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Graphene is widely touted as the thinnest and the most versatile material available. As
an atomically thin layer of carbon atoms arranged in a hexagonal configuration, graphene
has a combination of technologically important properties, such as thermal and electrical
conductivity, mechanical strength, and impermeability to gases. From an industrial perspective
on applications, water as a dispersing media for graphene offers safer handling and
environmental benefits compared with conventional organic solvents. However, the high surface
tension of water and the attractive forces between graphene surfaces drive the sheets to
aggregation. Although surfactants have been an important stepping stone in the advancement
of aqueous graphene dispersions, these surface-active molecules are often needed in excess and
have adverse effects on coatings during film formation. These challenges limit the industrial
relevance of graphene as an effective barrier in composites. In general, gas barriers against both
oxygen and water vapour, made from a single coating formulation, is seemingly a holy grail for
the packaging industry. In this thesis work, the aim was to gain a fundamental understanding of
aqueous graphene dispersions for gas barriers used in paper packaging. Biobased materials were
systematically investigated as dispersing agents for graphene based on dispersing conditions
and functional barrier performance. Flavin mononucleotide (FMN), a food additive, dispersed
graphene using a relatively low amount of FMN and showed intriguing spectroscopic signatures
of m-m interactions with graphene. Starch nanoparticles (SNPs) realised concentrated and stable
aqueous graphene dispersions for composite films. The SNP-stabilized graphene sheets in
starch films lowered the gas permeability of both oxygen and water vapour simultaneously by
over 70% under all the conditions tested. In general, a combined gas barrier performance is
unusual for both bioplastics and common petrochemical-based plastics used in the packaging
industry. Motivated by the graphene network leading to the extraordinary barrier performance,
the aqueous SNP-graphene dispersion was modified for inkjet printing. The printed patterns
were flexible and electrically conductive in the order of 10* S m™ that is on par with the highest
reported values in the literature. These surfactant-free aqueous SNP-graphene dispersions
have the potential and versatility for paper-based gas barriers with integrated electronics.
Multifunctional composite films made from these dispersions, when optimized, could become
competitive with commercial plastics, and meet the current and future demands of the packaging
industry.
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’

“Now is the time to understand more, so that we may fear less.’

Maria Sktodowska-Curie
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WVP Water vapour permeability

WVTR  Water vapour transmission rate



1 Introduction

Since the first graphene monolayer was discovered in 2004[1], the world has
witnessed many intriguing breakthroughs in graphene research[2], in parallel,
important advances in the global production of large-scaled and cost-effective
graphene[3]. Today, we could be standing at the tipping point and witnessing
more graphene applications entering the market [4]. Graphene, in its pristine
form, is simply a 2D network of carbon atoms arranged in a hexagonal
configuration. This configuration gives rise to a combination of
unprecedented properties that exceed beyond those measured in other
materials. For instance, the electrical conductivity[5,6] and the thermal
conductivity[7] exceed that of copper, while the mechanical strength makes
graphene the strongest material ever measured[8]. Furthermore, despite being
only one atom thick, graphene is considered impermeable to all gases and
liquids[9—11]. These technologically important properties and a wealth of
many others, combined in a single material, could lead to new disruptive
technologies or even replace the existing technologies and materials in a wide
range of applications[12], such as gas barrier coatings for paper-
packaging[13] or conductive inks for flexible printed electronics[14].

To make use of graphene in wide-ranging high-performing applications,
scalable production of single- to few-layer graphene is often required. To meet
this requirement, a deeper understanding of suitable dispersing systems is
needed. In the early stage of graphene research, dispersions of graphene were
extensively studied in organic solvents, such as dimethylformamide
(DMF)[15], N-methyl-2-pyrrolidone (NMP)[16,17], and dimethyl sulfoxide
(DMSO)[18]. Although graphene can be dispersed well in these solvents
(0.01-28 mg mL™), most organic solvents are often toxic, flammable, or
difficult to remove due to high boiling points (~203 °C)[19]. From an
industrial perspective on applications, water is the most sustainable
alternative. Dispersing graphene in water can offer safer handling and
improved biocompatibility, and most importantly, minimize the adverse
impact on human health and the environment. However, graphene is not
readily dispersible in aqueous systems due to its low surface energy (46.7 mN
m™)[20] compared to the high surface tension of water (72.3 mN m™).
Furthermore, the attractive van der Waals forces acting between two similar
graphene surfaces lead to restacking, aggregation and eventually
sedimentation. To prevent graphene restacking in water, a wide range of
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surfactants has been explored as dispersing agents. These are surface-active
molecules that consist of a hydrophobic body (affinity towards nonpolar
solvents) and a hydrophilic head group (affinity towards polar solvents). The
dispersion mechanism of surfactants is by non-covalent adsorption of the
hydrophobic body onto the graphene surface and extension of the hydrophilic
head group towards the aqueous phase, thus separating the graphene sheets by
electrostatic repulsion, steric hindrance, or often the combination. The earliest
pioneering work studied commercially available surfactants with a negatively
charged head group (anionic), such as sodium dodecyl benzenesulfonate
(SDBS)[21], sodium cholate (SC)[22], sodium deoxycholate (SDC)[23],
sodium taurocholate (STC)[24], sodium dodecyl sulphate (SDS)[25], and
many more[26]. The positively charged counterparts (cationic) were long-
chained dodecyl trimethylammonium bromide (DTAB), tetradecyl
trimethylammonium bromide (TTAB), and hexadecyl trimethylammonium
bromide (CTAB)[27]. As for the neutral (non-ionic), they were Pluronics,
Tween80, Brij700, and TritonX100[28]. These aqueous surfactant systems
could achieve a graphene concentration of 0.002-7.1 mg mL™. In addition to
surfactants, there are biomolecules with amphiphilic characteristics, such as
deoxyribonucleic acid[29], peptides[30], and proteins[31,32]. These
biomolecule systems could also achieve a graphene concentration of 0.03-7
mg mL™'. Among other amphiphilic biomolecules, flavin mononucleotide
(FMN)[33] has been reported to achieve up to 50 mg mL"'[34], which merits
further investigation. Although the conventional amphiphilic molecules have
been essential in aiding the dispersion of graphene in water, on the other hand,
their surface activity often leads to complications in coating formulations and
end-uses[35]. In particular, molecules with high mobility[36] and potential
incompatibility with the polymer matrix[37] tend to migrate efficiently
towards the interfaces (substrate/film or film/air) during film formation. The
surface migration of molecules, such as surfactants, is a general challenge in
many application areas. For gas barriers, these migrating events lead to defects
inside the film and at the film interfaces, thus opening channels that allow gas
permeation through the film[38]. Moreover, the increasing occurrence of
synthetic surfactants in the environment, including their degraded products, is
raising more concerns due to the adverse effects on the ecosystem[39,40].
These complications limit the applications of surfactant-stabilized graphene
and motivate the need for alternatives. From both a technical and a sustainable
perspective, natural biopolymers made by nature have shown great
potential[41,42].

Among many biopolymers, starch is one of the most abundant polysaccharides
in nature. For decades, starch has been extracted from plant-based sources on
a large scale and used as a versatile additive in a wide range of industry
sectors, such as food, papermaking, and pharmaceuticals[43]. Furthermore,
the facile processing and thermoplastic behaviour of starch makes it a
promising dispersing agent as well as a polymer matrix for composite films.
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In the last 20 years, starch from a wide range of botanical sources has been
explored to disperse different carbon allotropes. The earliest work explored
the dispersion of 1D allotropes of carbon, such as single-wall carbon
nanotubes (SWCNTs), in aqueous systems using amylose[44] and
amylopectin[45]. In the following years, the SWCNTs were chemically
functionalized with polar groups to increase their hydrophilicity as well as
facilitate the interaction with the starch polymer matrix via hydrogen
bonding[46,47]. After the discovery and rise of graphene[1,2], the past
knowledge was extended to graphene and its 2D derivatives. For instance,
graphene oxide (GO) with an oxygen-rich surface could be mixed directly
with a polymer matrix made from starch[48] and starch/chitosan mixtures[49],
respectively, and obtain composites with improved mechanical properties.
Moreover, the oxygen groups on the GO surface increase its hydrophilicity
and eliminate the need for dispersing agents in aqueous systems. On the other
hand, these oxygen groups and other impurities substantially limit the
important properties of graphene, such as electrical conductivity and barrier
properties. To restore these properties, starch was explored as a reducing agent
to remove the oxygen groups as well as grafted onto the resulting reduced GO
(RGO)[50,51], however, with limited improvements in the electrical
conductivity[52,53]. In general, the interfacial interaction between GO/RGO
and starch is attributed to hydrogen bonding via their oxygen groups,
respectively[54—56]. Overall, while these oxygen-rich 2D materials behave
more hydrophilic and could disperse well in aqueous systems, they have
limited potential in gas barrier and electrical applications. In general,
hydrophilic materials make poor water vapour barriers, while conversely,
hydrophobic materials make poor oxygen barriers[57]. This trend originates
from the chemical nature of oxygen molecules (affinity to nonpolar) and water
molecules (affinity to polar). These mutually opposing material limitations of
the oxygen and the water vapour barrier, respectively, make the engineering
of a combined gas barrier from a single coating formulation an interesting
challenge. Graphene, being both hydrophobic and impermeable to all gases
under ambient conditions, is therefore a promising barrier material in this
regard. To the best of my knowledge, a simultaneous gas barrier performance
(oxygen and water vapour) has not been achieved with bio-based and
biodegradable polymers. Thus far, research efforts have achieved either one
or the other.

In this thesis work, FMN and starch nanoparticles (SNPs) were investigated
as dispersing agents for graphene in water. Among these, starch was selected
and processed as a dispersing agent that achieved concentrated SNP-graphene
dispersions. The SNP-graphene dispersion was further customized for gas
barrier applications and demonstrated a simultaneous gas barrier performance.
The barrier performance was substantially improved compared with the
common bio-based and biodegradable polymers. Furthermore, the barrier
performance was also comparable to the most common commercial plastics,
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such as ethylene vinyl alcohol (EVOH), polyvinylidene chloride (PVDC) in
terms of oxygen permeability (OP) and low-density polyethylene (LDPE) and
polypropylene (PP) in terms of water vapour permeability (WVP). Moreover,
the SNP-graphene dispersion was also customized for inkjet printable inks and
achieved high electrical conductivity values on par with the highest reported
in the literature. These findings demonstrate that starch can function as a
promising dispersing agent for the preparation of concentrated and stable
aqueous graphene dispersions for wide-ranging applications, such as barrier
composite films for paper-packaging applications as well as conductive inks
for inkjet-printed flexible electronics.

1.1 Motivation and objectives

The main motivation of this thesis work was the development of a
concentrated aqueous graphene dispersion and its potential for gas barrier
coatings used in paper-packaging applications. The packaging industry has
high demands on the barrier coatings used in food packaging to protect all
types of food and beverages from gases and moisture from the surroundings.
To meet the current demands, the most common barrier coatings used today
are multi-layered laminates comprising petrochemical-based polymers that
are non-biodegradable, and in some cases, additional metal foils. Furthermore,
some of these non-biodegradable polymers are challenging to recycle as well
as harmful to human health. In addition, consumer products from such
polymers contribute to plastic pollutants that are accumulating in the ocean at
an alarming rate and have adverse effects on the environment and its
ecosystems. This continuation poses a global challenge and stresses the need
for environmentally friendly substitutions, such as bio-based and
biodegradable polymers. However, to enable competitive substitutions,
biopolymers need fillers to improve specific features, such as the gas barrier
performance. One of the most promising fillers in this regard is indeed
graphene, due to its wealth of technologically important properties, and most
importantly, impermeability to gases and liquids. To produce barrier coatings
with graphene on a large scale, solution deposition is a promising route where
the quality of the graphene film is offset by the cost-advantages and facile
processing. For this purpose, stable and concentrated aqueous graphene
dispersion is needed.

The objective of this thesis work was to develop stable and concentrated
aqueous graphene dispersions that can be customized for wide-ranging
applications, such as gas barrier coatings for paper-packaging or conductive
inks for inkjet printing. With the motivation and the targeted applications in
the scope, a large part of the thesis work was to identify suitable dispersing
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agents to disperse graphene in water. Moreover, the dispersing agent used to
aid the graphene dispersion must also be compatible with the intended
polymer matrix, thus minimizing the adverse effects on the final composite
film properties. Traditionally, surfactants have been essential in the dispersion
of graphene. However, a general challenge is their high surface activity and
thereby tendency to migrate within the composite film, thus impairing the gas
barrier properties. Therefore, this thesis work is focused mainly on the
formulation of aqueous graphene dispersions and the elucidation of the
dispersing conditions as well as mechanisms of bio-based dispersing agents.
From an industrial perspective, starch was identified as a promising candidate.
Furthermore, starch plays an important role in the paper-packaging industry
as a binder and surface sizing agent. Therefore, the starch-stabilized aqueous
graphene dispersion was selected for further formulations and functional
studies of barrier composite films and conductive inks. The objectives of this
thesis are: (I) Enhance fundamental understanding of graphene and dispersing
agents in aqueous systems. (II) Create a knowledge platform for aqueous
graphene dispersions to enable the preparation of customizable dispersions for
various industrial applications, such as graphene-based barriers, “smart
packaging”, or patterned conductive coatings. (III) Enhance knowledge
transfer and skills transfer between academia and industry.

1.2 Outline of this thesis

In this thesis work, the aqueous graphene dispersion and its preparations,
characterizations, and applications are discussed. The thesis begins with an
introduction to the field of aqueous graphene dispersions and indicates the gap
(Chapter 1). The next chapter provides the theoretical background of
fundamental graphene properties, dispersion mechanisms, and applications
(Chapter 2). The following chapter describes the experimental methods and
characterizations thereof (Chapter 3). Then, the results and main findings are
presented and discussed (Chapter 4). Finally, the last chapter summarizes the
work and outlook (Chapter 5).
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2 Theoretical background

2.1 Graphene

2.1.1 A brief history

Graphene, as an atomically thin layer (2D), is one of many crystalline forms
of the carbon element, and the basic building block in all other dimensional
carbon allotropes, such as fullerene (0D), nanotube (1D), and graphite (3D).
In nature, graphene is the 2D layers stacked into 3D graphite, a naturally
occurring mineral that can be found on the surface of the earth and is one of
the longest well-known forms of pure carbon. In the 1560s, the oldest known
graphite pencil was created. At that time, graphite was mostly used as a
marking or writing implement for over three centuries. Until 1924, after the
discovery of X-ray, the crystal structure of graphite was identified as
hexagonal for the first time[58]. Later in the 1940s, the theories of the
electrical properties of graphene began to unfold[59]. Back then, it was
predicted that such an atomically thin layer of carbon atoms could not exist
due to thermodynamic instability. Then, in 2004 when the first graphene
monolayer was isolated by the “scotch tape” method, the existence of
graphene was confirmed, and many ground-breaking properties were possible
to be measured. Today, graphene has attracted unprecedented interest and is
touted as the thinnest and most versatile material available to mankind.

o _-al___ w
-l!-‘_,..ai_ f d
1560s 2004
Graphite pencil Graphene in theory Graphene discovery

Figure 1. The timeline of the first known graphite pencil (the 1560s) to the early
theoretical studies of graphene (1940s) and the discovery of graphene monolayer
(2004).
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2.1.2 Structure and properties

Graphene is composed of a planar hexagonal lattice of sp’-hybridized carbon
atoms. Each of these carbon atoms has fused atomic orbitals that can form
three c-orbitals and one m-orbital (Figure 2). The three oc-orbitals are
responsible for the in-plane covalent bonds (5-bonds) between neighbouring
atoms with a 0.142 nm distance apart and a 120 ° angle wide. The remaining
m-orbital is either responsible for the restacking of graphene layers with an
interlayer separation of 0.335 nm, or in a monolayer, de-localized out-of-plane
(above and below) and establishes a conjugated m-system. This electronic
configuration gives rise to a combination of technologically important
properties of graphene.

Figure 2. A graphene sheet with a hexagonal lattice of sp>-hybridized carbon atoms.
A single carbon atom with mixed atomic orbitals forms three c-orbitals and one de-
localized m-orbital (above and below).

