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ABSTRACT

GraPhage13 aerogels (GPA) are porous, ultra-low density nanocomposites fabricated
through the self-assembly of graphene oxide (GO), a monolayer of carbon atoms with
various oxygen-containing functional groups, and the filamentous bacteriophage M13.
The cost-effective, scalable, and environmentally friendly production of GPA, combined
with the ability to customise its properties through the functionalisation of GO and
chemical and genetic modification of M13, makes GPA a highly promising material
across a diverse range of industries, including healthcare, defence, and environmental

monitoring.

This thesis presents a comprehensive investigation into GPA, focusing on the optimal
chemical environment for its formation, the mechanism of its self-assembly, and its
physical characterisation. A wide range of experimental techniques were employed,
including microscopy and spectroscopy methods such as scanning electron
microscopy (SEM), atomic force microscopy (AFM), Raman spectroscopy, ultraviolet-
visible (UV-Vis) spectroscopy, and energy-dispersive X-ray (EDX) spectroscopy.
Additional techniques included titrations, zeta potential analysis, dynamic vapour
sorption (DVS), and electrical conductivity measurements. The resulting data were
analysed using kinetic modelling, peak fitting, image analysis, and statistical
evaluation, including the use of the Bayesian Information Criterion (BIC) to assess

model accuracy.

Interactions between GO and M13 were found to be pH-dependent. In the range of pH
2-6, electrostatic repulsion is minimised, enabling their aggregation. The optimal GPA

was generated by combining GO and M13 at pH 4.9. At lower pH values, M13 tends



to independently precipitate or suffer structural damage, while the increased

electrostatic repulsion towards pH 6 reduces the probability of aggregation.

Examining its thermal properties, GPA demonstrated progressive structural changes
upon heating, including partial reduction of GO, a decrease in stiffness, increased

structural disorder, and the formation of fewer but larger pores.

Thermal characterisation revealed progressive structural changes with heating,
including partial reduction of GO, decreased stiffness, increased disorder, and the
formation of fewer but larger pores. GPA also demonstrated high hygroscopicity, with
a water sorption capacity of 0.68 + 0.02 g/g at 90% relative humidity, exhibiting stable
and reversible behaviour. Ethanol uptake outperformed similar carbon-based
materials, and although acetone uptake was lower, there is potential to improve and
tune its sorption capacity for specific analytes through the functionalisation of GO and

M13.

The electrical properties of GPA revealed its inherently insulating nature, with a low
conductivity of 6.8 nS/cm. However, this was significantly enhanced through the
incorporation of gold nanoparticles (AuNPs), increasing to 190 nS/cm with 20 nm

AuNPs and up to 360 nS/cm with 5 nm AuNPs

Together, these findings lay a foundation for the integration of GPA into graphene-
based devices. The tuneability and multifunctionality of GPA highlight its potential in

applications such as chemical sensors, adsorbents, and energy storage systems.
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Chapter 1

1.1 Introduction to Nanostructures

Nanostructures are materials with at least one dimension within the nanometre scale,
typically between 1-100 nm (1 nm = 10°m) [1]. At this scale, quantum effects become
significant, and the surface-to-volume ratio increases dramatically compared to their
bulk counterparts, leading to enhancements in their mechanical, thermal, electrical,
optical, and magnetic properties [2-5]. The unique properties of nanostructures offer a
wide range of applications such as bioimaging, drug delivery, antimicrobial surfaces,
sensors, and energy storage [6-9]. However, the translation of these advancements
into practical applications necessitates fabrication methods capable of producing
consistent nanostructures at a high throughput and low cost. Conventional top-down
fabrication techniques, such as lithography, involve etching away a bulk material to
generate structures with micronano-scale dimensions [10]. Although these methods
enable the production of complex, high-resolution nanostructures, they often suffer
from limitations such as high fabrication costs, prolonged processing times, and

structural imperfections [11].

Alternatively, bottom-up fabrication takes advantage of physical and chemical
interactions between atoms and molecules to generate nanostructures. By combining
particles in solution and optimising conditions such as the pressure, temperature and
pH, it is possible to manipulate the inter-particle interactions. This can initiate their self-
assembly, whereby these building blocks spontaneously reorganise into a well-defined,
ordered structure [12, 13]. These advantages have driven increasing levels of research
into the self-assembly of a wide variety of atoms and molecules, exploring the chemical
conditions required to initiate their interaction and understanding how these conditions

control the resulting nanostructures [14, 15].
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In particular, there has been significant interest in the self-assembly of nanostructures
with biological building blocks, owing to their numerous advantages and unique
properties. The wide range of biomolecules, such as DNA, proteins, peptides, viruses
and enzymes, enable a diverse array of options for nanostructure assembly. These
biomolecules often show higher reactivity compared to non-biological molecules and
possess many functional groups, providing a variety of functionalities. Additionally, the
reaction conditions required are typically less stringent, often occurring under ambient
conditions, which reduces both the complexity and cost. The structure, chemistry, and
dimensions of biomolecules can also be easily controlled, providing a versatile and
cost-effective route to fabricate a wide range of tailorable, multifunctional

nanostructures [16, 17].

