easily deformable.
SEM shows a highly branched leaf-like structure with a large surface area
(Figure 3.17). During freeze-drying the single CCG sheets aggregate to form
these leafs and under high magnification single CCG sheets become visible in
the leafs (Figure 3.17 b).
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Figure 3.17 Freeze-dried CCG dispersion. (a) The resulting carbon
structure forms an inelastic, porous sponge that is fragile and easily
deformable and has a high surface area. (b) The leafs of the sponge
consist of collapsed, aggregated CCG sheets. One of them is visible in
the middle of the picture.

3.4

Conclusion

Chemical reduction of GO dispersions results in stable colloidal, lyophobic
CCG dispersions if the amount of hydrazine is kept at an optimum mass ratio
of 7:10, hydrazine to GO, and if removal of salts and acids from the precursor
GO is conducted by dialysis or extensive washing via centrifugation.
GO contains a range of oxygen functional groups, and the reduction with
hydrazine to form CCG removes some of them. The exact structure of GO,
CCG and reduction reactions of GO to CCG with hydrazine are still debated.
Overall the functional groups act acidic and give GO and CCG negative zeta
potential. By adding base such as ammonia the zeta potential of CCG
dispersions could be lowered below -30 mV and it stable for months.
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The polar functional groups dominate in GO and make it hydrophilic and
therefore stable in dispersions of any water content. CCG with less functional
groups is dominated by its aromatic carbon structure which renders it
hydrophobic and electrically conducting. Thus CCG is a hydrophobic colloid
which means it is not redispersible after aggregation.
Increasing the ionic strength by addition of sodium chloride makes CCG to
aggregate which confirms its colloidal character. This means that at the same
time any salts such as metal ions and acids have to be removed from CCG and
its precursor GO to keep the CCG dispersion stable. This purification can
effectively

and economically

be performed by

washing

via extensive

centrifugation of GO. At the same time addition of a minimum, optimized
amount of hydrazine to GO mass ratio of 7:10 is necessary to prevent
aggregation of CCG due to excess hydrazine content. The synthesis of GO and
CCG which included optimized sonication conditions, produces what is called
standard GO and standard CCG during the course of this work.
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Chapter 4
Characterisation of GO and CCG
using Capillary Zone
Electrophoresis xxxviii
4.1

Introduction

Capillary Zone Electrophoresis (CZE) separates particles that are freely
moving in a background electrolyte (BGE) according to their size and charge.
A capillary is filled with BGE with both ends in vials of BGE (Figure 1.8 a).
A few nanoliters of GO or CCG are injected into one side (anode side) of the
capillary and two electrodes are immersed into the BGE vials at each end of
the capillary. A voltage difference of 15 to 30 kV is applied and a surface
charge created by the BGE on the inner walls of the capillary. The BGE starts
to move from the anode (+) to the cathode (-) due to electroosmotic flow
(EOF) (Figure 1.8). The EOF washes the GO or CCG from the anode to the
cathode of the capillary and changes in electrolyte absorbance are monitored
using a UV-Vis detector. Since CCG and GO sheets carry negative charge,
they move slower than the BGE and become separated according to their flow
resistance (size) and surface charge.
xxxviii

Parts of this Chapter have been published in 1.
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Capillary electrophoresis separations have been performed on micro- to
nano-materials such as metal oxides 2, gold nanoparticles 3, silica 4, latexes 5,
carbon nanotubes 6-9, carbon nanoparticles from soot 10, and quantum dots 11.
These particles, however are sphere- or cylinder-like structures and not flat
two-dimensional sheets like GO or CCG. The electrokinetic and colloidal
behavior of such extreme geometries is different to spherical particles which are
commonly used to describe electrokinetic and colloidal effects (Chapter 1).
For charged, colloidal particles like GO and CCG, the BGE must be a
medium that maintains a stable dispersion. In addition a pH above 4 is
required to create a surface charge on the inner wall of the silica capillary
which causes the electroosmotic flow of the BGE in the electric field (Figure
1.8).
Electrophoretic mobility is the most commonly measured parameter to
determine the zeta potential of a particle as neither this nor the related surface
charge can be measured directly (Section 1.2.6). Since the electrokinetic theory
of two-dimensional particles like GO and CCG is not well developed, zeta
potential measurements of CCG and GO obtained using systems like the
Malvern Zetasizer are not quantitative.
The focus of this Chapter is the experimental investigation of the
electrokinetic properties of colloidal GO and CCG which can serve as a basis
for the future development of more accurate electrokinetic models of twodimensional particles like GO and CCG. The exact description of electrokinetic
particle behavior is not only of theoretical interest. In separation science it
determines the conditions under which particles and molecules can be
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separated according to certain characteristics such as particle size and the
nature as well as the degree of any functionalisation. Such information about
GO and CCG could be used for optimization of properties for particular
applications and as quality control for colloidal CCG.
In addition to the analysis of sheet size and the level of oxidation, the
exfoliation and aggregation process of GO and CCG was investigated. Five
different colloidal GO and CCG dispersions of various graphene sheet sizes
were investigated, plus one GO dispersion to study how the ionic strength of
the BGE influences the separation of GO particles.
Since CCG and GO is a new material in separation science, it was
subjected to different types of CZE analysis to find the best system to separate
and detect them. The essential difference was the type of detection being used:
UV-Vis light absorbance detection, Contactless Conductivity Detection (CCD),
or laser-induced fluorescence detection.
In CCD an AC signal is fed to a cylindrical electrode that is mounted
around the capillary (Figure 4.1). The AC signal polarises the BGE and
analyte, and travels with it along the capillary where the AC field from the
BGE and analyte is detected with another cylindrical electrode. Since CCG
and GO is likely to be strongly polarisable due to its geometry and size, which
allows ionic surface charge separation and for CCG also electronic charge
separation over hundreds of nanometers across each individual nanosheet, they
are assumed to be well detectable with CCD.
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Figure 4.1
Schematic of a Contactless Conductivity Detection
(CCD) system as used in Capillary Zone Electrophoresis (CZE).
Laser-induced fluorescence detection with possibly increased detection limit
of CCG sheets was performed on 8-aminopyrene-1,3,6-trisulfonic acid (APTS)
labeled CCG. APTS is a fluorophore that can be detected with laser-induced
fluorescence spectroscopy even if present in only very low concentrations. It is
used for labeling and detecting carbohydrates and other materials 12.
Lastly open tubular electrochromatography (OTEC) was tested. OTEC is
performed in the same system as CZE, consisting of a silica fused capillary
filled with BGE, a cathode and anode, and a UV-Vis detector 13. As in CZE,
the analyte is pressure injected into one end of the capillary. Unlike in CZE,
the capillary wall is coated with a stationary phase. When a high voltage
difference is applied between cathode and anode, not only the electric field can
separate the analyte but also the interaction of the coated capillary wall (i.e.
stationary phase) with the analyte in the BGE (i.e. mobile phase).
The analyte in this OTEC application was a mixture of several aromatic
molecules, namely naphtalene, phenanthrene, fluorene, biphenyl, and antracene,
and the stationary phase was a GO coated capillary wall. These charge neutral
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aromatic molecules cannot be separated by the electric field. They show
however pi-pi interaction which can be used to separate them by interaction
with a capillary coating that consists at least partly of an aromatic carbon
structure.
Additionally in the case of a capillary, the aromatic carbon coating has to
show a low surface roughness to prevent turbulent flow of the BGE and
analyte. A low surface roughness ensures a linear EOF profile and therefore a
high separation resolution of the analyte. Furthermore in both OTEC and CZE
the walls need to be negatively charged to create an EOF from the anode to
the cathode. In CZE where silica fused capillaries are used, the EOF is
established by the electrical double layer created through deprotonation of the
silanol groups on the capillary walls. In OTEC the electrical double layer has
to be part of the properties of the coating of the capillary walls when in
contact with the BGE.
These three conditions – aromaticity, very low surface roughness, and
deprotonation – strongly limit the amount of possible coating materials. The
material chosen here is GO. It was self-assembled onto the capillary walls
which creates an aromatic carbon coating that is negatively charged and very
smooth. Self-assembly will be discussed in detail in Chapter 6.
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4.2

Materials and Methods

4.2.1 Chemicals and Reagents
The BGE was prepared by diluting or dissolving an appropriate amount of
analytical grade tetrabutylammonium hydroxide and ammonium acetate in
Milli-Q water. All BGEs were degassed in an ultrasonic bath for 10 min before
being used. GO was prepared from purified natural graphite (Bay Carbon, SP1, with a nominal particle size of 30 μm) using a modified Hummers
method 14, 15. CCG was synthesized, as described in Chapter 3 16.

4.2.2 Preparation of Graphene Oxide and Chemically
Converted Graphene Dispersions
Five GO dispersions with different particle size distributions, described as
GO0, GO1, GO2, GO3, and GO3a in order of decreasing size, were prepared
from oxidized graphite. In addition, a sample named GOx was used to study
the effects of buffer concentration on the CZE profile. Sheet size was controlled
through sonication time, amplitude, and centrifugation as shown in Table 4.1
(Branson Digital Sonifier 450, Sigma Laboratory Centrifuges 4-15). Sheet size
was determined by AFM using an Asylum MFP 3D system as described in
Chapter 2.
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Table 4.1
The different samples and their sonication times and
sonication amplitude which were used to control the average particle
size.
Sample

Sonication Time*

Sonication Amplitude

GO0

-

-

GO1

10 min

30%

GOx

30 min, centrifuged

60%

GO2

1.5 hrs

50%

GO3

15 hrs

50%

GO3a

15 hrs, centrifuged

50%

*100 mL of 0.05 wt% GO

4.2.3 Capillary Zone Electrophoresis using UV-Vis
Absorbance Detection
An Agilent CE system Model G1600AX with 3D-CE Chemstation software
was used to perform the electrophoretic separation of GO and CCG. A
photodiode array detector was set to detect at the maximum absorbance of GO
and CCG, at 230 nm and 270 nm respectively, at a bandwidth of 2 nm. The
fused silica capillary was obtained from Polymicro Technologies, Phoenix, AZ.
The detection window was created by removing the polyimide coating with
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hot, concentrated sulfuric acid. The capillary was prepared by flushing with
0.1 M NaOH (10 min), MilliQ water (5 min), and BGE (5 min) prior to use.
Between the analyses the capillary was flushed for 5 min each with deionized
water and BGE. A fresh BGE was used for each CE analysis. The capillary
temperature was set at 22°C.

The GO and CCG dispersions each were

0.05 wt% in deionised water.
The effect of buffer concentration on the electrophoretic profiles was studied
using the GOx sample with the following CZE conditions. A capillary with a
length of 20 cm (an effective length from anode to UV-Vis window of 11.5 cm),
an inner diameter (ID) of 50 µm, and an outer diameter (OD) of 365 µm was
used. Sample injection was performed at 50 mbar for 5 s, and a separation
voltage of 20 kV was employed. 2, 5, and 10 mM ammonium acetate solutions
were used as BGE, all having a pH of 7.0.
In subsequent experiments, a capillary with a length of 50 cm (effective
length of 41.5 cm), 75 µm ID, and 365 µm OD was used. Sample injection was
performed at 50 mbar for 5 s, and a separation voltage of 15 kV was employed.
A BGE of low ionic strength, namely 250 µM tetrapropylammonium hydroxide
(pH 10.4) was used for the CZE analysis of the different colloidal GO
dispersions GO0, GO1, GO2, GO3, and GO3a and their reduced counterparts
CCG0, CCG1, CCG2, CCG3, CCG3a.
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4.2.4 Capillary Zone Electrophoresis using a Contactless
Conductivity Detector
Contactless conductivity detection (CCD) was conducted on the same
system and under the same conditions as described above. A capillary with a
length of 50 cm (effective length 41.5 cm), 75 µm ID, and 365 µm OD was
used. Sample injection was performed at 50 mbar for 5 s, and a separation
voltage of 15 kV was employed. A BGE of low ionic strength, namely 250 µM
tetrapropylammonium hydroxide (pH 10.4) was used for the CZE separation of
the colloidal dispersions GO1, CCG1, GO3, and CCG3. The detection was
performed simultaneously with the photodiode array (i.e. UV-Vis light
absorbance measurement) and the Contactless Conductivity Detector (CCD).
A Trace-Dec Contactless Conductivity Detector (CCD) was used in
combination with the Agilent Interface 35900E which allows to record and feed
the data into the PC that also runs the CZE. Both signals, the CCD signal and
light absorbance signal, were simultaneously recorded with an Agilent 3D-CE
ChemStation Software. Best CCD signal intensity and resolution were found
for the CCD frequency and detector filter set at Frequency 1/3 or 1/2 , Cutoff 0.1,
RS232 Filter off, Analog Filter off.

4.2.5 Capillary Zone Electrophoresis using a Fluorescence
Detector
The fluorescence measurement was performed on 0.05 wt% CCG and GO
dispersions that contained 0.04, 0.4, 4, and 40 mM 8-aminopyrene-1,3,6trisulfonic acid (APTS) labelling dye from ProteomeLab/Beckman Coulter.
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The dispersions were subjected to fluorescence CE on a Beckman Coulter
P/ACE MDQ Capillary Electrophoresis System using the Software 32 Karat
Version 8.0. The excitation laser wavelength was 488 nm and the detection
wavelength 520 nm. A fused silica capillary with an ID of 50 µm was used.
Sample injection was performed at 50 mbar for 5 s and a BGE of 250 µM
tetrapropylammonium hydroxide (pH 10.4) was employed.

4.2.6 Open Tubular Electrochromatography
Open tubular electrochromatography (OTEC) of a mixture of aromatic
molecules was performed in GO coated capillaries. The coating is performed by
self-assembly of GO1 (self-assembly is the topic of Chapter 6). All pressurised
capillary flushing was performed at 0.2 µL/min for 45 min. The capillary was
prepared by flushing with 1 M NaOH, then MilliQ water. The capillary was
coated by poly(diallyldimethylammonium chloride) (PDDA) through flushing
with 0.1 wt% PDDA in 0.5 M NaCl, then MilliQ water, followed by coating
with GO1 through flushing with 0.05 wt% GO1, and rinsing with MilliQ water.
OTEC was performed by injecting a mixture of naphtalene, phenanthrene,
fluorene, biphenyl, and antracene with each at 0.04 mg/mL, 0.1 mg/mL, and
1mg/mL (all in pure acetonitrile) for 3 s at 50 mbar into the PDDA-GO1
coated capillary. The capillary had an ID of 26 µm, 50 cm total and 41.5 cm
working length. The window of 0.5 cm was etched with hot sulfuric acid.
Separation took place at 15 kV. The BGE was 1 mM sodium borate in
different ratios of water to acetonitrile. Before each OTEC analysis, the
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capillary was flushed under pressure with MilliQ, acetonitrile, and BGE, each
for 4 min.

4.3

Results and Discussion

4.3.1 Varying GO and CCG Sheet Size using Sonication
Sonication promotes the exfoliation of stacked graphene oxide sheets as
they occur in the form of oxidized graphite and extended sonication times (or
increased sonication amplitude) decrease the GO sheet size (Section 3.3.1).
Centrifugation allows a crude separation of particles based on weight and
dispersability, i.e. amount of charge carrying functional groups that keep the
particles dispersed by electrostatic repulsion.
GOx was centrifuged at 1400 rcf for 30 min to remove non-exfoliated GO
particles. GO3a was produced the same way as GO3 and additionally
centrifuged for 15 min at 500 rcf to remove pieces of carbon sheets that do not
contain sufficient functional groups to keep them dispersed for more than a few
hours. Some of these non-functionlised particles settled down in the GO3
dispersion and formed a lustrous grey film at the bottom of the container.
These particles could be partly redispersed for a few hours by shaking the
sample. This finding supports the theory that graphene oxide contains regimes
of non-functionalised polyaromatic graphene structures in its basal plane that
can be removed by sonication. These non-functionalised components then settle
down due to hydrophobicity and low polarity 17. All CCG samples were reduced
from the corresponding GO samples as described in Chapter 3.
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The AFM images of GO sheets (Figure 4.2) look the same as those
obtained for CCG nanosheets if the average GO sheet size is in the hundreds of
nanometers, which is the case for the samples GO1, GO2, GO3, GO3a, GOx
(Section 3.3.2.4.1). For GO dispersions with average sheet sizes in the
micrometer range, reduction with hydrazine leads to aggregation of some of the
large GO sheets in dispersion and the resulting CCG dispersion contains a
slightly smaller average sheet size, which is the case for sample GO0.
The AFM images that show the shape and sizes of GO0, GO1, GO2, and
GO3 are presented in Figure 4.2. For each sheet the size was measured by
taking perpendicular measures of width and length and calculating their
average. The average sizes of the particles are listed in Table 4.2 and the
corresponding size distributions are depicted in Figure 4.3. It shows the
expected decrease of sheet size with increasing sonication time. The sizes are
larger than expected when compared to the previous results of standard GO
and standard CCG (Section 3.3.2.4.1). The reason is the different batch of
synthesized GO used in this Chapter and in Chapter 3. Based on this
experience all sheet size critical experiments in this work were always
accompanied by AFM to determine the sheet size.
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Figure 4.2
Atomic force micrographs of graphene oxide samples
GO0, GO1, GO2, GO3 on silicon wafer with height cross-sections
along the indicated lines. The first row shows the exfoliation of GO
without sonication. The top, right image is a magnified view of the
non-exfoliated GO particle on the top left where single graphene oxide
sheets start to peel off. The second and third row shows the effect of
longer sonication times creating smaller sheets. Sheets measured for the
histograms in Figure 4.3 are marked with the counted length and width.
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Figure 4.3
Histograms of the sheet size distribution for GO1, GO0,
GOx and GO3 as determined by AFM measurements. Each size was
determined by taking the average of sheet length and sheet width as
marked in Figure 4.2. For each sample 19 sheet sizes were determined
by taking the average of length and width (perpendicular to avoid
correlation), counting all sheets in the neighborhood, over a coherent
surface area (to avoid influence by selection).
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Table 4.2
The different samples and their average particles size as
determined by AFM. See Figure 4.3 for sheet size distribution.

Sample

Sonication
Time*

Sonication
Amplitude

Average Size

GO0

-

-

10 µm**

GO1

10 min

30%

(730 ± 480) nm

GOx

30 min,
centrifuged

60%

(340 ± 150) nm

GO2

1.5 hrs

50%

(210 ± 170) nm

GO3

15 hrs

50%

(100 ± 40) nm

GO3a

15 hrs, centrifuged

50%

(100 ± 40) nm

*100 mL of 0.05 wt% GO
**Estimation as many sheets are larger than the AFM scan area, and
sheets can occur stacked, in the form of graphitic particles. Sheet
size varies from a few hundred nm to more than 50 µm (Figure
4.2 a, b).

4.3.2 Effect of Ionic Strength on GO and CCG and
Selection of BGE
The selection of the BGE was based on the stability of the GO and CCG
dispersions during CZE measurements. The stability is affected by the ionic
strength and pH of the background electrolyte (Section 1.2.6). The effect of
different ionic strengths on the CZE separation of GOx was studied by using 2,
5, and 10 mM ammonium acetate solutions at a fixed pH of 7 (Figure 4.4). In
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less concentrated 2 mM electrolyte a single broad peak was observed in the
electropherogram, whereas in 10 mM electrolyte a large number of very sharp
peaks (spikes) were obtained. Using 5 mM electrolyte the electropherogram
contained attributes of those observed using the more extreme concentrations.
In 2 mM ammonium acetate solution, aggregation of GO sheets is less likely
to occur and the individual sheets migrate inside the capillary like ordinary
molecules in CZE, based on their electrophoretic mobility. The wide charge and
size distribution of the non-aggregated sheets causes the overlap of their
migration

times

resulting

in

a

broad

peak.

For

higher

electrolyte

concentrations, spikes appear due to the aggregation of GO sheets.
CZE of suspensions of another carbon allotrope, carbon nanotubes, resulted
in electropherograms with a similar occurrence of spikes which are equally
assumed to be caused by aggregates of CNTs 6, 7. In general, spikes occured
when the ionic strength of the BGE was increased. The spikes in the
electropherograms were irreproducible as aggregation occurs randomly. The
electropherograms show that single nanosheets (Figure 4.4, 2 mM) have a
lower mobility than the bigger aggregates (Figure 4.4, 10 mM).
These results demonstrate remarkably well how an increase in electrolyte
concentration can lower the repulsion potential and increase the aggregation
probability of two colliding sheets as predicted by the DLVO theory. For the
CZE analysis of colloidal, aqueous GO dispersions, it is critical to choose a low
ionic strength BGE that will not induce aggregation. It also shows that 30 min
sonication time at 60 % amplitude, combined with mild centrifugation, leaves
only fully exfoliated graphene oxide sheets in dispersion (Figure 4.4, 2 mM).
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We will see in the next section that without centrifugation, the sonication time
has to be close to 15 h (at 50 % amplitude) to receive dispersions that contain
only fully exfoliated graphite oxide particles.
In order to run at a higher pH where GO is highly ionised, ammonium
acetate was replaced by tetrapropylammonium hydroxide. At a concentration
of 250 µM, the pH of the resulting solution was 10.4.

Figure 4.4
CZE separation of GOx sample using different
concentrations of ammonium acetate as background electrolyte (from
top to bottom 2, 5 and 10 mM) at a fixed pH of 7. The single broad
peak is created by the single graphene oxide sheets whilst the spikes
originate from aggregates of graphene oxide sheets. mAU = milli
Arbitrary Units.
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4.3.3 Selection of Injection Time for GO and CCG
The injection times and injection pressure applied to the GO and CCG
dispersions during loading into the capillary determine the amount of GO and
CCG to be tested in the CZE system. The injection times were varied from 3 s
to 100 s at 50 mbar injection pressure to find the optimum injection times for
the following experiments. Injection times longer than 5 s show a broad peak of
GO nanosheets for the low sonicated samples GO0 and GO1 which otherwise
can only be seen for the highly sonicated samples GO2, GO3, and GO3a
(Figure 4.5 – various injection times, and Figure 4.6 – 5 s injection time). For
high absorbance curves, i.e. injection times of 60 s and more, the
electropherograms showed steps which is assumed to be caused by autorecalibration of the detector. To achieve the highest sensitivity for small
aggregates that are supposed to cause the spikes in the electropherograms, an
injection time of 5 s was chosen as standard for all following experiments.
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Figure 4.5
Electropherograms of GO1 injected at 50 mBar for
various durations. The steps in the electropherograms with long
injection times ≥ 60 s are most probably caused by the detector
recalibrating itself.
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4.3.4 CZE of GO Dispersions
CZE analysis of the five GO colloids shows big spikes for the dispersions
with large particles and a small broad peak for the colloids with smaller
particles (Figure 4.6). The spikes originate from marginally different particles
than the particles that caused the spikes on GOx injection (Section 4.3.2). In
the case of GO0-3a the spikes are unexfoliated particles, i.e. stacks of GO
nanosheets, and possibly also large single GO sheets. This is supported by the
spikes observed in the CE analysis of single 200–1000 nm sized sulphated
polystyrene particles 18. In the case of GOx in ammonium acetate the spikes
were caused by aggregated (previously fully exfoliated) GO sheets.
This was confirmed through AFM imaging. Aggregates appear as blurry
particles under AFM (such as Figure 4.8 D) since the aggregated GO sheets
are not stacked as ordered as unexfoliated graphite oxide particles which
produce clear AFM images with clear particle edges (Figure 4.2 a).
Sonication results in exfoliation of these stacks and breaking down of large
GO nanosheets which therefore reduces the spikes and creates a small, broad
peak at 5.3 min, 5.2 min, and 4.7 min for GO1, GO2, and GO3 respectively.
The experimental data therefore shows that smaller sheet size results in lower
electrophoretic mobility.
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Figure 4.6
Capillary Zone Electropherograms of GO colloids of four
different average sheet sizes (bottom to top: small to big). (b) is
magnification of (a). The spikes originate from unexfoliated graphene
oxide particles. The broad peaks at approximately 4.5 min are created
by fully exfoliated graphene oxide sheets. A smaller sheet size results in
a slightly lower mobility. The right graph is a magnification of the left
graph.
Larger size shows higher electrophoretic mobility. This was found to be
valid not only for single nanosheets but also for unexfoliated stacks of
nanosheets which appear as spikes in the electropherograms as explained
above. The spikes tend to have migration times larger than 5 min and therefore
have a higher mobility than the small nanosheets. Assuming that the charge
per mass unit of all GO nanoparticles is the same, it can be concluded the
higher the mass, the higher the negative charge carried by the GO
nanoparticle. The higher mobility of stacks of GO nanosheets could originate
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from the high charge they carry whilst their flow resistance is similar to the
ones of single GO sheets.
Important to mention is that unexfoliated GO particles form intercalation
compounds of acids, oxidation agents and water (Chapter 1 and 3).
Unexfoliated GO particles can therefore contain ions that could have a
considerable influence on the net charge of the particle, and therefore on the
mobility of the particle.
From the electropherograms, where GO3 or GO3a show very little
aggregates, we conclude that exfoliation of oxidized graphite to smaller sheets
is almost complete after sonication at 50 % amplitude for 15 h. It can also be
noted that centrifugation of sample GO3 produced a smaller broad peak and
smaller electroosmotic flow (EOF) peak (compare electropherogram for GO3
and GO3a). The EOF peak consists of particles that have zero electrophoretic
mobility, i.e. that carry no charge and are washed out with the BGE, here at
2.3 min (Figure 4.6). The decrease of the small, broad peak and the EOF peak
for sample GO3 vs GO3a is caused by the decrease in the concentration of the
sheets in GO3a due to slight extraction out of dispersion of low- or noncharged GO sheets by centrifugation.

4.3.5 AFM Analysis of CZE Fractions of GO1
During separation of GO1, four fractions were collected to relate the sizes of
the separated nanosheets to the time in the electropherogram (Figure 4.8).
Each CZE run produces only nanoliters of BGE containing separated GO1
sheets. To receive a larger amount of BGE containing separated GO1 sheets,
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the injection times were increased to 80 s at 50 mbar and 60 separations
carried out. Since CZE separation profiles do not stay exactly the same and
naturally shift a little on the timescale from run to run, fraction intervals were
set carefully to collect most of the intended fractions of the separation profile.
Based on this separation profile fluctuation and the intention to collect the
BGE and containing particles of the EOF peak (i.e. neutral particles), the
main broad peak, the two little spikes after the main broad peak, and the rest,
the fractions collection times were set to 0-3 min, 3-6 min, 6-7 min, and
7-12 min. All separation profiles were monitored to ensure no major separation
profile shift would unknowingly contaminate one of the collected fractions
(Figure 4.7). The separation profiles show that only few collected fractions
were contaminated by shifts of the separation profile during fraction collection.
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Figure 4.7 (a)
Electropherograms of the first 15 CZE runs with
collection of the fractions 0-3 min, 3-6 min, 6-7 min, and 7-12 min for
each run.
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Figure 4.7 (b) Electropherograms of the 16th to 30th CZE runs with
collection of the fractions 0-3 min, 3-6 min, 6-7 min, and 7-12 min for
each run.
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Figure 4.7 (c) Electropherograms of the 31st to 45th CZE runs with
collection of the fractions 0-3 min, 3-6 min, 6-7 min, and 7-12 min for
each run. The run ap was aborted due to maintenance on the CE
system (refilling solutions and emptying waste vials).
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Figure 4.7 (d)
Electropherograms of the last 15 CZE runs, 46th to
60th, with collection of the fractions 0-3 min, 3-6 min, 6-7 min, and 712 min for each run.
The resulting fractions were drop cast onto cleaned silicon wafer and airdried. AFM images of the dry samples showed graphene sheets were present in
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all fractions. It was interesting to see nanosheets being present in the fraction
that represented the EOF peak. These nanosheets are assumed to be the
dispersed, uncharged graphene sheets, i.e. sheets that were not oxidised
sufficiently or were ripped out of non-oxidised parts of bigger sheets during
sonication. The AFM images are less clear for images which are taken from
fractions with higher mobility. This gives rise to the assumption that there are
more functional groups on sheets with high mobility, which form salts with the
BGE when drop cast and air dried. These salts could result in burry spots on
and around the graphene sheets.
There is a large size distribution of nanosheets in all fractions. Thus the
sheets seem to be mainly separated by their zeta potential rather than by their
size. Most of the imaged material were aggregates. Since the BGE does not
induce aggregation of GO, aggregation of the GO nanosheets occurred during
drying of the AFM samples, which is a common phenomenon with GO and
CCG drop cast samples in many electrolytes and solvents. As a result single,
flat GO sheets were extremely hard to find. Due to the same reason it was
impossible to image non-exfoliated graphite oxide particles as they seemed to
be covered by aggregates.
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Figure 4.8
Electropherogram of GO1 and atomic force micrographs
of collected fractions A, B, C and D. The higher the mobility the more
blurry the graphene sheets in the AFM images are, indicating higher
amounts of functional groups on the sheets.
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4.3.6 CZE of CCG Dispersions of Various Particle Size
When reducing GO to CCG many of the acidic functional groups are
reduced and some of the original graphene crystal structure is restored
(Chapter 3). Less ionisable functional groups lead to a lower surface potential
and therefore lower zeta potential and lower mobility for CCG as compared to
GO. The CCG peaks (EOF 2.5, CCG peak 3.75 to 4.25) show a lower mobility
than the corresponding GO peaks (EOF 2.4 min, GO peak 4.5 to
5.5 min)(Figure 4.6) which confirms the loss of charge on the nanosheets when
reduced from GO to CCG (Figure 4.9).