As an atomically thin layer with delocalized m-electrons, many of the graphene
properties exceed far beyond those measured in other materials (Figure 3).
For instance, graphene has demonstrated a room temperature electron mobility
of 250,000 cm* V™' 57 (100 times faster than that of silicon and a comparable
electrical conductivity to copper and silver)[5,6], a thermal conductivity of
5000 W mK™' (10 times higher than that of copper)[7], and a breaking strength
of 42 N m™" with a tensile strength up to 130 GPa and a Young’s modulus of
1 TPa (100 times stronger than steel)[8]. Furthermore, graphene also has a
high surface area of 2630 m” g”'[60] and a lightweight of only 0.00077 g m™.
In addition, it’s almost optically transparent as it absorbs only 2.3% of the
light intensity per layer[61]. Most importantly, despite being only one atom
thick, graphene has extraordinary impermeability to gases and liquids[9—11].
Since 2008, graphene was touted as completely impermeable to all gases,
including the smallest and potentially leakiest gas helium. Until recently in
2020, a discernible amount of hydrogen was found to transport through
graphene at the surface ripples via a two-stage chemisorption and desorption
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process[62]. At the catalytically active graphene ripples, the hydrogen can
share its electron with graphene and become indistinguishable as an adsorbed
proton, and thereby flip to the other side of the sheet where it can desorb[63].
Nevertheless, bilayer graphene remains indeed undisputed as impermeable to
all gases. Therefore, owing to all these extraordinary properties combined
within a single material, graphene has the potential to create disruptive
innovation and replace currently used materials. In this thesis work, the
impermeability to gases and the electrical conductivity of graphene are the
most relevant properties.

Light absorber 100 times faster
electron mobility

than in silicon
3% per Iayer 250 000 iy

Light welght H|gh |mpermeab|l|ty 10 times higher
to gases thermal conductivity
than in copper

0.0077 g m? Incl. helium 5,000 w m* Kt
- '-..\\/ .\"._.\\/ .
High surface area | 100 times stronger
than steel

2,630 my 42N m‘/J

Figure 3. Graphene features and technologically important properties.

2.1.3 Production methods

To expand the industrial applicability of graphene, large-scale and cost-
effective production methods are needed. The production methods of
graphene can be classified into two fundamentally different approaches, the
bottom-up and the top-down. In general, the bottom-up approach is based on
the growth of graphene atom by atom (e.g. CVD, growth on SiC, and
MBE)[64]. Although the bottom-up methods can offer the highest graphene
quality, they are often associated with high temperatures up to 1000 °C, the
need for ultra-high vacuum, and high production costs[3]. Furthermore, the
graphene size and quantity are restricted by the growth substrate. Therefore,
the bottom-up approach is not suitable for mass production. The top-down
approach, on the other hand, is based on the exfoliation of the bulk material
graphite down to individual graphene layers. In graphite, the carbon atoms are
held by shorter covalent c-bonds (0.142 nm), while the individual layers are
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held by longer n-bonds (0.335 nm). The longer n-bonds are relatively weaker
and therefore facilitate the exfoliation of graphite. The exfoliation can be
performed both dry (e.g. mechanical cleavage, anodic bonding, and
photoexfoliation)[64] and in liquid-phase[65]. Among these two approaches,
liquid-phase exfoliation offers scalable production of graphene at low costs
by applying shear force. The minimum shear force needed for efficient
exfoliation of graphite has been suggested to occur at 10* s'[66], which can
be achieved by high-shear mixers[66], high-pressure homogenizers[67], and
microfluidizers[68]. In general, the most common technique is ultrasonication
via bath or probe[69]. The ultrasonication process is based on ultrasound
waves (20 kHz) that propagate through the suspension of graphite and
generate shear force via acoustic cavitation[70]. In only 1 mm thick graphite
material, ~3 million graphene layers could be exfoliated. Therefore, liquid-
phase exfoliation is the most cost-efficient approach and will pave the way for
the mass production of graphene[3].

2.2 Aqueous graphene dispersions

2.2.1 DLVO theory

In the 1940s, Boris Derjaguin, Lev Landau, Evert Verwey and Theo Overbeek
proposed a theory of colloidal stability that became known as the DLVO
theory. In the DLVO theory, the interaction between two opposing forces
(repulsive and attractive) are considered to impact colloidal stability.
Accordingly, the colloidal stability is considered attained when the net energy
between the two opposing forces is balanced or when the repulsive forces (red)
overcome the attractive forces (blue), thus resulting in an energy barrier
(Figure 4). The total potential energy of interaction (Ey) is related to the
repulsion from the electrical double layer (Exp.), while the attraction from the
van der Waals forces (Evaw), as given by equation (2.1).
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Figure 4. Schematic diagram of the total potential energy of interaction as a function
of the distance between particles, according to the DLVO theory[71].

Etor = EgpL + Evaw (2.1)

The attractive forces originating from the van der Waals forces, E.aw, are
always present and can act between two similar particles, such as two
graphene sheets, regardless of the chemical nature of the particles or the
dispersion system. The equation (2.2) for the van der Waals forces has been
calculated[21] similar to the method pioneered by Hamaker[72]:

Amp?C

Evaw = ——p5a (2.2)

In this equation, the E,q is related to the surface area (4), the density of atoms
in the area (p), a constant related to the van der Waals forces and the
interatomic separation (C), over the separation between the sheets (D). On the
other hand, the repulsive forces originating from the electrical double layer,
Egpr, are acquired either from the particle surface charge or the adsorption
from the solution. The equation (2.3) for the repulsive forces have been
derived by Israelachvili[71] and then adapted for two idealized parallel
sheets[21]:

Egp, = 4Ag.ggk(?e™*P (2.3)

In this equation, the Egpy is related to the relative permittivity of the dispersion
system and the free space (&,&), respectively, the Debye screening length («
), and the zeta potential ({). Furthermore, the Debye length is the
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characteristic decay distance to which an electric potential still exists, and the
general equation is given by (2.4).

kTe, ¢
-1 = /—”’ 2.4
g eZZiniZiZ -

Here, the ' is given by the square root of the Boltzmann constant (k), the
temperature (7), the &€, over the elementary charge (e), the number density
of ions in the bulk solution (#;), and the ion valency (z;). As shown in this
equation, the Debye length extends with the temperature, while conversely,
shortens with the ion concentration. Overall, the total potential energy of
interaction (2.1) of two planar sheets is then summarized by equation (2.5).
This is the classical explanation of colloidal stability and provides a
fundamental understanding of colloidal behaviours in a dispersion system.

Amp?C
2D*

Epor = 4Ag g0k (%e™ P — (2.5)

2.2.2 Zeta potential

The zeta potential ({) is defined as the electrical potential at the slipping plane
outside the surface of a charged particle (Figure 5). Moving away from the
surface of the charged particle (surface charge), a compact layer of strongly
bound counterions surrounds the particle (Stern layer), while the next diffuse
layer consists of weakly bound ions that still move with the particle within a
boundary (slipping plane). The magnitude of the electrical potential at the
slipping plane can be measured using electrophoresis.

He 3N

¢= 2e,60f (k) (2.6)
In this equation, the zeta potential, ] is related to the electrophoretic mobility
(ue) of the colloidal particles, the viscosity (#) of the solution, over the relative
permittivity of the solution and free space (e.&), respectively. Depending on
the Henry function (xa), which is the relationship between the particle size (o)
and the inverse of the Debye length (), either the Hiickel approximation (xa
= I) or the Smoluchowski approximation (xa = 1.5) is used.
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Figure 5. Schematic diagram of the zeta potential for a particle with a negatively
charged surface (grey) surrounded by positive ions (blue) and negative ions (red) that
move with the particle as one entity.

2.2.3 Surface modifications

A wide range of attractive forces and intermolecular interactions come into
play when graphene is introduced into an aqueous phase. Since graphene is
incapable of forming hydrogen bonds with water, the water molecules attempt
to rearrange themselves around the graphene sheets in the most energetically
favourable configuration without giving up hydrogen bonds. The water
structuring at the graphene-water interface becomes more ordered, thus
leading to a decrease in entropy. This phenomenon is generally termed the
hydrophobic effect[73]. Consequently, the graphene sheets are forced close to
each other and the van der Waals forces acting between two graphene surfaces
induce restacking of the graphene sheets via n-bonds, thus leading to graphene
aggregation. To prevent graphene aggregation in water, the graphene sheets
in the dispersion require an energy barrier to overcome these attractive forces.
This energy barrier can be introduced by either electrostatic repulsion, steric
hindrance, or in most cases, the combination of the two interactions[74]. This
can be realized by functionalization of the graphene sheets via covalent or
non-covalent interactions[75,76]. The covalent functionalization involves a
chemical reaction with the sp>hybridized carbon atoms of graphene, thus
compromising the n-system and the electronic properties of the graphene. In
contrast, the non-covalent functionalization is based on the adsorption of
molecules on the graphene surface, thus preserving the m-system and
consequently the graphene properties. The n-system of graphene can establish
a variety of m-complexes with other molecules (nonpolar gas—n, H—n, n—,
anion—m, and cation—m)[75]. In general, the non-covalent functionalization
by m—m= interactions, hydrophobic interactions, and van der Waals forces in
the aqueous graphene dispersions are the most relevant and discussed

25



interactions in the literature. The type of stabilization mechanism needed can
be tailored based on the intended applications and the end-uses of graphene.

n— interactions

The precise nature of m—mr interactions is ongoing debate due to the complex
interplay between dispersive and electrostatic interactions[77-79]. The
concept is used to describe the non-covalent interaction between molecules
with unsaturated aromatic rings. This type of interaction can occur in different
orientations, such as stacked (m—m) or perpendicular (CH—m). The
perpendicular orientation can arise with another graphene sheet with
hydrogen-terminated edges or other aromatic systems. A wide range of
systems is capable to interact with graphene via m—r interactions, such as
FMNJ33], SDBS[21], and DNA[80]. By far the most common systems are
polycyclic aromatic hydrocarbons (PAH)[81]. Among the PAHs, pyrene
derivatives with a body comprising four aromatic rings and a charged
functional head group have been explored to facilitate strong m—r interactions
with graphene. The strength of the m—= interactions was found to increase
with the electronegativity of the functional head group[82] and the chain
length[83].

hydrophobic interactions

The hydrophobic nature of graphene is also an ongoing debate[84] and has
been challenged in the past based on the wetting transparency[85], the effect
of airborne contaminants[86], and the thickness-dependent behaviour[87]. In
general, graphene is widely described with a hydrophobic character that has
been utilized to facilitate the interaction with other molecules that contain
hydrophobic components (Figure 6). For instance, surfactants are amphiphilic
molecules comprising both a hydrophobic body and a hydrophilic head group.
This means they like both a polar and a nonpolar environment. Surfactants are
defined as surface-active agents that reduce the free energy of surfaces and
interfaces. In an aqueous solution, the surfactants self-assemble at the
water/air interface and form tightly-packed structures, thus lowering the
surface tension of water[88]. Therefore, surfactants can adsorb onto the
graphene surface with their hydrophobic part and extend towards the aqueous
phase with the other hydrophilic part, thus improving the wetting of graphene
in water as well as overcoming the attractive forces by electrostatic repulsion,
steric hindrance, or the combination. There is a wide range of commercially
available surfactants with varied chemical structures and dispersion
efficiency. For long alkyl-chained SDS[25], SDBS[22], and CTAB[27], a
longer surfactant chain length contributes to stronger van der Waals and
hydrophobic interaction with graphene, and therefore a higher dispersion
efficiency[89]. Furthermore, an additional aromatic ring on the alkyl chain can
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improve the dispersion further via the m—m interactions[26,33]. For
surfactants with a planar structure, such as bile salts, the achievable graphene
concentration is in the following order: SC (0.52 mg ml™"), SDC (2.58 mg ml"
", and STC (7.1 mg ml™"). The higher dispersed graphene concentration by the
SDC and STC is attributed to the absence of one oxygen functional group on
the basal plane[23], and a higher effective charge density on the head group
of the STC[24]. Surface modification of the graphene surface with surfactants
of a high charge density can provide a greater electrostatic repulsion between
the sheets, thus improving the stability by overcoming the van der Waals
forces. For biopolymers extracted from biomass, the stabilization mechanism
is an ongoing investigation, and more understanding is needed. In addition to
starch (Paper II and III), several other biopolymers have been demonstrated
as dispersing agents, such as cellulose[90], gum arabic[91], and chitosan[41].
Among polysaccharides, starch and cellulose share the same monomer unit
(glucose) and differ only in the glycosidic bonding between repeated units. In
general, polysaccharides can have a hydrophobic-hydrophilic nature as
well[92]. The hydrophobicity originates from the enriched C—H groups,
while the hydrophilicity from the O—H group[93]. Moreover, a dense packing
of polysaccharides chains can conform into 3D structures with hydrophobic-
hydrophilic domains[94]. In addition, polysaccharides can be modified into an
ionic character and induce dipole moment with graphene and establish
electrostatic interactions[42]. For starch polysaccharides specifically, the
linear amylose tends to coil into a helix with a hydrophilic shell and
hydrophobic core that can form inclusion complexes with hydrophobic
particles[95,44].
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Figure 6. Schematic illustrations (not to scale) of the conformation and stabilization
mechanism of amphiphilic biomolecules (red), surfactants (blue) and biopolymers
(yellow) on the surface of a graphene sheet (grey).
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2.3 Graphene applications

2.3.1 Gas barriers

The gas permeation through a film can be understood and predicted by the
solution-diffusion model based on Fick’s first law of diffusion and Henry’s
law of solubilities. In 1803, William Henry described that the amount of
dissolved gas, under thermodynamic equilibrium, is proportional to the partial
pressure of that gas[96]. A few decades later in 1855, Adolf Fick described
that the diffusion flux of a gas is proportional to the concentration gradient
and moves from the high concentration region to the low concentration
region[97]. Combining these two principles, this solution-diffusion model
suggests that the gas permeation process through a film involves five
consecutive steps (Figure 7):

1. Diffusion of the gas towards the film.

2. Adsorption of the gas at the high-pressure atmosphere/film interface.
3. Diffusion of the gas inside the film.

4. Desorption of the gas at the film/low-pressure atmosphere.

5. Diffusion of the gas away from the film.

Figure 7. Solution-diffusion model of gas permeation through a single film.

Among these processes, the gas diffusion inside the film (step 3) is the rate-
determining step that defines the barrier performance of the film. Once a gas
is diffusing inside the film, the equation (2.7) describes the diffusive flux (J)
of that gas as a function of the amount (Q) passing through an area (4) over
time (7).
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] =— (2.7)

According to Fick’s first law, the diffusive flux (J) of the gas is proportional
to the concentration gradient (Oc/0x) inside the film with a fixed thickness (/).
The diffusion coefficient (D) is a proportionality constant for each material in
the film and is assumed constant for thin films.

j=-po 2.8)

T ox

Integrating the concentration (c) across the film thickness in equation (2.8).

C—0

J=D l (2.9)
The diffusive flux, J, in equation (2.7) and (2.9) can be combined.
Q €20
—=D—— 2.10
At l (210)

For gases, the concentration, ¢, is replaced by pressure (p). According to
Henry’s law, the concentration of a gas is related to the solubility coefficient
(S) and partial pressure of the gas (p).

Cn = Spp (2.11)

Insert Henry’s law into equation (2.10).

Q P2 —P1
—=DS
At l

(2.12)

The product of DS is equal to the gas permeability (P), which can be
determined experimentally by measuring the amount of permeated gas over
time. This solution-diffusion model assumes that the gas diffusion inside a
single film is in a steady-state condition and takes place in one direction.
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The inherent barrier properties of most polymer films are mainly associated
with tortuous pathways from the structural features inside the film (Figure 8),
such as crystallinity, morphology, and orientation[98]. However, many
commonly used polymers in the packaging industry are semicrystalline with
amorphous domains that allow gas permeation (Figure 8a), hence will
function poorly as gas barriers by themselves[99]. Therefore, when graphene
sheets, as an impermeable filler, is incorporated uniformly into the polymer
matrix, tortuous pathways are formed (Figure 8b), thus improving the overall
gas barrier properties of the film. On the contrary, when the incorporated
graphene sheets are aggregated, the improvement is limited (Figure 8c).
When incorporating graphene sheets, the relevant factors contributing to the
extended tortuosity are mainly the aspect ratio (lateral size over thickness) and
the orientation (relative to the film plane)[13]. However, the prerequisite to
obtaining these structural features is a stable graphene dispersion that is
compatible with the polymer matrix. To meet this prerequisite, a fundamental
understanding of the surface chemistry of graphene is key.

Figure 8. The gas barrier performance is dependent on the permeation pathways
within films. a A polymer film without filler. b A polymer film incorporated with
compatible and uniformly distributed graphene sheets ¢ A polymer film with graphene
aggregates.