The self-assembly of bionanocomposites, created by integrating nanomaterials with
biological building blocks, is particularly advantageous as it combines the unique
functionalities of both components. The biological elements contribute biocompatibility,
biodegradability, and tuneable surface functional groups, while the embedded

nanomaterials enhance chemical and mechanical properties [18, 19].

This thesis focuses on a bionanocomposites known as the GraPhage13 aerogel
(GPA), generated through the self-assembly of graphene oxide (GO) and the
filamentous virus M13 bacteriophage [20]. The following sections will introduce GO,
M13 and GPA, followed by an exploration of GPA's potential applications, the
challenges in its future industrial implementation, and an overview of the investigations

presented in this thesis.
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1.2 Graphene-Based Materials

1.2.1 Graphene and Graphene Oxide

Graphene is an atomic layer of sp?-hybridised carbon atoms in a T-conjugated
honeycomb structure (Figure 1.1a), first characterised by Novoselov and Geim in 2004
[18]. Since its discovery, graphene has gained significant interest within the scientific
community for its exceptional properties. These include its remarkably high carrier
mobility at room temperature, excellent electrical and thermal conductivity, high
mechanical strength, large specific surface area, and high transparency [21-25]. These
attributes position graphene as a versatile material with applications in various fields,
such as sensors [26, 27], flexible electronics [28, 29], energy storage [30, 31],

transparent conductive films [32, 33], and stealth technologies [34, 35].

However, the industrial integration and applications of graphene have been hindered
by several factors. Its zero-band gap limits its use in semiconductor applications such
as in optics and electronics, while its chemical inertness and hydrophobicity present
challenges in its functionalisation. Moreover, scaling up the production of high-quality
graphene is challenging, as various production methods introduce chemical variability

and defects, limiting its reproducibility and functionality [36, 37].

Graphene derivatives offer a promising alternative for graphene-based devices.
Graphene oxide (GO), like graphene, consists of an atomic layer of carbon atoms, but
it also contains various oxygen-containing functional groups (OCFGs) such as
carbonyl, carboxyl, hydroxyl, and epoxide groups (Figure 1.1b). These functional
groups render GO hydrophilic, resulting in its ability to form stable dispersions in water,

and increase its chemical reactivity [38]. While GO lacks the superior electrical
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conductivity due to the disruption of the sp? lattice by the OCFGs, it can be reduced to
form reduced graphene oxide (rGO), which exhibits a similar electrical conductivity to

pristine graphene (Figure 1.1b) [39].

graphene oxide (GO) reduced graphene oxide (rGO)

graphen

®
@
N

Figure 1.1: Graphene, graphene oxide and reduced graphene oxide structures

(a) Graphene is an atomic layer of sp? — hybridised carbon atoms in a honeycomb structure. (b)
graphene oxide (GO) is graphene with oxygen-containing functional groups (OCFGs) (¢) reduced
graphene oxide (rGO) has less OCFGs than GO but more structural defects than graphene. Image

adapted from [40].
1.2.2 Graphene-Based Aerogels

Another inherent limitation of graphene is its propensity to aggregate or undergo
restacking due to strong van der Waals forces and -1 interactions. This diminishes
its characteristics such as its high surface area, conductivity, and mechanical strength
[41]. To maintain these properties, graphene-based derivatives can be assembled into
3D morphologies, such as ultralightweight porous structures known as aerogels.
Graphene-based aerogels (GAs) possess a highly interconnected porous network and
large surface area offering extensive contact areas for chemical reactions. These
structures can also preserve the properties of graphene, such as its chemical stability,
conductivity and mechanical strength [42]. As a result, GAs have found applications as

catalysts [43, 44], biomedical sensors [45, 46], and supercapacitors [47, 48].
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The fabrication of GAs typically begins with the production of hydrogels, which are 3D
water-insoluble cross-linked porous networks [49]. GO is the increasingly becoming
the graphene derivative of choice to generate these hydrogels due to its ability to form
stable dispersions in solution, allowing for simple hydrogel fabrication [42, 50-52].
Furthermore, GO can be functionalised with new chemical compounds [53, 54],
functional groups [55, 56], and materials such as nanoparticles [57, 58] through
interactions with OCFGs, enabling properties of the resulting GA to be enhanced or
customised for specific applications. Drying techniques such as supercritical, vacuum,
or freeze drying replace the water in the hydrogel with air, preventing the pores from

collapsing and producing aerogels [59, 60].