Figure 4.9
Electropherograms of CCG with different average sheet
sizes (top to bottom: big to small). (b) is a magnification of (a). The
samples were obtained by hydrazine reduction of the GO samples from
Figure 4.6. The peak at about 4 min is created by single CCG sheets.
Spikes do not appear as all aggregates settle down and escape injection
into the CZE system. The EOF peaks vary from measurement to
measurement from tens to hundreds of mAU.
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The CCG electropherograms do not show any spikes apart from the EOF
peak (and a small peak which occurred frequently after the main broad peak,
see below). No broad peaks were observed for the CCG0 and CCG1 samples,
and only a small broad peak was observed for CCG2 compared to the larger
broad peaks for CCG3 and CCG3a which were sonicated 10 times longer. A
slightly smaller broad peak was obtained for CCG3a compared to CCG3 due to
the removal of some sheets in CCG3a that was obtained after centrifugation of
CCG3. The spike at the end of the broad signal of CCG3a might originate
from aggregation, though it appeared in 9 out of 10 electropherograms, often
with other smaller spikes at random times that are likely to originate from
random aggregations (Figure 4.10). A similar but smaller spike could also be
seen for CCG3. The spikes, as seen in the GO electropherograms, do not occur
due to precipitation of large particles during reduction which are consequently
escaping injection into the CZE system. For CCG0 and CCG1 the aggregates
can be seen in dispersion with the naked eye, and AFM images support the
finding that large GO particles tend to aggregate on reduction (Chapter 3).
The EOF peak intensities fluctuate for each CCG sample from
measurement to measurement, possibly as a consequence of random injection of
aggregates which carry low surface charge and are washed out with the EOF
(Figure 4.10). Since the EOF peak never completely disappears it can be
assumed that it also contains neutral nanosheets that were neutral already in
the precursor GO or were made neutral through the reduction process.
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It can be concluded that a sonication time of 1.5 h and more at 50 %
amplitude is necessary to create stable CCG dispersions. At the same time it
needs to be noted that the CCG dispersions here are produced without adding
base to increase the pH. Adding base during reduction avoids aggregation and
leads to stable dispersions even at sonication times of 30 min at 30 %
amplitude with only a small amount of precipitate (Chapter 3).

4.3.7 Aggregation of CCG
In addition to monitoring the exfoliation of graphite to GO sheets and
reduction of GO to CCG, CZE was used to follow the postreduction colloidal
quality of CCG over time. Figure 4.10 shows the electropherograms of CCG0
to CCG3a from around 1 h to around 18 h after reduction from GO0 to GO3a,
respectively. The reduction was carried out with hydrazine at standard 1 h at
95°C and the samples were loaded immediately afterwards into the CZE system
which means the first actual measurement after reduction could be carried out
no earlier than 30 min after reduction due to loading time and CZE initialising
procedures. CCG was reduced without adding ammonia to increase the pH.
Capillary zone electropherograms of CCG show the typical CZE profile of
CCG with a sharp EOF peak followed by a broad main peak, which is missing
for the samples with large sheet size (CCG0) and most pronounced for the
samples with small sheet size (CCG3 and CCG3a).
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Figure 4.10 CZE of CCG0 to CCG3a at various times after
reduction from GO0 to GO3a, respectively. Left column is
magnification of right column.
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The small, broad CCG peaks stay fairly constant for about 10 hours for
CCG2 and 14 h for CCG3 and CCG3a. With more time passing by the peaks
decrease and spikes occur increasingly. This indicates a decrease of colloidal
CCG in the dispersions. After about 24 h the dispersions were visibly
completely aggregated, with the samples of large sheet size aggregating faster
(CCG0, about 10h) than the ones with smaller sheets (CCG3 about
24 h - 48 h).
For all CCG samples the EOF peak was high after reduction, reached a
minimum after about 8 h and increased again. It can be assumed that at first
some GO particles (nanosheets and stacks thereof) lose their surface charge
during reduction and makes them move with the EOF before they precipitate
out and only a few are detected in the EOF. Soon after the aggregation is
strong enough to cause aggregates moving with the EOF which increases the
EOF signal again.
UV-Vis spectra show that the procedure we used to reduce GO to CCG
should leave the GO completely reduced to CCG (Chapter 3). Therefore most
likely we do not see a hydrazine reduction process in the electropherograms but
a pure aggregation process, though adding much more hydrazine would lead to
further reduction and aggregation as described earlier.

4.3.8 Surface Charge and Polarization
GO and CCG are likely to be strongly polarized in the electric field and
thereby align themselves coplanar to the electric field. The induced polarization
can be ionic for GO and CCG due to their surface conductivity (sweeping of
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the mobile ions along the surface by the electric field) 19. CCG can additionally
show induced electric polarization as CCG contains free electrons in the
conduction band.
The acidic groups on GO and CCG are assumed to be located in more or
less defined islands on the sheets which would possibly lower the ionic surface
conductivity and therefore the dipole moment as compared to fully
functionalised nanosheets 17, 20. In a similar way the functional groups that
remain after reduction of GO to CCG and topological defects in CCG limit the
conductivity of graphene. For GO this decrease is up to the point that
conductivity drops close to zero.
On top of the lattice defects, boundary effects and quantum confinement
play an important role 21. The induced electrical polarization of graphene
therefore cannot be viewed classically like macroscopic metallic objects that
show a high electron density at one side and electron depletion on the other, as
the possible states the electrons can take on in graphene are energy dependent
and therefore much more limited as compared to the classical analogy.
The overall resulting polarization of CCG would still be higher than that of
GO, and the alignment along the electric field lines would strongly affect the
flow-resistance of the nanosheets and therefore the mobility. Without an
external field, the free electrons in CCG might be able to counter balance the
electrical double layer as they are attracted towards sites on the nanosheet
with positive surface charge. This effect would result in homogeneous charge
distribution on the single CCG sheets, and lower the zeta potential by
averaging the surface charge across the nanosheet.
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Being possibly strongly polarized, graphene nanosheets could align coplanar
to the external electric field. This alignment increases the probability of
neighbouring nanosheets being parallel to each other. Parallel alignment should
increase the Van der Waals interaction between the nanosheets (dipole
interactions of the functional groups) and even more so pi-pi interactions, while
the repulsive force due to the electrical double layer can be considered largely
orientation independent. Additionally to these aggregation forces that are
promoted by coplanar alignment, there are aggregation forces caused by the
hydrophobic effect and depletion effect 19, 22. Both are supposed to be strong
aggregation forces on CCG, as CCG is hydrophobic and 2-dimensional. On the
other hand polar functional groups of GO, and in much smaller amounts on
CCG, adsorb a thin water film which might neutralise the depletion effect to
various degrees 23, 24. This orientation type of electrocoagulation is different from
common chemical or electrical coagulation where coagulation is caused by
weakening electrostatic repulsion.
The possibility of aggregation due to the coplanar alignment of the CCG
sheets in a strong electric field has been tested in a separate experiment but
was not confirmed using the current experimental design. Two needles were
inserted into an approximately 5 cm long thin glass tube (ID ∼1 mm) that was
filled with 0.05 wt% CCG dispersion (Figure 4.11 a). The needles were
electrically isolated with Teflon tape to avoid galvanic interaction with the
CCG dispersion and test only the effect of a strong electric field on the CCG
dispersion. The CCG dispersion did not visibly aggregate after 6 min of
applying a voltage difference of 20 kV on the needles which can be explained
by ions, such as ammonium, hydronium and hydroxyl ions, shielding the
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electric field and therefore minimising the effect on graphene. Only when the
needles were in direct contact with the dispersion, aggregation occurred due to
ionic movement and charge transfer. Consequently the aggregation did not only
take place directly on the surface of the anode but moved increasingly towards
the centre of the glass tube. The anionic CCG was visibly moving towards the
anode while CCG was depleted at the cathode.
The experiment was then modified by placing one needle in the centre of a
glass vial and wrapping aluminium around the vial as cylindrical counterelectrode (Figure 4.11 b). Again aggregation could not be confirmed. It could
also not be confirmed in a setup where the two needles were placed on the top
and bottom surface of two sandwiched glass slides that contained a thin film of
CCG dispersion in-between (Figure 4.11 c).
Thus in summary it can be said, if the electrodes are not in contact with
the CCG dispersion, the electric field is shielded by ions and prevent
aggregation. In this case the ions reach an equilibrium and stop moving. If the
electrodes are in contact with the CCG dispersion, ionic movement and charge
transfer sets in which causes aggregation. In this case the ions move
continuously along the electric field, in CZE setup from one electrolyte
reservoir to the other. With this setup it is therefore impossible to estimate the
isolated effect of CCG alignment along an electric field on the aggregation
behaviour of CCG.
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Figure 4.11 Photo of setup used to test aggregation of CCG due to
nanosheet alignment in a strong electric field. No aggregation and no
CCG movement could be seen (during approx. 5 min of application of
the field) if the electrodes are electrically isolated from the CCG
dispersion, due to ionic shielding. Electrodes in galvanic contact with
the CCG dispersion showed CCG movement from the cathode (-) and
aggregation of CCG at the anode (+).
The following Sections 4.3.9 - 4.3.11 are preliminary results that need
further investigation.

4.3.9 Contactless Conductivity Detection
Contactless Conductivity Detection (CCD) was performed successfully on
GO and CCG. The CCD system consists of a ring electrode that feeds an AC
signal into the capillary, and an AC detector a short distance further along the
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capillary that detects the AC response of the BGE and analyte. Since GO and
CCG might be strongly polarisable, it could react strongly to the AC signal if
the nanosheets react fast enough to the AC frequency. The settings of the CCD
detector were optimised to reach maximum signal strength and signal
resolution (Section 4.2.4). Both GO and CCG responded equally well to CCD
(Figure 4.12). Single optical absorbance spikes result in an average broad signal
in CCD, unless the spikes are very big. The CCD seemed to detect a low
concentration of single sheets better than the optical absorbance detector
which produced only a very faint, broad signal close to the absorbance
detection limit. This was visible especially for GO1 and CCG1, and GO0 and
CCG0 where not many spikes were present (not depicted).
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Figure 4.12 Capillary zone electropherograms of (a) GO1, (b) CCG1,
(c) GO3, and (d) CCG3 detected with optical absorbance spectroscopy
and contactless conductivity. The CCD signal is delayed by about 2 min
due to its different detection location on the capillary as compared to
the optical absorbance detector.

4.3.10 Fluorescence Marker
APTS (8-aminopyrene-1,3,6-trisulfonic acid) was added to CCG3 and GO3
to investigate adsorption (marking) of CCG with APTS. CCG did not show
increased fluorescence (Figure 4.13 a). Being aromatic, graphene nanosheets
show some fluorescence without addition of APTS. The signal for CCG
without APTS seems to be too high and could have been caused by crosscontamination with APTS. At high APTS concentrations GO showed
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fluorescence that is assumed to originate from adsorbed APTS (Figure 4.13 b).
Since APTS is anionic like GO and CCG, it is likely to adsorb via pi-pi
interaction onto CCG or GO. In the next Section 4.3.11 this pi-pi interaction
was utilised for separation of aromatic molecules on the stationary phase of GO
coated to the capillary walls.

Figure 4.13 Fluorescence capillary zone electrophoresis of (a) CCG
and APTS, (b) GO and APTS, and (c) pure APTS at various APTS
concentrations.
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4.3.11 Open Tubular Electrochromatography
OTEC (Open Tubular Electrochromatography) is the separation of analytes
by interaction of the analytes with a coating (here GO) on the capillary wall.
The coating of the capillary wall with GO was performed by self-assembly
which is discussed in detail in Chapter 6.
The setup of OTEC is the same as the one of CZE, apart from the coating
of the capillary walls. OTEC was performed by injecting a mixture of
naphtalene, phenanthrene, fluorene, biphenyl, and antracene in a PDDA-GO1
coated fused silica capillary under varying ratios and concentrations of MilliQ
water to acetonitrile. A low acetonitrile concentration in the BGE leads to
stronger interaction of the hydrophobic aromatic molecules with the aromatic
parts of the GO coating, while a high acetonitrile concentration washes the
aromatic molecules more easily out. Thus the expected and observed peaks for
the injected mixture of aromatic molecules are more separated for high
acetonitrile concentrations in the BGE, while low acetonitrile concentrations
result in one peak that contains all aromatic molecules (Figure 4.14). The EOF
time or position of the first peak increased with increasing water to acetonitrile
ratio. A possible explanation to this behaviour is the influence of the water to
acetonitrile ratio on pH and electrical double layer on the capillary walls which
can change the EOF in the capillary. Thus there is a plausible explanation for
the electropherograms, describing separation of aromatic molecules on the GO
coated capillary walls.
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Single injections of solutions of each type of aromatic molecule could not be
completed due to a sudden current drop in the capillary (and time constraints
that did not allow to repeat the measurements). The peaks are therefore
preliminary and tentative interpretations based on the sparse results collected
in comparison with the References 25, 26. It has to be confirmed that the GO
coating does not get washed out with acetonitrile. If this was the case it could
be covalently attached and possibly reduced at the same time by microwave
radiation and other methods (Section 1.4.4.6). Additionally it would be
interesting to see if CCG shows stronger interaction with aromatic molecules as
it is expected to consist of larger polyaromatic areas than GO. If it validated,
CCG could be an interesting material for any type of aromatic chromatography
(not only OTEC).
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Figure 4.14 Electropherograms of aromatic molecules in a background
electrolytes of 1 mM sodium borate in varying MilliQ water to
acetonitrile ratios of 50:50, 60:40, 70:30, 80:20, and 90:10. The
aromatic mix consisted of naphtalene, phenanthrene, fluorene, biphenyl,
and antracene each at 0.04 mg/mL in acetonitrile. Three peaks indicate
separation and are tentatively interpreted as 1 Biphenyl,
2 Naphthalene, and 3 Fluorene.

4.4

Conclusions

CZE allows determining the exfoliation quality of CCG and GO dispersions.
Fully exfoliated GO and CCG dispersions show a broad peak and no spikes.
Spikes are caused by unexfoliated stacks or aggregations of nanosheets.
The amount of functional groups on CCG and GO could be directly related
to the mobility of the CCG and GO nanosheets. It seems that smaller
nanosheets have a slower mobility than larger nanosheets. Unexfoliated stacks
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of nanosheets seem to have even higher mobilities. The reason could be that
small nanosheets feel a relatively higher flow resistance per mass than stacked
nanosheets, and mass is directly related to amount of charge.
AFM on particles collected at different times (i.e. mobilities) during
separation of GO, were not plenty enough to draw a final conclusion; the
collected evidence allows to propose that particles with long moblities carry
many functional groups that cause blurry AFM pictures, whilst neutral
particles with no functional groups result in crisp pictures. The amount of
functional groups is directly linked to amount of charge carried.
Though GO and CCG are expected to be highly polarisable (ionically and
electrically) macromolecules, direct effects of this polarisation such as
alignment along a strong electric field, could not be confirmed at this stage.
It can be concluded that CZE allows to determine the quality of GO and
CCG dispersions regarding state of exfoliation and amount of functionalization.
Beyond this successful characterisation of GO and CCG, an application of
graphene and CZE was found in the form of OTEC and the separation of
aromatic molecules on the GO coated capillary walls. This application is not
yet completely optimised and it can be expected that CCG and GO will
contribute further to advancements in separation and interface science.
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Strong, Conducting CCG Paper xxxix
5.1

Introduction

The production of carbon nanotubes (CNTs) in the 1990s allowed
fabrication of buckypaper of very high tensile strength and Young’s modulus 2-5.
The development of graphite oxide dispersion was reported much earlier than
the development of CNTs. The two still commonly used oxidation methods are
those described by Brodie in 1859 and Hummers and Offeman in 1957 6, 7. GO
production and dried films of GO dispersions were investigated as early as 1919
by Kohlschütter and Haenni 8. More recently Dikin et al showed the very high
tensile strength of GO paper produced by vacuum-filtration – higher than that
attainable with CNT buckypaper 9. The reduction of GO to conducting reduced
graphene oxide made graphene paper a possible alternative to CNT
buckypaper 10, 11. However, before the development of pure CCG dispersions as
presented in Chapter 3, the GO paper had to be reduced after filtration to
obtain conducting graphene paper. The other option was filtration of reduced
GO that was stabilised by surfactants or polymers to stay in dispersion. This
usually results in residual surfactant in the final paper 12, 13.

xxxix

Parts of this Chapter have been published in 1.
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For more than 30 years graphite foil has been produced from intercalated
and thermally expanded graphite (Chapter 1), followed by calendaring or
moulding into graphite foil 14, 15. While this graphite foil has a very low gas
permeability and is therefore used as seal for gas pipes, expandable graphite
does not exfoliate completely into graphene and as a result the tensile strength
and Young’s modulus of graphite foil are much lower than that of GO paper 9.
In this Chapter CCG paper is compared to GO paper reduced after formation,
as well as graphite foil.

5.2

Methods

1.1.1 CCG Paper Production
Graphene paper was produced by vacuum filtration of CCG dispersions.
CCG was synthesized as described in Chapter 3. In short, graphite powder was
oxidised to graphite oxide using a modified Hummers method. Subsequently it
was washed by filtration and purified by dialysis. Exfoliation was conducted by
sonication at 30 % amplitude for 30 min (Branson Digital Sonifier, S450D,
500W). The resulting GO dispersion was diluted to 0.25 mg/mL and the pH
was increased to 10 (measured with a TPS 900-P pH-Meter at room
temperature) by adding ammonia. GO was reduced to CCG with hydrazine at
approximately 95°C for 1 h. Adding mineral oil to cover the surface of GO
during reduction avoids water evaporation that can cause a thin graphene film
on the liquid-air interface.

Page | 209

Chapter 5
Strong, Conducting CCG Paper
The resulting CCG dispersion was cooled to room temperature and
subjected to vacuum filtration through an Anodisc membrane filter from
Whatman, with 47 mm in diameter and 0.2 µm pore size (Figure 5.1). The
filter and filter support base was wet with MilliQ water when mounted onto
the system. The volumetric funnel was filled with CCG dispersion and covered
for dust protection. After filtration the filtration membrane was removed with
the CCG (or GO) paper attached to it. It was then air dried and peeled from
filter. Unless otherwise stated, the graphene paper thickness was 6 µm which
was obtained by filtering 25 mL of 0.25 mg/mL of CCG dispersion.
The CCG paper was thermally annealed in air at temperatures ≤ 220°C and
argon > 220°C for 1 h. Tensile strength, Young’s modulus, XRD, and were
measured at room temperature. Conductivity was measured at room
temperature and also as a function of temperature (see below Section 5.2.1).
For comparison some of the GO dispersion was used to produce GO paper
under the same conditions as the CCG paper.
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Figure 5.1
GO paper.

Vacuum filtration system as used to produce CCG and

5.2.1 Characterisation
All

measurements

apart

from

temperature

controlled

resistivity

measurements and thermogravimetric analysis were performed at room
temperature.
Thermogravimetric analysis was performed under air or nitrogen gas at a
flow rate of 40 mL min-1 at a temperature of 30-800°C, increasing linearly at
5°C min-1 (TGA Q500, TA Instruments). XRD measurements were conducted
on

a

GBC

Scientific

X-ray

diffractometer

(40 kV,

20 mA,

Cu Kα

radiation, λ = 1.5418 Å). Static uniaxial in-plane tensile strength tests were
carried out with a dynamic mechanical analyser (DMA Q800, TA Instruments)
using a film tension clamp with a clamp compliance of approximately
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0.2 µm/N. The measurement was performed on rectangular CCG paper strips,
cut with a razor to a size of approx 3 mm x 15 mm. The measurement was
conducted in controlled strain rate mode with a preload of 0.01 N and strain
ramp rate of 0.05 % min-1. The Young’s modulus was determined by fitting the
stress-strain plot in the “elastic” regime with a straight line. All presented
results are the average of six measurements. Room temperature sheet resistance
was measured with a Jandel RM3 Conductivity Meter using a linear 4-point
probe with 0.65 mm distance. SEM images were taken with a Hitachi S-900
field-emission scanning electron microscope operated at an accelerating voltage
of 4 kV.
Temperature controlled resistivity measurements have been conducted
utilising a standard four probe technique in a Quantum Design 14T Physical
Property Measurement System (Quantum Design PPMS). A 1.25 mm wide
strip was cut out of 0.43 µm thick CCG paper with a razor blade. The sample
was attached to the resistivity puck with double sided sticky tape and the
contacts were made by applying high grade silver paste and 25 µm
(micrometer) copper wires. The resulting inner distance of the contacts was
0.75 mm. After insertion of the resistivity puck into the PPMS chamber, it was
purged with He gas and evacuated to a pressure of around 10 Torr. The
resistivity versus temperature scans were performed by sweeping temperature
at a rate of 3 K/min from 350 K to 5 K and under 0 T applied magnetic field.
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5.3

Results and Discussion

5.3.1 CCG Paper
The freestanding CCG paper produced by vacuum-filtration shows a
lustrous surface as typical for conducting graphite material (Figure 5.2). SEM
images show a very smooth surface of the CCG paper (Figure 5.3). Crosssections of the CCG paper show a layered structure coplanar to the paper
(Figure 5.4). The thickness of the CCG paper can be controlled by controlling
the concentration of the CCG during filtration and the volume filtered. The
lower thickness limit lies at tens of nanometers and is determined by the
technical feasibility of peeling off a free-standing film from the filter membrane.
Very thin films can be separated from the filter membrane by dissolving the
filter membrane in appropriate solvents. The extinction coefficient across the
UV-visible spectrum is low enough to make thin CCG paper transparent (more
in Chapter 6). The upper limit of CCG paper thickness lies at tens of
micrometers and is determined by a decrease of water permeability with
thickness.
CCG paper shows a similar structure to GO paper when produced by the
same filtration method 9. Unlike GO paper, CCG paper cannot be redispersed
in water which can be a substantial benefit when used in a range of
applications. Another advantage of CCG paper over GO paper is the higher
electrical conductivity.
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Figure 5.2
Photograph of the front and back surface two CCG papers
produced by vacuum-filtration.

Figure 5.3
SEM images of the surface of a CCG paper dried at 90°C
in air for 1 h. The pattern of darker areas on the left are likely to be
caused by different conducting regimes which strongly influence the
SEM image. The many white spots on the right image occur on all
samples and are supposed to originate from the filter membrane.
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Figure 5.4
SEM images of the cross-section of an approximately
6 µm thick CCG paper sample at two different magnifications.

5.3.2 Temperature Dependent Conductivity of CCG
Paper and Charge Transport Models
A 430 nm thick CCG paper was subjected to a temperature dependent
conductivity measurement. While pristine graphite or graphene has a welldefined band structure, bulk deposition of graphene wherein sheets are
overlapping such as in CCG paper is more complex. Additionally CCG
contains many defects which adds further complexity to the electron transport
model. The commonly used electron transport models to describe conductivity
can be tested by measuring the temperature-resistance curve of CCG paper
and comparing the data to the electron transport models, namely Variable
Range Hopping of two and three dimensions, Granulate Metal, Degenerate
Semiconductor, and Nearest Neighbour Hopping.
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Conductivity can be derived from the Fermi-Dirac distribution of electrons
over the valence and conductance band, which can be approximated for large
number of electrons by the Maxwell-Boltzmann distribution
𝐸𝑖
𝑁𝑖
= 𝑒 −𝑘𝑇
𝑁

Equation (5.1)

where (𝑁𝑖 ) is the number of particles in the state (𝑖), (𝐸𝑖 ) is the energy of

state (𝑖), and (𝑁) is the total number of particles distributed over all states.
Applying the energy states in the valence and conductance band of a material,
and assuming that the more electrons reach the energetically higher
conductance band, the higher the conductivity, it can be derived that the
conductivity behaves as
𝐸𝑎

𝜎 = 𝜎𝑎 𝑒 −𝑘𝑇

Equation (5.2)

with (𝐸𝑎 ) the thermal activation energy and (𝜎𝑎 ) a parameter depending on

the nature of the material. This equation is similar to the variable range
hopping (VRH) equation

𝜎=

𝑇 𝛽
−� 0 �
𝜎0 𝑒 𝑇

Equation (5.3)

with 𝛽 = 1/(𝑑 + 1) and (𝑑) being the dimensionality (e.g. 𝑑 = 3 for a 3

dimensional particle, unlike a single graphene sheet which is 2-dimensional) 16.

VRH describes the conductivity vs temperature behavior of materials with
strongly localized states, e.g. small conducting islands in CCG amongst nonconducting islands. The same equation describes the granulate metal regime by
1

using 𝛽 = 2. The degenerate semiconductor is a semiconductor that is highly
3

doped and therefore close to a metallic conductor and is described by 𝛽 = 2,
Page | 216

Chapter 5
Strong, Conducting CCG Paper
and the Nearest Neighbour Hopping describes electron transport of each
potential (atom) in the lattice which is adjusted by a corrective potential to
describe the whole crystal (ordered repetition of atoms) 17. It therefore does not
account for defects of the crystal (neither morphological nor by functional
groups). Its power value is 𝛽 = 1.

The conductivity was found to decrease by a factor of almost 1000 when

cooled from 350.0 K to 4.8 K. At room temperature of 293.9 K the
conductivity was measured to be 4270 S/m. The most likely charge transport
mechanism was found to be VRH. Figure 5.5 shows the measured data points
represented in five different charge transport models together with linear fits
which represent the corresponding theoretical curves. The VRH for two
dimensions (2D) seems to be the most accurate model for low temperatures,
while VRH for three dimensions (3D) seems to be more precise for the higher
temperatures. Regarding the CCG paper thickness of 430 nm, both 2D and 3D
charge transport have to be considered and the ideal model for this CCG paper
sample would be a combination of VRH 2D and VRH 3D. For single hydrazine
reduced GO sheets, the VRH 2D has been found most accurate in a study
published by Gómez-Navarro et al 18. According to their study the GO and
CCG sheets contain islands of functional groups (non-conducting) and islands
of conducting aromatic areas. The charge transport characteristics are therefore
determined by the electrons passing through these low conducting areas. In the
case of CCG paper the same principle applies but the charge can also move
three-dimensional across the graphene sheets.
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Figure 5.5
Resistivity vs temperature measurement on a 430 nm
thick CCG paper for various electron transport models (a) Variable
Range Hopping (VRH) in two dimensions (2D), (b) VRH 3D
(c) Magnification of the high temperature area of VRH 2D,
(d) Magnification of the high temperature area of VRH 3D,
(e) Granulated Metal (GM), (f) Degenerate Semiconductor (DS),
(g) Nearest Neighbour Hopping (NNH). The measurement data is fitted
onto the linear model curves.
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5.3.3 Thermogravimetric Analysis of GO and CCG Paper
At temperatures below approximately 60°C, decreasing the temperature
decreases conductivity, increasing the temperature increases conductivity. At
temperatures above 60°C, conductivity is also influenced by thermally induced
chemical reactions of the CCG paper which include loss of adsorbed water,
deoxygenation, transformation of functional groups and creation of topological
defects 19, 20. Thermogravimetric analysis of CCG paper showed little loss of
mass across temperatures up to 800°C in argon atmosphere (Figure 5.6). In air,
CCG paper started to burn at about 500°C. GO paper contains more adsorbed
water than CCG paper, due to its very hydrophilic nature and the possibility
of H2O to intercalate graphite oxide. The mass loss below 200°C is therefore
likely to be caused by loss of water. At about 200°C desorption of hydroxyl
functional groups released in the form of H2O is proposed 19, 21 which resulted in
a mass loss of approximately 15 % of the GO paper. GO paper started to
decompose at about 450°C in air, at a little lower temperatures than CCG
paper.
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Figure 5.6

TGA of CCG and GO paper in argon and air.