2.3.2 Conductive inks

To formulate inkjet printable conductive inks, the physical and rheological
properties must satisfy the requirement of fluid flow for a fixed nozzle
diameter[100,101]. The inverse Ohnesorge number, equation (2.15), is used
to predict the drop formation and jetting behaviour during printing[100].
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The value of the Z/ is related to the dimensionless Reynolds number (R,) and
Weber number (#,). The R. is the ratio between the inertia and the viscous
force, while the W, is the ratio between the inertial force over the surface
tension. To generate stable drop formation, the ink should have a certain drop
velocity (v) and density (p). The most relevant parameters to adjust are the
viscosity (1) and the surface tension (y). In addition, the particle size of the
graphene sheets also has an impact on printability and could block the nozzles
when too large. As a figure of merit, the ink droplet is stable and printable
when the ink formulation is within the range 1 <Z < 10[102], known as the
parameter space of inkjet printable fluids. Inks with a Z value within this space
is considered inkjet printable, while a value outside can lead to unwanted
phenomena, such as splashing on the substrate or satellite drop
formation[103]. Furthermore, when either the viscosity is too high or the
surface energy is too low, the droplet breakup cannot occur.
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3 Experimental methods

3.1 Chemicals and materials

3.1.1 Graphene powders
Graphene

The graphene powders used in this thesis work were commercially available
graphene in two grades, industrial grade (product number AV-70-1-2.51) and
research grade (product number AV-70-1-1.5). The industrial grade is mass-
produced graphene with lower tolerance on the characterization control, while
the research grade, in contrast, is the high-end graphene suitable for research
and development (Figure 9). These grades are classified by the graphene
lateral size (70 um), average thickness (1 nm), and oxygen content (1.5-2.5
at%). All graphene powders were purchased from Avanzare Innovacion
Technologica SL.

Figure 9. Graphene powder from a typical grade (AV-70-1-1.5) and the chemical
structure of graphene.

3.1.2 Bio-based dispersing agents
Flavin mononucleotide
The FMN is a naturally occurring biomolecule derived from riboflavin

(vitamin B2) via the catalytic activity of the enzyme (riboflavin kinase). In
nature, FMN is commonly associated with flavoenzymes as a cofactor that
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takes part in vital biological processes, such as photosynthesis, aerobic
respiration, denitrification, and sulphur respiration[104]. In the European
Union, FMN is commonly used as an orange-red colour additive designated
as El0la. The chemical structure of FMN comprises an isoalloxazine
aromatic ring system (hydrophobic) and a phosphorylated head group
(hydrophilic), thus making the FMN amphiphilic (Figure 10). The
amphiphilic character of this biomolecule makes FMN function as a
dispersing agent for graphene in water. In this thesis work, riboflavin 5'-
monophosphate sodium salt hydrate was purchased from Sigma-Aldrich
(product number F6750).
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Figure 10. FMN powder and the chemical structure of FMN with an isoalloxazine
ring system.

Starch

Starch is one of the most abundant biopolymers and has been industrially
extracted from plant-based sources on large scale for decades. The abundant,
biodegradable, and renewable nature of starch makes it attractive as both
dispersing agent and polymer matrix in composite film formulations. The
starch chemical structure is composed of two types of polysaccharides,
amylose and amylopectin (Figure 11). The amylose is a linear polysaccharide
chain composed of repeating D-glucose units that are joined by glycosidic a-
1,4 links. The amylopectin is a branched polysaccharide chain with double-
helical side chains that are joined to the main chain by glycosidic a-1,6 links.
The composition of amylose and amylopectin is responsible for the semi-
crystalline nature of the starch granule. In this thesis work, unmodified native
corn starch powder with 23% amylose and 73% amylopectin was purchased
from Sigma-Aldrich (product number S4126).
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Figure 11. Native corn starch powder. The granules mainly consist of two types of
polysaccharides: amylose (linear chain) and amylopectin (branched chains).

3.2 Aqueous graphene dispersions and composites

3.2.1 Preparation of aqueous graphene dispersions

The aqueous FMN-graphene dispersion was developed for fundamental
studies of the molecular interaction between FMN and graphene (Paper I).
The FMN molecule was treated as an amphiphilic dispersing agent for
dispersing graphene in water and used as received (Figure 12). In general,
FMN powder (10 mg) was first dissolved in Milli-Q water (10 mL) to obtain
an aqueous FMN solution (1 mg mL™"). Then graphene powder (5 mg, AV-
70-1-2.51) was mixed in the FMN solution. The aqueous suspension of FMN-
graphene was processed by ultrasonication using a Vibra-Cell VCX 750
processor (Sonics, US) with a solid probe (tip diameter 6 mm, amplitude 40%)
under cooling for 6-9 min to disperse the graphene powder. To remove excess
FMN molecules, the aqueous FMN-graphene dispersion was subjected to
ultracentrifugation using an Optima L-90K (Beckman Coulter, US) at 13,000-
14,000 rpm for 20 min. The top 75% supernatant was discarded, while the
resulting sediment of FMN-graphene sheets was re-dispersed in water to
obtain a purified FMN-graphene dispersion with a minimal amount of the
FMN. The FMN-graphene dispersion was stored at room temperature when
not in use. To optimize the FMN-graphene dispersion (Paper I), a set of ten
FMN-graphene suspensions was prepared with a fixed amount of starting
graphene powder (0.5 mg) and varied FMN (0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 2.0,
3.0, 4.0, 5.0 mg) in water (5 mL). Each suspension was processed by
ultrasonication via the same probe design for 5 min to disperse graphene. The
dispersed graphene concentration was evaluated by UV-vis spectroscopy. The
starting mass ratio condition was determined based on dispersion with the
highest graphene concentration. Then with the selected mass ratio, an aqueous
FMN-graphene suspension was prepared accordingly, and the graphene
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concentration was further investigated with sonication time between 0-18 min.
Finally, the colloidal stability was evaluated by observing the sedimentation
over time.
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Figure 12. The dispersion process of the aqueous FMN-graphene dispersions (Paper

0.

The aqueous SNP-graphene dispersion was first developed for fundamental
studies of the starch-graphene interaction (Paper II), and then further
customized for gas barrier applications (Paper I1I) and inkjet printing (Paper
IV). To obtain SNPs as a dispersing agent for dispersing graphene in water,
the starch powder was first pre-treated by a two step-process involving
gelatinization and ultrasonication (Figure 13). The preparation principle is
based on extracting the starch polysaccharides within the starch granules. In
general, starch powder (0.1 or 3 g) was added to Milli-Q water (10 or 50 mL)
in a glass bottle. To gelatinize the starch granules, the aqueous suspension of
starch was heated in the glass bottle with a tightly sealed screw cap at 95 °C
for 20 or 30 min under constant magnetic stirring at 1000 rpm. To form SNPs
as well as lower the viscosity efficiently, the gelatinized starch was transferred
to a narrow cylindrical glass vial and treated by ultrasonication using a Vibra-
Cell VCX 750 processor (Sonics, US) with a larger solid probe (tip diameter
13 mm, amplitude 50%) for 3 min to obtain an aqueous SNP solution. Then
graphene powder (5 or 150 mg, AV-70-1-1.5) was mixed in the SNP solution.
The SNP-graphene mixture was processed by ultrasonication via probe under
cooling for 30-60 min. Finally, residual graphene powder or impurities in the
resulting SNP-graphene dispersion were removed by centrifugation at 1000
rpm for 10 min. The resulting SNP-graphene dispersion was stored at room
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temperature when not in use. For the aqueous SNP-graphene dispersions
(Paper II and III), the amount of graphene was fixed (5 mg), while varying
the starch (5, 50, 100, 150, and 200 mg) in water (10 mL). Each suspension
was processed by ultrasonication via the same probe design for 10 min. The
dispersed graphene concentration was evaluated by UV-vis spectroscopy.
Based on the selected mass ratio, an aqueous FMN-graphene suspension was
prepared accordingly, and the graphene concentration was further investigated
with sonication time between 0-60 min. The colloidal stability was evaluated
by UV-vis spectroscopy over time.
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Figure 13. The dispersion process of the aqueous SNP-graphene dispersions (Paper
ID).

3.2.2 Fabrication of graphene composite films

The starch/SNP-graphene composite films for gas barrier applications (Paper
IIT) were prepared by solution deposition of a formulation comprising the
SNP-graphene dispersion (filler) and a starch gel with sorbitol (polymer
matrix) (Figure 14). To overcome the brittleness of starch films, a sugar
alcohol molecule sorbitol was added to the starch matrix as a plasticizer. For
the starch matrix, the starch:sorbitol mass ratio was fixed at 5:3. In general,
starch powder (1.95 g) and sorbitol powder (1.17 g) were dissolved in water
(50 mL) and heated at 95 °C under constant stirring at 1000 rpm for 30 min.
This gelatinized starch gel was drop-cast into petri dishes (8 mL/dish) and then
dried under ambient conditions at 25 °C to form starch films for reference. For
the starch/SNP-graphene composite films, the sorbitol content was adjusted
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based on the total starch in the final film to maintain the plasticization. For
instance, the composite film formulation (64 mL) of 8 film replicates with the
highest graphene content (3.0 wt%) was prepared by mixing the SNP-
graphene dispersion (40 mL) of graphene (0.12 g) and SNPs (2.40 g) to the
starch matrix (24 mL) of starch (0.03 g) and sorbitol (1.46 g). Similarly, a
series of starch/SNP-graphene films (0.75 wt%, 1.5 wt%, and 3.0 wt%) were
prepared by the same approach. After the drying process, all the final films
had a consistent weight (0.5 g) and a fixed diameter of 8.5 cm.
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Figure 14. The fabrication process of the starch/SNP-graphene composite films for
barrier applications (Paper III).

3.3 Characterization techniques

3.3.1 Spectroscopic analysis
Graphene concentration and colloidal stability

UV-vis spectroscopy measures the intensity of light absorbed by a sample in
the UV region (200-400 nm) and the visible region (400-900 nm), or in other
words, the intensity of light transmitted through the sample (Figure 15). This
technique is commonly used for the identification and quantification of
particles in a solution. When the light of different wavelengths interacts with
a particle, the energy from the photons (inversely proportional to the
wavelength) can promote electrons of that particle from their ground state to
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an excited state, thus resulting in an absorption. Since different particles can
have a varied magnitude of discrete electronic energy levels, the absorption is
only permitted when the electronic transition matches the specific irradiated
wavelength, thus providing useful information in the absorption spectrum. For
aqueous graphene dispersions, the UV-vis absorption spectrum provides
information that can be related to the dispersed graphene concentration[21],
dimension[105], and electronic conjugation level[106]. In this thesis work, the
UV-vis absorption of the graphene dispersions was measured between 200-
800 nm using a UV-vis spectrophotometer Lambda 650 (PerkinElmer, US).
In general, the graphene dispersions were diluted by a factor of 100 and
equilibrated for 1 min prior to measurement. The aliquots used for the
dilutions were extracted from the top (surface) of the graphene dispersions.
The measured optical absorbance in the visible region at 660 nm was selected
to calculate the dispersed graphene concentration. The graphene concentration
is related to the changes in the intensity of the absorbed light as given by
equation (3.1) and can be written as in equation (3.2), known as the Beer—
Lambert’s law.

I 3.1
A = —logloT = —loglog ( )

A = acl (3.2)

In this equation, the absorbance (A4) is directly proportional to the attenuation
coefficient (o), concentration (c), and the light path length (/). The attenuation
coefficient, a, is unique for each aqueous dispersion system and can be
determined experimentally. In addition, the variation in the graphene
concentration via the absorbance over time was also applied as an indication
of the colloidal stability.

Figure 15. The intensity of an incident light (/) that is absorbed (/) by a sample is
directly proportional to the concentration of the sample (c¢) and the path length (/).
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Particle size

Laser diffraction-based particle size analysis is a technique that can measure
particle size distributions over a wide range from 10 nm up to 3.5 mm. To
measure across such a wide range, a sequential combination of measurements
is performed with a red laser (4 mW, He-Ne, 632.8 nm) and a blue laser (10
mW, LED, 470 nm). When a laser beam interacts with particles, the incident
beam scatters with varied angles and intensities depending on the particle size,
thus producing a diffraction pattern at the focal plane detector (Figure 16).
The scattering angle relative to the incident beam is inversely proportional to
the particle size. The particle size is described by the concept of the diameter
of an imaginary sphere with equivalent volume. In this thesis work, the
particle size analysis was performed using a Mastersizer 3000 instrument with
a Hydro SV measurement cell (Malvern, UK). The volume-weighted particle
size distributions were calculated by the instrument software using the Mie
theory of light scattering. For this purpose, the refractive index and the
absorption for graphene were 2.73 and 1.36, respectively, while for starch 1.53
and 0.01, respectively.

Focal plane detector

Dn“a ction pattern

Blue laser source _

. Wide-angle detectors

Figure 16. As light travels through the measurement cell and interacts with the
particles, the intensity of scattered light associated with the particles size is measured
by a series of photosensitive detectors at different positions and then interpreted by
mathematical models.

Molecular interactions

Fourier-transform infrared spectroscopy (FT-IR) measures infrared
absorptions associated with molecular vibrations in a sample, such as specific
chemical bonds or functional groups. In the attenuated total reflectance (ATR)
mode, a sample is placed in contact with an optically dense crystal (Figure
17). When an incident IR light is reflected internally at the interface between
the crystal and the sample, an electric field (evanescence wave) extends into
the sample and become absorbed by the vibrations in the sample close to the
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surface. The penetration depth of the evanescence wave is typically 1-3 um.
In this thesis work, FT-IR spectra of the aqueous graphene dispersions and the
composite films were obtained using an FT-IR spectrometer Spectrum One in
the ATR mode (PerkinElmer, US). For each sample, 16 scans were collected
at a resolution of 4 cm™ and then averaged. Data processing and analysis, such
as baseline corrections and deconvolutions, were performed in OriginPro
2020 software.

N

Figure 17. Infrared light interacts with a sample via an evanescent wave that extends
into the sample, whereby the infrared carries chemical information to the detector.

Graphene quality and chemical composition

Confocal Raman spectroscopy is a versatile imaging technique that has
become an integral part of the graphene research community. In 1928,
Chandrasekhara Venkata Raman first described the discovery of inelastic
scattering of light from chemical bonds of molecules, later known as the
Raman effect[107]. When an incident light interacts with molecules, the
vibrations in the chemical bonds cause specific energy shifts in the
backscattered light (Figure 18). These shifts result in defined Raman spectra
that provide chemical information of the investigated sample. For graphene
samples, the characteristic Raman peaks are 1350 cm-1 (D peak), 1580 cm™!
(G peak), and 2700 cm™ (2D peak)[108]. Among these peaks, the D peak is
related to the breathing mode of aromatic carbon rings and require a disorder
to become active. The G peak is related to the in-plane stretching of the carbon
atoms. This peak is therefore a common feature for all sp*-hybridized carbon
allotropes. Finally, the 2D peak is the overtone of the D peak and does not
require any disorders to be activated[109]. In this thesis work, the Raman
measurements of graphene sheets and graphene composite films was
performed using a WITec alpha300 confocal Raman system (WITec GmbH,
Germany) with an excitation wavelength of 532 nm and a low laser power of
2.5 mW. The obtained spectra were corrected for cosmic ray noise and then
averaged in the WITec Project 5.1 software. Furthermore, baseline corrections
and deconvolutions were performed in the OriginPro 2020 software.
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Figure 18. The Raman effect is the interaction of incident light (4v,) with the chemical
bonds within a sample that results in backscattered light with a specific energy shift
(hvo£v).

3.3.2 Microscopy imaging

Morphology and lateral size

Scanning electron microscopy (SEM) is an imaging technique that can provide
morphological and compositional information of a sample with a resolution
down to the nanoscale. The SEM employs a focused beam of electrons with
high kinetic energy to scan the surface of the sample, whereby different types
of scattered electrons from the sample are collected as a function of position
by designated detectors (Figure 19). The obtained signals from the
backscattered electrons, secondary electrons, or the combination of the two
are then used to construct images. In the scanning transmission electron
microscopy (STEM), the focused electron beam is transmitted through the
sample and collected by detectors at different angular regions, such as the
bright-field (BF), the dark-field (DF), and the high-angle annular dark-field
(HAADF). At wider angles, the intensity becomes proportional to the atomic
number, thus providing higher contrast between elements. In this thesis work,
the morphology of graphene sheets and the cross-section of graphene
composite films were investigated by a Quanta 250 FEG operated in SEM and
STEM mode (FEI, US), respectively. For the graphene sheets, a dilution of
the aqueous dispersion was spin-coated on Si/SiO, substrates for the SEM
analysis, while drop-cast on copper grids for the STEM. For the cross-section
analysis of the films, the films were mechanically cleaved after immersion in
liquid nitrogen and then attached to carbon tapes.
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Figure 19. For SEM imaging, a focused beam of electrons is scattered from the
surface of a sample and then collected by detectors (backscattered and secondary).
For STEM imaging, the focused electron beam is transmitted through the sample and
then collected by detectors at varied angles (BF, DF, and HAADF).