Compared to other aerogels, such as silica, polymer, and metal-based aerogels, GAs
exhibit the lowest density while also demonstrating enhanced electrical conductivity,
mechanical strength, and thermal stability (Table 1.1). However, despite these
advantages, GAs face significant challenges, particularly regarding scalability and
production costs. The synthesis of GO-based hydrogels often require high
temperatures or pressures, extreme pH levels, or environmentally harmful reducing
agents. Additionally, the drying processes are highly energy-intensive, significantly
increasing both their production costs and environmental impact [61]. In contrast, silica
aerogels benefit from simpler and more cost-effective ambient pressure drying, making
them a more economically viable option for large-scale manufacturing. Additionally,
maintaining consistent quality in large-scale GA production remains difficult, as
variability in precursor synthesis can lead to batch-to-batch differences, complicating
commercialisation. Although GAs offer improved mechanical properties compared to

silica aerogels, they are still structurally fragile and prone to collapse under high stress,
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Table 1.1 Comparison of different aerogel types

Properties of different aerogels, highlighting their composition, density, surface area, benefits,

drawbacks, and key applications

Type of Starting Density Surface Advantages Limitations Example Refs.
Aerogel Material (mg/cm?3) Area Applications
(m?lg)
Silica TEOS 3-350 600-1000 Low thermal Poor mechanical Thermal [62,
conductivity properties insulation 63]
MTMS
Low dielectric Long processing Acoustic barriers
constant times
Supercapacitors
Low refractive High hygroscopicity
index Catalysts
Low cost Absorbents
Synthetic Pl 30-480 20-632 High Expensive, toxic Drug delivery [16,
polymers mechanical precursors 63-66]
PDMS strength Tissue
Poor engineering
PVA Low dielectric biodegradability
constant Thermal
PVC insulation
PUA Antennas
Bio- Cellulose 0.8-920 10-970 High Poor mechanical Biosensors [63,
compressive properties 67]
polymers Chitosan strength Medical devices
Poor long-term
Alginate Biodegradable stability Absorbents
Gelatin Stability in Limited operating Catalysis
organic temperatures
Starch solvents
Carbon Carbon 0.16-190 360-1000 High thermal Poor mechanical Electrodes [63,
and electrical properties 68, 69]
GO conductivity Supercapacitors
High cost
rGO Chemical and Absorbents
thermal
CNTs stability Energy storage
Biocompatible Biomedical
Metal Transition 5-580 2-170 High chemical High production Electrocatalysts | [70]
metals stability complexity
e.g. nickel, Sensing
copper, High electrical Limited
titanium conductivity compositions Energy storage
and conversion
Noble High catalytic Poor structural
metals activity control Water
e.g. gold, remediation
silver High ductility Poor mechanical
properties
Metal Alumina 20-1200 1120-1750 | High chemical Poor mechanical Photocatalysts [71-
oxide stability properties 73]
Titania Thermal
Compositional | Poor heat resistance insulation
Zirconia variety
Absorbents
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limiting their suitability for applications requiring long-term mechanical durability. As a
result, despite their superior functional properties, GAs are not yet widely adopted in
commercial industries [50, 74]. Overcoming these challenges requires the
development of cost-effective precursor materials, improved drying techniques, and
scalable production methods to enhance their viability and promote their widespread

use in high-performance applications.

1.2.3 Biocomposite Graphene-Based Aerogels

The fabrication of biocomposite graphene-based structures, through interactions with
the functional groups on their surface with the OCFGs in GO, offers a promising
solution to these challenges. Biomaterials are non-toxic, biodegradable and often offer
low cost, high throughput and environmentally friendly production, reducing the
expense of precursor materials while significantly enhancing the scalability of the
resulting biocomposite graphene-based aerogels (BGAs). However, the weak and
reversible interactions between graphene derivatives and the biomaterials can result
in low stability in aqueous solvents and poor mechanical properties. Extreme
temperatures and pH levels can denature the biomaterials, limiting their applicability in
harsh environments. Additionally, the literature lacks comprehensive comparisons
between graphene-based biocomposites and other graphene-based structures, as
well as systematic follow-ups on optimising their fabrication, processing, and
integration into functional graphene-based devices for real-world applications.
Addressing these gaps is crucial for advancing the development and