5.3.4 Conductivity of Thermally Annealed GO and CCG
Paper
Conductivity measurements were performed at room temperature after
thermally annealing CCG paper at various temperatures (Figure 5.7). The
conductivity showed an almost linear relationship with annealing temperature.
The conductivity of CCG paper annealed at 500°C in argon was 351 S/cm and
therefore approximately 10 times higher than the conductivity of untreated
CCG paper. Though thermal reduction of CCG paper in argon leads to an
increase in conductivity, recent molecular dynamics simulations showed that it
does lead to minimal restoration of sp2 bonds but results in substantial defect
formation in the graphene sheet 19. If annealed under hydrogen atmosphere, a
greater degree of sp2 bond formation is predicted while creation of topological
defects is suppressed.
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Figure 5.7
Electrical conductivity of CCG and GO papers that have
been thermally annealed at various temperatures. For low annealing
temperatures GO was below the detection limit and could not be
determined.

Thermal annealing of GO paper led to a much lower conductivity than
equally treated CCG paper (Figure 5.7). Annealing GO paper at 500°C in
argon resulted in a conductivity of 59 S/cm as compared to 351 S/cm for CCG
paper. The CCG conductivities are higher due to it being the chemically
(hydrazine) reduced form of GO.

5.3.5 Morphology of Thermally Annealed GO and CCG
Paper
Another reason why annealed GO paper is much less conducting than CCG
paper can be found in the morphology of the papers (Figure 5.8). Treatment at
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220°C in air for 1 h leaves the surface of CCG paper smooth while the one of
GO paper becomes rough (Figure 5.9). Treating at 500°C in argon further
increases the disruption of ordered micro-layers in GO paper while CCG paper
shows largely intact, layered microstructure (Figure 5.10). The thermal
reduction of GO paper is likely to release enough gas (adsorbed H2O and gas
from reduction) to destroy the microstructure and therefore pathways for
electrical conductivity, in the same way that intercalated graphite can be
thermally treated to created expanded graphite 10. A slower temperature
increase of 1°C/min instead of 5°C/min has been reported to result in less
rapid expansion of the GO paper 9. This more gentle reduction of GO paper
could prevent extensive damage to the microstructure and result in higher
conductivities and mechanical strength than found for the here presented GO
paper.

Figure 5.8
Photograph and SEM image of GO paper after thermal
annealing at 220°C in air for 1 h.
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The importance of overlapping and interlocking graphene sheets for high
conductivity is supported by the fact that compressed graphite powder shows a
10-times lower conductivity than CCG paper annealed at 500°C 10. The
graphite powder particles are likely to show little pi-stacking of graphene sheets
between powder particles whilst CCG paper is largely one whole aggregate of
chiefly pi-stacked graphene sheets which consequently supports many low
resistive pathways for electron transport across the whole CCG paper.
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Figure 5.9
SEM images of (a) the front and (b) back surface of CCG
paper and (c, d) GO paper thermally anealed at 220°C in air for 1 h.
The CCG paper surface is smoother after thermal treatment. The back
surface shows morphological artefacts originating from the membrane
filter which are very strong for the thermally reduced GO paper.
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Figure 5.10 SEM images of cross-sections of (a) CCG and (c) GO
paper, and higher magnifications thereof (b) and (d), after thermal
annealing at 500°C in argon atmosphere for 1 h.

5.3.6 Structure and Interlayer Spacing
The nano-structure of CCG and GO paper was further investigated using
XRD. Oxidation of graphite and intercalation with water molecules is mainly
non-stochiometric and unordered which makes the definition of a crystal unit
cell of the oxidized graphite and the corresponding term 002 for neighbouring
graphene planes technically incorrect. In that sense only averaged interlayer
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spacing can be determined for the higher oxidised and water intercalated CCG
and GO papers. Consequently, the XRD signal resulted in a broad peak with
low intensity (Figure 5.11 a). With increasing annealing temperature the XRD
signal became sharper and moved towards that observed for pristine graphite.
The average interlayer spacing moved thereby from initial 0.387 nm for
untreated CCG paper to 0.341 nm for CCG paper annealed at 500°C. The
XRD results in combination with the TGA results that show a weight
percentage loss of 15-20 % for CCG at 500°C, are an indication that annealing
at high temperatures causes the loss of functional groups which decreases
interlayer spacing and promotes tighter pi-stacking 19.
GO paper shows a similar behavior. The XRD peak at 9.29° has been
observed by other researchers and corresponds to an average interlayer distance
of 0.955 nm which is likely to be caused by intercalation of water 22, 23.
Treatment of GO paper at 230°C and 500°C leads to typical d(002) XRD
signals which in both cases is lower in signal strength and larger in d(002)
spacing than the CCG counterparts (0.348 nm vs 0.352 nm, and 0.341 nm vs
0.348 nm, respectively).
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Figure 5.11 XRD on (a) CCG and (b) GO paper which had been
treated at various temperatures. Graphite is included in (a) for
comparison.

5.3.7 Mechanical Testing
The increased brittleness of CCG paper with increased annealing
temperature was confirmed in mechanical stress-strain tests. While untreated
CCG paper showed plastic deformation before fracturing, CCG paper treated
at 100°C and above fractured in the elastic region and did not show any plastic
deformation (Figure 5.12 a).
The tensile strength of CCG paper at room-temperature was found to be
150.2 MPa which is slightly higher than the reported tensile strength of GO
paper at room-temperature (approximately 125 MPa) 9. It is also higher than
the tensile strength of carbon nanotube bucky paper and flexible graphite
paper 9, 14, 15. It is much lower than the theoretical value of 1.01 TPa tensile
strength of single graphene sheets, due to the less strong sheet interaction such
as pi-stacking in the CCG paper 21. Additionally CCG nanosheets are supposed
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to have many crystal defects which are likely to reduce tensile strength
considerably.
The tensile strength increased with annealing temperature, reaching in
average a maximum of 293.3 MPa at 220°C, and decreased at higher
temperatures again to to 97.6 MPa at 400°C and 11.8 MPa at 500°C (Figure
5.12 b). Analogously the Young’s modulus of CCG paper reaches in average a
maximum of 41.8 GPa at an annealing temperature of 220°C. GO paper on the
other hand showed a much lower tensile strength and Young’s modulus at
annealing temperatures of 220°C and above, when thermally induced reduction
processes set in. The decrease of mechanical strength is in agreement with the
destruction of microstructure as observed in the SEM images (Figure 5.8 to
5.10).
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Figure 5.12 (a) Typical stress-strain curves of CCG paper strips after
treatment at various temperatures in air. (b) Tensile strength and (c)
Young's modulus of CCG and GO paper. The data shown are averages
of six measurements. The mechanical properties of GO paper were
measured only as guideline, as a comprehensive study of the mechanical
properties of GO paper has been published by Dikin et al 9.

5.4

Conclusion

Vacuum-filtration of CCG dispersions produces CCG paper that is
electrically conducting. It also shows high tensile strength as well as a high
Young’s Modulus, similar to GO paper and bucky paper.
Annealing at 220°C showed the highest tensile strength of 293.3 MPa and
highest Young’s modulus of 41.8 GPa. To the author’s knowledge, this value is
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the highest reported for carbon based foil or paper. Conductivity increased
almost linearly with annealing temperature and was highest at 500°C with
351 S/cm. Conductivity and mechanical properties seem to be determined by
the microstructure (micro-layered structure) and nanostructure (e.g. pistacking) of the carbon paper.
Thermal annealing leads to a range of chemical reactions of the functional
groups on CCG and GO nanosheets 19, 20. Since CCG is has been already
reduced from GO by hydrazine reduction, it contains less functional groups.
Thermal annealing of CCG paper seems therefore to be a more gentle reaction
process than annealing of GO paper. As a result, the microstructure of GO
paper becomes more destroyed than the one of CCG paper at same
temperature which is visible in SEM images. This leads to a decreasing
mechanical strength of both CCG and GO paper at high temperatures.
A beneficial effect on mechanical strength and conductivity comes from the
nanostructure as seen in XRD measurements. Stacking of graphene sheets
improves and interlayer-spacing decreases with annealing temperature. While
this effect leads to a conductivity increase up to 500°C, it does not support
high mechanical strength above 220°C for CCG paper, most likely due to the
destruction of its microstructure.
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6.1

Introduction

6.1.1 Other Published Work related to Self-Assembly of
CCG
The most common transparent coating used as an electrode material is
indium tin oxide (ITO) 1. Due to the scarce occurrence of economically viable
indium on earth research into other metal oxides and non-metallic coatings to
form transparent electrodes has intensified 1-5. These non-metallic electrodes
include coatings consisting of PEDOT-PSS 4, carbon nanotubes 2, 3, and
graphene 2, 6. Apart from lower material costs, these coatings allow the creation
of flexible electrodes unlike ITO coatings which are brittle and break when
flexed 7, 8.
In some applications low conductivity of MOhms and kOhms and high
functionality is the key to successful application. These applications mostly
involve biological systems that naturally work with low current densities as in
muscles and neuronal networks. At the same time these biological systems need
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high functionality, such as optimised physical and chemical composition of the
surface to allow nerve or muscles cells to adhere to and grow on them. Implants
for electrically stimulated drug release or electrodes for stimulation of nerve
and muscle cells rely on these surface properties.
Graphene films can be produced by chemical vapour deposition (CVD),
vacuum filtration, or as Langmuir-Blodgett films and then transferred onto a
target substrate. Alternatively coatings can be created directly on the target
substrate by spin coating, or spray coating (Chapter 1) 9. The method
presented here is based on self-assembly which allows to design highly
functional coatings that exhibit suitable conductivities for biomedical
applications.
Self-assembly is a chemical process that commonly occurs in biological
systems to organize molecules 10. The success of this phenomenon in nature
may be attributed to the low activation energies required to create complex
and well-ordered structures such as DNA and cell membranes.
Self-assembly of GO has been investigated 11, 12. GO however is nonconducting and therefore not suitable for use as an electrode. Post-reduction of
GO to CCG after self-assembly has been reported 2. A limitation of this
approach is that the substrate and polymers used for self-assembly have to
cope with the chemical (such as hydrazine vapour) or thermal (500 to 1000°C)
reduction conditions.
Self-assembly is not only suitable for coating large flat surfaces, but it is
also applicable to formation of three-dimensional structures. One example is
the coating of a capillary with GO or CCG for electrochromatography
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(Section 4.3.11). Another example is the coating of polystyrene or silica
microspheres followed by optional dissolution of the microsphere with toluene
or hydrofluoric acid, respectively. Vickery et al. used self-assembly on
polystyrene spheres to create a film of hollow graphene-PSS microspheres 13.
The graphene was hydrazine reduced GO (i.e. CCG) and stabilized in a PSS
solution. Self-assembly from pure CCG solutions without stabilizer, as
described in this Chapter, avoids the need of a stabilizing polymer. Most of the
functional, self-assembled coatings investigated for drug release systems are
based on polymers which are more or less one-dimensional 14-16, and almost all
of the reported macroscale graphene electrodes were produced by methods
other than self-assembly as described above in this Section.

6.1.2 Chapter Overview
In this Chapter polyanionic CCG and on occasions its precursor GO were
self-assembled as thin films onto various substrates with various cationic
polymers. The term polymer in this Chapter always refers to polyelectrolytes,
i.e. polyanions or polycations.
An overview of the substrates and coating materials is given in Figure 6.1.
Substrates were investigated in so far as they were chosen in suitability for
each measurement (e.g. gold on quartz crystals for quartz crystal microbalance
measurements (QCM), quartz glass for UV-visible absorbance measurements,
and silicon wafer for atomic force microscopy (AFM)). After choosing the
substrate to be coated, a base layer has to be deposited to make self-assembly
of the following layers possible.
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Figure 6.1

Designing Layer-by-Layer Self-Assembly.

Many covalent and non-covalent substrate functionalisations are possible to
create a base layer that causes an electric double layer when immersed in
electrolyte and therefore allows electrostatic self-assembly with cationic
polymers and anionic CCG. Examples of such functionalisations are thiols on
gold 17-20,

aminosilanes,

such

as

3-aminopropyltriethoxysilane

(APTES),

alkylsilanes and other silicon reactives on glass, quartz and silicon wafer 21-24,
and

sticky

polymers

such

as

polyethyleneimine

(PEI),

poly(diallyldimethylammonium chloride) (PDDA), poly-L-lysine (PLL), or
chitosan (CHIT) on graphite, mica, silica, and plastics 25-28 (Figure 6.2). Each
following layer does possess more charge than necessary to neutralize the layer
below, i.e. each layer causes charge overcompensation and therefore allows
assembly of the next layer (Chapter 1).
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Figure 6.2
Chemical structures of the polycationic polymers used in
this study: polyethyleneimine (PEI), poly(diallyldimethylammonium
chloride) (PDDA), poly-L-lysine hydrobromide (PLL), and chitosan
(CHIT). Adapted from 29.
CCG can self-assemble not only by electrostatic attraction but also via
formation of hydrogen-bonds and pi-pi stacking as described in Chapter 1.
While these forces are likely to contribute considerably to CCG film stability,
the main focus of this Chapter is on electrostatic self-assembly of cationic
polymers with anionic CCG.
The substrate and the base layer have a strong influence on the adsorption
and properties of the following layer. The base layer and the layer on top of it
are denoted the base bilayer in this study. Often not only the base bilayer is
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influenced by the substrate but several bilayers on top of it, and only after
many bilayers this influence becomes negligible (Chapter 1) 30. Once the
substrate of base layer influence has vanished, a bilayer is only influenced by its
cationic and anionic layer components. Finally the top most bilayers of a multibilayer film are influenced by the assembly environment. As such the top layer
can become partly removed or reordered when another layer is adsorbed, and
therefore

be

different

from

mid-layers

(Chapter 1,

in

particular

Section 1.4.2.9) 30, 31. Polymer-CCG top layers are regarded not to be affected
by this process of reordering or dissolving, as will be discussed in
(Section 6.2.8), and polymer-CCG top layers are therefore included in the term
mid-bilayer. In this study every (bi)layer apart from the base (bi)layer is
denoted a mid-(bi)layer.
The structure of this Chapter follows the structure of a layer-by-layer selfassembled film: First the base bilayer creation was investigated for suitability
to self-assemble with CCG. This study determined adsorption of cationic
polymers (PEI, PDDA, PLL, CHIT), APTES and CCG using AFM, QCM and
UV-Vis spectroscopy. Then the mid-bilayers were studied regarding influence of
pKa, pH and ionic strength of the polymer solution on subsequent adsorption
of CCG.
Finally polymer-CCG multilayer films as a whole were investigated
regarding surface structure, film thickness and maximum number of adsorbable
bilayers. The multilayer films were also subjected to contact angle
measurements since applications such as protective coatings or functional
coatings (e.g. implantable electrodes) demand certain hydrophobic or
hydrophilic

properties.

Air-humidity

was

varied

during

contact

angle
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measurement since it is known that self-assembled polymer films can contain
considerable amount of water.
The conductivity of multilayer polymer-CCG films combined with
absorbance measurements were used to calculate the transparency-conductivity
relation. This relationship is often seen as the most important motivation in
graphene research when striving for flexible, transparent electrodes.
Conductivity of graphene is strongly related to its crystal structure and
crystal defects. Raman spectroscopy was used to gain insight into the crystal
structure of self-assembled polymer-CCG films by interrogating the vibrational
band structure of CCG. In applications such supercapacitors, solar cells, and
possibly bionic implants, not only electron transfer within the graphene sheet is
important but also from the graphene sheet into the electrolyte. These
electrochemical properties of self-assembled CCG were investigated through
cyclic voltammetry in phosphate buffered saline solutions in the presence and
absence of the redox couple potassium ferri-/ferrocyanide.
Prior to utilisation of self-assembled CCG coatings within implants in the
human body, a biocompatibility evaluation is necessary. A complete
biocompatibility assessment is beyond this thesis, and the assessment
conducted in this work was therefore focussed only on the in vitro
cytocompatibility with several cell lines.
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6.2

Materials and Methods

6.2.1 Chemicals and Reagents
GO was synthesized from graphite (Bay Carbon, SP-1, with a nominal
particle size of 30 μm) and reduced with hydrazine (35 wt % solution in water,
Sigma-Aldrich) to CCG (Section 6.2.2). Ammonium hydroxide, (A.C.S.
reagent, NH3 content 28.0 to 30.0 %, Sigma-Aldrich); Polyethylenimine (PEI –
typical MW 25,000, Aldrich); Poly(diallyldimethylammonium chloride) (PDDA
– 20 wt % solution in water, typical MW 100,000-200,000, Aldrich); Poly-Llysine hydrobromide (PLL – Sigma); Chitosan (CHIT – high MW, Aldrich);
Acetic Acid (>99.7 %, Univar); NaCl, (Univar); Ethanol (>98 %, Univar);
Methanol (Univar); MilliQ water (18.2 MΩ cm); Sulphuric Acid (>98 %,
Univar, Ajax); Hydrogen Peroxide (30 % in water, Chem-Supply); Toluene
(anhydrous, 99.8 %, Sigma-Aldrich); 3-Aminopropyltriethoxysilane (APTES –
98 %, Aldrich); 11-Mercaptoundecanoic acid (MUA – Aldrich); Phosphate
Buffered Saline (PBS – 0.2 M, pH 7.4); Potassium Ferricyanide (50 mM in
PBS).

6.2.2 Preparation of GO and CCG Dispersions
GO was produced via Hummers’ and Offeman’s method as described in
Sections 2.1.2 and 3.2.2. CCG was formed by reduction of GO using hydrazine
under the following conditions (Section 3.3.2): 0.01 wt% GO is reduced in 0.007
wt % hydrazine, 0.011 wt % ammonia for 1 h at 95°C. It is then diluted to the
necessary concentration by adding MilliQ water. 0.05 wt% CCG was produced
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by increasing the above mentioned precursor concentrations of GO, hydrazine,
and ammonia accordingly by a factor of five following the same reduction
procedure. The production of CCG always followed this standard procedure
unless otherwise stated (Section 3.3.2.3.2.3). Various sonication times were used
to change the average CCG sheet size from its standard sheet size
(Section 3.3.2.4.1), as mentioned in the text.

6.2.3 Preparation of Polymer Solutions - Chitosan
0.1 wt% chitosan (high molecular weight) was dissolved in 1 wt% acetic
acid and 0.5 M sodium chloride solution. For the AFM sample of CCG selfassembled onto chitosan coated silicon wafer, 0.05 wt% chitosan (medium
molecular weight) was dissolved in 0.05 wt% acetic acid. All other polymer
solutions were mixed as indicated in the text.

6.2.4 Preparation of Substrates
“Clean” silicon wafer, glass or quartz slides in this Chapter mean samples
cleaned as follows, unless stated otherwise. All samples were cleaned
immediately before being used.
Quartz and glass slides were mechanically cleaned with detergent and water
(latex gloves and rubbed between fingers), then rinsed with ethanol and blow
dried under a stream of nitrogen gas. They were then cleaned in 3:1 sulphuric
acid (98 %) : hydrogen peroxide (30 %) piranha solution at 60°C for 1 h. They
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were subsequently subjected to intense UV-radiation for at least 10 min, or
alternatively treated in a plasma cleaner (Harrick Plasma Cleaner PDC 32G-2
with Plasmaflo PDC-FMG) for 2 min.
Silicon wafer (ShinEtsu, N-typ, AX00300) was never reused, and therefore
cleaned only with UV-radiation for 10 min or plasma cleaner for 2 min (unless
stated otherwise). QCM gold coated crystals were cleaned twice in piranha
solution at ambient temperature for 3 min.

6.2.5 Self-Assembly Process

Figure 6.3

Schematic of the Self-Assembly Process.

Self-assembly was carried out using the following process, unless otherwise
stated:
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The samples were cleaned as described in Section 6.2.4 and immersed into a
cationic polymer for 12 h to create a fully covering first layer (base layer) of
cationic polymer. It is important for the base layer to fully cover the substrate
surface, to create a smooth film (< 1 nm root mean square (rms) surface
roughness, see Section 6.3.3.2). Furthermore a fully covering base layer ensures
subsequent coherent and fully covering CCG films. The subsequent immersion
times into the anionic CCG dispersion and cationic polymer solutions were 40
min unless otherwise stated. Between changing from one liquid to the other,
the samples were thoroughly rinsed with a MilliQ water stream to remove
excess non-adhered material. For samples treated in the automatic dip coating
device, they were spray rinsed with approximately the same MilliQ pressure
and time equivalent as when rinsed manually.

6.2.6 Automatic Dip Coater
The automatic dip coater was designed to hold up to 10 quartz samples and
automatically dip them into up to 12 different solutions, while spray-rinsing
them in-between each immersion with MilliQ water (Figure 6.4). The core
system was built by KSV (Espoo, Finland) and setup by Scientific Solutions
(Caloundra BC, QLD, Australia). Extensive post-setup error solution and
modifications were carried out.
Four MilliQ water containers are connected via tubes to allow a total of
480 litres of MilliQ water to be used for rinsing. Valves are attached to each
container so they can be separated and refilled while the dip coater is active.
The water pump moves 12 liters/min which makes a large MilliQ reservoir
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necessary to ensure run-time overnight. The MilliQ water is pumped from floor
level to above table level and sprays through four nozzles onto both sides of the
samples. The nozzles, flow rate, and water pressure were adjusted to equal
manual rinsing, ensuring consistent and high-quality coatings.
The water pump is activated by an optical sensor when the samples holder
is moved above the wash station. The wash station is elevated above table level
to allow for gravity fed disposal of the waste water through a tube into a sink.
The dipping procedure is computer controlled. For dust protection and
humidity control, the dip coater is enclosed in a Poly(methyl methacrylate)
(Perspex) cabinet. During operation with CCG solutions the cabinet is closed
and a water vaporiser keeps the relative air humidity close to 100 % to prevent
the formation of a thin CCG film on the CCG dispersion surface due to
evaporation of water.

Page | 245

Chapter 6
Thin, Transparent, Conducting Coatings of Self-Assembled CCG

Figure 6.4 (a)
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Figure 6.4 (b)

Photo of Automatic Dip Coater Setup.

6.2.7 Base Layer and Base Bilayer
6.2.7.1

Functionalisation of the Substrate

Base layers of APTES, PEI, PDDA, and CHIT were examined to determine
if they were suitable for self-assembly with CCG. After exposure to CCG they
were subjected to atomic force microscopy (AFM) to see if the base bilayers
PEI-CCG, APTES-CCG, PDDA-CCG, and CHIT-CCG had been formed.
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Silicon

wafer

was

selected

as

suitable

substrate

for

AFM.

Aminotriethoxysilane (APTES) was chosen to create a covalently attached base
layer while PEI, PDDA, and CHIT were chosen as examples of non-covalently
attached base layers. PLL was not used in this experiment as it is a fairly
expensive polymer.
Glass and silicon wafer substrates were immersed into 3:1 sulphuric acid
(>98 %) : hydrogen peroxide (30 %) for 1 h at 50°C. The samples were then
immersed into 2 % aminotriethoxysilane (APTES) in dry toluene for 1 hour to
attach amine groups to the surface, followed by rinsing with pure toluene, then
methanol, then MilliQ water. After drying under a strong nitrogen stream,
they were immersed into 0.005 wt% CCG dispersion for 40 min.
The PEI-CCG AFM sample was prepared by placing a clean piece of silicon
wafer into 0.05 wt% PEI for 12 h, rinsing it with MilliQ water and immersing
it into 0.005 wt% CCG for 40 min, rinsing it again with MilliQ water and
drying it under a strong stream of nitrogen.
The PDDA-CCG sample for AFM characterisation was prepared by placing
a clean piece of silicon wafer into 0.05 wt% PDDA for 12 h, rinsing it with
MilliQ water and immersing it into 0.005 wt% CCG for 40 min, rinsing it again
with MilliQ water and drying it under a strong stream of nitrogen.
The AFM sample of CCG self-assembled onto chitosan coated silicon wafer
was prepared by dissolving 0.05 wt% chitosan (medium molecular weight) in
0.05 wt% acetic acid. A clean piece of silicon wafer was placed for 12 h into the
CHIT solution, rinsed with MilliQ water and placed into 0.005 wt% CCG for
40 min, followed by drying under a strong nitrogen stream.
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Images of the samples were then taken using an Asylum MFP 3D AFM
with Igor Pro 6.04 Software for analysis of the images. Images were taken in
AC mode at low scanning rates of 0.2 to 2 Hz at resolutions up to 1024x1024
points. The cantilevers were NSC15/AIBS from MikroMash, which were set at
a target amplitude of 2.00 V and set point of 800 mV on the Asylum system.

6.2.7.2

Monitoring Surface Coverage of PEI-CCG using AFM

The adsorption of CCG on the PEI base layer was investigated further by
terminating the self-assembly process of CCG after varying times (5, 12, 20,
and 40 min), and subjecting the resulting films to AFM. These AFM images
show snap shots of the self-assembly process at 5, 12, 20, and 40 min after the
start of CCG self-assembly. In addition to standard size CCG, CCG with a
larger average sheet size was used to investigate a possible correlation of
average sheet size and adsorption dynamics.
Large-sized CCG was produced from GO by sonication at 10 % amplitude
for 30 min, as compared to standard CCG which was produced from standard
GO by sonication at 30 % amplitude for 30 min (Brandson Digital Sonifier,
S450D, 500W, flat tip on the horn), both followed by standard reduction with
hydrazine. The sonication times and amplitudes determine the average size of
the CCG nanosheets (Section 3.3.2.4.1 and 4.3.1).
Eight pieces of silicon wafer were cleaned with ethanol and UV-radiation
(15 min). They were then immersed into 0.1 wt% PEI for 12 h, rinsed with
MilliQ, and immersed into 0.01 wt% standard CCG or 0.01 wt% large CCG for
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5, 12, 20, 40 min, followed by rinsing with MilliQ and drying under a strong
nitrogen stream.
Images of the samples were then taken using an Asylum MFP 3D AFM as
described in Chapter 2.