Topography and height profile

The atomic force microscopy (AFM) is one of many scanning probe
techniques that can provide topographical information of particles at the
nanoscale. The AFM utilizes a fine tip on a cantilever to scan across the
surface of a sample and probe the physicochemical interactions between the
tip and the surface (Figure 20). In this thesis work, the topographical imaging
of the graphene sheets was performed in the PeakForce tapping mode using a
MultiMode 8 (Bruker, US). The cantilever ScanAsyst-Air (Bruker, US) with
a nominal spring constant of 0.4 N m™" and a nominal tip radius of 2 nm was
used. The data analysis and processing were performed in Nanoscope
Analysis 1.8 software (Bruker, US).

Lasgr SOUrge

Def

Ector

Cantj
Sample\..__ = lever

Figure 20. A focused laser beam detects the motions of the cantilever as a response
of the interaction between the tip and the sample surface.
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3.3.3 Surface charge and energy

Zeta potential

The zeta potential of colloidal particles in solution is a function of the
electrical potential at the slipping plane. The magnitude of the electrical
potential can be quantified by the electrophoretic mobility of the particles
under an electric field. When under the electric field, each particle and its
associated ions move as a single unit, whereby the electrophoretic mobility
governs the velocity at which the particles travel between the electrodes
(Figure 21). This velocity is independent of particle size or shape, and can
therefore be measured by dynamic light scattering techniques. In this thesis
work, the zeta potential was determined using a Zetasizer Nano ZS (Malvern,
UK). In general, the graphene dispersion was diluted by 100-300 times to
obtain a suitable graphene concentration range (~0.01 mg mL™"). The dilutions
were equilibrated in a folded capillary cell for 30 s prior to measurements. For
each measurement, six replicates were recorded with a minimum of 20 runs
and then averaged. The zeta potential was calculated using the Smulochowski
approximation, given by equation (3.3).

_ HeN
&réo

(3.3)

In this equation, the zeta potential () is related to the electrophoretic mobility
(u.) of the colloidal particles, the viscosity (1) of the solution, over the relative
permittivity of the solution and free space (&¢), respectively.

Figure 21. A folded capillary cell and the working principle of zeta potential.
Negatively charged colloidal particles travel away from the negative electrode and
towards the positive electrode when under an electric field. The velocity of the
particles reflects the magnitude of the zeta potential.
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Surface tension

Wilhelmy plate method is one of many tensiometer techniques to measure the
surface tension of solutions. The working principle relies on measuring the
force acting on a vertically suspended plate that is partially immersed into the
solution (Figure 22). When the plate is in contact with the surface of the
solution, the solution will adhere to the plate by a capillary effect and pull the
plate downwards with a force that is recorded by a microbalance. The
magnitude of this force is directly related to the surface tension, given by
equation (3.4).

_ F
"~ Lcos#

y 3.4

In this equation, the surface tension (y) is proportional to the pulling force (£)
over the wetted plate length (L) and the contact angle (¢). For aqueous
graphene dispersions, the surface tension provides information on the
cohesive intermolecular forces in the dispersion system. In this thesis work,
the surface tension was measured using the Wilhelmy plate method with a
platinum plate at 25 °C (K100 Force Tensiometer, KRUSS). In general, the
platinum plate (19.9 mm x 10.1 mm x 0.2 mm) was partially immersed into
the liquid for 300 seconds to reach a steady-state and then the last five
measured values (out of 50) were averaged.

Figure 22. The working principle of the Wilhelmy plate method. The surface tension
of aqueous dispersion systems is determined by the amount of force that is applied on
the plate by the solution.
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3.3.4 Thermal properties

Thermal stability and solid content

The thermogravimetric analysis (TGA) is a technique that measures the
weight changes of a sample as a function of temperature under a controlled
atmosphere (Figure 23). In general, the TGA systems can detect weight
changes at a resolution of 0.1 pg over the temperature range from ambient to
1600 °C, thus involving a relatively small sample size (2-50 mg). The obtained
TGA curves can provide information on the aqueous graphene dispersions as
well as the composite films, such as solid content, chemical composition, and
thermal stability. Furthermore, the derivative thermogravimetric (DTQG)
curves (first derivative of the TGA curves) can provide additional information
on the decomposition rate. The peak temperature in the DTG curves indicates
the point at which the rate of weight loss is maximum, while the peak width
can be used to calculate the stepwise weight loss of the dispersion system as
well as compare the thermal stability between two components. In this thesis
work, the TGA measurements were performed using a TGA 2 STARe System
(Mettler-Toledo, Switzerland). In general, samples with a fixed amount (5 mg)
were equilibrated in the oven at 105 °C for 24 hours prior to measurements.
The measurements were recorded in alumina crucibles with a volume of 70
uL from 25 °C up to 900 °C at a constant heating rate of 10 °C min™'. The
selected atmosphere was either oxygen or nitrogen with a gas flow rate of 50
mL min'. Data processing and analysis, such as calculations of the
decomposition steps and the residues, were performed in the STARe
Evaluation software 16.0 (Mettler-Toledo, Switzerland).

Figure 23. A TGA cup is filled with a sample and placed on a microbalance inside a
high-temperature furnace under controlled conditions. The weight loss of the sample
is recorded as a function of temperature by the microbalance.
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3.3.5 Electrical properties

Sheet resistance and electrical conductivity

The four-point probe method is one of the most used techniques to measure
the sheet resistance of composite films. This technique involves physical
contact between the films and four co-linear probes that are equally spaced
apart (Figure 24). To measure the sheet resistance, a direct current (/) is
applied between the outer two probes, while a voltage drop (V) is measured
between the inner two probes. For wide (lateral size >> probe spacing (s)) and
thin (thickness << s) films, the sheet resistance is then given by equation (3.5).
The electrical conductivity (c) can be determined via the sheet resistance (Rs)
and the thickness (d) by the relation in equation (3.6).

T [V
+=mal7) G-3)
1
o= R.d (3.6)

In this thesis work, the sheet resistance was measured using an Ossila four-
point probe system (Ossila, UK). In general, two replicates per film with an
area of 2 x 2 cm? (Paper IV) or 5 x 5 cm? (Paper I1I) were measured. The
sample thickness was measured using an optical profilometer PLu neox
(Sensofar, Spain).

Figure 24. Four-point probe method and measurement setup on a composite film.
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3.3.6 Gas barrier performance
Gas permeation

Gas permeation instruments can measure the amount of gas transmitted
through a barrier film over time under controlled conditions based on various
sensor techniques (Figure 25). For a gas barrier measurement, in general, the
film is mounted inside a test cell between two chambers with different relative
humidity (RH). On the feed side (high RH), the gas of interest is continuously
fed. On the opposite permeate side (low RH), gas permeant is detected by a
sensor. The partial pressure difference between these two chambers drives the
gas permeation from the high RH to the low RH. For the WVTR, the amount
of transmitted water vapour over time is detected by an infrared sensor. For
the OTR, the amount of transmitted oxygen gas over time is detected by a
coulometric sensor. In this thesis work, the WVTR was measured using a
MOCON PERMATRAN instrument (MOCON, US) according to the ISO
15106-1 standard, while the OTR was measured using a MOCON OX-TRAN
instrument (MOCON, US) according to the ASTM F1927-14 standard. At
least six replicates per composite film were measured for both the OTR and
the WVTR measurements. The composite films were masked to reduce the
test area down to 5 cm?” and to prevent edge leakage. The test conditions were
set to 23 °C with 50% RH or 80% RH, respectively.

Permeant gas (H,0 or O,)

p

Permeant gas (H,0 or O,)

(S

Im | UuL

Figure 25. Schematic illustration of a general gas barrier measurement. The higher
pressure at the feed side (typically 50-80% RH) drives the permeant gas (water vapour
or oxygen) towards the permeate side (0% RH), whereby a carrier gas (N») transports
the permeant gas to the sensor (infrared or coulometric).
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Barrier parameters and units

Assuming steady-state condition, the equation (2.7) for the diffusive flux
derived in chapter (2.3.1) is the same for the WVTR and the OTR. Equation
(3.7) describes the amount of gas (Q) that has passed through an area (4) over
time (). For the WVTR, the amount of permeated gas through a film is
reported as a weight. To obtain the permeance unit, the WVTR is normalized
to the water vapour partial pressure across the film, according to equation
(3.8). The water vapour partial pressure is a function of the vapour saturation
pressure (S) at the test temperature multiplied by the RH difference between
the feed side (RH/) and the permeant side (RH:). To obtain the WVP, the
permeance is normalized to the film thickness (1), as shown in equation (3.9)
and can be written as equation (3.10). These steps are summarized in the table
below (Table 1).

Table 1. Water vapour gas barrier equations and units

Equations Units
Q -2 -1

WVTR =] = T g m™ day 3.7
P = WVTR 2 day kPa™! 3.8
ermeance = S(RH, — RH,) g m™~ day a (3.9)
WVP = Permeance - | g um m~ day™ kPa™! (3.9)
wyp = VIR * day™' kPa’! 3.10
~ S(RH, — RH,) EHmm-day xta (3.10)

For the OTR, the amount of permeated oxygen gas through a film is reported
as a volume. To obtain the permeance, the OTR in equation (3.11) is
normalized to the oxygen partial pressure across the film, according to
equation (3.12). In this equation, the oxygen partial pressure is the fraction of
the permeant oxygen gas (0:%) multiplied by the total pressure including the
atmospheric pressure at sea level (Pun = 101.3 kPa or ~1 atm), the partial
pressure from water vapour (P20 = S‘RH;). To obtain the OP, the permeance
in equation (3.13) is normalized to the film thickness (1) and can be written as
equation (3.14). These steps are summarized in the table below (Table 2).
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Table 2. Oxygen gas barrier equations and units

Equations Units
Q 3 -2 -1
OTR =] = — cm’ m™ day (3.11)
At
Permeance = OTR cm® m? day”! atm™ (3.12)
0,% - (Patm - PHZO)
OP = Permeance -l cm’ m? day™” atm™ (3.13)
OTR
OP cm’ pm m™ day! atm™  (3.14)

= .1
0,% * (Patm — PH20)

3.3.7 Inkjet printing

For printing, a cartridge is loaded with an ink and then mounted into an inkjet
printer that can create patterns on-demand (Figure 26). In this thesis work, the
aqueous SNP-graphene dispersion was modified with propylene glycol (0.0-
1.5 wt%) to adjust the viscosity. The dispersion was further processed by
ultrasonication using a Sonic Dismembrator (Fisher Scientific, US) with a
probe (tip diameter 12.7 mm) for 70 min, and then filtrated with a cut-off size
of 2 um. The resulting SNP-graphene ink was loaded into a cartridge (Dimatix
DMC 11610) that was mounted into a CeraPrinter F-Serie inkjet printer
(Ceradrop, France). The printed films were annealed by photonic-sintering
method using a Pulse Forge system (NovaCentrix, US). The photonic pulse
energy from a xenon flash lamp (spectrum 200-1500 nm) was varied between
0.04-3.08 J cm™ corresponding to bias 100-320 V. The pulse duration was 1
ms and the firing frequency was 1 Hz.

Figure 26. Inkjet printing of thin films on a flexible substrate.
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4 Results and Discussion

4.1 Aqueous graphene dispersions

4.1.1 Graphene concentration
UV-vis absorption

As a starting point, the degree of dispersibility and concentration of graphene
in aqueous dispersion systems can be evaluated by UV-vis spectroscopy
(Figure 27). For the graphene dispersibility, an absorption peak around 270
nm in the UV region and an absorbance over the visible region are the
spectroscopic features of stable and uniformly distributed graphene sheets in
aqueous dispersion systems. For the aqueous FMN-stabilized graphene
dispersions (FMN-graphene dispersions) (Paper I), the UV-vis absorption
spectra before and after purification by ultracentrifugation were compared
(Figure 27a). The FMN-graphene dispersion before the purification (dark
orange) showed multiple absorption bands that originate from the FMN
molecules (orange). The characteristic FMN absorptions are commonly
located near 223 nm, 267 nm, 374 nm, and 445 nm[110], among which the
maximum peak at 267 nm in the UV region is overlapping with that from
graphene. After the FMN-graphene dispersion was purified (black), the
intensity of these FMN bands dropped, thus indicating removal of excess
FMN molecules in the dispersion. Moreover, a single absorption peak at 270
nm emerged. This peak is associated with the n-n* transition of C=C that is
expected for sp>-hybridized graphene sheets with conjugated n-systems[106].
These spectroscopic features indicate that the FMN-graphene sheets were
dispersed in water with the aid of the FMN molecules, while the excess FMN
in the dispersion was removed. For the aqueous SNP-stabilized graphene
dispersions (SNP-graphene dispersions) (Paper II and III), the UV-vis
absorption spectra were compared to that of an SNP reference and a graphene
reference that were processed under the same conditions (Figure 27b). The
SNP-graphene dispersion (blue solid line) that is more concentrated, showed
a substantially higher absorbance of ~1 au in the visible region and a single
absorption peak at 273 nm in the UV region, consistent with the FMN-
graphene dispersion. This absorption peak is also associated with the m-n*
transition of the C=C, thus indicating that the sp*-hybridization of the carbon
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atoms was not adversely affected by the SNPs. These are the main
spectroscopic features expected of a stable aqueous graphene dispersion. For
contrast, the absorption spectra of the SNPs (yellow solid line) and the
graphene reference (grey dashed line) were both featureless in that wavelength
range. The graphene reference spontaneously aggregated without the SNPs in
the suspension, thus confirming the role of the SNPs as dispersing agents. For
both the FMN-graphene dispersion and the SNP-graphene dispersion, the
absorbance at wavelength 660 nm was used for the determination of the
graphene concentration. At this wavelength, the spectroscopic features from
the dispersing agents will not interfere with that from the dispersed graphene.
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Figure 27. UV-vis absorption spectra of the aqueous graphene dispersions. a The
aqueous FMN-graphene dispersion (Paper I). Inset: 1 FMN. 2 FMN-graphene
(unpurified). 3 FMN-graphene (purified). b The aqueous SNP-graphene dispersion
(Paper III). Inset: 1 SNPs. 2 Non-stabilized graphene. 3 SNP-graphene.

Attenuation coefficient

To determine the graphene concentration via the optical absorbance, the
attenuation coefficient, a (Beer-Lambert’s law, 3.3.1), is needed for each
aqueous dispersion system at a specific wavelength (Paper I and II). For this
purpose, a set of six dilutions from an aqueous graphene dispersion with a
known graphene concentration was prepared and the absorbance of these
dilutions at wavelength 660 nm was measured to construct a calibration curve
comprising the absorbance plotted against the graphene concentration.
(Figure 28). The graphene concentration, in general, was determined by
thermogravimetric analysis (TGA). For instance, an aliquot (3 mL) from the
known graphene dispersion was dried at 105 °C 24 h and then weighed to find
the total solid content (~28 mg). In this solid content, the graphene fraction
(5%) was determined from the TGA curves at 700 °C based on the residual
weights. Based on the graphene fraction, the graphene concentration could
then be calculated (~0.5 mg mL™"). Consequently, the attenuation coefficient
was determined from the slope of the calibration curve to 6,733 m™ mg”' mL
for the aqueous FMN-graphene dispersion system (Paper I) and to 3,384 m’'
mg' mL for the aqueous SNP-graphene dispersion system (Paper II),
respectively. The theoretical value for graphene has been predicted to be 4,237
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m™ mg' mL[111], which is close to the midpoint of these experimental values
obtained here. The variation in the value for the coefficient is not fully
understood and could be attributed to the different dielectric constants in the
surrounding media.
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Figure 28. Determination of the attenuation coefficient, o, from the slope of the
calibration curves. a The calibration curve for the aqueous FMN-graphene dispersion
(Paper I). Inset: 1-6 Six dilutions by factor 225, 200, 175, 150, 125, and 100. b The
calibration curve for the aqueous SNP-graphene dispersion (Paper II). Inset: 1-6 Six
dilutions by factor 400, 200, 100, 50, 25, and 12.5.