commercialisation of BGAs [75].
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A rapidly growing area of research involves the synthesis of graphene-based
biocomposites by combining GO or rGO with biopolymers [75]. These include
polysaccharides such as starch, chitosan, cellulose and alginates; protein-based
biopolymers such as gelatin and wheat gluten, and biodegradable polymers such as
polylactic acid, polypropylene carbonate and polyamides [76]. Incorporating graphene
derivatives into these materials has been shown to enhance their mechanical and
electrical properties, generating a biocompatible material with a high surface area [77].
Several recent studies have demonstrated the potential of BGAs fabricated with
graphene derivatives and biopolymers for applications in water contaminant removal
[78-80]. For instance, Kovtun et al. developed chitosan-gelatin-GO (CCGO) aerogels
for the absorption of fluoroquinolone antibiotics and lead. Two distinct formulations
were fabricated, with GO either embedded within the structure (CCGO-E) or applied
as a coating (CCGO-C). These were then compared to chitosan-gelatin (CG) aerogels,
which served as control samples (Figure 1.2). While the CG aerogels exhibited
negligible adsorption, both CCGO formulations achieved up to 90% removal of
fluoroquinolone antibiotics within 24 hours. Notably, CCGO-C rapidly removed 60% of
lead (Pb) before reaching saturation, whereas CCGO-E demonstrated a more gradual
uptake. CCGO-E ultimately exhibited a superior sorption capacity, achieving 43% Pb
removal within the first hour and reaching complete (100%) removal after 24 hours
[78]. However, to fully realise the potential of BGAs in this field, several challenges
must be addressed. It remains difficult to develop a fabrication process that is cost-
effective, environmentally friendly, and scalable while preserving the desirable
characteristics of the biocomposite. Graphene-based materials also have a tendency

to aggregate, which can result in a non-uniform distribution of graphene within the

10



Chapter 1

composite and lead to inconsistencies in mechanical and electrical properties.
Additionally, the biocompatibility of these materials depends on the fabrication process
and must be carefully assessed before they can be implemented into biomedical

applications to ensure their non-toxicity [77].

Figure 1.2: Chitosan-gelatin and chitoéan-gelatin-GO aerogels

Optical and environmental scanning electron microscopy (ESEM) images of chitosan-gelatin (CG)
aerogels and chitosan-gelatin-graphene oxide (CGGO) aerogels with GO either being embedded within
the structure (CGGO-E) or coating the aerogel (CGGO-C). Image from [78].

Additionally, BGAs can also be fabricated using DNA. The first reported study,
conducted by Xu et al., demonstrated that GO and DNA self-assembled via -1
stacking interactions, forming a hydrogel with high mechanical strength, stability, and

adsorption capacity, while remaining resistant to extreme pH levels and organic

solvents. Although this material was not converted into an aerogel, future studies could

11



Chapter 1

explore its drying process and the properties of the resulting BGA [81]. More recently,
Leng et al. developed a DNA-based rGO aerogel, where rGO functioned as a structural
scaffold, improving conductivity and stability. Additionally, DNA swelling upon water
immersion created bioadhesive microcompartments, enabling bacterial capture and
the formation of a bioanode with high current density [82]. Like proteins, DNA can be
modified for specific applications; however, its use is limited by the high cost of its
large-scale synthesis, and instability under extreme temperatures, pH levels and
aqueous environments [83, 84]. A further limitation of DNA nanostructures is that the
resolution of molecular positioning is generally restricted by the minimum spacing

between attachment sites on staple strands, approximately 3—5 nm [85].

Proteins such as soy [86], egg white [87, 88] and silk proteins [89] have also been used
in the fabrication of BGAs. These have shown potential in sorption applications, with
GO serving as the primary adsorbent, while the proteins function as low-cost, non-toxic
precursors that facilitate self-assembly [86, 87]. Additionally, one study explored the
fabrication of BGAs using GO and the ring-like peroxiredoxin protein SmPrxI. Ardini et
al. demonstrated GO and SmPrx| self-assembled through weak intermolecular
interactions at a neutral pH while also partially reducing the GO. Additionally, proteins
can be engineered to modify their functional groups (further discussed in Section
1.3.2), allowing for the incorporation of additional amino acid residues capable of
binding metal ions at the N-terminal. This approach enabled the functionalisation of the
rGO-SmPrx| aerogel with gold and palladium nanoparticles, broadening its potential
applications [90]. However, proteins are highly susceptible denaturation when exposed

to fluctuations in temperature, pressure, or pH. Since the function of the protein is
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dependent on its structure, deviations from optimal conditions may disrupt assembly,

reduce functionality, and diminish the long-term durability of BGAs [75].

PRELT Y
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Figure 1.3: SEM images of rGO-SmPrxl composites

Scanning electron microscopy (SEM) images of a composite fabricated with reduced graphene oxide
(rGO) and the ring-like protein SmPrxl. Image adapted from [90].