6.2.7.3

Monitoring PEI-CCG Self-Assembly using QCM

PEI and CCG absorbance of up to 4 PEI-CCG bilayers (in the following
denoted as (PEI-CCG)4) was also monitored with a Quartz Crystal
Microbalance (QCM) and compared to the AFM images of the previous
Section 6.2.7.2. QCM measurements were conducted on a Stanford Research
Systems (SRS) Model QCM 200 and an e-corder Model 401, using eDAQ
Chart software on a PC to record and analyse the data.
Gold coated quartz crystals were cleaned twice in 3:1 sulphuric acid
(98 %) : hydrogen peroxide (30 %) for 3 min, rinsed with MilliQ water, and
gently dried under a stream of nitrogen. The gold coated quartz crystal was
inserted into the QCM chamber.
The resonance frequency of the crystal in air was 5009249 Hz with a
resistance of 62 Ohm. When the chamber was completely filled with MilliQ
water, the resonance frequency dropped to 5008439 Hz and the resistance
increased to 464 Ohm. These are the baseline values of the quartz crystal used
for the QCM measurments presented below. Other measurements with different
quartz crystals showed very similar values.
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Coating and rinsing of the quartz crystal was performed by flushing the
chamber with a syringe pump at its maximum speed of ~500 mL/h for 30 s.
Lower speeds resulted in insufficient liquid exchange and longer flushing times
affected the recording of the layer growth due to convection of the liquid in the
chamber. The chamber was flushed with 0.1 wt% PEI in 0.5 M NaCl
(pH 10.0), MilliQ, and 0.01 wt% CCG (pH 9.6).
The adsorption of PEI and CCG onto the gold coated quartz surface causes
a net change in resistance, which correlates to the viscoelasticity of the PEICCG film, and frequency, which correlates linearly to the amount of deposited
PEI and CCG, assuming the formation of an elastic film. The frequency change
(∆𝑓) is then related to the adsorbed mass by the Sauerbrey equation
∆𝑓 = −𝐶𝑓 ∙ ∆𝑚

Equation (6.1)

with the change in mass per unit area (∆𝑚) in g/cm2 and the sensitivity
factor (𝐶𝑓) for the crystal used. (𝐶𝑓) of the used QCM crystal is 56.6 Hz µg-1
cm2 at room temperature.

6.2.8 Mid-Bilayer Formation
After investigating the base layer and base bilayer, attention was shifted to
the formation of mid-bilayers. To provide a uniform starting platform for
examining and comparing various polymers in the polymer-CCG self-assembly
process, the base bilayer of all samples in this Section was chosen to be PEICCG. Otherwise various polymers would cause varying base bilayer formation
which is inherited by the following mid-bilayers and would preclude their direct
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comparison. The polymer-CCG mid-bilayers were examined for influence of
polymer type, pKa, pH, and ionic strength of the polymer solution. These
measurements were conducted using UV-Vis spectroscopy.

6.2.8.1

Effect of Ionic Strength of Polymer Solution on SelfAssembly of CCG

Eight quartz samples were cleaned and coated with PEI by immersion into
0.1 wt% PEI for 12 h. They were then rinsed with MilliQ water and immersed
into 0.01 wt% CCG for 90 min. This PEI-CCG layer was used as a base bilayer
to investigate further layer growth with other cationic polymers (Table 6.1).
After rinsing the samples with MilliQ and drying under a stream of nitrogen
gas, the base layer was recorded with UV-Vis spectroscopy (Shimadzu UV 1601
spectrophotometer).
The samples were then immersed into one of the polymer solutions for
40 min, rinsed again with MilliQ and immersed into 0.01 wt% CCG for 40 min,
followed by drying with nitrogen and taking UV-Vis spectra. This cycle was
repeated until the base bilayer of PEI-CCG and four additional layers of
polymer-CCG were coated and recorded with UV-Vis spectroscopy. pH
measurements of all solutions were conducted with a pH meter, model 900-P
from TPS Pty Ltd.
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Table 6.1

6.2.8.2

Polymer solutions used for self-assembly with CCG.

Polymer Solution
Name

Concentration

PEI

0.1 wt %

PDDA

0.1 wt %

PLL

0.1 wt %

CHIT

0.1 wt %

PEINaCl

0.1 wt % in 0.5 M NaCl

PDDANaCl

0.1 wt % in 0.5 M NaCl

PLLNaCl

0.1 wt % in 0.5 M NaCl

CHITNaCl

0.1 wt % in 0.5 M NaCl

Effect of pH of Polymer Solution on CCG Self-Assembly

Eight quartz samples were cleaned and coated with PEI by immersion into
0.1 wt% PEI for 12 h. They were then rinsed with MilliQ water and immersed
into 0.01 wt% CCG for 90 min. This PEI-CCG layer was used as a base bilayer
to investigate further layer growth with the cationic polymers PEI, PDDA, and
CHIT. After rinsing the samples with MilliQ and drying under a stream of
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nitrogen gas, the base layer was recorded with UV-Vis spectroscopy (Shimadzu
UV 1601 spectrophotometer).
The quartz slides were subsequently immersed into 0.1 wt% PEI pH 3.1,
0.1 wt% PEI pH 7.8, 0.1 wt% PDDA pH 3.1, 0.1 wt% PDDA pH 10.1, 0.1 wt%
CHIT pH 7.8, and 0.1 wt% CHIT pH 10.1, one quartz slide for each polymer
solution, for 40 min. PLL was not used as it is an expensive polymer compared
to PEI, PDDA, and CHIT, and only limited amounts were available.
The pH of PEI and PDDA solutions was changed by adding exclusively
either ammonia or acetic acid. CHIT was first dissolved in 1 wt% acetic acid
and then its pH increased by adding ammonia. This was done as dissolving
CHIT powder at high pH was not feasible. Increasing the pH of CHIT
dissolved in 1 wt% acetic acid created precipitates of CHIT. Enough CHIT,
however, stayed in dispersion for it to be used in the experiment
(Section 6.3.2.2).
The treatment with 0.1 wt% PEI pH 10.1, 0.1 wt% PDDA pH 7.8, and
0.1 wt% CHIT pH 3.1 had been performed in the previous experiment
(Section 6.2.8.1) and the results were used to complete the matrix of
measurements of the three polymers PEI, PDDA, and CHIT, at each pH 3.1,
pH 7.8, and pH 10.1 (Figure 6.11).
The samples were then rinsed with MilliQ water, followed by immersion
into 0.01 wt% CCG for 40 min, rinsing with MilliQ, and blow drying under a
strong stream of nitrogen gas. This cycle was repeated until the base bilayer
PEI-CCG and an additional four mid-bilayers of polymer-CCG were selfassembled and recorded by UV-Vis spectroscopy.
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6.2.8.3

Optimum Immersion Times for Polymer-CCG SelfAssembly

Various polymer-CCG combinations were then subjected to a UV-Vis
spectroscopy study of the effect of the polymer and CCG immersion times on
layer build-up. This UV-Vis study is compared to the QCM study
(Section 6.2.7.3 and 6.3.1.3).
The polymers to be tested were chosen to be the top performing polymers
of the experiment that tested the effect of ionic strength (Section 6.2.8.1 and
6.3.2.1). These polymers had shown a uniform spread of CCG self-assembly
performance from poor to very good and were therefore regarded very suitable
to investigate CCG adsorption times (Figure 6.10).
60 quartz slides in total were cleaned and coated with a base bilayer of PEICCG by immersing them first into 0.1 wt% PEI for 12 h, followed by MilliQ
rinsing and immersion into 0.01 wt% CCG for 90 min. After MilliQ rinsing and
drying under a strong nitrogen stream, the base layers were recorded with UVVis spectroscopy.
After the PEI-CCG base bilayer was deposited, the samples were immersed
into PEI, PEINaCl, PDDANaCl, PLLNaCl, and CHITNaCl (Table 6.1) for 5, 10, 20,
and 40 min, followed by immersion into 0.01 wt% CCG for 5, 10, 20 min and
rinsing with MilliQ, and drying under a strong nitrogen stream. Each of these
5x4x3=60 samples were subjected to UV-Vis spectroscopy, and then immersed
into CCG again for 60 min to saturate the CCG adsorption (i.e. all samples
were then immersed in CCG for a total of 65, 70, or 80 min). After rinsing and
drying, the samples were again subjected to UV-Vis spectroscopy.
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6.2.9 Multi-Bilayer Formation
Once the single layer dynamics was established the formation of polymerCCG multilayer films was investigated.

6.2.9.1

Effect of CCG Concentration and Rinsing on Coating
Quality

The conditions of CCG concentration and the rinsing process (between the
immersion into polymer solution and CCG dispersion) were investigated and
optimized.
To investigate the effect of CCG concentration on the multi-bilayer film
formation, four quartz samples were cleaned and immersed for 12 h into
0.1 wt% PEI. After washing with MilliQ, one pair of quartz samples was
immersed into 0.05 wt% CCG, and the other pair into 0.001 wt% CCG for
40 min. Then the samples were washed with MilliQ and immersed into 0.1 wt%
PEI for 40 min. This cycle was repeated eight times.
To determine the effect of the rinsing process on the multi-bilayer film
formation, two approaches were investigated. The washing was performed
equally on one of each pair of samples by either rinsing with a thin stream of
MilliQ water from a water bottle or by immersion into MilliQ water. The
experiment was repeated with concentrations of 0.01 wt% and 0.005 wt%
CCG.
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6.2.9.2

Surface Structure and Thickness of Self-Assembled PEICCG Bilayers

The surface structure and thickness of PEI-CCG films were examined on
silicon wafer samples using AFM. The first sample was prepared to determine
the thickness of the PEI and CCG layers. This preparation was done by
cleaning a piece of silicon wafer and placing a 20 µL drop of 0.1 wt% PEI onto
the surface. To prevent the drop from evaporating, the sample was placed in a
closed plastic container that contained water in a dish and showed an air
humidity of 90 % (humidity sensor without brand name). After 10 min the
sample was taken out and rinsed with MilliQ water, followed by immersion into
0.01 wt% CCG for 40 min, followed by rinsing, and drying under a strong
nitrogen stream. This sample was then imaged under AFM to determine the
thickness of the PEI and CCG layers.
Five more silicon wafer samples were prepared for surface morphology
measurements under AFM. One piece of silicon wafer was cleaned and kept
without any coating. One piece was coated with PEI by immersion in 0.1 wt%
PEI for 12 h, rinsed with MilliQ and nitrogen stream dried. Another was
coated with PEI-CCG by immersion in 0.1 wt% PEI for 12 h, MilliQ rinsing,
immersion in 0.01 wt% CCG for 40 min, MilliQ rinsing and nitrogen stream
drying. A last sample was coated with 10 bilayers of PEI-CCG, i.e.
(PEI-CCG)10. This was performed by immersing a piece of silicon wafer into
0.1 wt% PEI for 12 h for the first layer, then rinsed with MilliQ, immersed into
0.01 wt% CCG for 40 min, rinsed with MilliQ, and immersed into 0.1 wt% PEI
for 40 min. This was repeated until 10 bilayers of PEI-CCG were deposited.
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The morphology of the self-assembled PEI-CCG films were compared to the
morphology of drop-cast CCG. The standard procedure of drop casting single
layer CCG films was conducted by dropping 20 µL of 0.0005 wt% CCG onto a
0.5 cm2 (approximately) clean silicon wafer. The silicon wafer was then put in a
petri dish to prevent dust to settle on the surface, and air-dried. For half
coverage, double layer and 10 layers, the concentration was adjusted
accordingly. It is noted that the drop does not dry with ultimate homogeneity.
The image of the CCG film taken by AFM therefore shows a local film
morphology which is unlikely to be exactly the same across the whole
substrate.
All samples were scanned with AFM using an Asylum MFP 3D AFM and
Igor Pro 6.04 Software for analysis of the images. Images were taken in AC
mode at low scanning rates of 0.2 to 2 Hz at resolutions up to 1024x1024
points. The cantilevers were NSC15/AIBS from MikroMash, which were set at
a target amplitude of 2.00 V and set point of 800 mV on the Asylum system.

6.2.9.3

Maximum Number of PEI-CCG Bilayers

The maximum number of PEI-CCG bilayers possible to adsorb onto a
quartz sample was studied using UV-Vis spectroscopy. Due to technical issues
the automatic Dip-Coating System was used only in this experiment where
coating of up to 100 bilayers was required. Ten quartz samples were cleaned
and mounted into the automatic Dip-Coating System, a modified KSV system
(Section 6.2.6). The samples were immersed into PEI 0.1 wt% for 12 h, spray
rinsed with MilliQ water, then immersed into 0.01 wt% CCG for 40 min, spray
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rinsed with MilliQ water, and immersed into 0.1 wt% PEI again for 40 min.
After 1, 2, 3, 4, 7, 10, 15, 20, 50, 100 bilayers of PEI-CCG, the samples were
dried under a strong nitrogen stream and subjected to UV-Vis spectroscopy
using the Shimadzu UV 1601 spectrophotometer. To increase statistical
validity, the layers 1 to 5 and 100 were repeatedly measured three times and
errors calculated. The errors for the other samples are derived by applying the
average percentage error of samples 1 to 5 and 100.

6.2.9.4

Humidity Control using Saturated Salt Solutions

The following experiments contain contact angle and conductivity
measurements of PEI-CCG films, in air at various relative humidities
(Sections 6.2.9.5.3 and 6.2.9.6.4). These humidities were controlled using
saturated salt solutions as described in the following.
The salts MgCl2 (relative humidity 31 %), Ca(NO3)2 (relative humidity
41 %), LiCl (relative humidity 22 %, unsaturated), and NaNO3 (relative
humidity 68 %) were put each in one sealed container that was filled with
MilliQ water to dissolve a minor part of the salt. The saturated salt solution
then creates a constant relative air humidity in the container. Under ideal
conditions (set solution temperature, air pressure, and homogenous salt
concentration in solution) these saturated salts can be used to calibrate relative
air humidity sensors 32. Here, the saturated salt solutions were used to create
various relative air humidities as environment for CCG samples. A handheld
humidity sensor (no brand name or model given) was used to measure relative
air humidity. Very low and very high relative humidities were achieved by
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adding dry silica beads without water (relative humidity 15 %) and MilliQ
water (relative humidity 90 %) to a sealed container each. The samples were
placed on a miniature table in each container to prevent contact with the salt
solution, and stayed in the container for 3 hours to ensure complete
equalisation. For contact angle measurements, the samples had to be taken out
of the container and were measured immediately to minimize influence of the
air humidity in the room (Section 6.2.9.5.3). Conductivity was measured in a
two-point probe setup through cables attached to the samples in the sealed
containers (Section 6.2.9.6.4).

6.2.9.5

Contact Angle of PEI-CCG and PEI-GO Films

6.2.9.5.1

Effect of GO, CCG, and PEI on Contact Angle

Two glass slides were cleaned and coated by immersion into 0.05 wt% PEI
for 12 h, then rinsed with MilliQ. After every layer the samples were rinsed and
dried under a stream of nitrogen gas. The contact angle was measured at 4
points on both sides of the glass slides using a Data Physics Contact Angle
System to obtain average and standard deviation values. One slide was
immersed into 0.005 wt% GO, the other into 0.005 wt% CCG. It is noted that
self-assembly from both concentrations 0.01 wt% and 0.005 wt% were found to
produce homogenous CCG (and GO) films of same quality (Section 6.3.3.1).
After rinsing with MilliQ they were tested for contact angle, and then
immersed into 0.05 wt% PEI, and this cycle was repeated until 8 bilayers of
PEI-CCG had been built up, and 16 contact angle measurements had been
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performed per slide. The goniometer used to measure the contact angle was a
Data Physics Contact Angle System.

6.2.9.5.2

Effect of CCG Sheet Size on Contact Angle

The effect of sheet size on contact angle was studied by repeating the
procedure of the previous experiment (Section 6.2.9.5.1) with GO that had
been treated in addition to the standard sonication (Section 2.3) by further
sonication (Brandson Digital Sonifier, S450D, 500W, flat tip on the horn) of
100 mL at 70 % amplitude for 1 h. The reduced size CCG was converted from
this GO dispersion using standard hydrazine treatment (Chapter 3). As a
result the GO and CCG sheet sizes were smaller as compared to the standard
GO and CCG size in the previous experiment (Section 6.2.9.5.1). Up to five
bilayers were created and measured. The measurements of PEI as top layer was
left out in this experiment.

6.2.9.5.3

Effect of Adsorbed Water on Contact Angle

A third experiment was conducted to observe the effect of water adsorbed
to the PEI-CCG layers. The contact angles of the PEI-CCG bilayers 1, 2, 3, 5,
and 7 were exposed for 3 h to relative air-humidities of 10 %, 41 %, and 90 %
(measured with humidity sensor, no brand name given) in air-tight plastic
containers. The samples were then taken out of the container and their contact
angle was determined using a Data Physics Contact Angle System. The relative
humidity was controlled by placing dry silica (15 % relative humidity),
saturated salt solutions (Ca(NO3)2 for 41 %, and NaNO3 for 68 % relative
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humidity), and a MilliQ (90 % relative humidity) inside the closed container.
See Section 6.2.9.4 for details.

6.2.9.6

Conductivity of Self-Assembled CCG Films

6.2.9.6.1

Conductivity with Growing Number of PEI-CCG
Bilayers

Sheet resistances of PEI-CCG films with 1, 2, 3, 4, 7, 10, 15, 20, 50, and
100 bilayers of PEI-CCG were measured with a Jandel RM3 Conductivity
Meter in a linear four-point-probe setup. The samples measured were prepared
as described in Section 6.2.9.3. Multiplying the sheet resistance with the film
thickness and taking the reciprocal of the resistivity gives the electrical
conductivity.
The thickness of a single (base) bilayer was determined by AFM to be
3.5 nm (Section 6.3.3.2). The maximum absorbance of one bilayer was
determined to be 0.0225 at 270 nm (Section 6.3.3.3). The thicknesses of all
other multilayer films were calculated from their absorbance and the
0.0225/3.5 nm absorbance to thickness ratio.

6.2.9.6.2

Effect of CCG Sheet Size on Conductivity

The effect of CCG sheet size on sheet resistance and therefore conductivity
was tested by comparing self-assembled films from two CCG dispersions, one
with standard average sheet size (Section 2.3) and one with smaller average
sheet size. The smaller average sheet size was achieved by sonicating the GO
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precursor additionally at 70 % amplitude for 1 h, followed by reduction to form
the CCG dispersion (equally to the production of CCG in Section 6.2.9.5.2).
The samples of the Section 6.2.9.6.1 were used as standard self-assembled
CCG films. The samples for the reduced size CCG films were created in the
same way as the standard CCG films (Section 6.2.9.3), only manually instead
of with the automatic dip-coater.
The samples were immersed into PEI 0.1 wt% for 12 h, rinsed with MilliQ
water and dried under a strong stream of nitrogen gas. After sheet resistance
was measured, the sample was immersed into 0.01 wt% CCG for 40 min, rinsed
with MilliQ water and dried under a strong stream of nitrogen gas. After sheet
resistance was measured, the sample was immersed into 0.1 wt% PEI for
40 min. This procedure was repeated until five bilayers of PEI-CCG had been
deposited. Sheet resistance was measured at four points on each side and the
averages and standard deviations were calculated from these measurements.
Sheet resistance was measured using a Jandel RM3 Conductivity Meter using a
linear four-point-probe.

6.2.9.6.3

Effect of Ionic Strength of Polymer Solution on
Conductivity of Self-Assembled CCG Films

All other experiments in this series of conductivity experiments were
conducted on PEI-CCG or PEI-GO multilayer films (Sections 6.2.9.6.1,
6.2.9.6.2, 6.2.9.6.4). This experiment in the series of conductivity experiments
investigated various polymer-types, each self-assembled at two different ionic
strengths.
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The polymer solutions used for the self-assembly process with CCG were
not adjusted to same pH. Thus a comparison between the polymers is
influenced by their native pH at given concentrations and therefore the pure
effect polymer-type cannot be extracted from the results (Sections 6.2.8.2 and
6.3.2.2). This section therefore focuses on the effect of ionic strength.
The solutions were prepared as described in Section 6.2.8.1. The polymerCCG multilayer films were produced as described in Section 6.2.8.1.
Conductivity was determined at eight points on the multilayer films and
average and standard deviation were calculated (Jandel RM3 Conductivity
Meter using a linear four-point probe).

6.2.9.6.4

Effect of Water Absorption on Conductivity

The effect of water absorption into the PEI-CCG multilayer film was
investigated by exposing the films to various relative air humidities and
measuring their resistance in this environment. CCG contains a range of polar
or

ionic

functional

groups

which

could

cause

water

adsorption

(Section 3.3.2.3.2.1). CCG is produced by hydrazine reduction of GO. It was
therefore interesting to see how CCG compares to another highly effective
reduction method of GO: thermal annealing (Chapter 5).
Three clean quartz samples were coated by immersion into 0.05 wt% PEI
for 40 min (except the base layer for 12 h), and 0.005 wt% CCG for 40 min,
with MilliQ rinsing in-between. The first slide was coated with one PEI-CCG
bilayer, the second with five and the third with six bilayers. Another set of
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three clean quartz samples were coated with GO under the same conditions.
This second set was thermally annealed at 500°C in argon, for 1 h.
Before being subjected to humidity dependent conductivity measurements,
non-annealed (PEI-GO)5, thermally annealed (PEI-GO)5, and (PEI-CCG)5
films were subjected to UV-Vis spectroscopy to record and compare their
absorbance which can be used to determine differences in composition.

Figure 6.5
Setup of two-point probe conductivity measurement of
self-assembled PEI-CCG films on quartz in controlled relative air
humidity.
All six samples were exposed to relative air humidities of 15 % to 90 % for
a minimum of 3 h before being subjected to conductivity measurements. For
details on humidity control, please refer to Section 6.2.9.4. The conductivity
measurement took place in closed containers, i.e. in the humidity controlled
environment (Figure 6.5).
Due to this experimental setup the four-point conductivity measurement
was not feasible, and a two-point measurement had to be used. Therefore
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cables were attached to the ends of the sample. The sample was placed in the
container, and the cables were run through a small hole to the outside. The
container was sealed and the salt solution within the container controlled the
air humidity. The cable ends on the outside of the container were connected to
a multimeter for resistance measurement. Sheet resistance was calculated from
the measured surface area of each self-assembled CCG film as described in
Section 2.9.2.

6.2.9.7

Raman Spectra of Self-Assembled GO, CCG and Annealed
Films

The purpose of Raman Spectroscopy on graphene based materials is the
investigation of its crystal structure and resulting effects on conductivity
(Section 2.10). Raman Spectroscopy was conducted in two collaborations with
Cornell University, USA and Max Planck Institute for Solid State Research,
Germany. The use of two different polymers PDDA and PEI for self-assembly
with CCG allowed to compare their influence on the Raman spectra. These
polymers were chosen in accordance to their CCG self-assembly performance
without addition of salts, acids or base to keep the films as pure as possible.
Please refer to Section 2.10 for the theory of Raman spectroscopy on graphene.

6.2.9.7.1

Raman Spectra of PEI-CCG and PEI-GO

Before starting Raman spectroscopy on PEI-CCG and PEI-GO films to
investigate the structure of CCG and GO in the self-assembled films, it had to
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be made sure that only the Raman Shift of CCG and GO was observed and
not the Raman Shift of PEI. Therefore a drop of PEI (5 µL, 5 wt%) was dropcast and air-dried on a clean silicon wafer pieces of 10 mm2 surface area to rule
out any Raman Shift being observed from PEI. GO and CCG (5 µL,
0.0005 wt%) was drop cast and air-dried on silicon wafer pieces of 10 mm2
surface area to compare their Raman Spectra with the self-assembled PEICCG and PEI-GO films. These films were created by immersing clean silicon
wafer pieces for 12 h in 0.05 wt% PEI, followed by rinsing with MilliQ, and
immersion into 0.005 wt% CCG and GO for 40 min, followed by another
rinsing with MilliQ, and drying under a strong stream of nitrogen gas. The
resulting samples are called PEI-CCG and PEI-GO according to their coating
with PEI-CCG or PEI-GO film.
Another pair of samples was treated in a further cycle of immersion into
PEI (0.05 wt%, for 40 min), followed by rinsing with MilliQ and immersion
into CCG (0.005 wt%, for 40 min), followed by drying under a stream of
nitrogen gas. This procedure created a double-layer of PEI-CCG named (PEICCG)2, and a double-layer of PEI-GO, named (PEI-GO)2.
Silicon wafer pieces with 300 nm silicon oxide layer were used as graphene
is visible under optical microscope (Zeiss Imager.Z1m) due to light interference
with the silicon oxide layer and graphene. These silicon pieces contained a
lithographic pattern that allows the researcher to find any position of interest
on the silicon wafer again. Large homogeneous GO or CCG sheets were chosen
under the optical microscope, separate from the Raman instrument, as it
provides better resolution and easier identification of GO or CCG sheets. The
sample was then placed into the Raman instrument and the chosen GO or
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CCG sheet was located with the optical microscope of the Raman Instrument.
This built-in optical microscope was also used to focus the Raman laser on the
center of the graphene sheets and avoid border effects. Raman spectra of PEI,
GO, CCG, and the PEI-CCG and PEI-GO films were taken on an NT-MDT
Ntegra Specra system with a 488 nm excitation laser (at approximately
100 µW power) on at least three different sites (i.e. different graphene sheets
for each sample). The average and standard deviation of the results were
calculated from these measurements for each sample.

6.2.9.7.2

Raman Spectra of PDDA-CCG, PDDA-GO, and
Annealed Films

Raman Spectroscopy was also performed on PDDA-GO and PDDA-CCG
samples to compare them with PEI-GO and PEI-CCG. To be sure only GO
and CCG Raman shift is measured in PDDA-GO and PDDA-CCG films and
rule out influence of the CCG and GO Raman Spectra by PDDA, a blank
PDDA sample was tested for Raman shift. Therefore quartz samples were
coated with PDDA by immersing them for 12 h in 0.05 wt% PDDA, followed
by rinsing with MilliQ water, and drying under a stream of nitrogen gas. (Both
silicon wafer and quartz samples can be used as substrates for Raman
spectroscopy as they show only a very small Raman shift caused by silicon in
the material.)
PDDA-CCG films were created by immersion of clean quartz substrates
into 0.05 wt% PDDA for 12 h, followed by rinsing with MilliQ and immersion
for 40 min into 0.005 wt% CCG, followed by rinsing with MilliQ and drying
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under a stream of nitrogen gas. The same was repeated for another sample
with CCG being substituted by GO.
The coating cycle of immersion in PDDA (0.05 wt%, for 12 h for the first
layer and 40 min thereafter), followed by rinsing with MilliQ and immersion
into CCG (0.005 wt%, for 40 min), followed by rinsing with MilliQ, was
repeated 5 times to create 5 bilayer films of PDDA-GO and PDDA-CCG,
namely (PDDA-GO)5 and (PDDA-CCG)5, that were dried under a stream of
nitrogen after the fifth bilayer was completed.
An exact copy of the PDDA-CCG, PDDA-GO, (PDDA-GO)5, (PDDACCG)5 samples was subjected to thermal annealing at 500°C in argon for 1 h.
Thermal annealing is another method, next to hydrazine reduction, to produce
conducting graphene sheets from GO. Thus thermally annealed and reduced
PDDA-GO and PDDA-CCG films were compared to the hydrazine reduced
CCG and non-reduced GO films. Raman spectroscopy can be used to analyse
the difference in crystal structure and crystal defects, and its relation to the
conductivity of films reduced with any of the two methods (Section 2.10).
All samples were tested in a Renishaw spectrometer with excitation
wavelength of 488 nm. The Raman spectra of these PDDA-CCG/GO samples
were taken randomly on their surface.

6.2.9.7.3

Analysis of Raman Spectra

A sum of six curves of the Voigt profile (a convolution of Gaussian and
Lorentz profile) was fitted to the measured Raman spectra using the software
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Origin Pro. When the intensity and Raman shift of the fitted peaks was used,
an index “f” was attached to the corresponding variable, when the signal
maxima was used, an index “s” was attached to the corresponding variable
(e.g. Ds, I(D)s, etc.). For the peaks 2D, S3, and 2D’, only the fitted results were
used, and therefore there is no need for indices with these peaks.

6.2.9.8

Electrochemical Properties of PEI-CCG Films

Electrochemical characterisation was performed in a three-electrode
electrochemical half-cell, consisting of a working electrode (coated glassy
carbon electrode), reference electrode (Ag/AgCl electrode), and an auxiliary
electrode (platinum mesh) (Figure 6.6).
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Figure 6.6
Schematic of a three-electrode electrochemical half-cell
setup as used in this study.