4.1.2 Starting concentration parameters

With the attenuation coefficient for the aqueous dispersion systems known,
the intensity of the absorbance at wavelength 660 nm can be utilized to
evaluate the dispersion conditions, such as starting concentrations, sonication
time, and colloidal stability. For the starting concentration study, a set of ten
aqueous FMN-graphene dispersions were prepared with a fixed amount of
starting graphene powder (0.10 mg mL™") and varied FMN concentrations
(0.02, 0.04, 0.06, 0.08, 0.10, 0.20, 0.40, 0.60, 0.80, and 1.00 mg mL™"). Each
dispersion was processed by ultrasonication via probe (tip diameter 6 mm,
40% amplitude) for 5 min (Figure 29a). When the FMN concentration in the
dispersions was increased from 0.02 up to 0.20 mg mL", the dispersed
graphene concentration was efficiently increased from ~0.04 up to ~0.12 mg
mL"' and then remained constant with additional FMN. This trend
demonstrates that a starting FMN:graphene mass ratio condition of 2:1 is
needed. For the SNP-graphene dispersions, a similar approach was applied
with a higher starting graphene concentration. A set of five aqueous SNP-
graphene dispersions were prepared with fixed amount of starting graphene
powder (0.5 mg mL™") and varied starch concentrations (0.5, 5.0, 10.0, 15.0,
20.0 mg mL™"). These dispersions were processed by ultrasonication via the
same probe design (tip diameter 6 mm, 40% amplitude) for 10 min. In
addition, the colloidal stability of these dispersions was initially evaluated
over 12 hours of storage time (Figure 29b). When the starch concentration in
the dispersion was 10 mg mL™" and higher, a more stable graphene dispersion
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was achieved. This starch concentration corresponds to a starting
starch:graphene mass ratio condition of 20:1 (Paper II). Overall, the optimal
mass ratio condition for the aqueous dispersion systems was identified at 2:1
for the FMN:graphene and at 20:1 for the starch:graphene, respectively.
Although the starting graphene concentration in the aqueous FMN-graphene
suspension was lower than in the SNP-graphene, the relatively smaller
amphiphilic FMN molecule could disperse graphene efficiently using a lower
amount. This amount is also lower compared with what is typically needed
using other traditional dispersing agents[112].
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Figure 29. Starting concentration conditions. a The dispersed graphene concentration
with varied starting FMN concentration (Paper I). b The dispersed graphene
concentration with varied starting starch concentration (Paper II).

4.1.3 Processing parameters

Once the optimal mass ratio conditions were determined, the ultrasonication
processing time can be investigated. For the aqueous FMN-graphene
dispersions (Paper I), the processing time with a probe (tip diameter 6 mm,
40% amplitude) was varied under cooling from 0 to 18 min. For this purpose,
a suspension with a starting graphene concentration of 0.5 mg mL™ was
prepared according to the condition FMN:graphene mass ratio 2:1. When the
mass ratio condition was met, the maximum dispersed graphene concentration
was efficiently achieved after only 6 min of sonication time (Figure 30a). For
the SNP-graphene dispersions (Paper III), the processing time was
investigated with a larger probe design (tip diameter 13 mm, 50% amplitude)
and varied under cooling from 2.5-60 min. Here, the starting graphene
concentration in the suspension was increased (3 mg mL™) according to the
condition starch:graphene mass ratio 20:1. When this condition was assured,
the dispersed graphene concentration could be increased with extended
sonication time and then reach a maximum between 30-60 min (Figure 30b).
In addition, the corresponding median particle size of the SNP-graphene
sheets in the dispersion was measured. The particle size, on the other hand,
decreased with sonication time and then remained relatively constant around
3-5 um. This trend is related to the ultrasonication-induced separation and
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scissoring effects on the graphene sheets, thus leading to thinner sheets and
smaller lateral sizes[113]. In addition, extended sonication time can also lead
to ultrasonication-induced defects. Although these defects are predominantly
introduced at the graphene edges rather than the basal plane[114], the balance
between the colloidal stability and the particle size needs to be considered
based on the intended applications and end-uses of the dispersed graphene.
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Figure 30. Ultrasonication processing conditions. a The aqueous FMN-graphene
dispersion concentration with sonication time (Paper I). b The aqueous SNP-
graphene dispersion concentration and median particle size (Dv50) with sonication
time (Paper II).

4.1.4 Colloidal stability

After the dispersion conditions were optimized, the colloidal stability of the
aqueous graphene dispersions was further evaluated. The fundamental
principle of the colloidal stability of an aqueous graphene dispersion is defined
by how well the graphene sheets can remain dispersed over time. The main
concern over time is the attractive forces that induce the graphene sheets to
restack and form larger aggregates, and consequently sediment faster.
Therefore, the colloidal stability can be evaluated by either observation or
measurement of the change in graphene concentration over time. For the
aqueous FMN-graphene dispersions (Paper I), the dispersions from the
concentration study described in chapter (4.1.2) were stored at room
temperature and observed for six months (Figure 31a). With the storage time,
only a few aqueous graphene dispersions remained dispersed with the varied
FMN concentration. At a lower FMN concentration (samples 1-3), fewer
FMN molecules were expected to be available for adsorption on the graphene
surface. When the FMN concentration (sample 4-6) was closer to the
FMN:graphene mass ratio condition 2:1 (sample 6), more graphene was
stable. Interestingly, at a higher FMN concentration (sample 7-10), less
graphene was stable despite excess FMN molecules available in the
dispersion. A similar trend is typically observed for ionic surfactants used for
aqueous graphene dispersions[23,82]. As the ionic surfactant concentration in
the dispersion increases, so does the ion concentration. According to the
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DLVO theory explained in chapter (2.2.1), the Debye screening length
decreases with the ion concentration, thus progressively lowering the overall
potential energy barrier between the graphene sheets[115]. Consequently, the
graphene sheets without a potential energy barrier to overcome the attractive
forces will spontaneously aggregate and sediment, as observed for the aqueous
FMN-graphene dispersions with higher FMN concentration. For the
concentrated aqueous SNP-graphene dispersion (Paper III), the colloidal
stability was evaluated by the optical absorbance with time (Figure 31b). In
addition, two storage temperature conditions 4 °C and 23 °C were compared.
The SNP-graphene dispersion stored at the colder temperature (4°C) dropped
89.2% of its original graphene concentration after 1 month, while that in the
room temperature remained stable. As a result, the colloidal stability of the
dispersed SNP-graphene sheets was found temperature-dependent. This
temperature factor could be attributed to the retrogradation process of starch
gels, whereby the starch polysaccharides form intra- and intermolecular
interactions via hydrogen bonding over time. Immediately after gelatinization
during the first 5-7 days of storage, the retrogradation rate is initially rapid and
then slowing down[116,117]. Furthermore, the storage of starch gels under a
colder temperature condition can induce an accelerated retrogradation
process[118]. Nevertheless, upon ultrasonication, the SNP-graphene
dispersion stored at the colder temperature was readily re-dispersed.
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Figure 31. Colloidal stability of the aqueous graphene dispersions. a The aqueous
FMN-graphene dispersions with fixed graphene (0.1 mg mL"') and varied FMN
concentration (0.02-1 mg mL™"). b The colloidal stability of the concentrated aqueous
SNP-graphene dispersion (60 min ultrasonication) stored at 4°C and at room
temperature 23 °C (Paper III).
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4.1.5 Particle size distribution

The particle size distribution of the aqueous graphene dispersions can be
estimated by laser diffraction (Figure 32). This technique can provide
statistical information on the whole dispersion for a wide range of particle
sizes (10 nm-3.5 mm). In this approach, an optical model based on the Mie
theory was applied to derive the graphene particle size by assuming the
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diameter of a sphere with equivalent volume. For the aqueous FMN-graphene
dispersions, the FMN-graphene sheets (Figure 32a) showed a median particle
size (Dv50) of 13.8 £ 3.1 um. This means that 50% of the graphene sheets
population is below this particle size. The median particle size of the SNP-
graphene sheets (blue) measured 3.4 = 0.0 um (Figure 32b). The graphene
reference without SNPs (grey), in contrast, measured the largest median
particle size of 53.6 + 0.4 um as well as the broadest particle size distribution.
This contrast in particle size suggests that the SNPs (yellow), with the median
particle size 0.3 + 0.0 um in the dispersion, play an important role in aiding
the dispersion of graphene in water and preventing the restacking into larger
aggregates. Moreover, the smaller particle size of the SNP-graphene sheets
compared with the FMN-graphene sheets could be attributed to the extended
sonication time during the preparation of the SNP-graphene dispersion.
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Figure 32. Volume-weighted particle size distribution of the aqueous graphene
dispersions. a The aqueous FMN-graphene dispersion with the median particle size
highlighted. b The aqueous SNP-graphene dispersion (blue), SNP reference (yellow),
and a non-stabilized graphene reference (grey) (Paper III).

4.1.6 Morphology

The morphology and thickness of the dispersed graphene sheets can be
analysed by SEM and STEM (Figure 33). In the SEM images (Figure 33a,b),
SNP-graphene sheets were observed in the size range of ~3 um, consistent
with the particle size distribution measured by the laser diffraction, as shown
in chapter (4.1.5). Furthermore, a magnified view on the SNP-graphene sheets
also revealed extensive surface features, such as ripples and wrinkles[119]. In
the STEM images (Figure 33c,d), relatively large surface areas of the SNP-
graphene sheets showed the same intensity, thus indicating a uniform
thickness. By counting the graphene sheet edges, it is possible to quantify the
number of graphene layers[114]. However, this approach can become
challenging when the graphene sheets have surface features, such as self-
folding events. Nevertheless, the SNP-graphene sheets have an estimated
number of layers in the range of 1-5. In addition, few round-shaped
nanoparticles in the size range of a few tens of nanometres were observed on
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the graphene surface, as shown in both the BF and the HAADF images, thus
indicating structures with a different crystal structure and mass than the SNP-
graphene sheets.

a . b

Figure 33. Morphology of the SNP-graphene sheets. a An SEM image of SNP-
graphene sheets. Scale bar: 5 pm. b Magnified view of an individual SNP-graphene
sheet from the yellow box. Scale bar: 500 nm. STEM images of the SNP-graphene
sheets. ¢ BF mode. Scale bar 200 nm. d HAADF mode. Scale bar 200 nm (Paper II).

4.1.7 Topography

SNP-graphene sheets were further investigated on freshly cleaved mica
substrates at the nanoscale using AFM (Figure 34). In the topographical
image of a representative SNP-graphene sheet (Figure 34a), the lateral size is
~1 um and the height is ~5 nm. An isolated graphene reference that was
processed under the same conditions without the SNPs, in contrast, showed a
clean surface (Figure 34b). Therefore, the round-shaped structures spread
over the surface on the SNP-graphene sheets were identified as the SNPs. In
addition, a few of these SNPs were also observed on the mica substrate. The
height of the SNPs on the graphene surfaces measured ~5 nm in the dry state.
This height of the SNPs extends beyond the interlayer distance (0.335 nm)
between stacked graphene layers that are held by van der Waals forces.
Therefore, the SNPs are expected to prevent the restacking of graphene layers
by steric hindrance. This could, in parts, explain the dispersion mechanism of
the SNPs.
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Figure 34. Topography of the SNP-graphene sheets by AFM. a The AFM image of
an SNP-graphene sheet decorated with SNPs on the graphene surface. b The AFM
image of a graphene reference processed under the same conditions without SNPs.
Scale bar: 400 nm (Paper II).

4.1.8 Physicochemical properties
Confocal Raman spectroscopy

The quality of the dispersed graphene sheets can be evaluated by confocal
Raman spectroscopy (Figure 35). For the SNP-graphene sheets (Paper 1I),
the adsorption of the SNPs onto the graphene surface is expected to influence
the breathing mode of the aromatic carbon rings, and thus activating the D
peak at 1350 cm™'. Therefore, the intensity ratio of I(D)/I(G) can be used to
estimate the degree of disorder caused by the SNP adsorption. Indeed, when
the SNPs were adsorbed, the intensity ratio I(D)/I(G) typically increased from
0.4 up to 0.6, thus indicating a higher degree of disorder. In addition, adjacent
to the G peak at 1580 cm™', a weak shoulder peak emerged more prominent at
1620 cm™ (D’ peak). The D peak (intervalley process) and the D’ peak
(intravalley process) are both activated by disorders[109]. After
deconvolution using the Voigt function, this intensity ratio I(D)/[(D’) can
provide a deeper insight into the nature of the disorders based on the scale: 3.5
(boundaries), 7 (vacancies), and 13 (sp® defects)[120]. The intensity ratio of
both the SNP-graphene sheets and the graphene reference were both in close
range, 2.4 and 2.6, respectively. This range indicates boundary effects, such
as various surface features and edges. Furthermore, with the versatility of the
Raman spectroscopy, the thickness of the graphene can also be estimated
based on the peak position of the G peak[121,122] or the peak shape of the 2D
peak[108,123]. Accordingly, based on the G peak position of supported
graphene, an average peak position of 1584 cm™ for the SNP-graphene sheets
indicates a bilayer. Based on the 2D peak, an average of FWHM of 66 cm’!
indicates 4-5 layers. However, the estimation of the thickness based on these
two metrics is qualitative and require caution, since disorders can influence

59



the characteristics of the G peak and the 2D peak[124,125]. Overall, the
Raman analysis suggests that the SNPs could disperse thin graphene sheets
with a relatively low degree of disorders.
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Figure 35. Raman spectra of SNP-graphene sheets (blue) compared with a graphene
reference without SNPs (grey) (Paper II).

FT-IR analysis

The molecular interactions in the aqueous graphene dispersion can be
investigated by FT-IR spectroscopy (Figure 36). The obtained FT-IR spectra
can provide information on the vibrational motions of molecules related to
intra- and intermolecular interactions, such as hydrogen bonding. FT-IR was
performed to gain deeper insight into the FMN-graphene interaction and the
FMN molecular conformation on the graphene surface (Paper I). In the FT-
IR spectra for the aqueous FMN-graphene dispersions (Figure 36a), the FT-
IR peaks of the FMN molecule (orange solid line) are associated with
vibrations from the carbonyl groups at 1716 cm™ (C4,=0) and 1645 cm’
(C,=0). In the vicinity are the peaks associated with the conjugated n-system
in the isoalloxazine at 1573 cm™, 1533 cm™', and 1499 cm™ (C=C, C4,=Ns, and
Ci10a=N1)[126]. Among these peaks, the carbonyl groups C4=0 and C,=0 are
the most sensitive to intermolecular interactions[127], especially with water
molecules via hydrogen bonding. When hydrogen bonds between FMN
molecules and water molecules are allowed, this type of interaction could
induce a strong downshift of the carbonyl peaks by 57-69 cm™'[128]. For the
FMN-graphene sheets (Paper I), when the FMN molecules were absorbed
onto the graphene surface via n-m interactions, these carbonyl peaks C4=0 and
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C,=0 showed, on the contrary, strong upshifts to the higher wavenumbers.
These upshifts indicate weaker intermolecular interactions between the FMN
molecules and the water molecules. This trend suggests a parallel
conformation of the FMN molecules on the graphene surface[129,33]. As for
the aqueous SNP-graphene dispersions, hydrogen bonding also plays an
important role between the starch and the water molecules (Paper II). Since
starch is hygroscopic and absorbs moisture from the ambient environment, all
the dispersions and reference samples were dried and then pre-conditioned in
an oven at 105 °C for 24 h prior to measurement. In the FT-IR spectra (Figure
36b), the distinct peak at 1572 cm™ was assigned to the C=C stretching
vibrations of graphene, commonly found in this region for conjugated m-
systems[130]. The presence of graphene changed the vibrational motions of
the SNPs. The FT-IR peaks of the SNPs were identified at 1149 cm™ (C—O,
C—C stretching, and partially C—O—H contributions), 1078 cm™, and 995
cm’' (C—O—H bending)[131]. Among these peaks, the largest peak at 995
cm’! consists of three overlapping peaks, which after deconvolution can
provide a deeper insight into the starch structure. After deconvolution (Figure
36¢), these peaks were identified at 1047 cm™ (crystalline), 1022 cm’
(amorphous), and 995 cm™ (hydrated)[132]. The intensity ratio of 1047/1022
(crystalline-to-amorphous) for the SNPs (0.25) and the SNP-graphene sheets
(0.33) was lower than for the starch granules (0.37). This indicates that the
polysaccharide chains in the SNPs were less ordered after the two-step process
involving gelatinization and ultrasonication. Furthermore, the intensity ratio
of the 995/1022 (hydration-to-amorphous) for the SNP-graphene sheets (0.74)
was the lowest compared to that for the SNPs (1.10) and the starch granules
(1.31) (Figure 36d). Since the starch peak at 995 cm™ is mainly associated
with the intra- and intermolecular hydrogen bonding at the hydroxyl group at
C(6)—0—H, this peak is therefore sensitive to the water content. This
indicates that the presence of graphene changed the molecular environment
for the hydroxyl groups of the adsorbed SNPs to interact with water. This was
consistent with the reduced peak intensity at 1640 cm™ associated with the
weaker vibrational motions of bound water in the SNP-graphene.
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Figure 36. FT-IR analysis of the aqueous graphene dispersions in a dry state. a The
FT-IR spectra of the aqueous FMN-graphene dispersion (black) compared with an
aqueous FMN solution (orange). Inset: Chemical structure of the isoalloxazine
(Paper I). b The FT-IR spectra of the aqueous SNP-graphene dispersion. The SNP-
graphene dispersion (blue) is compared to starch granules (yellow dashed) and SNPs
(yellow). ¢ An example of deconvoluted peaks of the starch peak at 995 cm™'. The
peaks were deconvoluted by a Gaussian fit. d A summary of the deconvoluted peak
intensity ratio 1047/1022 (ordered starch) and 995/1022 (hydrated starch),
respectively (Paper II).