Viruses have also been employed in BGA fabrication due to their unique nanoscale
properties. Viruses are naturally occurring biomolecular nanostructures composed of
genetic material enclosed in a protein capsid. Their precisely defined nanostructure
and dimensions make them highly suitable as scaffolds for bionanostructures.
Additionally, viruses can be efficiently mass-produced through propagation within their

infected hosts, which is ideal for large-scale applications, and their well-characterised
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genetic material allows for precise modifications through genetic engineering, enabling

tailored functionality for specific applications [91].

Compared to isolated proteins, viruses exhibit greater resistance to extreme conditions
such as temperature and pH fluctuations [92], and are generally less expensive and
time-consuming to produce [93]. Their well-defined structure is ideal for the generation
of highly ordered bionanomaterials, improving the efficiency, performance and
functionality resulting devices [94]. Moreover, viral capsids offer a higher resolution for
molecular placement (approximately 0.5—1 nm) compared to DNA nanostructures [85].
However, the use of viruses in the fabrication of graphene-based biocomposites
remains relatively unexplored, limiting their potential applications. Expanding research
in this area could unlock new possibilities for employing viruses as structural
components, enhancing the functionality and versatility of graphene-based
biocomposites across various fields. the limited studies conducted thus far have
primarily focused on the generation of graphene-virus bionanocomposites with GO and
the M13 bacteriophage [20, 95], which will be discussed in greater detail in the

following section.

1.3 M13 Bacteriophage

1.3.1 Structure and Replication

M13 bacteriophage is a filamentous virus belonging to the Inoviridae family with
dimensions of approximately 6.6 nm width and 880 nm length, and a mass of 16.3
MDa (2.7 x 108 ng) [96, 97]. It consists of a circular-shaped single-stranded DNA

(ssDNA) molecule encapsulated by approximately 2700 copies of the major coat
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protein PVIIl. Minor coat proteins Plll and PVI are located at its head, while PVII and

PIX are found at its tail (Figure 1.4).

~1 um

PVIII surface

op outer view

Tail “ Head

—6 Bottom —G

Inner view

Figure 1.4: Structure of M13 bacteriophage

A schematic representation of M13 bacteriophage, highlighting its structural proteins: the major coat
protein PVIIlI and the minor coat proteins Plll, PVI, PVII and PIX. Below demonstrates a detailed view
of an individual PVIII structure. The ionisable residues are indicated in blue and red, representing

negative and positive charges, respectively. Image adapted from [98].

15



Chapter 1

Each of these proteins consists of a positively charged region (C-terminus), a neutral
region and a negatively charged region (N-terminus). The major coat proteins PVIII
exhibit a right-handed helical structure and are orientated at an angle of 20° relative to
the longitudinal axis of the phage, forming a pentagonal structure. As a result, M13

phages display five-fold rotational symmetry and two-fold screw symmetry [99].

The surface charge of M13 is determined by the amino acids present on its PVIII
proteins, including alanine (A), aspartate (D), glutamate (E), lysine (K), serine (S), and
tyrosine (Y). Passaretti et al. identified the primary contributors to M13'’s surface charge
as the positively charged A1 and K8 amino acids and the negatively charged D4, D5,
E2, and E20 amino acids, due to their chemical characteristics and their external
positioning on M13’s surface. As these amino acids protonate and deprotonate at
different pH levels, altering the acidity or alkalinity of the suspension solution allows for

the manipulation of its surface charge [98].

One advantage of using M13 for the generation of bionanocomposites is its low-cost,
high throughput and environmentally friendly production. M13 reproduces by infecting
bacteria that possess F-pili, such as Escherichia coli (E.coli). The phage injects its

genetic material into E.coli cells and utilises its metabolic machinery to replicate.

Newly generated phages then migrate to the bacterial cell membrane and leave the
cell through protein pore channels. Importantly, M13 is a lysogenic phage, meaning
that this process does not damage the cell membrane or destroy the host cell [100,
101]. The continuing replication of E.coli while infected with M13 results in the
production and release of additional phages, leading to their mass amplification [102].

The use of a non-pathogenic TOP10 E.coli strain (Section 2.1.3) reduces the potential
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risks associated with M13 production [103], and the generated phages are non-toxic

and not harmful to humans, animals or the environment [104].

1.3.2 Chemical and Genetic Modifications

The properties of unmodified M13, known as wild-type M13, can be customised
through chemical and genetic modifications (Figure 1.5). The functional groups
exposed on M13’s coat proteins, such as the N- and C-terminal residues, carboxylic
acids, amines, and amino acids like tyrosine and cysteine, can be chemically modified.
This allows various chemical moieties to be attached to wild-type M13, tailoring its

characteristics for specific applications [97, 105].