6.2.9.8.1

Glassy Carbon Electrodes

Seven glassy carbon electrodes (GCEs) were polished with wet alumina
powder with decreasing particle size (1, 0.3, 0.05 µm) until a mirror finish was
obtained. Two GCE were tested as reference samples, followed by polishing
with alumina as described above. The seven polished GCE were coated with
self-assembled PEI-CCG from 1 layer to 6 layers, with 2 electrodes having 6
layers for comparison. The procedure followed the coating technique with
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dipping into 0.05 % PEI for 12 h for the first PEI layer and subsequent
alternating immersion into 0.005 % CCG and back to PEI. Between each
immersion step the samples were thoroughly rinsed with MilliQ water. Samples
that had reached their target number of layers where dried under a strong
stream of nitrogen gas and were used as working electrode in the three
electrode cyclic voltammetry setup.

6.2.9.8.2

Cyclic Voltammetry in PBS and PBS with Ferricyanide

The electrochemical electron transfer properties of the CCG film were
investigated in a solution of 0.2 M phosphate buffered saline (PBS, pH 7.4,
prepared by dissolving a PBS tablet), and in another experiment in PBS
solution containing 50 mM potassium ferricyanide under otherwise same
conditions. The scan rates were varied and set to 5, 10, 25, 50,100, and
200 mV/s. The sweeping voltage ranged from -100 to 650 mV. Each sample was
scanned 4 cycles to ensure the stability of the system, and the data of the 4th
scan were analysed.

6.2.9.8.3

Electrochemical Impedance Spectroscopy of PEI-CCG
Films in PBS

Electrochemical

impedance

(EIS)

spectroscopy

measurements

were

conducted with a Gamry System and Gamry Framework Software in 0.2 M
PBS at pH 7.4. The open circuit potential for each sample (non-coated or
multilayer coated GCE) was monitored for 10 min after the sample was
immersed into the PBS solution. During these 10 min the open circuit
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potential stabilized for all samples. The impedance measurement took place at
the open circuit potential over the frequency range of 100 kHz to 0.1 Hz using
an AC voltage of +/- 10 mV.

6.2.9.9

Cytocompatibility of Self-Assembled PEI-CCG Films

Cytocompatibility of PEI-CCG coatings was studied using glass microscope
slides and samesized pieces of silicon wafer. These substrates were cleaned with
ethanol and intense UV light (15 min), followed by coating with PEI
(immersion into 0.05 wt% PEI for 12 h). Each subsequent immersion in PEI
and CCG (0.05 wt% CCG) was for 40 min. Between each immersion the
samples were thoroughly rinsed with MilliQ water.
Eight-well cell growth chambers were glued onto the coated silicon wafer
and glass substrates using Talon’s Rubber Cement and other cell compatible
glues. The chambers were soaked overnight in cell culture media, sterilized by
washing in and drying from 70 % ethanol and then seeded with 5,000 L929,
PC12, and C2C12 cells per well in cell culture media. Cells were cultured at
37°C in a humidified incubator in the presence of 5% CO2. Live cell phase
contrast imaging was performed after 24 h, and lactate dehydrogenase (LDH)
assays (Promega) of L929 cells were conducted as an estimate of the numbers
of viable cells adhered to and proliferating on the materials after 24 and 48 h.
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6.3

Results and Discussion

6.3.1 Base Layer and Base Bilayer Formation
6.3.1.1

Functionalisation of the Substrate

The effect of surface functionalization on the ability to assemble a graphene
layer on silicon wafer was investigated using AFM. Surface functionalization by
covalent attachment of 3-aminopropyltriethoxysilane (Figure 6.7 a) resulted in
complete coverage of the surface with mono to double layer CCG. Surface
functionalization by non-covalent adsorption of polymers PEI and CHIT
(Figure 6.7 b, d) resulted in complete coverage, while PDDA (Figure 6.7 c)
resulted in non-complete coverage under the used conditions.
The wear resistance of all self-assembled CCG films here (and of multilayer
films later) showed high resistance against abrasion through cleaning with
detergent and rubbing between fingers. The films were also resistant against
concentrated hydrochloric acid. The best cleaning procedure to ensure
complete removal of the self-assembled CCG film was found to be mechanical
cleaning (detergent and water) followed by treatment with piranha solution at
60°C for 1 hour and rinsing with MilliQ water. Occasionally this treatment had
to be repeated to remove all self-assembled CCG.
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Figure 6.7
AFM images of self-assembled CCG on APTES (3Aminopropyltriethoxysilane), PEI, PDDA, and CHIT coated silicon
wafer. The white spots between the CCG sheets are likely to consist of
APTES that reacted with water.

6.3.1.2

Monitoring Surface Coverage of PEI-CCG using AFM

The CCG adsorption onto PEI was monitored by terminating the selfassembly process after various times. AFM of the silicon wafer samples show an
increase of CCG coverage from 5 to 30 min of immersion for standard size
CCG sheets whilst immersion for 30 min and 40 min looked the same (Figure
6.8).
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The experiment was repeated with CCG dispersions of a larger average
sheet size. For the larger CCG sheets only the sample that was immersed into
CCG for 40 min showed full CCG coverage. The slower surface coverage
attained using larger CCG sheets can be explained by the slower transport of
large CCG sheets to the surface. Additionally the compulsory MilliQ rinsing
after assembly of CCG might remove more large CCG sheets than medium
CCG sheets.
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Figure 6.8
AFM images of self-assembled CCG on PEI coated
silicon wafer. The images show the surface coverage of silicon wafer
samples with two CCG sheet sizes, medium and large, after immersion into
large- or medium-sized CCG dispersions for various durations. The stripe
artifacts occur due to soft material being caught on the AFM tip and are
common for AFM scans on surfaces that are covered with large CCG sheets
which show high surface roughness due to wrinkles and protruding edges of
the CCG sheets.
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6.3.1.3

Monitoring PEI-CCG Self-Assembly using QCM

The mass adsorption of CCG and PEI onto the surface was monitored
using QCM. The first layer on the gold coated quartz crystals are formed by
PEI for all results herein. For preliminary investigations the first layer on the
gold coated quartz crystals were created by immersing the cleaned crystals into
1 mM 11-mercaptoundecanoic acid (MUA) in ethanol for 12 h, followed by
rinsing with ethanol, MilliQ and then gentle drying under a stream of nitrogen
gas. This method is often used to prime gold coated quartz crystals for better
adsorption of subsequent layers. However, it was found that PEI adsorbs
equally well to the gold surface without the MUA base layer, and consequently
the MUA treatment was not continued.
Self-assembly of PEI and CCG is performed by exposing the sample to a
PEI solution or CCG dispersion. In the case of QCM, the coated quartz crystal
is placed in a closed container that is flushed with PEI, CCG, or MilliQ water
for rinsing.
Since the CCG dispersion and PEI solution have a different viscosity than
water, they influence the QCM frequency and material deposition signal while
the substrate is surrounded by and coated with CCG dispersion or PEI
solution. Thus in all experiments MilliQ water was used as a baseline media,
and the net deposited mass of CCG or PEI is the difference of deposition signal
before flushing with CCG or PEI and after washing with MilliQ (Figure 6.9 a
and b).
The results show that CCG deposition from 0.01 wt% CCG dispersions
demonstrate a time dependant adsorption profile, requiring 40 to 90 min to
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create a saturated CCG adsorption Figure 6.9 (b) (dark grey shaded and
labelled CCG). Taking into account the AFM results of the previous
Section 6.3.1.2 that showed homogenous single to double layer CCG coverage,
it can be concluded that the QCM curves indicate the amount of surface
coverage. The AFM images match the QCM results in CCG absorption time of
40 min for the first CCG layer.
The increase in CCG adsorption with each subsequent layer is likely a
function of increasing surface roughness and porosity of the film, providing a
greater available surface area to which material may be subsequently adsorbed.
In contrast, quartz slides that are rinsed manually under a strong and fast
flowing stream of water, and not under a slow weak stream as in QCM, show a
constant

material

deposition

rate

for

up

to

20

PEI-CCG

bilayers

(Section 6.3.3.3). Thus gentle rinsing as performed in QCM, might cause
increased CCG adsorption for subsequent layers.
The QCM deposition of CCG ranges from ~0.75 µg/cm2 for the first layer
to ~2.5 µg/cm2 for the third and higher CCG layers. The PEI layers were in all
cases (including on the gold substrate) fully created after 1.5 min and showed a
PEI deposition of ~0.4 µg/cm2.

Page | 279

Chapter 6
Thin, Transparent, Conducting Coatings of Self-Assembled CCG
Resistance in the QCM circuit is a measure of viscoelasticity of the
adsorbed film which is also (like the frequency) influenced by the viscosity of
the surrounding fluid. The QCM frequency and resistance signals are also
influenced by pressure changes in the QCM chamber during rinsing with MilliQ
and flushing with PEI and CCG which causes transient spikes in the QCM
signals (Figure 6.9 (a) at the dotted lines, and Figure 6.9 (b) at the change
from one colour band to another). Absolute resistance values are therefore
measured as difference of resistance in pure water (MilliQ – white bands in
Figure 6.9 b) before and after coating with PEI (light grey band) or CCG (dark
grey band in Figure 6.9 b).
The resistance follows the deposition of CCG, however the overall change in
resistance, relative to the frequency shift, is relatively small, thus the CCG
layer produced is considerably elastic in nature. In the case of PEI adsorption,
however, the absolute resistance change in all adsorbed layers was close to zero
which indicates that adsorbed PEI forms a thin, elastic layer in the film.
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Figure 6.9 a
QCM measurement of PEI (0.1 wt% in 0.5 M NaCl,
pH 10.0) and CCG (0.01 wt%, pH 9.6) self-assembled onto a gold
coated quartz crystal at 21°C. Note, the resistance in the present case
is a measure of coating stiffness, not conductivity. The dotted, vertical
lines represent 30 s of flushing with the according medium (MilliQ,
PEI, or CCG).
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Figure 6.9 b
QCM measurement of PEI (0.1 wt% in 0.5 M NaCl,
pH 10.0) and CCG (0.01 wt%, pH 9.6) self-assembling process on a
gold coated quartz crystal at 21°C. Note, the resistance in the present
case is a measure of coating stiffness, not conductivity. The borders of
the shaded colors represent 30 s of flushing with the according medium
(MilliQ, PEI, or CCG) which was then left in the chamber until the
next flushing at a color border occurs.

6.3.2 Mid-Bilayer Formation
Two assumptions needed to be confirmed before going on to investigate
properties of mid-bilayer growth. Firstly, the self-assembled polymers PEI,
PDDA, PLL, and CHIT show only little absorbance over the UV-visible
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spectrum (200-1100 nm wavelength), in contrast to CCG which shows a typical
absorbance profile with a maximum absorbance at 270 nm. This assumption
was verified by comparison of UV-Vis spectra of CCG in dispersion (Figure
3.3) with UV-Vis spectra of self-assembled polymer-CCG (Figure 6.10) – the
absorbance profile is the same in both cases, and absorbance spectra of a single
polymer layers (PEI, PDDA, PLL, or CHIT) were negligible or zero. Thus
absorbance is directly related to the amount of CCG absorbed to the surface.
In combination with the knowledge from atomic force micrographs that CCG
self-assembles as reasonably uniform films (Figure 6.7 and 6.16), UV-Vis
absorbance can be used to measure the amount of polymer-CCG bilayers
deposited.
Secondly it had to be confirmed that the top-most layer does not change on
adsorption of further layers on top, i.e. that top-most (bi)layers are equal in
structure and composition to mid-(bi)layers, and all bilayers apart from the
base bilayer can be referred to as mid-bilayer (which is not necessarily the case
for every self-assembly system, Section 6.1.2). This hypothesis was verified by
UV-Vis spectra of a self-assembled film with CCG on top which showed that
the absorbance over 200-1100 nm wavelength stays the same before and after
polymer (PEI, PDDA, PLL, or CHIT) adsorption (Figure 6.10). The same is
true for CCG of the base bilayer, which confirms that CCG layers are stable
and do not desorb after being self-assembled. Therefore in the case of selfassembled polymer-CCG films a top-most (bi)layer, other than the base
bilayer, can be referred to as mid-(bi)layer.
As the interest of this Section is the mid-bilayer, measurements have to be
performed on an existing polymer-CCG film. Hence all substrates were primed
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with a PEI-CCG base bilayer. PEI was chosen for all substrates due to the
subsequent CCG self-assembly that resulted in a fully covered base bilayer.
Furthermore PEI-CCG was chosen exclusively as base-bilayer for subsequent
testing of any polymer type (PEI, PDDA, PLL, or CHIT) to ensure that all
self-assembly processes in this Section 6.3.2 start from the same basis and are
comparable.

6.3.2.1

Effect of Ionic Strength of Polymer Solution on SelfAssembly of CCG

Self-assembly of CCG with PEI was compared to self-assembly of CCG
with other polycationic polymers, namely PDDA, PLL, and CHIT, using UVVis spectroscopy.
CCG layer growth only occurs when PEI or PDDA are used, while PLL
and CHIT did not facilitate assembly of CCG layers (Figure 6.10 left column).
The main reason for the difference in self-assembly performance of the various
polymers can be attributed to their charge (i.e. pKa, pH, and ionic strength)
(Table 6.2). As a general rule it can be said that highly charged polymers
adsorb in low amounts onto oppositely charged surfaces, and low charged
polymers absorb in large amounts (Section 1.4.2). The coverage and layer
thickness depends on the amount of polymer adsorption. For the highly
charged polymer solutions CHIT (pKa 6.1 and pH 3.1) and PDDA (fully
dissociated at pH 7.8), little amounts are adsorbed which prevent adsorption of
CCG. The low charged polymer solutions PEI (pKa 7.2-9 and pH 10.1) and
PLL (pKa 9 and pH 5.9) on the other hand adsorb in higher amounts which
also results in higher amount of CCG adsorption.
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The effective charge density of polymers can be lowered by increasing the
ionic strength (shown in this Section) or, in the case of cationic polymers, by
increasing the pH of the polymer solution (shown in the next Section 6.3.2.2).
While pH affects directly the charge density of cationic or anionic polymers,
the ionic strength acts mainly as charge shield for the polymer and therefore
does not change the actual charge density of the polymer, only the effective
charge density. Of course, adding salt to change the ionic strength does also
change the pH to some extent.
It may be noted here that the same effect for anionic CCG (pH 10.0), i.e.
decreasing pH or increasing ionic strength, leads to immediate aggregation of
CCG as CCG carries already a low charge density. All experiments were
therefore focused on the change of pH and ionic strength of the cationic
polymer solutions (which of course changes the surface charge of already selfassembled CCG when the coated substrate is immersed into the polymer
solution).
Thus increasing the ionic strength of the polymer solution by addition of
NaCl can help to increase the amount of polymer deposited which increases the
surface charge of the substrate and allows for more CCG to adsorb to the
surface. Indeed PLL and CHIT which showed very little CCG adsorption
without addition of salt, self-assembled CCG well when used in 0.5 M NaCl
solution (Figure 6.10 right column). PDDA self-assembled CCG considerably
better using NaCl, whilst the PEI-CCG deposition was not affected by the
addition of NaCl to PEI.
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Figure 6.10 UV-Vis spectra of quartz slides coated with different
polymers (0.1 wt%) and CCG (0.1 wt%), using the self-assembly
method with and without 0.5 M NaCl. The depicted absorbance is half
of the measured absorbance, as both sides of the quartz slides were
coated and measured simultaneously.

Page | 286

Chapter 6
Thin, Transparent, Conducting Coatings of Self-Assembled CCG
Table 6.2
Polymer solutions, concentrations and pH as used for
self-assembly with CCG (0.01 wt%, pH 10.0).

Polymer
Solution
Name

pH
of
Solution

Concentration

PEI

0.1 wt %

10.1

7.2-9 33, 34

PDDA

0.1 wt %

7.8

fully
dissociated 35

PLL

0.1 wt %

5.9

9 36

CHIT

0.1 wt %

3.1

6.1 37

PEINaCl

0.1 wt %
in 0.5 M NaCl

10.0

PDDANaCl

0.1 wt %
in 0.5 M NaCl

7.7

PLLNaCl

0.1 wt %
in 0.5 M NaCl

5.5

CHITNaCl

0.1 wt %
in 0.5 M NaCl

2.8

pKa
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6.3.2.2

Effect of pH of Polymer Solution on CCG Self-Assembly

The effect of pH of polymer solution (PEI, PDDA, CHIT) on the selfassembly process was investigated by adding either formic acid or ammonia to
the polymer solution.
PLL was not tested as it is an expensive polymer compared to the others.
Additionally the PLL material (Poly-L-lysine hydrobromide), as obtained from
the manufacturer, contained hydrobromic acid (approximately one HBr per
lysine residue) which influences the pH and ionic strength of the untreated
PLL solution 29. Dialysis would have had to be performed to remove the HBr.
Ammonia was chosen as base as CCG contains ammonia. Formic acid was
chosen as CHIT is dissolved in formic acid. CHIT was the only polymer that
contained formic acid and ammonia (for the solutions with pH higher than
3.1), as it was easier to dissolve it first at low pH in formic acid and then
increase the pH, than to dissolve it at a higher pH. Three pH values were
chosen at values where at least one of the three polymers did not need to have
acid (except for CHIT) or base added, i.e. the previously determined values as
used without pH adjustment (Section 6.3.2.1).
The UV-Vis spectra show that the higher the pH of the polymer containing
solution, the more CCG is subsequently adsorbed from the CCG containing
dispersion of pH 10.0 (Figure 6.11). In other words, the higher the pH of the
polymer solutions, the lower is the charge density of the cationic polymer, and
consequently

the

more

polymer

is

adsorbed

as

mentioned

(Section 6.3.2.1), and therefore a high amount of CCG is adsorbed.
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For comparison of the effect of pH (Figure 6.11) with the effect of the
unadjusted pH solutions (Figure 6.10), three UV-Vis spectroscopy graphs of
the previous experiment are included (Figure 6.11 c, e, d). Note the slightly
lower absorbance of the PEI-CCG base bilayer on these three graphs which is a
natural deviation between such self-assembly experiments. This base bilayer
difference has to be added to the spectra in the three graphs for full
comparison with the other spectra in Figure 6.11.
Considering the base bilayer difference, PEI shows full CCG absorption
from pH 7.8 and above (Figure 6.11). PDDA stays on the same low absorption
performance up to inclusive pH 7.8 and reaches the same CCG absorption
performance as PEI once it reaches pH 10.1. CHIT acts similar to PEI and
seems to reach its best CCG absorption at pH 7.8 and above, however CHIT
precipitates at high pH and therefore its CCG absorption performance suffers.
PDDA is the only polymer (amongst the three) that can create CCG
absorption at the lowest pH 3.1 which can be attributed to PDDA being the
only strongly charged polyelectrolyte, whilst PEI and CHIT are weakly charged
polymers with higher pKa.
Addition of acid or base does not only change the pH but also increase the
ionic strength of the solution. As seen in the previous Section 6.3.2.1 an
increase in ionic strength of the polymer solution led to an increase of
subsequent CCG adsorption. However, the effect of ionic strength seems to be
small as it was not able to compensate the detrimental effect of pH on CCG
adsorption for the polymer solutions with low pH (Figure 6.11 a, g).
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It seems that with these polymers CCG reaches a maximum absorption
limit which can be reached either by adjustment of pH (Figure 6.11) or by
increase of ionic strength of the polymer solutions (Figure 6.10). This choice
enables to design the resulting films according to specifications needed by the
application. For instance biocompatible films might preferably be created with
addition of sodium chloride to avoid toxic effects of acids or base.
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Figure 6.11 UV-Vis spectra of self-assembled polymer-CCG films
using the polymer solutions of PEI, PDDA, and CHIT at three
different pH values 3.1, 7.8, and 10.1. The CCG dispersion had a pH
of 10.0. The depicted absorbance is half of the measured absorbance, as
both sides of the quartz slides were coated and measured simultaneously.

6.3.2.3

Optimum Immersion Times for Polymer-CCG SelfAssembly

To increase efficiency of the self-assembly procedure the minimum
immersion times needed to create full CCG coverage were investigated.

Page | 291

Chapter 6
Thin, Transparent, Conducting Coatings of Self-Assembled CCG
Therefore the adsorption kinetics of the top performers of the ionic strength
experiment (PEI, PEI NaCl, PDDA NaCl, PLL NaCl, CHIT NaCl - as
determined by the results in Figure 6.10) were studied using UV-Vis
spectroscopy. To avoid confusion it is noted that the following paragraphs show
the adsorption dynamics of a single CCG layer. The growth of various numbers
of polymer-CCG bi-layers is presented later in this Chapter (Section 6.3.3.3).
Priming of the quartz samples with a PEI-CCG base layer was used as the
interest lies in the adsorption dynamics onto CCG, and less so onto the quartz
substrate. Therefore clean quartz slides were coated with PEI-CCG by
immersion into PEI for 12 h, followed by rinsing with MilliQ and immersion
into CCG for 90 min to ensure full surface coverage.
The samples were subsequently immersed for various times into PEI (5, 10,
20, 40 min) and CCG (5, 10, 20, 65, 70, 80 min). The results are shown as
matrix in Figure 6.12. Each graph shows the maximum absorbance (at
270 nm) of four quartz slides. The bottom four data points in each graph
represent the PEI-CCG base bilayer of each of the four quartz slides. The
middle four points in each graph represent the signal of each quartz slide after
being immersed for 5, 10, 20, and 40 min into the polymer, and then into CCG
for 5 min (left column), 10 min (middle column), 20 min (right column). The
samples were then immersed again into CCG for 60 min to determine the
maximum CCG absorption possible. Based on the QCM results, additional
60 min were thought to be enough to ensure fully saturated CCG adsorption.
The absorbance of these fully saturated CCG layers are represented as the top
four data points.
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The middle four data points are lying close to a horizontal line, i.e. show
similar absorbance for various polymer immersion times. This was found to be
the case for all polymer solutions (PEI, PEI NaCl, PDDA NaCl, PLL NaCl,
CHIT NaCl). A few graphs, such as the PEI NaCl graph, show a slight decline
of these four middle points which means that less CCG was found on the
surface for longer polymer immersion times than for shorter polymer immersion
times. This can be either a lack of CCG adsorption on top of the CCG base
layer, or part of the CCG base layer came off the surface. It is likely that the
latter took place as the adsorption of a polymer could interact with the lower
lying bi-layer and dissolve some of it. In the case of PEI NaCl adsorbed onto
the PEI-CCG base layer, Na+ and Cl- ions could migrate into the base layer
and cause part of it to dissolve.
In general, however, the four middle data points in all graphs show little
deviation from their average, and all deviation is in range of their measurement
error, so that it can be concluded that the polymer immersion time plays a
minor role on CCG adsorption, if the polymer immersion time is larger than
5 min. The average of the middle four data points is depicted by a line. An
average line of the CCG base layer and the fully saturated CCG layer is shown
as well.
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Figure 6.12 Absorbance obtained from UV-Vis spectra (at 270 nm) of
self-assembled polymer-CCG layers on quartz glass, for various
polymers, and varying polymer immersion times (horizontal axis) and
varying CCG immersion times (marker shapes). The horizontal lines
represent the average absorbance across the polymer immersion times
for one CCG immersion time. The depicted absorbance is half of the
measured absorbance, as both sides of the quartz slides were coated and
measured simultaneously.
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While the polymer immersion time plays a minor role, it is clear that the
CCG immersion time plays an important role. This can be seen as the middle
average line moves towards higher absorption from the left, to the middle, and
to the right column of Figure 6.12 (CGG immersion time 5, 10, 20 min,
respectively). This behaviour is depicted more clearly in Figure 6.13, where
only the changes in average values are shown as function of the CCG
immersion time.
To estimate the statistical validity of the data, the PEI measurement was
repeated another five times and drawn as open circles into the first PEI
measurement (Figure 6.13 a, open cirlces). Both sets of PEI data (Figure
6.13 a, open circles and filled squares) show good correlation, however, the
half-uptake-time has to be interpreted with caution. The negative exponential
decay function 𝑦 = 𝐵𝑒

−

𝑙𝑛 2
𝑇1⁄2

∙𝑡

+ 𝐴 was fitted onto the data points, with (𝑇1⁄2 )

being the half-uptake-time, i.e. the time after which half of the maximum
possible CCG adsorption is deposited, and (𝐴) being the value of the
asymptote, i.e. the maximum possible absorption of a fully saturated CCG
layer. The standard error for (𝑇1⁄2 ) was found to be about 30 %, and the

standard error of (𝐴) was found to be about 5 %. Thus comparisons of the
half-uptake-time (𝑇1⁄2 ) have to be taken with care, while comparisons of the
maximum absorbance (𝐴) can be made safely.
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Figure 6.13 UV-Vis absorbance maxima above the base bilayer as a
function of immersion time in CCG represent the layer growth of CCG
during self-assembly. T1/2 is the half-uptake-time of the fitted negative
exponential decay curve onto the measured points. The open circles in
(a) are the results of a five times repeated measurement of PEI to test
the statistical validity of the other results (full squares). The depicted
absorbance is half of the measured absorbance, as both sides of the
quartz slides were coated and measured simultaneously.
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The results show that PEI has a ~50 % higher half-uptake-time than PEI
NaCl with 19 min and 12 min, respectively (Figure 6.13 a, b). Adding NaCl
showed therefore a quicker CCG adsorption. The maximum adsorption of CCG
onto PEI is only slightly higher than that of PEI NaCl (0.049 and 0.045,
respectively).
The longest half-uptake-time was found for PDDA NaCl with 28 min and
the shortest for PLL NaCl with 10 min (Figure 6.13 b, d). PDDA NaCl shows
also the biggest maximum adsorption with 0.067, PLL NaCl, however, has only
the second lowest maximum adsorption with 0.032. The shortest maximum
adsorption belongs to CHIT NaCl with 0.023, which has the second longest
half-uptake-time with 22 min (Figure 6.13 e). This shows that speed of CCG
adsorption and maximum possible CCG adsorption is independent of each
other.
It can be concluded that the speed of CCG adsorption and maximum
possible CCG adsorption depend strongly on the type of polymer layer CCG
adsorbs to, including factors such as ionic strength, pH, and type of functional
groups. While adsorption during self-assembly does not always follow a
negative exponential decay curve (Chapter 1), it seems to fit well to describe
the self-assembly dynamics of CCG. These experiments were conducted with
great caution to avoid the influence of surface roughness of the substrate, and
other factors such as rinsing conditions and minimal convection of the polymer
solution or CCG dispersion (which obviously can influence adsorption
dynamics). Yet, the half-uptake-time shows a considerable variation when
repeating the same experiment. The maximum absorbance of CCG, however,
appears to be a stable parameter to characterise various polymer-CCG selfPage | 297

Chapter 6
Thin, Transparent, Conducting Coatings of Self-Assembled CCG
assembly systems. PDDA with NaCl, or PEI with and without NaCl were
found to be the best choice for CCG self-assembly.

6.3.3 Multi-Bilayer Formation
After the investigation of single bilayer formation in the previous Sections,
the focus was shifted to investigation of multi-bilayer formation which looks at
the film formation as a whole.