Thermal properties

The thermal stability and solid content of the aqueous graphene dispersions
were investigated by TGA (Figure 37). For the aqueous FMN-graphene
dispersions (Paper I), the measurements were performed from 25-900 °C
under an oxygen atmosphere (Figure 37a). The TGA curve of the FMN
(orange solid line) showed four decomposition steps associated with the
desorption of water (25-180 °C), the dehydroxylation of the ribityl side chain
of the FMN molecule (180-320 °C), the decomposition of the isoalloxazine to
carbon black (320-500 °C), and finally residual carbon black to gaseous state
(>500°C)[133]. The TGA curve of the starting graphene powder (grey dashed
line) was relatively flat from 25 °C and up to an inflection point at 685 °C,
thus indicating a high degree of carbon purity[134]. The inflection point is the
temperature at which the rate of weight loss is maximum and can be used to
compare the thermal stability between two systems. In the DTG curves
(Figure 37b), when the FMN molecules were adsorbed onto the graphene
surface (black solid line), the infection point (DTG peak) was elevated from
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685 °C and up to 829 °C (144 °C), thus enhancing the thermal stability of the
graphene sheets. As a result of the strong n-m interaction between the FMN
molecules and the graphene, the FMN could act as a protective layer on the
graphene surface[135]. For the concentrated aqueous SNP-graphene
dispersions (Paper III), the measurements were performed from 25-900 °C
under a nitrogen atmosphere (Figure 37¢). As with the FT-IR analysis, all the
graphene dispersions were dried and then pre-conditioned in an oven at 105
°C for 24 h prior to measurement. The TGA curve of the starting graphene
powder (grey dashed line) under a nitrogen atmosphere, compared with that
under the oxygen atmosphere, was relatively flat throughout the whole heating
process, thus confirming the high degree of carbon purity. The TGA curve for
the starch granules (grey dashed line) and the SNPs (yellow solid line), in
contrast, showed three decomposition regions. In general, the regions 25-170
°C is the weight loss associated with desorption of weakly adsorbed water,
200-400 °C is the depolymerization of the starch polymer backbone, and
finally, 400 °C and higher is the formation of carbonaceous residues[136—
138]. The boundaries for calculating the weight loss in each region were
selected based on the DTG peaks widths (Figure 37d). Accordingly, in the
first region, the weight loss associated with the water content in the starch
references (grey dashed and solid) were in the range of 3-6%, while the SNP-
graphene (black solid) was substantially lower 0.92%. Indeed, the presence of
graphene reduced the moisture uptake of the starch, which is beneficial for gas
barrier applications to prevent swelling. In the second region, the SNPs (grey
and black solid) started to decompose at a lower temperature than the starch
granules (grey dashed). Furthermore, the decomposition of the SNPs reached
a maximum rate at 312 °C compared with the starch granules at 318 °C. This
is beneficial for inkjet printing applications, as the resulting printed
composites often require post-annealing to obtain competitive conductivity
values. The decomposition behaviour of starch at lower temperatures has been
attributed to the higher surface area as well as structural differences between
amylose and amylopectin[139-141]. Finally, since graphene was relatively
inert throughout the heating process, the residual weight can be associated
with the graphene content. Therefore, graphene concentration could be
determined to 0.48 mg mL™' for the initial SNP-graphene dispersion (Paper
IT) and 2.97 mg mL™" for the concentrated SNP-graphene dispersion (Paper
III), respectively. In general, the thermal behaviour of concentrated SNP-
graphene dispersion followed the same trend and motivates the preparation of
composites for gas barrier and inkjet printing applications.
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Figure 37. Thermal decomposition of the aqueous graphene dispersions in a dry state.
a-b The TGA and The DTG curves of the aqueous FMN-graphene dispersion under
an oxygen atmosphere (Paper I). c-d Similarly, the TGA and the DTG curves of the
aqueous SNP-graphene dispersion under a nitrogen atmosphere (Paper II).

4.1.9 FMN-graphene interactions

To elucidate the FMN-graphene interaction, the effect of the aqueous
graphene dispersion on the spectroscopic properties of the isoalloxazine was
investigated (Figure 38). The isoalloxazine ring system in the FMN molecule
can function as a chromophore and is naturally sensitive to the changes in the
electronic states, conformation, and substituents from the environment.
Therefore, the FMN spectroscopic properties owing to the isoalloxazine can
provide deeper insight into the stabilization mechanism of FMN for aqueous
dispersions of graphene. To this end, a set of ten dispersions was prepared
with a fixed amount of starting graphene powder (0.10 mg mL™") and varied
FMN concentrations (0.02, 0.04, 0.06, 0.08, 0.10, 0.20, 0.40, 0.60, 0.80, and
1.00 mg mL™), according to the previous protocol in chapter (4.1.2). The UV-
vis absorption of these dispersions was measured from 250-600 nm (Figure
38a). When the starting FMN concentration (0.04-0.10 mg mL™") in the
dispersion was equal or lower than the graphene (0.10 mg mL™), the
corresponding absorption spectra 1-5 (from bottom to top) were dominated by
the absorption from the dispersed graphene. Nevertheless, when the FMN
concentration (0.20-1.00 mg mL™") was higher, the absorption spectra 6-10
revealed two adjacent FMN bands at 368 nm (band II) and 442 nm (band I)
that progressively shifted towards the longer wavelengths 374 nm and 445 nm
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with additional FMN, respectively. For the absorption spectra of the pure
aqueous FMN solutions (Figure 38b), the band positions 374 nm and 445 nm
correspond to the FMN bands of free FMN molecules and remained constant
at all FMN concentrations. As a result, these FMN bands II and I in the
aqueous FMN-graphene dispersions appeared blue-shifted in response to the
FMN-graphene interactions. In general, blue shifts of these FMN bands occur
when the two FMN molecules aggregate into dimers with their isoalloxazines
stacked in a parallel conformation[142]. The aggregation of FMN is induced
by concentration and accompanied by the degree of blue shift. The degree of
blue shift increases with the FMN dimer fraction in the solution[143].
However, the FMN concentration needed to promote FMN dimers (~130 mg
mL") with a similar degree of blue shifts is well above the range used here (1
mg mL")[143]. Therefore, the strong FMN-graphene interactions suggest a
parallel conformation that mimics that of the FMN dimers, thus promoting the
observed blue shifts.
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Figure 38. FMN-graphene interaction study by UV-vis spectroscopy. a UV-vis
absorption spectra of the aqueous FMN-graphene dispersion with increased FMN
concentration (indicated by arrow). b UV-Vis absorption spectra of the aqueous
solutions of FMN in the same concentration range (indicated by arrow). The FMN
solutions did not display spectroscopic shifts (Paper I).

From the gained understanding of the aqueous FMN-graphene dispersions, a
stabilization mechanism of FMN is proposed (Figure 39). In the aqueous
suspension containing graphene powder and FMN molecules during
ultrasonication, relatively large graphene surfaces become available for
adsorption. The hydrophobic isoalloxazine part of the FMN molecules is
expected to stack on the hydrophobic plane of graphene in a parallel
conformation via hydrophobic interactions, van der Waals forces, and n-n
interactions. Such parallel conformation induces a change in the orientation of
the transition dipole moments responsible for the absorption band II at 374 nm
(So—S3) and band I at 445 nm (So—S;). These bands are predominantly
associated with the m—7* transition from the ground state to the lowest-lying
excited states of the isoalloxazine[144]. In the FMN dimer case, the vector
sum of parallel transition dipole moments permits raising the transition So—~
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S, thus reflecting blue shifts of the absorption band II. The vector sum for
the oblique transition dipole moments permits both lowering and raising of
the transition So—S;, thus reflecting an absorption peak splitting[142]. As
these spectroscopic features were observed in the absence of FMN dimers, the
FMN-graphene interactions are therefore responsible for these features.
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Figure 39. Schematic illustrations of the adsorption of the FMN molecule on the
graphene surface in a parallel conformation, thus mimicking the conformation of an
FMN dimer that results in spectroscopic shifts of the FMN absorption bands (Paper
D).

4.1.10 SNP-graphene interactions
Preparation of the SNPs

The formation of SNPs by gelatinization and ultrasonication were investigated
in a wet state on glass substrates using optical microscopy (Figure 40). First,
an aqueous suspension of the corn starch powder was prepared. Under the
microscope, the starch granules showed polygonal shapes with a particle
diameter in the size range of 15-20 pm (Figure 40a), whereafter gelatinization
appeared flat and swollen with a larger diameter up to 30-40 um (Figure 40b).
After ultrasonication was applied via probe for 3 min, the swollen granules
were ruptured and fragmented (Figure 40c¢). In addition, the ultrasonication
process also promotes leaching and chain scission of the starch
polysaccharides. Therefore, the formation of SNPs was expected after
extended ultrasonication for 30 min (Figure 40d).
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Figure 40. Optical microscopy of the preparation steps of the SNPs in a wet state. A
Starch granules of native corn. b Gelatinized starch granules (95 °C for 20 min). ¢
Ruptured starch granules after ultrasonication (3 min). d Resulting SNPs after
extended ultrasonication (30 min). Scale bars: 10 pm (Paper II).

The morphology of the SNPs after the two-step process was further
investigated in a dried state at the nanoscale using AFM (Figure 41). For this
purpose, a dilute solution was spin-coated on a freshly cleaved mica substrate.
The topographical image indeed showed round-like structures spread
uniformly across the substrate (Figure 41a). In a magnified view (Figure
41b), the SNPs measured an average height of ~5 nm. As noted previously,
there is a variation in particle size of the SNPs when measured in the dried
state (AFM) compared with those in the wet state (Mastersizer). In the wet
state, starch absorbs water via intermolecular interactions (hydrogen
bonding), especially during gelatinization at high temperatures, thus leading
to extensive swelling. On the contrary, during cooling or drying, the
polysaccharide chains retrograde into denser structures and exude water, thus
reducing particle size[118]. These phenomena explain the disparity in size
between the SNPs in the wet (larger) and those in the dry state (smaller).
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Figure 41. Topography of the SNPs by AFM. a The AFM image of SNPs with a
relatively uniform particle size distribution. Scale bar: 2 pu. b A magnified view of the
SNPs from the yellow box. The SNPs displayed round-like structures with an average
height of ~5 nm. Scale bar: 400 nm (Paper II)

To gain deeper insight into the dispersing mechanism of the SNPs, the zeta
potential distribution and the surface tension were investigated (Figure 42a).
The mean zeta potential of the SNPs (yellow) was -17.6 + 3.9 mV, while the
SNP-graphene sheets (blue) -22.9 = 4.8 mV. Although the SNPs were made
from unmodified starch and considered non-ionic, they could indeed
contribute to a negative zeta potential[145]. According to the DLVO theory
explained in chapter (2.2.1), the magnitude of the zeta potential between two
charged surfaces is proportional to the electrostatic repulsion and could aid
the colloidal stability. For comparison, the zeta potential of graphene sheets
that are stabilized by traditional ionic surfactants can vary from -64 mV
(anionic) and up to 57 mV (cationic)[74]. Furthermore, graphene sheets that
are stabilized by the non-ionic counterparts (uncharged) can also have a non-
zero zeta potential as low as -24 mV[146]. In this thesis work, the SNP-
graphene sheets demonstrated long-term colloidal stability despite the
relatively low magnitude of zeta potential (-22.9 mV), thus suggesting that
additional stabilization mechanisms may exist, such as steric hindrance.
Moreover, the presence of SNPs reduced the surface tension of water from
72.3 mN m™' down to a minimum of 56.9 mN m™ (Figure 42b), thus making
the dispersion of graphene in water more energetically favourable. A similar
effect has also been reported using other relevant polysaccharides, such as
chitosan and pullulan[41]. Overall, the SNPs play an important role in the
colloidal stability of graphene in water. These results suggest that the SNPs
can lower the amount of work required to disperse graphene in water as well
as stabilize the graphene sheets mainly by steric hindrance and partly by
electrostatic repulsion.
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Figure 42. The zeta potential and the surface tension behaviour of the SNPs. a The
zeta potential of SNPs (yellow) and an aqueous SNP-graphene dispersion (blue),
respectively. b The surface tension of an aqueous solution of the SNPs (yellow)
compared with that of water (grey) and the surface energy of graphene (grey)[20]
(Paper III).

4.2 Graphene composite films

4.2.1 Fabrication and optimization of the films

Plasticization study of the starch films

The film-forming characteristics of starch were investigated with varied
sorbitol content (Figure 43). In general, films and coatings made from starch,
and many other common polysaccharides (e.g. cellulose, alginate, chitosan)
are inherently brittle and fragile after drying. To increase the plasticization of
the starch, sorbitol was added as a plasticizer during the gelatinization of
starch to improve the film formation. Although plasticizers improve the
structural properties of starch films, they can have two opposite effects on the
barrier properties. On the one hand, the plasticizer can disrupt the interaction
between polysaccharide chains and increase their mobility. However, this
results in open pathways and impair the barrier properties. On the other hand,
the plasticizer can also potentially reduce native defects in the film, thus
improving the barrier properties locally. Therefore, to minimize the adverse
effects on the barrier properties, a foldable film with the lowest amount of
plasticizer content is preferred. This film was found at a starch:sorbitol mass
ratio of 5:3, which amounts to 60% of starch or 38 wt% of total weight.
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Figure 43. Optimization of the starch/SNP-graphene composite films with varied
sorbitol content 0-41 wt%. The starch films with varied sorbitol concentration before
(top row 1-6) and after folding tests (bottom row 7-12). The starch film with 38 wt%
sorbitol demonstrated the lowest sorbitol content needed to achieve smooth and
foldable films (Paper III).

Cross-section analysis of the starch films

To gain insight into the structural features of the starch films after the addition
of sorbitol, the cross-section of the films was investigated by SEM (Figure
44). The surface of the cross-section for the starch film (Figure 44a) was free
from residual starch granules, thus indicating sufficient gelatinization time
and temperature at which the intermolecular hydrogen bonds between
polysaccharide chains were disrupted. However, the surface was
heterogeneous with local regions of varied roughness and smoothness. The
plasticized starch films (Figure 44b), in contrast, showed an overall
homogenous and smooth surface with oriented structural features in-plane
with the film. As a result, the starch film composition with 38 wt% sorbitol
serves as a suitable polymer matrix for composite films.
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Figure 44. SEM cross-section analysis of the structural features of the starch films
with the addition of sorbitol. a Starch film reference. b Starch film with 38 wt%
sorbitol. Scale bars: 10 pm.
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4.2.2 Graphene distribution in the composite films

Based on the plasticization condition, the SNP-graphene dispersion (Paper
IIT) was mixed with the plasticized starch gel that was adjusted accordingly.
The starch/SNP-graphene composite films were dried after 3 days and peeled
off (Figure 45a,b). Similarly, these starch/SNP-graphene composite films
also demonstrated a smooth surface and elasticity.

a b

Figure 45. Photographs of the starch/SNP-graphene composite films. a Top-side
view. b Side-view of a rolled film demonstrating the elasticity.