Its genetic properties can be modified through a pioneering technique known as phage
display, developed by G. Smith in 1985, which allows selected peptides or proteins to
be displayed on the surface of bacteriophages [106, 107]. This process involves the
incorporation of foreign amino acid sequences into the genes responsible for the
phage's coat proteins, most commonly the minor coat protein Plll and the major coat
protein PVIII, resulting in the creation of novel hybrid proteins [108]. If the insertion
does not compromise the essential functions of the protein, the peptide or protein is
displayed on the phage's surface. This allows for its replication and the generation of
a substantial population of phages bearing the same peptide or protein on their
surfaces [109]. The process of splicing different gene sequences into the phage's coat
proteins yields a diverse array of hybrid proteins and surface peptides [110, 111]. By
tailoring M13 to display specific peptides and proteins, phages with unique properties
and functionalities can be produced, enabling the creation of custom nanostructures

for a wide range of applications [112, 113].
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Figure 1.5: M13 components and modifications
A schematic demonstrating the main components of M13, including its single-stranded DNA and proteins
(PIIL, PVII, PVIII and PIX), and examples of how M13 can be adapted through chemical and genetic

modifications. Adapted from [114].
1.3.3 Fabrication of M13-Based Nanostructures

Bacteriophages from the Inoviridae family (fd, f1 and M13) offer several advantages
for bionanostructure fabrication due to their well-defined filamentous structure,
lysogenic replication, resistance to extreme pH and temperature conditions, and their
ability to be chemically and genetically modified. Although these phages share 98% of
their DNA, M13 is the most extensively studied for bionanomaterial fabrication [115].

M13 exhibits greater rigidity and symmetry, allowing for the formation of nanostructures
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with a stable structure and enhanced mechanical stability [116, 117]. Additionally, M13
is commonly utilised to generate phage display libraries, enabling researchers to

replicate modifications to M13 and tune its properties for a given application [118].

1.3.3.1 Liquid Crystals

The helical, nanofibrous structure of M13, combined with its monodispersity and ability
to express multiple functional groups, allows it to form a lyotropic crystalline phase,
which are generating by dissolving amphiphilic molecules in a solvent. The phase
transitions of lyotropic liquid crystals can be precisely controlled by adjusting variables

such as the ionic strength, external fields, and M13 concentration [119, 120].

At low concentrations (below 5 mg/mL), M13 exists in the isotropic phase, where the
phages are randomly distributed in solution (Figure 1.6). When the concentration
increases to the 10-20 mg/mL range, nematic phase liquid crystals are formed (Figure
1.6). Nematic liquid crystals are a type of mesophase in which molecules align parallel
to one another along their long molecular axes, but have no long-range positional order
[121]. The increase in M13 concentration leads to the distance between phages
becoming smaller than the length of M13, generating steric forces that orientationally
align the phages. This causes the phages to intertwine along the perpendicular axis of

the layers, creating helical phage structures.

At concentrations between 20-80 mg/mL, there remains no long-range positional order,
but the layers of M13 develop an increasingly helical structure, forming what is known

as the cholesteric phase of liquid crystals (Figure 1.6) [121].

Above 100 mg/mL, smectic phase liquid crystals are formed. Unlike the nematic and

cholesteric phases, smectic liquid crystals exhibit both long-range orientational and
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positional order. In this phase, the phages are arranged in well-defined layers that can
slide over one another, with different smectic phases arising depending on the degree
of positional and orientational order (Figure 1.6) [121]. Different smectic phases can
form based on the degrees of positional and orientational order. Therefore, by
genetically modifying M13, altering the concentration of M13 and incorporating

different materials, various crystal structures can be tailored for different applications

[94].
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Figure 1.6: Liquid crystal phases of M13 bacteriophage

A schematic showing the change in M13 liquid crystal phase with increasing M13 concentration. Adapted
from [96].

For example, M13 films with distinct liquid crystalline phases exhibit optical properties
including iridescence and selective reflection or transmission of light, offering potential
applications in optical-based sensors [122]. Moreover, combining M13 liquid crystals
with other components enables the self-assembly of hybrid structures such as ZnS and

CdS nanocrystals [119, 120, 123].

1.3.3.2 Nanoparticle Growth and Templating

Nanoparticles are zero-dimensional materials with nanoscale dimensions and often

exhibit unique properties, such as the distinctive plasmon resonance effects of gold
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nanoparticles (AuNPs) and silver nanoparticles (AgNPs) [124, 125]. The carboxylic
acids present in the amino acid residues on the surface of M13, such as aspartic acid,
glutamic acid, tryptophan, tyrosine and cysteine, can coordinate metal ions and

become nucleation sites for nanoparticle formation [126, 127].