6.3.3.1

Effect of CCG Concentration and Rinsing on Coating
Quality

Under optimised conditions self-assembly of GO or CCG with an
appropriate polymer results in formation of homogenous coatings over the
whole substrate (Figure 6.14 a). CCG concentrations of 0.001 wt% (Figure
6.14 a) led to more homogenous films than concentrations of 0.05 wt% as
visible to the naked eye (Figure 6.14 b). In general high concentrations led to
larger particle aggregations on the surface of the substrate. Above 0.05 wt%
CCG shows increased aggregation in the dispersion. Aggregates during selfassembly from 0.05 wt% are therefore assumed to be created due to adsorption
of small aggregates from dispersion, combined with aggregate formation on or
near the PEI surface during the charge neutralization of the CCG nanosheets
during self-assembly. The use of low concentration CCG means aggregation on
or near the PEI coated surface is less likely, causing smoother CCG films. In
the subsequent experiments it was found that concentrations of 0.01 wt% CCG
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and 0.005 wt% are low enough to form self-assembled CCG films without
aggregates, comparable to the films produced with 0.001 wt% CCG.
Also it was found that extensive rinsing between the immersion into CCG
or polymer is necessary to prevent the formation of aggregated particles on the
substrate surface. If rinsing is performed for a very short time (≲ 5 s) or with a
weak stream of water the CCG film was found to be inhomogeneous. The same
aggregates on the surface occur if rinsing is performed by non-streaming water,
i.e. by immersion into water. This kind of washing leads to films with more
CCG aggregates incorporated in and on the film as polymer and CCG that is
loosely attached to the surface is not washed off as would be the case when
exposed to a stream of water.
Another source of aggregation was identified to be aggregation of CCG on
the air-liquid interface by evaporation of water (Section 3.3.2.1). This type of
aggregation can form single aggregates or complete CCG films floating on the
CCG dispersion. When lifting the quartz sample out of the CCG solution,
floating aggregates can attach to the slide’s surface (similar to the creation and
transfer of Langmuir-Blodgett films).
Two solutions were found to prevent this type of aggregate formation in the
self-assembled CCG film: Keeping the air humidity high to avoid evaporation of
water from the CCG dispersion by keeping the CCG containers closed and the
amount of enclosed air small at all times, and extensive rinsing to wash off any
attached aggregates. When using the automatic dip coater, the containers
could not be closed so the relative humidity in the whole enclosing cabinet was
increased to 100 % using a vaporiser (Section 6.2.6).
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Due to these results, all CCG self-assembly experiments in this thesis were
performed with keeping the CCG containers closed or – when using the
automatic dip coater - the air humidity high at all times, rinsing the samples
extensively after each adsorbed layer, and using CCG dispersion concentrations
not higher than 0.01 wt%.

Figure 6.14 Photograph of quartz slide covered with 8 bilayers of
PEI-CCG self-assembled from (a) 0.001 wt% CCG and (b) 0.05 wt%
CCG. Coating (a) is smooth enough to show a reflection of the camera
on the semi-metallic CCG coating.

6.3.3.2

Surface Structure and Thickness of PEI-CCG Films

The surface structure and film thickness of self-assembled PEI-CCG was
investigated by taking atomic force micrographs of silicon wafer samples after
various numbers of layers had been deposited.
The thickness of the PEI base layer on silicon dioxide was investigated by
placing a drop of PEI solution onto a silicon wafer surface and self-assembling
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CCG onto this selected area (following the standard procedure of rinsing and
immersing into CCG dispersion, as described in Section 6.2.9.2). The PEI
coated and non-PEI-coated part of the silicon wafer could be clearly identified
under AFM as CCG would adhere only to the PEI coated surface. The border
itself appears broad under the magnification of AFM. Since the immersion time
into CCG was kept short (20 min), some of the area is free of CCG and the
height signal is assumed to be caused solely by PEI (Figure 6.15).

Figure 6.15 AFM image of the border of coated and non-coated silicon
wafer (above and below dotted line, respectively). The coating consists
of a self-assembled PEI-CCG layer.
A cross-section of the height image shows spikes of 1 to 3 nm where PEI is
expected. The uncoated silicon wafer next to the boarder shows a surface
roughness of 1 to 2 nm. An untreated, clean piece of the same silicon wafer was
imaged by AFM and showed a surface roughness of 162 pm (Figure 6.16 a).
The 1 to 2 nm high particles could therefore be interpreted to be PEI that
moved during the washing process, or other contamination, or noise caused by
scanning over a relatively large surface area. It can be concluded that the PEI
layer thickness of 1 to 3 nm, with an average of about 2 nm. A similar result
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was found by Schneider et al. who performed an AFM study on the adsorption
of PEI onto mica and HOPG 38. They found that with short immersion times
single PEI strands adsorbed onto the mica and HOPG surface with an average
height of 0.6 nm, and 2 to 3 nm, respectively. The thickness (due to sheet
defects, surface functionalization, adsorbed water and wrinkles) of single layer
CCG is 0.8 to 1.2 nm, and about 1.2 to 2 nm for double layer CCG (Figure
6.16 c and Section 3.3.2.2.3). However, double layer CCG is common in a
single self-assembled CCG layer, and even higher numbers of CCG layers can
occur during adsorption of CCG (Figure 6.16 c, Figure 6.7 a, b, d, and Figure
6.8).
With the average thicknesses of 2 nm for PEI layers and 1.5 nm for CCG
layers, 20 bilayers would have a thickness of 70 nm which is too little to be
mechanically peeled off. A possibility of creating free-standing PEI-CCG films
could be self-assembly on substrates that are dissolvable.
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Figure 6.16 AFM images of (a) clean silicon wafer, and silicon wafer
coated with self-assembled coatings of (b) PEI, (c) PEI-CCG, (d) PEICCG-PEI, and (e, f) 10 bilayers of PEI-CCG. Their surface roughness
were determined to 162 pm, 187 pm, 1.107 nm, 1.190 nm, and
867 pm, respectively.
The surface roughness (root mean square) of a single PEI layer on silicon
wafer was found to be 187 pm, slightly higher than that of the uncoated silicon
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wafer at 162 pm (Figure 6.16 a, b). CCG adsorbed to that PEI layer increased
the surface roughness to 1.107 nm, and the surface roughness of higher
numbers of layers did show little deviation from this value (PEI-CCG-PEI
1.190 nm, 10 bilayers of PEI-CCG 867 pm) (Figure 6.16 c, d, e, f).
It is remarkable that the CCG sheets are visible through the PEI layer in
the PEI-CCG-PEI image (Figure 6.16 d). It seems that peaks of the CCG layer
are rarely covered by PEI, which creates a smoothing effect when PEI is
adsorbed onto the CCG surface, and explains why even 10 bilayers have a
surface roughness of only 867 pm.
When comparing AFM images of self-assembled CCG films with AFM
images of drop-cast CCG films (that are free of polymer), a difference in clarity
of the images becomes apparent (Figure 6.17). The blurriness is created by the
cationic polymer PEI. At the same time it becomes apparent that drop-casting
of CCG does not produce as smooth and uniform films as self-assembly of
CCG, especially with higher numbers of CCG layers.
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Figure 6.17 Drop cast CCG of 20 µL on ~0.5 cm2 silicon wafer at a
concentration of (a) 0.00025 wt%, (b) 0.0005 wt%, (c) 0.001 wt%,
(d) 0.005 wt%. (e) same as (b) but different CCG batch.
Since CCG nanosheets are large two-dimensional molecules, they create a
smooth surface that covers possible cracks in the layers below so that after 10
bilayers the surface morphology consists of only very shallow structures.
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It can be summarized that self-assembly of CCG creates dense films that
are difficult to be interpenetrated by the cationic polymer due to CCG’s large
two-dimensional structure. As a result the layer-built-up is very ordered and
shows little gain in surface roughness.

6.3.3.3

Maximum Number of PEI-CCG Bilayers

The growth of multiple PEI-CCG bilayers was monitored with UV-Vis
spectroscopy to determine the maximum number of PEI-CCG bilayers that can
be self-assembled. If the self-assembled film thickness becomes thick enough,
the film could be peeled off to create a free standing polymer-CCG film. Up to
100 bilayers were self-assembled onto a quartz substrate to investigate the
growth of self-assembled PEI-CCG and the absorbance of the growth in bilayer
numbers was recorded with UV-Vis spectroscopy (Figure 6.18 a).
The increase of absorbance maxima at 270 nm from one bilayer to the next
are shown in (Figure 6.18 b). The absorbance of the bilayers shows a linear
growth for the first 20 bilayers. It can be concluded from the previous Sections
that these 20 bilayers are complete layers of fully covered CCG. This
conclusion can be made on the basis of the AFM images of PEI-CCG basebilayers in Section 6.3.1.2 and UV-Vis spectra of the same, which show that a
fully covered PEI-CCG base bilayer has a maximum absorbance of
approximately 0.025 to 0.05 (= 94.4 % to 89.1 % transmittance) at 270 nm
(Figure 6.12 top row, Figure 6.18 a). A constant growth of absorbance in this
range is therefore regarded of creating completely covering CCG multilayers.
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The range of absorbance per PEI-CCG bilayer from 0.023 to 0.05 can be
explained by the amount of double or multiple CCG sheets adsorbing on top of
each other (Section 6.3.3.2). A higher surface roughness, which would produce
a higher surface area and therefore more CCG per projected surface area
measured by UV-Vis, is unlikely to cause higher absorbance with the used
quartz samples, as the compared samples were all from the same batch. It
appears to be more likely that the cleaning and preparation of the substrates
and the batch of CCG causes this difference.
While the first 20 bilayers follow a linear growth in absorbance and CCG
deposition, for more than 20 bilayers the growth follows a negative exponential
decay curve, i.e. with increasing number of bilayers, less surface is covered by
CCG. The maximum absorbance at 100 PEI-CCG bilayers was 0.57 at 270 nm,
while a complete single PEI-CCG bilayer showed an absorbance of 0.0225 at
270 nm. This single bilayer absorbance of 0.0225 equals a transmittance of
94.95 %. The same bilayer shows an absorbance of 0.0085 at 550 nm, or a
transmittance of 98.06 % which is slightly higher than the maximum
transmittance of 97.7 % of a pristine monolayer of graphene 39. The difference is
likely to be caused by the chemical functional groups, i.e. defects in CCG as
compared to pristine graphene, and the gaps between CCG sheets in the PEICCG bilayer.
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Figure 6.18 (a) Absorbance spectra and (b) maximum absorbance
versus number of self-assembled PEI-CCG bilayers. The depicted
absorbance is half of the measured absorbance, as both sides of the
quartz slides were coated and measured simultaneously.
The reason for the declining amount of CCG self-assembled after more than
20 bilayers,

is

attributed

to

the

loss

of

charge

overcompensation

(Section 1.4.2.2). Charge overcompensation is necessary to result in a
streaming potential of the surface that alternates between negative and
positive. Loss of charge overcompensation can be caused by increasing surface
roughness, interpenetration of cationic or anionic polymers into the selfassembled layers beneath, or the overall accumulation of positive or negative
surface charge of the multi-bilayer film due to a dominating charge
contribution of the cation or anion in the film.
The morphology experiment of the self-assembled PEI-CCG films has
shown little increase in surface roughness for up to 10 bilayers (Section 6.3.3.2).
This does not exclude the possibility that the surface roughness from more
than

20

bilayers

becomes

significant

enough

to

diminish

charge

overcompensation. Interpenetration of polymers into lower lying adsorbed
layers is unlikely due to the dense structure of the PEI-CCG film and the twoPage | 308
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dimensional structure of CCG. The last possibility of charge accumulation as
reason for decreasing layer growth could be tested by streaming potential
experiments.

6.3.3.4

6.3.3.4.1

Contact Angle of PEI-CCG and PEI-GO Films

Effect of GO, CCG, and PEI on Contact Angle

Hydrophobicity is one of the forces that drive self-assembly (Chapter 1).
Since CCG is a hydrophobic colloid in dispersion, the self-assembled CCG film
is expected to be hydrophobic as well. Contact angle measurements of various
numbers of bilayers confirmed the moderate hydrophobic nature of selfassembled CCG films with an average contact angle of 66° (Figure 6.19). When
CCG was replaced by GO, the average contact angle dropped to 50°. When the
last adsorbed layer was PEI, the contact angle was found to be lower for both,
PEI-CCG (42°) and PEI-GO (36°) films, than if CCG or GO was the top layer.
The number of bilayers (at least for up to 8 bilayers) appeared not to
influence the hydrophilicity or hydrophobicity of the coatings significantly as
the contact angles did stay close to their average values.
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Figure 6.19 Contact angle measurements of self-assembled PEICCG, and PEI-GO films, with CCG, GO, and PEI as last layer. In
case of PEI as last layer, the indicated bilayer number n does stand for
a sample with n bilayers minus the last CCG or GO layer.

6.3.3.4.2

Effect of CCG Sheet Size on Contact Angle

In a second experiment CCG and GO that had been treated by sonication
at 70 % power for 1 h was self-assembled and subjected to contact angle
measurements. Thus the average CCG and GO sheet size was smaller than the
standard CCG and GO sheet size (Section 2.3) used in the previous experiment
(Section 6.3.3.4.1).
Again the contact angle of PEI-GO was lower than that of PEI-CCG. This
time however, the contact angle of PEI-GO slightly increased with number of
bilayers, while the contact angle of PEI-CCG considerably decreased with
number of bilayers. This change in contact angle can be attributed to the more
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rapid increase of surface roughness due to the smaller GO and CCG sheet size
than in the previous experiment (Section 6.3.3.4.1).

Figure 6.20 Contact angle measurements of quartz samples coated
with various numbers of PEI-GO and PEI-CCG bilayers. The GO and
CCG dispersions had been treated with sonication at 70 % power for
1 h and therefore consisted of smaller GO and CCG nanosheets than in
Figure 6.19.

6.3.3.4.3

Effect of Adsorbed Water on Contact Angle

Additionally samples of standard average CCG sheet size (Section 2.3) were
exposed to environments of relative air humidities from 10 % to 90 % for
3 hours each. Contact angle measurements on these samples and in these
environments were found to give same contact angle regardless of the
environmental humidity. This was not found to be the case for the conductivity
(Section 6.3.3.5.3). It is likely that the contact of the water drop for contact
angle measurement equalizes water adsorption on the PEI-CCG surface
instantly and therefore measurements of variously dry PEI-CCG multilayers
show the same contact angle.
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6.3.3.5

Conductivity of Self-Assembled CCG Films

6.3.3.5.1

Conductivity with Growing Number of PEI-CCG
Bilayers

The principal motivation to create self-assembled CCG coatings lies in its
combination of transparency (or low absorbance) and conductivity. Since the
non-conducting, cationic polymers used in self-assembly of CCG are
transparent at low material deposition, only CCG absorbance is visible in UVVis spectra of such self-assembled CCG films (Section 6.3.2). In such polymerPEI systems, absorbance can be used as indicator of sheet resistance and
therefore conductivity. To analyse this relationship of absorbance, film
thickness, sheet resistance and deducted conductivity, self-assembled PEI-CCG
films were therefore subjected to conductivity measurements. The samples were
the same as those examined with UV-Vis spectroscopy (Section 6.3.3.3), and
therefore the results provide information of absorbance and corresponding
conductivity.
To be able to calculate the conductivity from sheet resistance, the thickness
of the film needs to be determined. Earlier, the thickness of a single (base)
bilayer was determined by AFM to be 3.5 nm (Section 6.3.3.2). The maximum
absorbance

of

one

bilayer

was

determined

to

be

0.0225

(= 95.0 %

transmittance) at 270 nm (Section 6.3.3.3). The thicknesses of all other
multilayer films in this section were calculated from the ratio of these two
results, i.e. the 0.0225/3.5 nm absorbance to thickness ratio.
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The results show that sheet resistance decreased with number of bilayers, as
expected when increasing the amount of CCG deposited (Figure 6.21 a). The
thickness, as calculated from the absorbance, gives a linear conductivity
increase with CCG material deposited.
The reason for the conductivity increase can be explained by the little
overlap of CCG sheets in mono- or few-layer PEI-CCG films. As the overlap
increases with growing film thickness, the conductivity increases as well.
Another reason could be the confinement of electron transport in two
dimensions and an increase in film thickness could therefore lead to an increase
in conductivity. A similar finding was shown in Section 5.3.2 where CCG paper
produced by vacuum filtration was fitted best onto the two-dimensional
Variable Range Hopping (VRH) model and slightly less well to the threedimensional VRH model. When taking into account that the vacuum filtrated
paper was 430 nm thick as compared to the tens of nanometer thick selfassembled CCG film, then the more extreme conductivity to thickness
dependency of the self-assembled CCG film could be explainable.
The sheet resistance of the first bilayer could not be determined with the
four-point probe as it was below the detection limit for reliable measurements.
The first two bilayers showed an absorbance of 0.031, a sheet resistance of
(14.8 +/- 4.2) MOhm/square, and consequently a calculated thickness of
4.82 nm, and a conductivity of (14.0 +/- 3.9) S/m. The maximum conductivity
obtainable in this experiment was 57 S/m for 100 bilayer coating cycles (above
20 bilayers the CCG cover per layer becomes incomplete). These conductivities
are not very high compared to vacuum filtrated paper and other graphene films
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(Chapter 3). This is a typical case where high conductivity is compromised for
functionality (in the form of attached functional groups that allow CCG to selfassemble) (Section 1.1.1).

Figure 6.21 (a) Sheet Resistance and (b) conductivity of various
numbers of PEI-CCG bilayers (with CCG as top layer). The thickness
was calculated from absorbance measurements, assuming that the first
bilayer is 3.5 nm thick, as estimated from AFM images.

6.3.3.5.2

Effect of CCG Sheet Size on Conductivity

Resistivity measurements were also performed on PEI-CCG layers selfassembled from CCG dispersions that had been treated with sonication at
70 % power for 1 h and therefore consisted of smaller CCG nanosheets than in
the previous measurement. The thickness per bilayer was assumed to be the
same as in the previous measurement (on average 3 nm up to 10 bilayers). The
calculated conductivity was found to be a little lower than for the PEI-CCG
films in the previous measurement, which could result from the smaller sheet
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sizes which might increase the inter-sheet resistance and therefore the
resistance of the whole self-assembled film (Figure 6.22).
At the same time the conductivity of bilayers with PEI on top, instead of
CCG were tested. The conductivity of three PEI-CCG bilayers was measured
at 5.7 S/m and decreased to 3.4 S/m when another PEI layer was adsorbed. It
increased again to 8.8 S/m when self-assembling another CCG layer on top to
form 4 PEI-CCG bilayers, before dropping again to 4.8 S/m when another PEI
layer was added, and increasing again to 8.8 S/m when another CCG layer was
added. This behavior clearly shows that PEI acts as resistive layer between the
tips of the four point probe and the below lying CCG layer. It is therefore
likely that the PEI layers between the CCG layers cause considerable resistance
across the self-assembled layers.

Figure 6.22 Conductivity measurement on self-assembled PEI-CCG
layers with either CCG or PEI as top layer. The CCG dispersions had
been treated with sonication at 70 % power for 1 h and therefore
consisted of smaller CCG nanosheets than in Figure 6.21. In case of
PEI as last layer, the indicated bilayer number n does stand for a
sample with n bilayers minus the last CCG or GO layer. The data
points in brackets are measurements that returned values below the
detection limit of the 4-point probe.
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6.3.3.5.3

Effect of Ionic Strength of Polymer Solution on
Conductivity of Self-Assembled CCG Films

The effect of CCG self-assembly with various cationic polymers at two
different ionic strengths was investigated in respect to sheet resistance (and
therefore conductivity). The ionic strength was increased by adding sodium
chloride to the polymer solutions. In this experiment, a conclusive comparison
of the effect of polymer-type on sheet resistance is not directly possible since
the pH of the polymer solutions was left at their natural pH at 0.1 wt% and
not adjusted to the same value (Table 6.2). The pH was not adjusted to keep
the amount of different ions (from acids, base, and sodium chloride) at a
minimum.
Increasing the ionic strength by adding sodium chloride to the polymer
solution

increases

the

thickness

of

the

deposited

cationic

polymer

(Section 1.4.2.4). Increased polymer-layer thickness could lead to increased
sheet resistance. On the other hand the CCG layers tend to become slightly
thicker as well which could neutralize the effect of increased sheet resistance
due to increased polymer layer thickness (Figure 6.10).
Additional to these physical properties comes the incorporation of Na+ and
Cl- ions into the multi-bilayer film 40, 41 (Section 1.4.3.2). These ions can be
immobile and create conductivity changes by “doping” the polymer-CCG
multilayer film, or mobile and take part in the charge transfer. Theoretically,
the conductivity of polymer-CCG films can be caused by electron transport
and ion transport.

Page | 316

Chapter 6
Thin, Transparent, Conducting Coatings of Self-Assembled CCG
The sheet resistance measurements show decreasing sheet resistance with
increasing number of bilayers with the exception of PLL-CCG and CHIT-CCG
films (Figure 6.23). The first bilayer (base bilayer) is PEI-CCG for all films.
For PLL and CHIT the base bilayer dominates the sheet resistance. When selfassembly is successful, the base bilayer loses its influence on the sheet
resistance of the film with growing number of bilayers. Therefore the films with
5 bilayers give a good indication on the sheet resistance and the effect of the
polymers being investigated.
The PLL-CCG and CHIT-CCG films showed the highest and second
highest sheet resistance for 5 bilayer films, which can be explained by the lack
of PLL/CHIT and CCG adsorption. The values correlate very well to the UVVis absorbance results in Figure 6.10, and are another proof of the relation of
conductivity to absorbance. The highest UV-Vis absorbing films (PEI, PEI
NaCl, PDDA, PDDA NaCl) are also the ones with the lowest sheet resistance.
The lowest average sheet resistance for 5 bilayers was recorded for
(PDDA NaCl-CCG)5 at (0.19 +/- 0.02) MOhm/square.
The incorporation of NaCl ions 40, 41 into PEI-CCG layers does not affect
conductivity. Both PEI and PEI NaCl show almost the same absorbance
(Figure 6.10 a, b), i.e. same amount of adsorbed CCG, and show also almost
the same sheet resistance (0.58 +/- 0.19) MOhm/square for (PEI-CCG)5 and
(0.53 +/- 0.14) MOhm/square for (PEI NaCl-CCG)5 (Figure 6.23). It is likely
that some NaCl ions are incorporated into the self-assembled film (Section
1.4.3.2). Yet they appear not to affect the conductivity in the case of PEI selfassembled with CCG.
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PDDA showed very low sheet resistance which is contradicting its low
absorbance (Figure 6.10 c). This behavior can be explained when considering
the chemical structure of PDDA. Poly(diallyldimethylammonium chloride)
(PDDA) is a salt which therefore creates chloride ions in solution. The used
PEI on the other hand is not a salt, nor is CHIT or PLL. CHIT contains
formic acid to make it soluble, and PLL (Poly-L-lysine hydrobromide) contains
hydrobromic acid, approximately one HBr per lysine residue, as delivered from
the producer company 29. Both acids might get incorporated during selfassembly which cannot be determined from the obtained data as both
solutions, CHIT and PLL, do not self-assemble CCG without addition of
sodium chloride (Figure 6.10 e, g).
PDDA, however is different. It shows lower amounts of adsorbed CCG than
PLL NaCl (Figure 6.10 c, f), yet PDDA also shows a lower sheet resistance
with (0.67 +/- 0.23) MOhm/square for (PDDA-CCG)5, than PLL NaCl with
(0.88 +/- 0.70) MOhm/square for (PLL NaCl-CCG)5 (Figure 6.23). Thus it
appears that the presence of a chloride ion increases the conductivity (possibly
in combination with the presence of the PDDammonium ion). The addition of
sodium chloride to PDDA further decreased the sheet resistance to (0.19 +/0.02) MOhm/square for (PDDA-CCG)5. This effect is attributed to the
increased amount of CCG adsorption (Figure 6.10 c, d).
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Figure 6.23 Sheet resistance of different polymer-CCG self-assembled
coatings. The first bilayer (base bilayer) is for all samples PEI-CCG
which is determining the sheet resistance for PLL and CHIT.

6.3.3.5.4

Effect of Water Absorption on Conductivity

Self-assembled polymer films can contain considerable amounts of water
(Section 1.4.3.2). The influence of humidity in the surrounding air on the
conductivity of the polymer-CCG films was determined.
The adsorption of water on CCG is caused by the range of polar or ionic
functional groups on the CCG sheet (Section 3.3.2.3.2.1). These functional
groups are the remaining defects of a graphene sheet after reduction of GO
with hydrazine. Another highly effective reduction method of GO, namely
thermal annealing, was used to create a different type of reduced GO
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(Chapter 5). These conducting films, PEI-CCG and annealed PEI-GO, have
different compositions as confirmed by UV-Vis spectroscopy of 5 bilayer PEIGO, PEI-CCG, and annealed PEI-GO films (Figure 6.24). Thermal annealing
at 500°C does not only reduce GO to a conducting form of graphene, it also
causes decomposition of PEI at above approximately 300°C 42-44.

Figure 6.24 UV-Vis spectra of 5 bilayers of PEI-GO, PEI-CCG, and
thermally annealed PEI-GO films. The depicted absorbance is half of
the measured absorbance, as both sides of the quartz slides were coated
and measured simultaneously.
The results show a non-linear sheet resistance dependence of conductivity
as a function of air humidity on PEI-CCG films. The effect decreased for
higher numbers of PEI-CCG layers (Figure 6.25 a). At a low humidity of 15 %
the resistance was high, and this dropped to the lowest level at 50 to 60 %
humidity, increasing again at 80 to 90 %. For PEI-GO samples that were
annealed at 500°C the sheet resistance remained relatively constant over the
humidity range investigated.
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for 1 h did not show this effect as they did not show an increase of
resistance when decreasing humidity below 50 %, or increasing humidity above
50 % (Figure 6.25 b).

Figure 6.25 Sheet Resistance of various (PEI-CCG)n coated glass
slides at various relative air humidities. For each sample the relative
humidity was cycled several times from 15 % to 80 or 90 % and the
resulting sheet resistances were repeatable within variations indicated by
the error bars. The sample of annealed (PEI-CCG)1 was destroyed
during the experiment and is therefore not depicted.
The conductivity changes as a function of humidity are likely to be caused
by swelling of the hydrophilic PEI in the film. At high humidity the swelling
might increase the space between CCG sheets and therefore increase sheet
resistance. At very low humidities charge transfer between the sheets might be
restricted through lower mobility of incorporated ions (e.g. ammonia ions from
the CCG dispersion).
The influence of PEI on the conductivity is confirmed by the approximately
1000 times decreased sheet resistance of annealed PEI-GO as compared to PEICCG films (Figure 6.25). PEI is an insulator and consequently its
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decomposition during thermal annealing increases the conductivity of annealed
PEI-GO.
Sheet resistance is furthermore determined by the way GO is reduced.
Based on the conductivity of annealed GO paper, which is approximately twice
as high as the conductivity of comparable CCG paper (Chapter 5), it can be
concluded that thermal annealing at 500°C in argon for 1 h reduces GO more
effectively than hydrazine treatment.
As a result of the decomposition of PEI and less hydrophilic functionalities,
thermally annealed PEI-GO films are less susceptible to conductivity changes
with varying humidity than PEI-CCG films (Figure 6.25).

6.3.3.6

Raman Spectra of Self-Assembled GO, CCG, and Annealed
Films

Raman spectroscopy was used to investigate the carbon crystal structure of
self-assembled films of CCG and GO with PDDA and PEI, thermally annealed
and non-annealed. Crystal defects in graphene nanosheets, such as in CCG and
GO, result in electrical resistance (Chapter 3) 45-47. In addition the possibility of
determining the layer number of CCG films was investigated, as has been
reported earlier for pristine graphene 48.