To gain insight into the graphene distribution and morphology within the
starch/SNP-graphene composite films, cross-section analysis of the films was
also performed by SEM and Raman spectroscopy (Figure 46). Along the
cross-section in each film, the incorporated SNP-graphene sheets were
uniformly distributed, both buried deep inside the film as well as partly
protruded out from the surface (Figure 46a,c,e). These graphene sheets were
outstretched with a high aspect ratio that was consistent with the particle size
analysis of the graphene sheets in the dispersion (~3.4 pm lateral size/~5 nm
thickness). Furthermore, the graphene sheets were aligned in-plane with the
film, thus providing the largest surface area possible perpendicular to the gas
diffusion direction. The high aspect ratio and the parallel orientation are two
relevant factors that contribute to a denser network of graphene with extended
tortuous pathways. Indeed, when the graphene content in the films increased
(0.75 wt%, 1.5 wt%, 3.0 wt%), the density and tortuosity also increased. In
addition, a graphene-rich region was formed at the bottom of the film with the
highest graphene content (3.0 wt%). The SEM analysis was further supported
with Raman mapping over the cross-sections to map the chemical distributions
of graphene (blue) and starch (yellow) in the films (Figure 46b,d,f). When
the graphene content increased, the relative Raman intensity of graphene was
enhanced in proportion to the graphene content and eventually dominated the
entire area. Although the starch fraction (60.6 wt%) in the film was larger than
the graphene fraction (3.0 wt%), the backscattered light from the starch was
relatively weaker. The graphene-rich region showed the highest Raman
intensity. As a result, the mapping of the chemical compositions was
consistent with the structural features observed in the SEM analysis.
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Figure 46. Graphene distribution and structural configuration within the starch/SNP-
graphene composite films. From top row to bottom is the graphene content in the
films: a-b 0.75 w%. c-d 1.5 wt%. e-f 3.0 wt%. From left to right column: Left SEM
images of the cross-section. Scale bar 5 pm. Right Raman mapping of the graphene
and the starch components. Scale bar 10 um (Paper III).
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4.2.3 Raman study on the graphene-matrix interaction

Statistical analysis of the Raman spectra

Interestingly, despite being the same incorporated SNP-graphene sheets into
the starch matrix, the buried graphene sheets (blue) located deep inside the
film showed distinctly different Raman spectra compared with the protruded
graphene sheets (cyan) in terms of the G peak and the D peak (Figure 47a).
These Raman spectra were averaged from the Raman mapping of the
starch/SNP-graphene composite film with the highest graphene content 3.0
wt% (Figure 47b) and correlated well with the morphology observed in the
magnified SEM image (Figure 47¢). Since the G peak is associated with the
relative motion of sp*-hybridized carbon atoms in the aromatic ring, the peak
position and shape are therefore sensitive to stress. To estimate the degree of
stress, the G peak position, FWHM, and intensity ratio I(D)/I(G) were
calculated based on statistical histograms (Table 3). The widest peak shift and
peak broadening of the G peak for the buried graphene reflect a strong
compression-induced effect[147]. This effect can be explained by the
compressive stress transferred from the starch matrix onto the graphene
sheets, thus increasing the vibration frequency. As a result, these findings
indicate a dense network of incorporated SNP-graphene sheets with strong
interfacial interaction with the starch matrix.
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Figure 47. Raman and SEM analysis of the graphene-matrix interaction. a Raman
spectra of buried graphene sheets (blue) and protruded graphene sheets (cyan)
compared with a pure graphene reference supported on a Si/SiO, substrate (grey). b
Raman mapping of starch/SNP-graphene composite film with 3.0 wt% graphene.
Scale bar: 10 pm. ¢ Magnified SEM image of the film cross-section with arrows
pointing to examples of the buried graphene sheets (blue arrow) and the protruded
graphene sheets (cyan arrow). Scale bar: 5 um (Paper III).

Table 3. Statistical Raman data for the graphene sheets within the starch/SNP-
graphene composite film (3.0 wt%)

Raman spectra Peak position (G) FWHM (G) I(D)/I(G)
(cm™) (cm™)

Buried graphene 1587 £ 3.5 73 1.29

Protruded graphene 1581 £ 1.7 29 0.77

Graphene reference 1583 £+ 1.7 20 0.58
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Re-constructed Raman mapping of the compression-induced effects

To further visualize the statistical distribution of the compression-induced
effects, the Raman mapping for the G peak position, the D peak position, and
the intensity ratio I(D)/I(G) were reconstructed (Figure 48). Since the G peak
is associated with the relative motion of the sp*-hybridized carbon atoms, the
width of the peak shifts can provide useful indications on the degree of
compressive stress. In the colour map for the G peak position (Figure 48a), a
wide variation up to ~1593 cm™ (yellow) was observed deep inside the film
originated to the buried graphene, while in contrast, a more constant peak
position around 1580 cm™ (blue) was observed in the bottom of the film
originated to the protruded graphene. The degree of compressive stress was
relatively higher for the buried graphene than the protruded. For the D peak
position (Figure 48b), the position at 1350 cm™ (green) was constant across
the entire film, consistent with the Raman analysis. On the other hand, since
the D peak is activated by disorders, the intensity ratio I(D)/I(G) provide
useful information on the degree of disorder (Figure 48c). The highest degree
of disorder up to ~1.4 (yellow) was distributed uniformly across the whole
film and represented boundary effects, such as graphene edges[120]. The
intensity from the boundary effects created highly oriented lines in-plane with
the film. These lines originating from the graphene sheets suggest a
continuous and uniformly distributed graphene network. Overall, the network
of the SNP-graphene sheets in the film plays an important role in the gas
barrier and the electrical conductivity.
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Figure 48. Reconstructed Raman mapping of the starch/SNP-graphene composite
film 3.0 wt%, showing the distribution and variation of the Raman peaks associated

with graphene. a The G peak position. b The D peak position. ¢ The intensity ratio
I(D)/1(G) (Paper III).
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4.2.4 Physicochemical properties of composite films
FT-IR analysis

The molecular interactions between the components in the starch/SNP-
graphene composite films were investigated by FT-IR (Figure 49). The film-
forming properties of the starch polymer matrix were maintained even after
the incorporation of SNP-graphene sheets (Figure 49a). Moreover, the
starch/SNP-graphene composite films were also foldable. In the FT-IR spectra
(Figure 49b), the peak at 1572 cm™ is attributed to graphene (blue solid line),
while the 995 cm-1 to starch (yellow solid line). The broad peak around 3303
cm-1 (O—H stretching of free, intra-, and intermolecular interactions) is
commonly used to probe the hydrogen bonding between the polysaccharide
chains of starch. This peak was shifted towards the shorter wavenumbers from
3303 cm™! down to 3285 cm™ (-18 cm™) after the starch film was plasticized
with sorbitol and from 3303 down to 3281 cm™ (-22 cm™) after SNP-graphene
sheets were incorporated. As a result, these relative downshifts reflect changes
in the intermolecular vibrations that can be attributed to the stronger hydrogen
bonding between the sorbitol and the starch in the composite films[148].

a b

Starch StarchiSorbitol  Starch/SNP-graphene

Original

Normalized transmittance (%)

After folding

*-graphene

3281 —si

T T T T ' T SR
3600 3400 3200 3000 2800 1600 1400 1200 1000 800
Wavenumber (cm™)

Figure 49. Molecular interactions in the starch/SNP-graphene composite films. a
Photographs of the starch film, the plasticized starch film with sorbitol, and
starch/SNP-graphene composite film before (top row) and after folding (bottom row).
b FT-IR spectra of the films with spectroscopic features of starch and graphene,
respectively (Paper III).

Thermal properties

The thermal stability and solid content of the composite films were further
investigated by TGA (Figure 50a). The graphene content in the films was
determined to be 2.6 wt% (slightly lower than the expected 3.0 wt%) based on
the residual weight at 700 °C (Paper III). Moreover, the thermal stability of
the plasticized starch films and the starch/SNP-graphene films was slightly
enhanced from 314 °C to 326 °C (12 °C) (Figure 50b). This could be
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attributed to the stronger hydrogen bonding between the sorbitol and the starch
as well as the presence of graphene.

r — ——r ——— — -
25 100 200 300 400 500 600 700 25 100 200 300 400 500 600 T00
Temperature (“C) Temperature ("C)

Figure 50. Thermal decomposition of the starch/SNP-graphene composite films. a
TGA curves of the films and a starting graphene powder for reference (grey dashed
line). b DTG curves showing the peak temperature at which the decomposition rate is
highest (Paper I1I).

4.3 Graphene composite applications

4.3.1 Oxygen and water vapour permeability

To benchmark the gas barrier performance between films made from different
materials, the gas transmission rates are first considered normalized to the film
thickness and the partial pressure differences. Furthermore, classifications for
the barrier performance are suggested based on the range of commercial
polymers, compiled from the literature (Table 4). For instance, a barrier
material that is rated as “very high” has OP values below 40 cm® pm m™ day
"atm™ and WVP values below 40 g um m? day™ kPa™'. On the other hand, a
“poor” barrier material has an OP above 40,000 cm® pm m™ day™ atm™ or a
WVP above 3,000 g pm m? day™' kPa™.

Table 4. Barrier performance ratings of common petrochemical-based commercial
polymer films based on their OP and WVP, respectively[149,150]

Rating OP’ Examples WVPT Examples
Very high <40 EVOH <40 HDPE, PVDC
High 40-400 PVDC 40-400 LDPE
Medium 400-4,000 PET 400-1,000 PS

Low 4,000-40,000 PVC 1,000-3,000 PLA
Poor >40,000 PP >3,000 PVOH

+: cm® pm m2 day! atm’!, 1: g um m day! kpa’!
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The gas barrier performance of the starch/SNP-graphene composite films
based on aqueous SNP-graphene dispersion (Paper III) was evaluated using
instruments (Figure 51). For the oxygen permeability, the OTR was measured
using a MOCON OX-TRAN instrument following the ASTM F1927-14
standard. Similarly, for the water vapour permeability, the WVTR was
measured using a MOCON PERMATRAN instrument following the ISO
15106-1 standard. Accordingly, all measurements were performed under the
condition 23 °C and 50% RH. For the OTR, an additional condition at a higher
humidity was also measured (23 °C and 80% RH). As the graphene content in
the films was increased from O and up to 3.0 wt%, the OP was substantially
reduced from 81 down to 21 cm® um m™ day™ atm™ (74.3% reduction) under
50% RH and from 14,003 down to 4,180 cm® um m? day” atm™ (70.2%
reduction) under the higher humidity condition 80% RH (Figure 51a). The
absolute value of the OP under 50% RH corresponds to ‘very high’ in the
benchmark of barrier performance ratings (Table 4). In general, the barrier
performance of starch, as many other hygroscopic polymers, is impeded by
humidity. At higher humidity, the moisture uptake of the starch
polysaccharide chains is accelerated and eventually disrupts their partial
crystallinity[151]. This leads to swelling and loss of the starch native oxygen
barrier properties. Nonetheless, in this thesis work, the oxygen barrier
performance of starch was consistently enhanced by the incorporated SNP-
graphene sheets, even under the higher humidity condition. This indicates that
graphene, when incorporated as a hydrophobic and impermeable filler,
reduces the moisture uptake of starch. Given that the graphene is well-mixed
within the starch polymer matrix, the resulting film is also expected to
function as a water vapour barrier. Indeed, with the same films, the increase
in graphene content was also accompanied by a substantial reduction of the
WVP from 852 down to 186 g pm m™? day™ kPa™ (78.2% reduction) under
50% RH (Figure 51b). This absolute value of the WVP corresponds to ‘high’
in the barrier performance ratings. As a result, the reduction of both the OP
and the WVP indicates that the incorporated SNP-graphene sheets, when
increased in content, successively formed a denser network within the starch
matrix. These simultaneous improvements of the barrier performance can be
correlated to the increased tortuosity in the films, as confirmed by the SEM
and Raman analysis.
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Figure 51. The barrier performance of the starch/SNP-graphene composite films with
graphene content 0.0-3.0 wt%. a The OP as a function of the graphene content at 23
°C 50% RH (light red) and 80% RH (dark red), respectively. b The WVP as a function
of the graphene content at 23 °C 50% RH (blue) (Paper III).
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To the best of my knowledge, achieving a simultaneous reduction of both the
OP and the WVP with the same film is unusual, especially with that made
from bio-based polymers or a single coating formulation. The reduction of the
OP and the WVP for starch-based composite films are among the highest
reported in the literature (Table 5). In this thesis work, the barrier performance
of the starch/SNP-graphene films is comparable to those of EVOH and PVDC
(OP ~20 cm® um m™ day™ atm™), and to those of LDPE and PP (WVP ~150
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g um m? day' kPa'). The combined OP and WVP values make the
starch/SNP-graphene films superior to most bio-based and biodegradable
polymers, and on par with many commercial petrochemical-based polymers
in terms of barrier performance. The starch/SNP-graphene perform as both
oxygen and water vapour barrier simultaneously, while existing commercial
films are optimized for one of these gases, thus requiring multi-layer sandwich
structures.

Table 5. Gas barrier performance of starch-based composite films

Filler Content OoP WVP References
(wt%) (% reduction) (% reduction)

Graphene 3 74.3 78.2° This work
Graphene 3 70.2f This work
RGO 1 66.09 [152]
GO 1 44.0% [152]
GO 4 43.7% [52]
RGO 8 34.6% [52]
RGO 1.774 26.78 [53]
Graphene 3 24 1% [153]
GO 1 22.28 [154]
Graphene 2.5 12.6¢ [155]

%123 °C/50% RH, 1: 23 °C/80% RH, }: 25 °C/50% RH, §: 25 °C/75% RH

Thus far, research efforts to achieve multifunctional bio-based barrier films
by incorporating carbon-based fillers have reduced the permeability of only
one of the gases (oxygen and water vapour), while the other is permeated.
Likewise, most commercial polymers for packaging, including the
petrochemical-based, also have a limited function as either an oxygen barrier
(e.g. EVOH) or a water vapour barrier (e.g. HDPE). Currently, while the
common petrochemical-based polymers offer just one or the other barrier,
PVDC could function as both oxygen and water vapour barriers. However,
even though PVDC films have been used in the food-packaging industry for
decades, this polymer is currently not recyclable at scale. Furthermore, the use
in the industries is also discouraged by more stringent regulations due to its
potential toxic effects on the environment and human health[156]. Sustainable
alternatives are needed. However, to achieve combined gas barrier properties
that meet the requirement for food packaging at an industrial scale, multi-
layered films made from different coating formulations of barriers are needed.
Therefore, the single formulation of bio-based and biodegradable starch
incorporated with graphene is an attractive approach for combined gas
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barriers, and when optimized, could be competitive with the conventional
packaging films.

4.3.2 Electrical conductivity

The interconnected graphene network within the starch/SNP-graphene
composite films leading to the improved gas barrier performance motivated
an investigation on the electrical conductivity as a corollary result. To
determine the electrical conductivity of the starch/SNP-graphene composite
films, the sheet resistance was measured by the four-point probe method as
described in chapter (3.3.5). The films with a graphene content in the range of
0.0-0.75 wt% were initially non-conductive, due to the large fraction of
insulating sorbitol and starch (Figure 52). Nonetheless, when the graphene
content was increased from 1.5 wt% to 3.0 wt%, the electrical conductivity of
the film was substantially improved from 0.02 up to 9.5 S m™', thus indicating
an interconnected network of graphene. To the best of my knowledge, the
obtained electrical conductivity value is among the highest when compared
with similar starch-based composite films reported in the literature (Table 6).
For instance, 2.2 S m™' has been achieved with graphene at extremely high
content (25 wt%)[157] and 1 S m™ with RGO (1 wt%)[52]. In this thesis work,
the unprecedented electrical conductivity value achieved with relatively low
graphene content (3.0 wt%) could be attributed to the compatibility between
the incorporated SNP-graphene sheets and the starch matrix, thus leading to
the efficient formation of a graphene network that provides conduction paths
for electrons.

9.5

Electrical conductivity (S m™")
=3
L

Figure 52. The electrical conductivity of the starch/SNP-graphene films with varied
graphene content.
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Table 6. Electrical conductivity of starch-based composite films with different carbon
materials

Filler Content Conductivity Reference
(Wt%) (S m™)
Graphene 3 9.5 This work
Graphene 25 2.2% [157]
RGO 2 1.0 [52]
RGO 1.774 0.097 [53]
Graphene 2 0.0371 [158]
RGO 5 0.0017 [54]
RGO 5 0.0011 [159]
RGO 5 0.000032 [160]

*: at 10 Hz, : at 10 kHz

4.4 Inkjet printable graphene inks

4.4.1 Formulation of SNP-graphene inks

To obtain inkjet printable SNP-graphene inks, the concentrated SNP-graphene
dispersion (Paper III) was modified to meet the physical and the rheological
requirements for the specific inkjet nozzles. The printability and drop
formation from the nozzles was predicted by the inverse Ohnesorge number
(Z"'= Oh = VWe/Re)[100]. Ideally, the ink is considered printable when the Z
value is within 1 <Z < 10. For this purpose, the surface tension and viscosity
of the ink were the two most relevant parameters. The role of the SNPs, in
addition to dispersing graphene in water, also lowers the surface tension of
water from a value of 72.3 down to an average of ~58 mN m™', as shown in
chapter (4.1.10), thus making the dispersion inherently suitable for stable drop
formation. Therefore, the surface tension of the ink was adjusted without the
need for additional surfactants, thus making the ink formulation surfactant-
free and consequently eliminating the general complications that arise from
surface migrations by these surface-active molecules. For the adjustment of
the viscosity, a suitable amount of 1 wt% propylene glycol was added to the
SNP-graphene dispersion that increased the viscosity from 1 mPa s to 5 mPa
s (Figure 53a). To ensure stable viscosity of the ink during the piezoelectric
ejection from the cartridges, the shear thinning behaviour of the ink was
investigated at different shear rates (Figure 53b). The viscosity of the ink
remained constant over the full range of shear rates tested. Overall, after
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adjusting the physical and the rheological parameters, the ink formulation had
a Z value of ~3.5 that is suitable for inkjet printing. This value fits well within
the green region, known as the parameter space of inkjet printable fluids
(Figure 53c). In addition, the formulated SNP-graphene ink remained stable
over several weeks without signs of precipitation. Furthermore, the stability
of the ink inside the cartridge was investigated after consecutive days of
printing and no degradation of the jetting behaviour or the performance was
observed.
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Figure 53. Formulation of SNP-graphene inks. a The change in viscosity with the
propylene glycol concentration in the inks. b The change in viscosity with shear rates
at the propylene glycol concentration of 1 wt%. ¢ The dimensionless Z value of the
graphene inks in the Weber number plotted against the Reynolds number (Paper IV).