Wang et al. reported the synthesis of AUNPs on the surface of M13. This process
involved depositing phages into a chloroauric acid solution, where the amino acid
residues reduce the chloroauric acid, leading to the formation of AuNPs [127]. Further
metal nanoparticles such as iron [128], rhodium, palladium and ruthenium
nanoparticles [129] and iron-silver [128], cobalt-platinum [130], gold-rhodium, gold-
platinum, platinum-rhodium and palladium-rhodium bi-nanoparticles [131] have been
generated through mixing filamentous M13 with metals in the presence of sodium

borohydride (NaBHa4) acting as a reducing agent.

Plank et al. took a similar approach, but instead produced nanoparticles on spheroidal
M13 (Figure 1.7). M13 was genetically engineered to display the Au-binding motif on
the PVIII major protein and the 9-mer ZnS-binding peptide on the PIIl minor coat
protein. The phages were then exposed to chloroform, resulting in spheroidal M13.
Combining chloroauric acid and spheroidal M13 with NaBH4 produced AuNPs on the
PVIII protein. Subsequent mixing with zinc chloride and sodium sulphide generated
zinc sulphide nanoparticles on the PlII protein, producing hybrid noncentrosymmetric

nanostructures [132].
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Figure 1.7: Hybrid Au-ZnS-spheriodical M13 bacteriophage nanostructures

A schematic illustrating the synthesis of hybrid Au-ZnS-spheriodical M13-based nanostructures. M13
bacteriophages were genetically engineered to bind gold (Au) and zinc sulfide (ZnS), and was
subsequently exposed to chloroform, inducing its transformation into a spheroidal shape. Au and ZnS
nanoparticles were then grown on these modified phages, forming hybrid non-centrosymmetric

nanostructures. Figure from [132].

1.3.3.3 Nanowires

Nanowires are one-dimensional (1D) crystalline or semicrystalline structures with a
diameter less than 100 nm and a high length-to-radius ratio [133, 134]. They possess
unique thermal, optical, electrical and mechanical properties, a high surface-to-volume

ratio, and can be readily functionalised with biomolecules [135].

Several studies have demonstrated how M13 could be used to assemble gold
nanowires (AuNWSs) with cadmium selenide (CdSe) nanocrystals. In one approach,
M13 was modified to bind to AuNPs serving as seed crystals for the electroless
deposition of gold, resulting in the formation of AUNWSs that could be subsequently

coated with CdSe [136, 137] . Alternatively, Huang et al. genetically modified the PVIII
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major coat protein to bind to AuNPs, and the PIlIl minor coat protein to display
streptavidin-binding motifs, enabling interactions with streptavidin-conjugated
cadmium selenide (CdSe) quantum dots [138]. More recently, Han et al. produced
AuNWs for electrodes in perovskite solar cells. These nanowires were created by
growing AuNPs directly onto wild type M13 with the aid of a dimethylamine borane
reducing agent. The M13 template facilitated the generation of electrodes with a
stretchability of 8%, overcoming the limited mechanical flexibility of other metal NW

electrodes (Figure 1.8) [139].
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Figure 1.8: M13 bacteriophage-templated gold nanowire electrodes

A schematic demonstrating the fabrication of stretchable electrodes with M13-templated gold nanowires.
The nanowires are sin-coated onto a glass substrate to form a film, and then transferred to a PDMS
substrate to generate the flexible electrodes. Image from [139].

Furthermore, semiconducting and magnetic nanowires were generated by Mao et al.
through genetically engineering the PVIII major coat protein to nucleate and template
nanocrystals. Semiconducting nanowires were fabricated by engineering the PVIII
protein to nucleate of ZnS and CdS nanocrystals, while the magnetic nanowires were
created by nucleating cobalt-platinum and iron-platinum particles [140, 141]. M13 has
also been employed in the fabrication of nanowire-like segregating-binary-alloy type

phase-change materials. Nanowires were produced through electrostatic interactions
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that mediated the nucleation of germanium-tin oxide on the surface of both wild type

M13 and M13 modified to exhibit an increased negative surface charge [142].

1.3.3.4 Nanofibers and Fibrous Bundles

Nanofibers are mechanically flexible nanostructures that are typically amorphous and
demonstrate a high length-to-radius ratio [134]. As their structure resembles cellular
microenvironments, they have attracted considerable attention in the biomedical sector
[143]. Nanofibers have also shown promise in applications such as sensors, filtration,

and energy storage [144].

M13 nanofibers can be produced through electrospinning, a process in which an M13
suspension is contained in a reservoir connected to a micro nozzle. The application of
an electric potential between the nozzle and a substrate generates liquid jets, which
are deposited onto the substrate and subsequently dried to form nanofibers [145]. Shin
et al. harnessed this technique to create nanofiber matrices with RGD peptide-
displaying M13 bacteriophage, suspended in poly(lactic-co-glycolic acid) (PLGA). The
resulting nanofibers proved to be suitable for bioactive scaffolds in tissue engineering
applications [146]. Sugimoto et al. further developed this method, generating M13
nanofibers using near field electrospinning. This technique involves reducing the
distance between the nozzle and the substrate, and allows precise and controlled fibre

deposition by adjusting the nozzle's position relative to the substrate (Figure 1.9) [147].