6.3.3.6.1

Interpretation of the Raman Peaks and Frequency Shifts

The following paragraphs describe and interpret the measured Raman
peaks. For the theoretical explanation of the Raman spectra of graphene,
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please refer to Section 2.10. The Raman shift of self-assembled CCG and GO
layers with PDDA and PEI show the typical graphene peaks G and 2D peaks,
and additionally peaks that occur typically in addition for GO, such as D, S3,
and 2D’ (Figure 6.26). The Raman shift of PEI-CCG and PDDA-CCG was in
general 5 to 20 cm-1 higher for all peaks than the Raman shift of PEI-GO and
PDDA-GO (Figure 6.27).
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Figure 6.26 Raman spectrum of self-assembled (a) PEI-GO and
(b) PEI-CCG.
The D peak is invisible for large, pristine graphene sheets as the related
optical transition is physically prohibited unless there are defects in the carbon
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crystal or the Raman laser is detecting close to the graphene edges to record
the effect of a finite sized carbon crystal. The measured Raman shift of the D
peak of ~1360 cm-1 is congruent with the value reported in literature 48, 49.
The G peak was found to be at around 1600 cm-1 which is slightly higher
than the reported G peak Raman shift of ~1580 cm-1

. In the 2-dimensional

48, 49

crystal of pristine graphene, only the E2g phonon mode is Raman active which
produces a peak at ~1580 cm-1 in the Raman spectrum.
The reason for a 20 cm-1 higher Raman shift than expected for the G peak,
could lie in the possibility of a D’ peak which can occur at 1620 cm-1 as a result
of defects in the carbon crystal structure 50, 51. Since fitting two peaks (a G and
D’ peak) to the measured data does offer unlimited possible combinations, one
peak was fitted with maximum possible intensity and is named G, as G is
assumed to contribute more to the peak than the D’ peak. An auxiliary peak ”
* “ which was chosen with lowest possible intensity to make the fit follow the
measured data in the valley between the D and G peak. The *peak’s maximum
resulted to lie between 1495 cm-1 and 1515 cm-1.
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Figure 6.27 Raman shift of the peaks D, G, 2D, S3, and 2D' for
various self-assembled films of PDDA or PEI with GO or CCG.
While the D and G peak shifts to higher wavenumbers when chemically
reduced with hydrazine from GO to CCG, and also with increasing number of
self-assembled PEI or PDDA and GO or CCG bilayers, thermal annealing of
PDDA-GO and PDDA-CCG layers leads to a lowering of the G peak in
wavenumbers. Consequently there is a distinct difference in chemical structure
of thermally and chemically (hydrazine) reduced GO which can be seen in
Raman spectroscopy.
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The 2D peak at ~2700 cm-1 is the second order of the phonons creating the
D peak. They are visible for pristine graphene and graphite, as well as for
defected graphene such as graphene oxide 48. In the case of pristine graphene
and graphite, the 2D peak can be used to determine the amount of layers (for
low numbers such as 1-4 layers). Due to the high amount of defects in CCG
and GO and the resulting broadening of the 2D peak, Raman spectroscopy was
found to be incapable to determine if single layer of self-assembled CCG or GO
are deposited.
The peak at ~2900 cm-1 has been reported to be either a combination of
G+D and was called S3, or a combination of D+D’ 51. In both cases this peak
is caused by defects. In this experiment the S3 peak was found slightly higher,
at ~2940 cm-1.
The second order of the D’ peak is called 2D' peak, with an intensity
maxima at approximately 3250 cm-1. In the present case the 2D’ peak was a bit
lower at ~3170 cm-1.

6.3.3.6.2

Ratios of Raman Peak Intensities

The intensity maxima ratio of the peaks G and D are considered to be a
measure of how little defects the graphene sheet contains, as the G peak occurs
in all graphene material and D is caused by defects 52. The ratio of peaks in
Raman spectra is important as the intensity of Raman spectra is not absolute
and can vary between experiments. Ratios show little change on intensity shifts
across all Raman peaks, and represent therefore stable and repeatable results.
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The correlation of the fitted G peak intensities and D peak intensities are
very high and show a ratio of close to one (Figure 6.28). Thus it is acceptable
to use either, the fitted (subscript f) or the measured (subscript s) peak
maxima. The ratio of the G peak would be considerably lower if a D’ peak was
fitted as well. As mentioned above, due to the non-converging degree of
freedom and resulting uncertain intensity of G and D’, only one peak (named
G) could be fitted to the measured peak.

Figure 6.28 Raman intensity ratio of the fitted peak maximum I(G)f
over the signal peak maximum I(G)s, and accordingly for I(D).

It is remarkable that GO layers show higher I(G) over I(D) ratios than
CCG layers (Figure 6.29 a). Thermal annealing of PDDA-GO and PDDA-CCG
films, on the other hand, leads to an increase in I(G)/I(D), which is according
to expectation as annealing reduces the defects on the GO and CCG sheets 53, 54
(Figure 6.29 b). This finding is analogous to the finding of the shift in
wavelength for GO, CCG, and annealed GO and CCG (Figure 6.27 c). This
further confirms that chemically (hydrazine) reduced GO has a different
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chemical structure than thermally reduced GO. The reduction of GO with
hydrazine seems to create more crystal defects than the oxidised form of GO
contains. Thermal annealing, on the other hand, seems to reduce the amount of
defects.
The defects measured by Raman spectroscopy can be caused by topological
defects in the carbon crystal structure and by attached functional groups (see
Section 3.3.2.3.2.1

for

possible

functional

groups,

and

Ref 53, 55).

The

unexpected, higher ratio of I(G)/I(D) for self-assembled GO in comparison to
CCG can therefore be caused by differences in topological crystal defects and
attached functional groups. The polymers used for self-assembly of GO and
CCG, namely PDDA and PEI, were tested for Raman activity, and both, PEI
and PDDA, showed negligible Raman intensities due to the very low amount
deposited during self-assembly.

Figure 6.29 Raman intensity ratios of the G peak over the D peak
(determined by the signal maxima, i.e. not the maxima of the peak
fits).
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The 2D, S3, 2D’, and auxiliary * peak intensities were analysed by
comparing them to the average intensities of the G and D maxima (to avoid
influence through correlation, the fitted maxima of G and D were chosen,
rather than the signal maxima of G and D). Overall all 4 peaks show higher
intensity (as compared to the average of G and D) for the GO samples than for
the CCG samples (Figure 6.30). Apart from structural (chemical or
topological) differences between CCG and GO, this difference in intensity could
also be caused by higher water absorption onto GO in comparison to CCG.
Remarkably, the ratio pattern of all four peaks is very well preserved when
being reduced from GO to CCG (i.e. GO vs CCG, PEI-GO vs PEI-CCG,
(PEI-GO)2 vs (PEI-CCG)2). The only change is their overall lower intensity
(as compared to the average of G and D).

Figure 6.30 Raman intensity ratios of the auxiliary peaks *, and the
regular peaks 2D, S3, 2D' over the average intensities of the peaks G
and D. All peak maxima are maxima of the peak fits.
It can be summarized that the intensity ratio of G peak over D peak
showed higher values for thermally annealed PDDA-GO or PDDA-CCG films
than for non-annealed PDDA-GO or PDDA-CCG films, as expected. It was
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however not expected to find PEI-GO or PDDA-GO films (annealed or not) to
have higher I(G)/I(D) ratios than PEI-CCG or PDDA-CCG films. In this case
a higher I(G)/I(D) does not indicate higher crystallinity and higher
conductivity.
It was also found that the 2D peak cannot be used to determine number of
stacked CCG sheets as the defects in CCG are too many to result in the
formation of clear 2D subpeaks. The higher Raman shifts observed for S3 needs
more investigation to be fully interpreted.

6.3.3.7

6.3.3.7.1

Electrochemical Properties of PEI-CCG Films

Cyclic Voltammetry of PEI-CCG Films in PBS

Cyclic voltammetry (CV) of PEI-CCG coated glassy carbon electrodes
(GCE) was performed in a three electrode setup in 0.2 M PBS at pH 7.4 with
the PEI-CCG coated GCE as working electrode, a platinum mesh as counter
electrode, and an Ag/AgCl electrode as reference electrode. The seven different
PEI-CCG coated GCE working electrodes were coated with 0, 1, 2, 3, 4, 5, and
6 PEI-CCG bilayers and they were scanned at 5, 10, 25, 50, 100, and 200
mV/s. The slope of the CV curve is determined by the current times the
resistance. An increasing number of bilayers leads to an increasing resistance
and possibly increasing current due to the increased surface area, which causes
the slightly increasing slope of the CV curves (Figure 6.31). At the same time
capacitance of the PEI-CCG coating increases which becomes visible in the
increase of anodic-cathodic current difference (Figure 6.31).
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Figure 6.31 Cyclic voltammogram of a GCE and a GCE coated with
2, 4, 6 bilayers of PEI-CCG in PBS at a scan rate of 5 mV/s. Arrows
indicate directions of potential scan.
An increase in anodic-cathodic current difference can also be achieved by
increasing the scan rate (Figure 6.32 a). This approach allows to calculate the
electric double layer capacitance for each coating by taking the average of the
anodic and cathodic current at a flat, non-redox influenced part of the CV,
here at 120 mV, and plotting it against the scan rate (Figure 6.32 b). All
measurements were performed after several CV cycles were run on the samples,
to ensure that no reduction of CCG takes place, as it is known that GO can be
electrochemically reduced 56. The slopes of these peak current vs scan rate plots
yield the electric double layer capacitance.

Page | 332

Chapter 6
Thin, Transparent, Conducting Coatings of Self-Assembled CCG

Figure 6.32 (a) Cyclic voltammograms of a GCE coated with 6
bilayers of PEI-CCG in PBS at various scan rates. The arrows on the
right indicate the difference of cathodic and anodic current at 120 mV
for the various scan rates indicated next to the arrows. The arrows in
the graph indicate direction of potential scan. (b) Average of cathodic
and anodic peak currents versus scan rate for the GCE with a 6 layer
coating of PEI-CCG. The slope of the linear regression yields the
capacitance.
Figure 6.33 shows the results of the electric double layer capacitance for
each of the (PEI-CCG)n coatings, n ∈ {0, 1, 2, 3, 4, 5, 6}. The capacitance
ranges from (3.4 +/- 0.7) nF for an uncoated GCE to (14.5 +/- 4.7) nF for 6
bilayers of PEI-CCG on a GCE. The capacitance is therefore increasing with
number of bilayers. It is likely that this increase is caused by a moderate
increase in surface area, and by ions moving into and out of the self-assembled
PEI-CCG layer structure. Since surface roughness, as shown earlier, increases
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very moderately, it is assumed that ion migration into the bilayers has
considerable influence on the electric double layer capacitance.

Figure 6.33 Capacitance of 28.3 mm2 coated surface area for all
electrodes with different number of layers of PEI-CCG. The first two
points are two clean, uncoated GCEs, the next points show the bilayers
1 to 6 PEI-CCG with the last two points representing bilayer 6 PEICCG on two different GCEs.
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6.3.3.7.2

Electrochemical Impedance Spectroscopy of PEI-CCG
Films in PBS

Figure 6.34 Modulated impedance measurements of glassy carbon
electrodes (GCE) coated with various numbers of PEI-CCG bilayers, in
PBS.

The impedance of 0 to 7 bilayers of PEI-CCG in PBS was measured and an
increasing number of bilayers was found to reduce the impedance (Figure 6.34).
The increased deposition of CCG material onto the CCG electrode results in
an increase in electroactive surface area. The decrease in impedance observed
in (Figure 6.34) is likely to be the result of this increase in electroactive
surface. This increase in deposited CCG material also results in an increase in
capacitance as more carbon material is deposited which has the ability to store
larger amounts of charge compared to a flat, non-porous CCG electrode. Low
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impedance at 0.1 Hz to 100 kHz is advantageous for nerve cell communication,
e.g. at the interface of electrode to neural cells in the bionic ear implant 57.

6.3.3.7.3

Cyclic Voltammetry of PEI-CCG Films in PBS with
Potassium Ferri-/Ferrocyanide

The electrochemical electron transfer properties of the CCG films were
investigated by performing cyclic voltammetry (CV) in 50 mM potassium
ferricyanide in PBS (0.2 M, pH 7.4) at scan rates of 10 and 100 mV/s and a
potential range of -200 to 600 mV. Each sample and scan rate was run at least
4 times with the data of the 4th cycle being analysed here, to ensure stable,
repeatable results.
The reduction of the ferricyanide anion [Fe(CN)6]3- and oxidation of the
ferrocyanide anion [Fe(CN)6]4- on the PEI-CCG coatings with various numbers
of bilayers produce slightly varying redox peak currents, and the earlier
mentioned change in ohmic resistance (Figure 6.35, Figure 6.36). The
capacitance increase due to the increasing numbers of PEI-CCG bilayers
(Figure 6.31) is too small to be visible in the redox response (Figure 6.35).
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Figure 6.35 Cyclic voltammograms of glassy carbon electrodes coated
with none, and 1 to 6 bilayers of PEI-CCG at scan rates of 10 and
100 mV/s. Cyclic voltammograms were recorded in 50 mN potassium
ferrocyanide prepared in PBS (pH 7.4). Arrows indicate direction of
potential scan.
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Figure 6.36 Cyclic voltammogram of 6 bilayers of PEI-CCG on glassy
carbon electrode in PBS and 50 mM KFeCN at a scan rate of
10 mV/s. The arrows represent the cathodic (Ic) and anodic (Ia) peak
current. The full lines represent the fits of the two baselines which are
created by the ohmic resistance of the system. Arrows indicate direction
of potential scan.

The ratio of the cathodic over the anodic peak current Ic / Ia was reducing
slightly with number of bilayers which indicates a slightly less reversible redox
system (Figure 6.37 b). The faster scan rates produced a lower Ic / Ia ratio.
The peak to peak voltage difference was also slightly increasing with
number of bilayers and with about 70 mV at 10 mV/s scan rate close to the
theoretically best possible 59 mV (at 25°C) for single electron transfer in
electrochemical redox reactions (Figure 6.37 a). The scan rate at 100 mV/s
produced higher voltage differences at around 120 to 150 mV.
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Figure 6.37 (a) The voltage difference of the peak currents for a
glassy carbon electrode (GCE) and varying numbers of CCG-PEI
bilayers at a scan rate of 10 and 100 mV/s. (b) The ratio of the
cathodic over the anodic peak current for a glassy carbon electrode and
varying numbers of CCG-PEI bilayers at a scan rate of 10 and
100 mV/s.
The coated GCEs were examined for cracks and PEI-CCG film
imperfections before and after the CV scans (Figure 6.38). Cracks and marks
were found which are likely to influence the results by reducing the active area
of 28.3 mm2 and creating redox reaction also on these less perfectly covered
cracks and marks. The overall imperfect surface area was found to be small as
compared to the perfectly covered PEI-CCG surface area, and all cracks and
marks were unchanged before and after the measurement, and therefore it can
be assumed they had only a minor influence on the measurement.
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Figure 6.38 Photos of the glassy carbon electrodes coated with 1 to 6
bilayers of PEI-CCG.
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6.3.3.8

Cytocompatibility of Self-Assembled PEI-CCG Films

In order to utilize these self-assembled films in a biological environment it is
essential to study the cytocompatibility of these materials. Therefore silica and
glass samples, coated with PEI-CCG bilayers, were tested for adhesion and
proliferation of fibroblastic (L929), neural (PC12) and myoblastic (C2C12)
cells, in the presence and absence of a laminin pre-coating. The viability of
L929 cells was quantitated using LDH assay in combination with live cell phase
contrast imaging.
Problems were encountered in that the wells attached to thinner coatings
on silica wafer leaked after 24 h (cleaned silica and PEI only) and many of the
thicker coatings leaked after 48 h. On glass microscope slides, the chambers on
PEI coatings lifted from the substrate at 24 h and were therefore unusable,
whereas the remainder of the chambers remained intact. Several glues were
tested for their sealing properties with the coated slides and for a lack of
toxicity to cultured cells, of these the best glue was found to be Talon’s
Rubber-Cement. The cement was tested for leakage under all conditions to be
used during cell culture and subsequent assays, and also verified as being
compatible with all cell types to be used.
LDH assays showed that L-929 cells adhered to and proliferated on silicon
wafer and on glass, and on the PEI and PEI-CCG coatings on glass and silicon
wafer (Figure 6.39). The increase in cell number was better on the thicker
coatings i.e. (PEI-CCG-PEI) and (PEI-CCG)2 coatings, and approximated that
on the uncoated (control) substrates. The net absorbance measurements
indicated that the cell doubling time approximated 24 h on these substrates,
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which is normal for these cells. The cell proliferation was not as good on the
single layer coatings. Live cell phase contrast imaging shows healthy cells with
normal morphology after 24 h (Figure 6.40).

Figure 6.39 LDH assays of L929 cells on silica and glass surfaces, as
well as silica and glass surfaces coated with various layers of PEI and
PEI-CCG.
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Figure 6.40 Phase contrast microscope images of L929 cells on
various numbers of PEI-CCG bilayers on glass 24 h after seeding.

PC12 cells adhere and proliferate better on surfaces that are coated with
CAMs (cell adhesion molecules) such as laminin (Figure 6.41, Figure 6.42).
These cells adhere as individual cells rather than loosely-attached clusters in
the presence of laminin coatings. The thicker PEI-CCG coatings appeared to
support PC12 adhesion and growth better than thinner coatings although this
was not quantitated, e.g. on the single layer PEI-CCG coating PC12 cells were
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low in number and some cells had a shrunken, non-adherent appearance that is
characteristic of cells dying by apoptosis, whereas on the thicker (PEI-CCGPEI and (PEI-CCG)2, Figure 6.42) coatings, there were more larger cell
numbers and the cells had normal morphology with no evidence of cell death.

Figure 6.41 Phase contrast microscope images of PC12 cells on glass
and PEI-CCG coated glass, in the absence and presence of laminin.
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Figure 6.42 Microscope images of PC12 cells PEI-CCG-PEI and
(PEI-CCG)2 coated glass, in the absence and presence of laminin.
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C2C12 skeletal muscle cells attached to and proliferated on glass, PEI and
PEI-CCG coatings by 24 h (Figure 6.43). The cells did not attach as well to
PEI coatings, and their proliferation rate was lower than on PEI-CCG
coatings.
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Figure 6.43 Phase contrast microscope images of C2C12 cells on
glass, and PEI and PEI-CCG coated glass.
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6.4

Conclusions

Self-assembly of CCG can be used to form homogenous, thin, conducting,
and transparent coatings. Adsorption of CCG onto surfaces coated with
cationic polymers PEI, and PEI, PDDA, PLL, and CHIT in the presence NaCl
was nearly completely saturated after 40 to 60 min. The polymer adsorption
was completed after 5 to 10 min either on the substrate (PEI on gold in
QCM), or onto CCG. CCG adsorption time was the same if it was on the
polymer base layer or on a polymer mid-layer. Additionally the top layer of
polymer or CCG did not change after adsorption of another layer onto it. Thus
for the tested polymer-CCG multilayer films, the base bilayer, mid-bilayer and
top-bilayer behave in the same way. This is not given for any self-assembly
system, as the substrate can influence the base bilayer, and the top layer can
change (e.g. by interpenetration of polymers) or partly desorb upon adsorption
of another layer 30, 58.
Depending on the polymer film and its properties, the adsorbed CCG can
either cover the whole substrate or only parts of it, in single layer or stacked as
two or three sheets on top of each other. These properties of the cationic
polymers are determined by many factors, amongst them the ionic strength
and pH or their solutions. It was found that the higher the pH of the solution
(up to pH 10.1) used for polymer deposition, the more CCG self-assembled on
it. The same was found for the ionic strength of the polymer solutions. Being a
lyophobic colloidal dispersion, the adjustment of pH and ionic strength in CCG
containing dispersion is very limited and best to be optimised for dispersion
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stability to achieve best self-assembly results, i.e. low ionic strength and a pH
of approximately 10.
To obtain smooth, homogenous CCG films from self-assembly of polymers
and CCG, it was found essential that CCG concentrations were kept below
0.01 wt% and rinsing between immersion into the polymer solution or CCG
dispersion was performed thoroughly with running MilliQ water. For such
smooth PEI-CCG films, the thickness of an adsorbed PEI layer (without NaCl)
was determined by AFM to be 1 to 2 nm; the thickness of a CCG layer
adsorbed onto PEI was 0.8 to 2.0 nm. When increasing ionic strength or pH of
the polymer solutions PDDA, PLL, and CHIT, they can adsorb the same
amount and thickness of CCG as PEI (data from UV-Vis absorbance
spectroscopy and non-cross-sectional AFM images show homogenous CCG
coverage). These films have a very low surface roughness, for instance less than
1 nm for 10 bilayers of PEI-CCG. Full PEI-CCG bilayer growth took place up
to 20 to 30 bilayers. Above 30 bilayers, the amount of CCG adsorption per
immersion dropped, most likely due to decreasing charge-overcompensation.
Contact angle measurements confirmed the moderate hydrophobic nature of
self-assembled CCG films with an average contact angle of 66°. When CCG
was replaced by GO, the average contact angle dropped to 50°, when PEI was
used as last layer, the contact angle dropped further to 36°. Self-assembly can
therefore be used to design graphene films of contact angles required by a
specific application.
A single PEI-CCG bilayer showed a transmittance of 89.1 % to 95.0 % at
270 nm and a conductivity of approximately 10-20 S/m. Sheet resistance and
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therefore conductivity was dependent on the relative air humidity the samples
were exposed to. Maximum conductivity was found at 50 to 60 % relative
humidity with lower conductivity for other relative humidities. The moisture
content in the PEI-CCG films seems therefore to be detrimental to
conductivity if it is very low (10 %) or very high (80 to 90 %). This effect was
stronger in films with higher number of bilayers. The observed conductivities
are not very high compared to the conductivity of vacuum filtrated CCG paper
and other graphene films (Chapter 3). However, they are well suitable for
biomedical applications that need low current densities such as implantable
electrodes for stimulation of nerve and muscle cells and electrically stimulated
drug release.
The structure of self-assembled CCG was investigated with Raman
spectroscopy. Raman spectroscopy shows a D, G, 2D, S3, and 2D’ peak for all
self-assembled PEI- and PDDA-CCG films. GO was chosen as a comparison
with even higher amounts of functional groups than CCG. Self-assembled GO
showed a lower wavenumber for the G peak maxima than self-assembled CCG.
Hydrazine reduction of GO to CCG therefore causes a blueshift of the G peak
frequency. Reduction of self-assembled GO through thermal annealing,
however, caused the opposite and led to a redshift of the G peak frequency.
The intensity ratio of G peak over D peak is considered as a measure of
defects in the graphene sheet 52. I(G) / I(D) peak intensity ratio was low for
self-assembled CCG at about 0.9 and high for GO at approximately 1.2. We
can see, however, that this ratio seems to be counterintuitive in the case of
CCG, as CCG is conducting and likely to contain less defects than GO. On the
other hand GO is not conducting, yet self-assembled CCG has a lower I(G) /
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I(D) peak intensity ratio than self-assembled GO. Annealing of self-assembled
GO, on the other hand, leads to an increase in the ratio of ~0.2 and fits into
the theory of higher ratio equals a more intact carbon crystal structure and
therefore higher conductivity. Thus the shift in wavenumber of the G peak, and
the change in I(G) / I(D) ratio behave in the same unexpected way for
hydrazine reduction and thermal annealing of GO. The 2D peak could not be
used to determine the amount of graphene layers stacked on top of each other,
as can be done with pristine graphene 48.
If self-assembled CCG is to be used as an electrode implant in the human
body, e.g. as nerve cell interface for the bionic ear, the performance is
determined by electrochemical properties, such as capacitance, resistance,
impedance and electron transport to and from the electrolyte 57. Therefore the
ohmic resistance and the electric double layer capacitance of self-assembled
PEI-CCG were tested. They increased with increasing number of PEI-CCG
bilayers (from 5 nF to 15 nF of 2 to 6 PEI-CCG bilayers on a surface area of
28.3 mm2). The impedance decreased with the number of PEI-CCG bilayers
over the range of 0.1 Hz to 100 kHz which is matching the observed decrease in
sheet resistance. Low capacitance at certain frequencies is beneficial for
electrode implants that interact with neural, muscle or other cells (e.g. 1 to
100 kHz is the favoured frequency range for nerve cells when communicating
with the Bionic Ear implant 59).
The redox peaks of potassium ferri-/ferrocynide in PBS showed a stable
voltage peak-to-peak difference of approximately 80 mV and 120 mV at a scan
rate of 10 mV/s and 100 mV/s respectively. This value (80 mV) is somewhat
removed from the ideal theoretical value of 59 mV (at 25°C) for a single
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electron transfer. The cathodic to anodic peak current ratio tended to decrease
with the number of PEI-CCG bilayers from 0.82 for 0 bilayers (i.e. glassy
carbon) to 0.74 for 6 bilayers, at a scan rate of 100 mV/s. A slower scan rate of
10 mV/s resulted in slightly lower cathodic to anodic peak ratios. The cathodic
to anodic peak ratio is a measure of reversibility and in an ideal reversible
system would be exactly 1. The higher numbers of PEI-CCG bilayers therefore
produce a less reversible ferri-/ferrocyanide system. This could be caused by
intercalation of ferri-/ferrocyanide with the PEI-CCG multilayers, and reaction
with the functional groups on CCG and PEI.
PEI-CCG coatings were also tested for in vitro cytocompatibility which
forms the initial part of larger biocompatibility studies that would be necessary
to prove that self-assembled CCG is usable as functional coatings on
biomedical implants. The coatings were cytocompatible to neural, muscle, and
fibroblastic cells and higher numbers of PEI-CCG bilayers supported better cell
adhesion and proliferation than low numbers of PEI-CCG bilayers.
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Chapter 7
Future Work towards Applications
7.1

Introduction

The research presented in this Chapter is motivated by the versatile
possibilities to design self-assembled CCG films according to the needs of
applications. Instead of using only cationic polymers as building blocks of selfassembled CCG films, as in all previous Sections of this Chapter 6, other
building blocks were investigated. The extension to different types of building
blocks allows the design of novel self-assembled films. Preliminary studies were
conducted

on

several

CCG

and

GO

systems,

however,

complete

characterisation of the materials produced has to be performed in future work.
Since lyophobic CCG dispersions are much less stable than lyophilic GO
dispersions, many of the proof of concept tests were carried out with GO and
then

repeated

with

CCG.

One

of

the

building

blocks

tested

was

ethylenediamine, a small, positively charged molecule which allows the
crosslinking of GO sheets directly without creating thick cationic polymer
layers between the GO films. This could increase conductivity as the amount of
non-conducting polymer in the self-assembled GO film is minimised and GO
sheets could overlap each other to a higher extent, thereby increasing the
conductivity.
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A further minimalistic approach to self-assembly of GO or CCG via
electrostatic interaction without the need of cationic polymer adsorption could
be the use of metal ions. Divalent Mg2+ and Ca2+ are known to increase the
tensile strength of GO paper 1. It was therefore assumed that ionic interaction
of the divalent ion Cu2+ with could lead to self-assembly of GO (and
consequently also of CCG). Therefore Cu2+ (from copper(II)acetate) was tested
for self-assembly with GO.
The building block porphyrin was tested to obtain a functional CCG
coating. Porphyrin has been reported to provide the molecular recognition
element for sensing nitroaromatic explosives when used in combination with
graphene (or CCG) as electron collector 2. Photosynthetic reation centers (RCs)
were also tested as building blocks for self-assembly aiming for photovoltaic
and light harvesting applications 3. Here again, CCG would act as electron
collector from the RCs.
Apart from these building blocks, coating of microstructures was
investigated with the goal to increase the electrode surface area. The surface
area of electrodes is an important factor influencing

performance in many

areas of applications such as dye-sensitized solar cells and supercapacitors 4, 5.
Taking advantage of the unique coating possibility of self-assembly on a
microscale level, silica microspheres were coated with PEI-CCG.
In addition to increasing surface area, these silica spheres can be dissolved
in hydrofluoric acid to form hollow CCG capsules that can be filled with drugs
for drug delivery systems or dyes for solar cell systems, as has been
demonstrated for polymer capsules 6, 7.
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The versatility of the self-assembly process was also demonstrated by
coating fused silica capillaries with GO (Section 4.3.11). The resulting
capillaries were able to serve as electrochromatographic separation tools for
aromatic molecules by interaction with the stationary phase (on the capillary
wall self-assembled) GO. In a further step GO could be replaced by CCG.

7.2

Methods

7.2.1 Comparison of GO and CCG
Four clean quartz samples were immersed in 0.05 wt% PEI for 12 h, and
subsequently coated with CCG by immersion into 0.005 wt% CCG and GO for
40 min, followed by rinsing and immersing into PEI again for 40 min. The first
pair of samples was monitored by UV-Vis spectroscopy from one PEI-CCG,
and PEI-GO bilayer to 5 bilayers, the second pair from 5 to 8 bilayers.