4.4.2 Post-treatment conditions

To improve the electrical conductivity of the printed SNP-graphene composite
films, the sheet resistance, R, was investigated with photonic pulse energy
(Figure 54a). In addition, this photonic-sintering method (blue circles, top
row) was compared to a conventional thermal annealing method in a
convection oven (grey circles, bottom row) (Figure 54b). For this purpose, a
set of two films were printed (4 layers each) on glass substrates. The film
thickness measured 205 + 25 nm (using 20 um drop-spacing). For the thermal
annealing method, the R; was evaluated as a function of the temperature
between 100-350 °C. As the temperature was raised to 300 °C, the R, was
gradually lowered from an order of 10° down to 10° Q sq™'. The decline of the
R; could be attributed to the removal of the additives and solvents in the film,
thus leading to an improved connection between the graphene sheets[14]. On
the contrary, with a further rise in the temperature up to 350 °C, the R, was
increased. This increase could be attributed to the decomposition of the films.
Therefore, thermal annealing of the films in the temperature range between
250-300 °C enabled the most efficient charge transport through the graphene
network. Similarly, for the photonic-sintering method, the R, was evaluated as
a function of the photonic pulse energy from 0-10 J cm™. To prevent the
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bursting of solvent bubbles during the photonic annealing process, the films
were first equilibrated in an oven at 150 °C for 30 min. When the photonic
pulse energy was increased from 0.0-1.5 J cm™, the R, was effectively lowered
from an order of 10° down to 10% Q sq'. Under the rapid photonic irradiation,
the incident light is selectively absorbed by the SNP-graphene sheets and
consequently converted to heat that can promote the removal of additives and
solvents as well as densification of the graphene network[161], thus leading
to the lower value of the R,. A SimPulse simulation tool was used to estimate
the temperature associated with the photonic pulse energy. This photonic
pulse energy of 1.5 J cm™ corresponds to an annealing temperature of 250 °C
on the film surface, while 50 °C on the underlying substrate. As a result, this
rapid irradiation was sufficient to initiate the removal of the additives and
solvents, thus leading to the percolating graphene network. An optimal
window of photonic pulse energy was identified between 1.5-2.0 J cm™, by
which the lowest value of R, was achieved. With higher photonic pulse energy,
the corresponding temperature was >400 °C and also caused an increase in the
sheet resistance. Overall, the value of the R; in the optimal region was lowered
down to 200 = 15 Q sq', thus yielding an electrical conductivity value of
2.4:10* Sm™.
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Figure 54. Post-processing conditions for films with a thickness of 205 £ 25 nm (20
pum drop-spacing). a A schematic illustration of the photonic-sintering method applied
on SNP-graphene films before and after curing. b The sheet resistance, Ry, as a
function of photonic pulse energy (top) compared to thermal annealing temperature
(bottom) (Paper IV).
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4.4.3 Surface morphology

To visualize the effects of the photonic annealing on the printed SNP-
graphene composite films (205 + 25 nm thickness), the surface morphology
was investigated by SEM and the degree of disorder by Raman spectroscopy
(Figure 55). The photonic cured film was compared with the thermally
annealed film and a non-treated film. For the non-treated film (Figure 55a),
overlapping SNP-graphene sheets were observed on the film surface. When
the film was thermally annealed at 250 °C for 1 h (Figure 55b), additional
nanometer- to micrometer-sized pores were formed uniformly on the surface
by the decomposition and evaporation of additives. For the photonic annealed
film (Figure 55¢), more SNP-graphene sheets emerged on the film surface
with visible graphene surface features and interconnection. In addition, few
microscale tears were also observed as an effect of the more rapid
decomposition of the additives, thus inducing local stress. In the
corresponding Raman analysis, the peak intensity ratio of the G peak (1580
cm™) over the D peak (1350 cm™) was calculated to investigate the degree of
disorder (Figure 55d). The degree of disorder was lowered by the photonic-
sintering method. This trend is associated with a lower density of disorders
and restoration of the graphitic nature of graphene[109].

Just printed
T H

Anncaled at 250 °C/1h

Photonic cured

Figure 55. SEM and Raman analysis of the printed SNP-graphene films. a Just printed
film. b Thermally annealed film at 250 °C for 1 hour. ¢ Photonic cured film. d Raman
analysis of the intensity ratio I(D)/I(G) for all the films (Paper IV).
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4.4.4 Electrical conductivity

The application and mechanical flexibility of the photonically annealed SNP-
graphene film were demonstrated by a simple electronic circuit on a flexible
PET substrate (Figure 56a). On this circuit, an LED was mounted between
two parallel electrodes made from the printed SNP-graphene films and when
a proper voltage was applied, the LED was illuminated (Figure 56a inset 1
and 2), thus indicating conduction pathways for electrons. Furthermore, the
brightness of the LED remained constant after bending the electronic circuit.
To study the mechanical behaviour further, the variation in line resistance of
these electrodes with bending cycles was investigated was measured over
1000 bending cycles at two radius of curvatures, 2 and 12 mm. After 1000
bending cycles, the line resistance for the larger bending radius of curvature
12 mm (less mechanical stress) only showed a deviation of 2.6%, while the
smaller radius of curvature 2 mm (more mechanical stress) showed 13%. The
increase in resistance (13%) with a smaller radius of curvature (2 mm) could
be attributed to the formation of wrinkles on the films after more extensive
mechanical stress. The electrical conductivity (2.4-10* S m™") achieved by the
SNP-graphene inks after photonic annealing was compared with those
reported for other types of formulations and graphene types (Figure 56b).
These graphene types include liquid-phase exfoliated[14,161-164],
electrochemically exfoliated[165,166], and RGO[167,168]. Among these
types, the two highest reported electrical conductivity values (~4-10* S m™)
were achieved by the liquid-phase[14] and electrochemically[166] exfoliated
graphene inks, respectively. Another report on rapid photonic annealed
graphene ink reported an electrical conductivity of 2.5-10* S m[164].
However, these inks were in general formulated using organic solvents that
are toxic or consist of several additives, such as surfactants, viscosity
modifiers, and binders. Therefore, reported in this thesis work, the formulation
of water-based SNP-graphene inks combined with rapid photonic annealing
provides a high electrical conductivity value that is on par with the highest
reported in the literature, while offering an efficient and environmentally
friendly approach.
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Figure 56. A demonstrator circuit and a comparison of electrical conductivity of SNP-
graphene ink with previously reported inks. a Change of normalized line resistance
(R/Ry) of the graphene electrodes with different bending cycles. Inset: 1 Large bending
radius of curvature 12 mm (less mechanical stress). 2 smaller radius of curvature 2
mm (more mechanical stress). b The electrical conductivity value of the SNP-

graphene ink after photonic annealing compared with those reported in the literature
(Paper IV).

88



5 Conclusions and outlook

Aqueous graphene dispersions that are formulated with the aid of bio-based
dispersing agents as alternatives to conventional synthetic molecules have
come a long way. However, not all bio-based dispersing agents are suitable
for large-scale applications or compatible with an intended coating
formulation. Moreover, specific applications require tailored graphene
qualities, such as morphology, surface chemistry, and stability among many
others.

In this thesis work, the aim was to gain a deeper understanding of the
preparation and the use of aqueous graphene dispersions for paper-packaging
applications. In an early stage, initial experience with amphiphilic molecules
was a crucial stepping stone towards understanding aqueous graphene
dispersions. Relatively small molecules with high surface activity, such as
conventional surfactants, could not fulfil the expectations of aqueous graphene
dispersions for barrier films. Although surfactants have been essential in
aiding the dispersion of graphene in water, they are often needed in excess and
therefore tend to migrate to the interfaces within the resulting composite films,
thus introducing defects that impair the barrier. Furthermore, removing the
excess still counteracts the benefits brought by graphene. Therefore, these
challenges led to the quest for alternatives beyond surfactants, such as bio-
based materials. Among many bio-based materials, FMN and starch were
selected as dispersing agents for graphene in water, both have their own
unique set of properties.

The FMN biomolecule was found to disperse graphene in water via m-m
interactions, thus changing the electronic configuration of the isoalloxazine
aromatic ring system of the FMN molecule. This type of interaction was
understood by spectroscopic blue shifts of the FMN bands in the UV-Vis
absorption spectra. A model was proposed that describes FMN molecules
adsorption on the graphene surface in a parallel conformation with their
isoalloxazine ring system stacked with the graphene surface. This model is
further supported by changes in the vibration modes associated with the
binding sites on the isoalloxazine and enhanced thermal stability of the
graphene. The starch, a complex long-chained biopolymer was processed into
SNPs that were found to physically adsorb on the graphene surface and aid
the dispersion of graphene in water to at least 3 mg mL™. The colloidal
stability of the SNP-graphene sheets with a median particle size of 3.4 pum was
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substantially improved by the presence of the SNPs in the dispersion, retaining
91.1% of the graphene concentration after 1 month of storage at room
temperature. Yet, the surface charge of the SNP-graphene sheets was
relatively weak at -22.9 + 4.8 mV, thus indicating a stabilization mechanism
mainly by steric hindrance and most likely in a combination with electrostatic
repulsion. Moreover, the aqueous SNP-graphene dispersion was formulated
to surfactant-free composite films for barrier measurements. Starch films have
native oxygen gas barrier properties originating from its semicrystalline
structural features when its polysaccharides chains are organized. On the other
hand, the hygroscopic nature of starch impairs the water vapour gas barrier
properties. Therefore, achieving a combined gas barrier against both oxygen
and water vapour may strike as a seemingly contradictory challenge.
Nevertheless, at a low graphene content (3.0 wt%) in the composite films, the
incorporated SNP-graphene sheets reduced the OP as well as the WVP
simultaneously by over 70% at 23 °C 50% RH (and additionally at 80% RH
for the OP). The absolute values of the OP and the WVP are comparable to
that of common petrochemical-based plastics used in food packaging, such as
EVOH and LDPE, respectively. Motivated by the gas barrier properties, the
aqueous SNP-graphene dispersion was also formulated to -electrically
conductive inks with long-term storage and stable drop formation during
inkjet printing. When rapid photonic annealing was applied on the printed
films, the electrical conductivity was substantially improved to 2.4-10* S m™.
The rapid photonic annealing approach is applicable on a wide range of
flexible substrates, including heat-sensitive polymers, such as PET.

The combined gas barrier and the high electrical conductivity of these
functional composite films demonstrate the versatility of the aqueous SNP-
graphene dispersion and its potential for barrier composite films that can meet
current and future demands of the packaging industry.
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6 Sammanfattning pa Svenska

Vattenhaltiga grafendispersioner som &r formulerade med hjilp av
biobaserade dispergeringsmedel som alternativ till konventionella syntetiska
molekyler har kommit en lang vig. Det dr dock inte alla biobaserade
dispergeringsmedel ar lampliga for storskaliga tillimpningar eller kompatibla
med en avsedd ytbeldggningsformulering. Dessutom kraver specifika
tillimpningar skrdddarsydda grafenkvaliteter, sésom morfologi, ytkemi och
stabilitet bland méanga andra.

I detta avhandlingsarbete var det Overgripande syftet att fa en djupare
forstaelse for beredningen och anvindningen av  vattenhaltiga
grafendispersioner for pappersforpackningstillampningar. I ett tidigt skede var
initiala erfarenheter av amfifila molekyler en avgorande sprangbridda for att
forsta vattenhaltiga grafendispersioner. Relativt sma molekyler med hog
ytaktivitet, sdsom konventionella tensider, kunde inte uppfylla
forvintningarna pa vattenhaltiga grafendispersioner for barriérfilmer. Aven
om tensider har varit avgdrande for dispergeringen av grafen i vatten, behovs
de ofta i Overskott och tenderar darfor att migrera till grénssnitten i de
resulterande kompositfilmerna, vilket leder till defekter som forsdmrar
barridren. Férdelarna med grafen hindras kraftigt av tensiderna, dven efter att
Overskottet av tensider har avldgsnats. Dessa utmaningar ledde dérfor till
jakten pa alternativ utdver tensiderna, sdsom biobaserade material. Bland
manga biobaserade material undersdktes FMN och stirkelse som
dispergeringsmedel for grafen i vatten, bada har sin egen unika uppséttning av
egenskaper.

FMN-biomolekylen visade sig dispergera grafen i vatten via n-n-interaktioner,
vilket dndrade den elektroniska konfigurationen av isoalloxazin-ringsystemet
i FMN-molekylen. Denna typ av interaktion forstods av spektroskopiska
blaskiftningar av FMN-banden i UV-Vis-absorptionsspektra. En modell ar
foreslagen som beskriver FMN-molekylernas adsorption pé grafenytan i en
parallell konformation med deras isoalloxazin-ringsystem staplade med
grafenytan. Denna modell stdods ytterligare av fOrdndringar av
vibrationsldgena associerade med bindningsstéllena pé isoalloxazinet och
forbattrad termisk stabilitet hos grafenet. Stirkelsen, en komplex langkedjig
biopolymer, bearbetades till SNPar som visade sig fysiskt adsorbera pa
grafenytan och underlitta dispergeringen av grafen i vatten till minst 3 mg ml
! Den kolloidala stabiliteten hos SNP-grafenarken med en

91



medianpartikelstorlek pa 3,4 um forbéttrades avsevirt genom néirvaron av
SNPar i dispersionen, vilket bibehdll 91,1% av grafenkoncentrationen efter 1
manads lagring i rumstemperatur. Andd var zetapotentialen av SNP-
grafenarken relativt svag vid -22,9 + 4,8 mV, vilket indikerar en
stabiliseringsmekanism genom steriskt hinder och troligen 1 kombination med
elektrostatisk repulsion. Dessutom formulerades den vattenhaltiga SNP-
grafen-dispersionen till tensidfria kompositfilmer for barridrmétningar.
Stérkelsefilmer har naturliga barridregenskaper mot syrgas som hérror fran
dess semikristallina strukturella egenskaper nér dess polysackaridkedjor ar
organiserade. A andra sidan forsimrar den hygroskopiska naturen hos
stiarkelsen barridregenskaperna mot vattendnga. Att uppnd en kombinerad
gasbarridr mot bade syre och vatteninga ar darfor en till synes motsédgelsefull
utmaning. Hur som helst, vid ett lagt grafeninnehdll (3,0 vikt%) i
kompositfilmerna, minskade de inkorporerade SNP-grafenarken OP savil
som WVP samtidigt med 6ver 70 % vid 23 °C 50 % RH (och dven vid 80 %
RH f6r OP). De absoluta viardena for OP och WVP idr jaimforbara med de for
vanliga petrokemiska plaster som anvinds i livsmedelsforpackningar, sdsom
EVOH respektive LDPE. Motiverad av gasbarridregenskaperna formulerades
den vattenhaltiga SNP-grafen-dispersionen ocksa till elektriskt ledande bléack
med langtidslagring och stabil droppbildning under blédckstraleutskrift. Nér
snabb fotonisk glodgning applicerades pé de tryckta filmerna forbattrades den
elektriska ledningsformagan avsevirt till 2,4-10* S m™'. Den snabba fotoniska
glodgningsmetoden &r tillimpbar pa ett brett utbud av flexibla substrat,
inklusive varmekénsliga polymerer, sisom PET.

Den kombinerade gasbarridren och hoga elektriska ledningsformagan i dessa
funktionella kompositfilmer visar mangsidigheten hos den vattenhaltiga SNP-
grafendispersionen och dess potential for barridirkompositfilmer som kan mota
nuvarande och framtida krav fran forpackningsindustrin.
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