7.2.2 Self-Assembly of GO with Ethylenediamine and
Copper Ions
A clean quartz sample was coated with a base layer of PEI-GO by
immersion into 0.1 wt% PEI for 12 h, rinsing with MilliQ water, immersion
into 0.01 wt% GO, rinsing with MilliQ water and drying under a strong stream
of

nitrogen

gas.

The

sample

was

then

immersed

into

0.05

wt%

copper(II)acetate (dissolved in MilliQ water) for 40 min, rinsed with MilliQ
water, immersed into 0.01 wt% GO for 40 min, rinsed with MilliQ water and
dried under a strong nitrogen stream. This cycle was repeated four times. The
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same procedure was repeated on another clean quartz sample with 0.05 wt%
ethylenediamine in MilliQ water instead of copper(II)acetate.
UV-Vis spectra were taken of all quartz samples, using a Shimadzu UV
1601 spectrophotometer.

7.2.3 Self-Assembly of Porphyrins and Reaction Centres
This work was performed in collaboration with J. D Madden from the
Department of Electrical and Computer Engineering, University of British
Columbia, Vancouver, BC, Canada. Photosynthetic reaction centers (RCs) RC
of the photosynthetic bacterium Rhodobacter sphaeroides 3 were self-assembled
from 1.78 µM RCs in 0.1 M Tris buffer (tris(hydroxymethyl)aminomethane)
onto a base layer of PEI-CCG. The base layer was created by immersing a
clean quartz slide into 0.1 wt% PEI solution for 12 h, rinsing with MilliQ
water, immersing into 0.01 wt% CCG for 40 min, rinsing with MilliQ water
and drying under a strong stream of nitrogen gas. It was then immersed into
RC solution for 40 min, rinsed with MilliQ water and dried under a stream of
nitrogen gas. It was then immersed into 0.01 wt% CCG for 40 min, rinsed with
MilliQ water and dried under a strong stream of nitrogen gas. This RC-CCG
cycle was repeated three times. UV-Vis spectroscopy was performed on the
sample after each CCG or RC layer was adsorbed.
A second and third quartz sample was coated with PEI and each with a
different type of porphyrin (see Figure 7.3 for their chemical structure). The
samples were immersed into 0.1 wt% PEI for 12 h, rinsed with MilliQ water,
and immersed into 0.01 wt% GO for 40 min to create a base layer. They were
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then rinsed again with MilliQ water and dried under a strong stream of
nitrogen gas, followed by immersion into 0.2 wt% modified porphyrins in
dichloromethane for 40 min, rinsing with dichloromethane and drying under a
strong stream of nitrogen gas, immersion into 0.01 wt% GO for 40 min, rinsing
with MilliQ water and drying under a strong stream of nitrogen gas. This last
porphyrin-GO coating cycle was repeated three times, and after each GO layer
deposited, UV-Vis spectra were taken of both samples using a Shimadzu UV
1601 spectrophotometer.

7.2.4 PEI-CCG Coated Silica Microspheres
Silica microspheres (5 w/v% aqueous suspension, diameter 3.08 µm, SiO2-R77009, MicroParticles GmbH, Germany) were agitated using a laboratory
vortex mixer. 100 µL of the agitated microsphere suspension was taken out and
put into a 500 µL Eppendorff LoBind tube. The LoBind tube prevents
extensive adhesion of spheres onto the tube walls during self-assembly.
The sample was centrifuged with an Eppendorf Centrifuge 5415D at
1500 rcf for 30 s, and the supernatant (water) was removed. 100 µL of
0.1 wt% PEI in 0.5 M NaCl was added, vortex agitated for 1 min, and then
shaken for 10 min using an orbital suspension mixer.
The sample was centrifuged at 1500 rcf for 1 min, upon completion the
supernatant was removed and 200 µL of MilliQ water was added. It was vortex
agitated for another 30 s, followed by centrifugation at 1500 rcf for 1 min,
followed by supernatant removal. This washing was repeated three times in
total.
Page | 364

Chapter 7 Future Work towards Applications

Then 200 µL of 0.01 wt% of CCG was added. The sample was agitated for
1 min and mixed for 10 min. Centrifugation at 1500 rcf for 1 min was followed
by removal of the supernatant, and addition of 500 µL of MilliQ (this larger
amount of MilliQ than in the previous rinsing, was found to help decrease the
amount of spheres sticking to the tube walls). It was followed by agitation for
1 min, until all spheres seemed to be well dispersed. Centrifugation at 1500 rcf
for 1 min and removal of the supernatant was the last step of this one washing
cycle. The washing cycle was repeated three times.
Finally 200 µL of MilliQ water was added, and the sample was agitated for
1 min. A SEM sample was prepared by placing approximately 3 µL on clean
gold mylar. An AFM sample was prepared by placing the same amount onto a
clean piece of silicon wafer.
Atomic force measurements were taken on the Asylum MFP 3D using Igor
Pro 6.04 software, and a MikroMasch Cantilever NSC15/AIBS at a drive
Frequency of 306.514 kHz, a drive amplitude of 326.35 mV, a target amplitude
of 2.00 V, a set point of 800 mV, a scan rate of 0.2-0.4 Hz and an Integral Gain
of 4-9.
The SEM samples were prepared by placing a drop of MilliQ water
containing microspheres onto gold mylar and air drying it in a closed petridish. Without any further treatment (such as sputter coating of metals to
increase the conductivity) the gold mylar was mounted into SEM sample
holder. SEM images were taken on the field emission scanning electron
microscope (FESEM) JEOL7500.
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7.3

Results and Discussion

7.3.1 Comparison of GO and CCG
CCG is similar in structure to GO and so they show very similar selfassembly behaviour (Figure 7.1). The biggest difference when using UV-Vis
spectroscopy to monitor GO and CCG, is the lower extinction coefficient of
GO and the redshift during reduction of GO to CCG. Additionally GO
dispersions are more stable during experiments than CCG dispersions, and
since GO contains more functional groups it is supposed to act better (a higher
amount of adsorption and quicker adsorption) than CCG when self-assembled
with of ionic materials. For these reasons initial experiments to determine selfassembly behaviour of different materials with CCG, were conducted on GO.
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Figure 7.1
UV-Vis spectra of self-assembled PEI-CCG and PEI-GO
multilayer films on quartz substrates. (a) Substrate with growth of
layers 1 to 4, (b) substrate with growth of layers 5 to 8). The growth of
CCG and GO is very similar, only the absorbance of each material is
different. The depicted absorbance is half of the measured absorbance,
as both sides of the quartz slides were coated and measured
simultaneously.

7.3.2 Self-Assembly of GO with Ethylenediamine and
Copper Ions
The UV-Vis spectra of ethylenediamine with GO shows layer growth
(Figure 7.2). Using cross-linkers like ethylenediamine, allows therefore to selfassemble GO layers without the need for cationic polymers. This allows to
design pure graphene films with thickness control of approximately 1 nm, i.e.
single GO or CCG nanosheet thickness.
Metal ions such as the divalent Mg2+ and Ca2+ are known to increase the
tensile strength of GO paper 1 and consequently it was assumed that ionic
interaction of the divalent ion Cu2+ with could lead to self-assembly of GO
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(and CCG). However, GO did not self-assemble beyond one bilayer with copper
ions. This bilayer could have been created as a result of copper ions migrating
into the PEI base layer, increasing its charge and attracting more GO. It
appears that the high solubility of copper ions and comparably low adsorption
forces prohibits Cu2+ to self-assemble with CCG beyond one bilayer (in other
words Cu2+ ions show low release of enthalpy, see Chapter 1). A comparison of
CCG self-assembly with Mg2+ and Ca2+ could shed more light on the
adsorption properties of CCG and metal ions.
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Figure 7.2
UV-Vis
spectra
of
self-assembled
GO
with
ethylenediamine and copper ions. The depicted absorbance is half of the
measured absorbance, as both sides of the quartz slides were coated and
measured simultaneously.

7.3.3 Self-Assembly of Porphyrins and Reaction Centres
The possibility of using CCG and photosynthetic reaction centers (RCs) in
solar cells, e.g. in dye-sensitized solar cells as substitute of TiO2 and dye, was
the motivation to investigate self-assembly of RCs with CCG. It is currently
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still a challenge to create light harvesting electrodes with chlorophyll reaction
centers and self-assembly might be a possible deposition technique to succeed.
Figure 7.4 shows the successful self-assembly of CCG with RCs. The faint peak
at 790-800 nm is caused by the RCs and proves incorporation of RCs into the
CCG multilayer. Photovoltaic measurements are in preparation.
The same motivation led to the investigation of self-assembly of GO with
porphyrins. Functionalized porphyrin (see Figure 7.3), and functionalized
porphyrin complexes with tetrafluoroborate were successfully self-assembled.
Each of the UV-Vis spectra shows the typical porphyrin peak at 425 nm. This
system could be used to produce dye-sensitized solar cells of all electrodes
being made of graphene.
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Figure 7.3
UV-Vis spectra of self-assembled GO with porphyrin. The
depicted absorbance is half of the measured absorbance, as both sides of
the quartz slides were coated and measured simultaneously.
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Figure 7.4
UV-Vis spectra of self-assembled layers of CCG and
photosynthetic reaction centers (RCs). The depicted absorbance is half
of the measured absorbance, as both sides of the quartz slides were
coated and measured simultaneously.

7.3.4 PEI-CCG Coated Silica Microspheres
The greatest advantage of CCG self-assembly over other graphene coating
techniques, such as air-brush spraying of CCG or CVD growth of graphene, lies
in its ability to work under any geometric constraints. In Chapter 4 coating of
silica fused capillaries with PEI-CCG was presented which can be used for
electrochromatographic separation of aromatic molecules on CCG.
Silica microspheres are another example of geometric constraints. Silica and
polystyrene microspheres have been used to create hollow spheres of polymer
shells (by dissolving the sphere with HF or solvents) that can be used for
instance as drug-delivery vehicles. Solid coated silica spheres can also be used
in separation science as column (i.e. filling material in capillaries to increase
the active surface area). Other possibilities include application in dye-sensitizes
solar cells.
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SEM pictures of the coated silica microspheres show the CCG sheets
attached to the PEI coated silica surface (Figure 7.5). A cross-section of the
adsorbed PEI-CCG layer was taken by depositing the spheres onto silicon
wafer and removing the spheres with the AFM tip. The remaining film on the
silicon wafer forms a mold of the silica sphere with 3.08 µm diameter. The
image shows the PEI-CCG film bent over and lying down onto the silicon
wafer. The remaining film appears thicker than it really is, as AFM is unable
to show hollow structures due to vertical scanning and tip shape. On basis of
the previous thickness measurements on silica, it is assumed that the film on
the spheres is about 3.5 nm thick, and the peeled-off film on the AFM image is
therefore assumed to be hollow underneath.

Figure 7.5

SEM images of silica spheres coated with PEI-CCG.
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Figure 7.6
AFM image in (a) two dimensions and (b) three
dimensions of the remaining PEI-CCG layer of a PEI-CCG silica
sphere that has been moved off its place on a silicon wafer.
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7.4

Conclusions

This Chapter provided an outlook into future applications of self-assembled
CCG. It showed the flexibility in layer architecture that is given by selfassembly to design application specific structures. The cationic polymers of the
previous Sections were exchanged for ethylenediamine to create CCG films that
have the potential to be covalently crosslinked with minimal cationic polymers
between the CCG layers. A possible application of porphyrin-CCG multilayers
as sensor for explosives was presented, as well as the possibility to use
photosynthetic reaction centers, self-assembled with CCG for light harvesting.
Self-assembly appears not only to excel in the possibility to choose a
combination of functional materials. It also allows to design and coat nanoand microstructures. As an example, silica microspheres were coated with
PEI-CCG which have the possibility to be used as surface enhanced electrodes
or drug delivery vehicles when dissolving the silica with hydrofluoric acid 6, 7.
Another application in this arena of coating microstructures was
successfully tested in Section 4.3.11. The inner wall of a silica fused capillary
was coated with PDDA-GO which was then succesfully tested for separation of
aromatic molecules in open tubular electrochromatography. The interaction of
aromatic molecules with the aromatic parts of the GO sheets leads to a slow
down in their migration throught the capillary. Different types of aromatic
molecules showed different migration times and it was therefore possible to
separate them.
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As shown in a few examples in this Chapter, possibilities of CCG selfassembly are numerous. CCG is an excellent building-block for self-assembly,
due to its high affinity to adsorb onto substrates and its characteristic of being
non-dissolvable after adsorption. In combination with one or more buildingblocks, CCG can be used to create sophisticated architectures of highly
functional materials.
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General Conclusions
This work focused on the production of thin graphene films. The first step
was the development of a method to create adequate amounts of graphene for
thin film creation. The chosen pathway was the chemical production of
graphene from graphite. In this process graphite was first oxidised to graphene
oxide which was then exfoliated via sonication, followed by chemical reduction
back to modified graphene. This work was presented in Chapter 3 with the
modified graphene being referred to as chemically converted graphene (CCG).
The CCG dispersions were created by hydrazine reduction of GO dispersions
with the addition of ammonia.
Two important steps were identified to be able to create a stable CCG
dispersion. Firstly the pH of the CCG dispersion has to be increased (e.g. by
addition of ammonia). The reason is that CCG is a hydrophobic colloid which
carries negative charge, measured as zeta potential. The negative charge causes
mutual repulsion of the CCG sheets and prevents aggregation. It was found
that increasing the pH to 10 results in a zeta potential below -40 mV with
CCG dispersions formed stable for months.
Neither the structure of GO nor that of CCG is completely understood.
However, it appears that carboxyl, hydroxyl and carbonyl functionalities are
present in small numbers in CCG and in higher numbers in GO. CCG
therefore contains larger areas of aromatic carbon structure, whilst GO
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contains smaller or less of these aromatic areas. The pi-pi interaction between
these aromatic carbon structures of two CCG sheets appears to be the major
cause for CCG aggregation. Consequently the low amount of polar
functionalities make CCG hydrophobic and non-redispersable after aggregation,
whilst the high amount of polar functionalites make GO hydrophilic and
redispersable even in the powder form. The hydrophobicity of CCG and
hydrophilicity of GO was confirmed in contact angle measurements. Therefore
CCG can only be produced from dispersed GO and any aggregation of CCG is
not reversible.
The charge that CCG carries, which keeps the CCG from aggregating,
appears to be caused by the deprotonation of enolic and phenolic groups,
proton complexation of the 𝜋 electron system of graphite planes acting as
Lewis basic sites, and protonation of various Brönsted basic oxygen species

(ethers, carbonyl groups) (Section 3.3.2.3.2.1). All of these reactions are pH
dependent and therefore a higher pH leads to more stable CCG dispersions.
To obtain stable CCG dispersions, it was also discovered that purification
of CCG and its precursor GO is necessary. It was found that washing the GO
product with MilliQ water either by filtration and subsequent dialysis, or by
extensive centrifugation, was necessary to avoid aggregation of GO during
reduction to CCG. Additionally it was found that during reduction of GO to
CCG with hydrazine, the amount of hydrazine added, had to be optimised.
The aggregation of non-purified CCG can be explained by the impact of
ionic strength on the negative surface charge of the colloidal CCG. If salts are
dissolved in a solution, its ionic strength increases. A high ionic strength in a
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colloidal dispersion results in a high shielding effect of the surface charge of the
colloidal particles which eventually lowers the repulsive force between the
particles below a critical level and causes the colloidal particles to aggregate.
Since the oxidation of graphite to GO leaves acids and metal salts dissolved in
the GO dispersion, subsequent reduction of GO leads to immediate aggregation
of the produced CCG colloid – unless the GO dispersion is purified and the
ions are removed by extensive washing with MilliQ water.
A high amount of hydrazine added to GO for reduction to CCG acts in a
similar way like any other ion that increases the ionic strength. Hence high
concentrations of hydrazine were observed to cause aggregation of CCG. Too
low hydrazine concentrations were found to reduce GO to a small extent which
led to low conductivity of the resulting CCG product. An optimum hydrazine
to GO mass to mass ratio was found to be 7:10. Above this ratio CCG
increasingly aggregates upon reduction from GO, below this ratio, the
conductivity of CCG decreases. Remarkably it was found that the conductivity
of CCG reduced with higher ratios than the optimum ratio of hydrazine to GO
did not increase the conductivity further (7200 S/m for CCG paper produced
by vacuum filtration).
The colloidal properties of GO and CCG were further investigated in
Chapter 4 using capillary zone electrophoresis (CZE). CZE was chosen to
separate and analyse GO and CCG according to their flow resistance (i.e. size)
and surface charge.
Sonication time and sonication power were found to be both equally
effective means to control the average GO and CCG sheet size from several
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micrometers to 100 nm. When subjected to CZE, the various sized GO and
CCG created different electropherograms. Non-exfoliated or upon increased
ionic strength reaggregated GO particles cause spikes in the electropherogram.
Fully exfoliated and small GO or CCG particles on the other hand create a
broad peak at low separation times (i.e. the particles have a low electrophoretic
mobility). CZE can therefore be used as quality control tool for the exfoliation
of GO and CCG.
Due to the higher amount of functional groups carried by GO as compared
to CCG, the GO sheets showed a higher mobility than CCG sheets. This
behaviour is as expected as the higher surface charge of GO creates a stronger
electrostatic force on the GO sheet as compared to the CCG sheet. CZE can
therefore be used to analyse the net amount of charge carrying groups on
chemically modified graphene. In fact any commonly used device for zeta
potential measurement is based on this principle.
The theory of two-dimensional, colloidal particles in external electrical
fields is not fully developed. Zeta potential measurements in these commonly
used devices can therefore only be used as approximate values. The reason is
that mobility does not always depend monotonously on surface charge or the
inverse of particle size, not even for highly symmetric spherical particles. Twodimensional particles create an additional geometric complexity which has to
be accounted for. For instance it was observed, that smaller GO particles tend
to have smaller mobilities which is contradicting this simple relation that a
smaller flow profile of a particle should result in a larger mobility of the
particle. The observed and published data of this CZE experiment on GO and

Page | 381

General Conclusions

CZE could therefore serve as an experimental basis of an advanced
electrokinetic theory of colloids.
The production and characterisation of CCG was followed by the creation
of CCG films. The first method chosen was vacuum-filtration of CCG
dispersions which created strong and conducting CCG paper of tens of
nanometers up to micrometer thickness. Using temperature dependent sheet
resistance measurements, the most likely electron transport model for CCG
paper was found to be two-dimensional variable range hopping. Thermal
annealing of the CCG paper at 500°C for 1 h in argon resulted in further
reduction of CCG and increased the conductivity from approximately 4.3 S/m
for non-annealed CCG paper to 351 S/cm for thermally annealed CCG paper.
Thermogravimetric analysis showed that GO undergoes a more vigorous
reduction reaction with a higher percentage loss of mass more and more gas
released than CCG. This reaction causes damages to the ordered layer
structure of the GO paper as confirmed by scanning electron microscopy on the
treated GO papers. However, thermal annealing also decreases the gallery
spacing of CCG and GO sheets in the CCG and GO paper, respectively, as
observed by and X-ray diffraction measurements. Thus while the nanostructure
improves, the microstructure worsens. This balance appears to be dependent on
the rate of temperature increase during reduction as a very low increase could
lead to slower degassing and less microstructure destruction.
The conductivity of CCG paper improved almost linearly with annealing
temperature. This was also the case for thermally annealed GO paper only
with in general a lower conductivity. However, the mechanical strength of CCG
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paper improved only up to an annealing temperature of 220°C. At higher
temperatures the morphological damage seems to outweigh the improvement in
nanostructure. For GO paper thermal annealing appeared to cause loss of
mechanical strength with annealing temperatures higher than 100°C, i.e.
almost instantly with onset of reduction.
Thus vacuum-filtration of CCG can create very strong and conducting CCG
paper which can be further improved by thermal annealing. If high
conductivity is needed, high annealing temperatures are advisable. If
mechanical strength is important, annealing at 220°C is advisable.
Self-assembly of CCG was the second method investigated in this thesis
with the purpose of creating thin graphene films. Self-assembly systems are
sensitive to a range of parameters such as pH, ionic strength, type of polymer
(including type of functional groups, degree of charge, molecular weight,
lyophobicity), type of solvent, type of substrate, temperature, concentrations,
immersion times, and way of rinsing (Section 1.4.2). The reason for the
sensitivity is the mostly small release of enthalpy due to the small interaction
potentials (Section 1.4.1). Drawing general conclusions for self-assembly
systems have to be therefore very specific at the same time to give them
validity.
This investigation was focussed on electrostatic self-assembly of anionic
CCG

with

the

cationic

polymers

polyethylenimine

(PEI),

poly(diallyldimethylammonium chloride) (PDDA), Poly-L-lysine hydrobromide
(PLL), and chitosan (CHIT). Cationic polymers can create a base layer on
almost any substrate and prepare the substrate for self-assembly of CCG (i.e.
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create a base layer). Base layer formation can also be created with substrate
specific functionalization such as APTES on silicon wafer or MUA on gold.
In the cationic polymer-CCG system, the first two layers (base bilayer) was
found not to be very different from any following mid-bilayer, which is not
normally the case for all self-assembly systems (Section 1.4.2.9). The function
of CCG deposition onto various polymers versus time, as monitored with
atomic force microscopy (AFM), quartz crystal microbalance (QCM), and UVVis spectroscopy, was found to be the same for adsorption onto the substrate
as for adsorption onto the mid-layers and fall within the errors given for these
experiments. In this way cationic polymers adsorbed onto the substrate and
onto following CCG layers in 5 to 10 min, and CCG adsorbed onto the
polymers in 40 min to 60 min to an extend that the surface can be regarded as
fully covered. These values have been confirmed for PEI, PEI NaCl, PLL NaCl
(40 min) and PDDA NaCl, CHIT NaCl (60 min) each at 0.1 wt% and
accordingly in 0.5 M NaCl. Nevertheless the base layer is best to be immersed
for more than 10 min into cationic polymer solution to ensure maximum base
layer coverage, as the whole multilayer film can suffer in quality if the base
layer is incomplete.
The top layer (cationic polymer or CCG) was also found to behave like a
mid-layer, i.e the top layer does not change when another layer is adsorbed on
top of it. Again this is not the case for all self-assembly systems as in some
cases polymers can interpenetrate in the below lying layers and change their
composition, or they can become partly dissolved upon immersion into the
solution when forming the next layer (Section 1.4.2.9).
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Increasing the ionic strength of the polymer solutions led to an expected
higher adsorption of CCG. The reason is the charge shielding effect of metal
salts which cause lower mutual repulsion of the polymer chains and therefore
higher adsorption of the polymers. The higher amount of adsorbed polymer
creates more surface charge to attract more CCG on top of it. Adding NaCl to
increase the CCG adsorption was especially effective for polymers that showed
no or very little CCG adsorption. The same effect of lower surface charge on
the polymers followed by higher CCG adsorption can be achieved by increasing
the pH of the cationic polymer solutions. Both methods are equally effective
and can be chosen according to the needs of the application.
The creation of smooth multilayer films was found to be dependent on the
rinsing process and CCG concentration. The creation of CCG aggregates on
the self-assembled film is best avoided by keeping the CCG concentration
below 0.01 wt% and the CCG dispersion container closed. The latter avoids
water evaporation and aggregation of CCG on the air-liquid interface, which
can lead to aggregates on the self-assembled film when immersing or taking the
sample out of the CCG dispersion. Rinsing was found to avoid aggregates when
being performed with copious amounts of water. The self-assembled films
adhere strongly to the substrate and therefore a strong stream of water
removes only potential aggregates and loosely adsorbed material from its
surface.
The growth of maximum number of multi-bilayers was investigated with the
best performing polymer PEI. Full layer deposition of PEI and CCG was
achieved up to 20 bilayers. For more bilayers the adsorption of PEI and CCG
declined, most likely due to increased surface roughness or accumulation of
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charge which results in loss of charge overcompensation and the cessation of
release of Gibbs energy.
Self-assembly of polymer-CCG films allows to design the film properties
according to specific needs. It was for instance possible to change the contact
angle of PEI-CCG films from 66° to 42° by choosing CCG or PEI as last
adsorbed layer respectively. One of the most important porperties of selfassembled CCG films for use in biomedical applications is the conductivity. For
self-assembled PEI-CCG films the sheet resistance dropped from (14.8 +/- 4.2)
MOhm/square for 2 bilayers to (0.37 +/- 0.9) MOhm/square for 20 bilayers.
Assuming a 3.5 nm thickness of the base bilayer as measured from crosssections under AFM, and using optical absorbance to determine the
multibilayer

thickness,

the

conductivity

would

increase

from

(14.0 +/- 3.9) S/m to (46.0 +/- 0.9) S/m for 1 to 20 bilayers respectively. This
increase in conductivity could be related to the increasing contact areas of
CCG sheets with growing numbers of layers. Thus the electron transport model
changes from a purely two-dimensional model to a three-dimensional model.
While these conductivities are not high enough for use in some applications,
they are very well suitable for biomedical applications such as implantable
electrodes for nerve and muscle cell stimulation, or electrically stimulated drug
release. The optical absorbance per bilayer of polymer-CCG was determined at
0.023 to 0.05, depending if CCG adsorbed mainly as single sheets or if the
occurrence of double or triple sheet absorbance was high.
The structure of self-assembled CCG, GO, and thermally annealed CCG
and GO (at 500°C for 1 h in argon) was investigated using Raman
spectroscopy. The intensity ratio of the G peak over the D peak for selfPage | 386
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assembled CCG was approximately 0.9, the one of self-assembled GO 1.2. This
was not expected as the G peak is created by the aromatic carbon structure
whilst the D peak is created by defects, and defected graphene therefore has a
lower G to D peak ratio. Since CCG is the reduced counterpart of GO, and
CCG is conducting whilst GO is not, it was expected that CCG has a higher G
to D peak ratio than GO. Thus the simplified approach of using this ratio as
measure for the quality of the carbon crystal structure and the conclusion for
its conductivity does not hold true for GO vs CCG. Thermal annealing
however created as expected for self-assembled GO and CCG films a higher
ratio of approximately 0.2 for the annealed films.
The self-assembled PEI-CCG films were also tested for electrochemical
electron transport properties, capacitance and impedance in PBS and PBS
with ferri/ferrocynide. The capacitance in PBS (pH 7.4, 0.2 M) increased from
5 nF to 15 nF for 2 to 6 PEI-CCG bilayers respectively. The impedance
decreased with growing numbers of bilayers over the whole frequency range.
Electron transport properties in PBS with ferri/ferrocyanide were good. The
ratio of cathodic over anodic peak current and reduced on average from 8.2 for
uncoated glassy carbon to approximately 7.4 for 6 bilayers of PEI-CCG (at a
scan rate of 100 mV/s) only slightly which indicates good electron transport.
The PEI-CCG coatings were tested for in vitro cytotoxicity which forms the
initial part of larger biocompatibility studies that would be necessary to prove
that self-assembled CCG is usable as functional coatings on biomedical
implants. The coatings showed low toxicity to neural, muscle, and fibroblastic
cells and higher numbers of PEI-CCG bilayers supported better cell adhesion
and proliferation than low numbers of PEI-CCG bilayers.
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In view of possible future applications, CCG and GO was self-assembled
with materials other than the cationic polymers PEI, PDDA, PLL, and CHIT.
Ethylenediamine showed self-assembly with GO which, due to the small size of
ethylenediamine, could be employed for the creation of self-assembled CCG
coatings with high CCG content. Also porphyrins were successfully selfassembled with GO which could allow formation of sensors from these films.
Furthermore photosynthetic reaction centers were self-assembled with CCG
which could have the potential to be used in photoelectric devices.
The advantage of self-assembly to coat any sized shape and form was used
to create silica spheres, coated with PEI-CCG. These spheres could be used as
electrodes with enhanced surface area, or upon dissolution of silica with HF, as
drug delivery vehicles. Self-assembly of PDDA-GO on a similarly constrained
substrate – the inner walls of a silica fused capillary – were successfully used in
open tubular electrochromatography to separate different types of aromatic
molecules via pi-pi interaction with GO.
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