An alternative method for producing M13 nanofibers is wet-spinning, where a M13
suspension is extruded through a capillary tube with glutaraldehyde, facilitating the
cross-linking of the phages. The suspension is then air-dried, resulting in M13

nanofibers [145]. Chiang et al. employed this process with M13 genetically engineered
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Figure 1.9: M13 phage fibres generated with near-field electrospinning

Deposition and characterisation of M13 phage fibres fabricated with near-field electrospinning. (A) A
schematic of M13 phages being deposited onto a gold-coated silicon substrate using a micro nozzle,
generated M13 fibres; (B-H) Characterisation of different fibre patterns, including (B-C) optical images
of straight line patterns, (D) polarised optical images of aligned phage fibres, (E-G) optical images of
varying M13 fibre patterns and (H) AFM images of crossing M13 fibres. Image from [147].

to bind to amine-terminated CdSe quantum dots. The resulting nanofibers exhibited
mechanical properties similar to synthetic polymer fibres. The ability to genetically
engineer the properties of these nanofibers offering potential applications in electronic
devices and medical fields [148]. Incorporating additional materials into the nanofiber
structure, such as conductive polymers and nanomaterials, can enhance electrical
properties and expand their applications in biomedical engineering, electronics, and

sensing [149, 150].
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Beyond nanofibers, fibrous bundles can be created with M13. Genetic modification of
M13 to display the E8 peptide gave M13 a negative surface charge, and electrostatic
interactions between the calcium ions and the anionic phages resulted in the formation
of fibrous bundles. Fibrous bundles were also produced with M13 and hydroxyapatite,
a non-collagenous protein essential for bone strength and regeneration. These fibrous
bundles can further be processed into nonfibrous bio-inorganic hybrid structures,
offering potential applications in the development of biomaterials that mimic bone

tissue for bone tissue engineering purposes [151, 152].

1.3.3.5 Fims, Monolayers and Patterned Surfaces

Thin films of M13 bacteriophage can be generated through solvent evaporation. The
liquid flows radially as it evaporates, leading to the formation of a circular area of
phage, with most of the phage accumulating around the outer circumference. This
structure is known as the “coffee-ring” and can be controlled by adjusting factors such
as the evaporation temperature, substrate, and concentration [153]. More recently,
Park et al. also demonstrated the production of M13 films through evaporation by
pulling the M13 suspension over a substrate, and subsequently drying to self-assemble
chiral M13 films. The morphology of the films could be adjusted by varying the

concentration and pulling speed of the shear flow (Figure 1.10) [154].

By genetically modifying M13 to bind to metals, M13 films can be produced on metallic
surfaces such as gold and titanium to create biofunctional and multifunctional surfaces

[155-158]. Warner et al. produced M13 films on gold substrates, altering the film
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Figure 1.10: Evaporation-induced self-assembly of M13 bacteriophage thin films

The fabrication of M13 bacteriophage thin films through the deposition of M13 phage solution onto a
silicon substrate and subsequent pulling across the substrate. Image from [154].

morphology by varying the roughness of the gold surface. Genetically engineering M13
to bind to inorganic components affected the morphology and the mechanical

properties of the films [159]. Additionally, M13 can be combined with polymers to create
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biocomposite films and, by modifying the concentration of M13, the morphology and

electrical properties of these films can be varied [160].

Furthermore, the use of substrates with various topological patterns can lead to a wider
range of M13 films. Gold substrates can be patterned using lithographic techniques
such as capillary force lithography and microcontact printing. Through the
functionalisation of the exposed gold surface and the genetic modification of M13, the
phages can bind to the gold surface. These structured surfaces can subsequently be
used to immobilise biomolecules and facilitate the growth of gold and ZnS

nanostructures [161, 162].

Additionally, multilayer biofilms can be generated by alternating layers of phages and
polymers. Yoo et al. developed multilayer and topological patterns with M13 and a
positively charged polyelectrolyte multilayer (PEM) consisting of cationic linear-
polyethylenimine and anionic polyacrylic acid. Attractive electrostatic forces between
the PEM and M13, along with electrostatic repulsion between phages, resulted in the
formation of a monolayer of M13. This surface was further functionalised by depositing
additional PEMs on top of the M13 monolayer, or by genetically modifying M13 to bind
to metal or semiconducting nanoparticles [163]. Another approach involves patterning
the PEM using solvent-assisted capillary moulding to selectively deposit the M13
monolayer onto specific areas of the substrate [164]. Moreover, Devaraj et al.
developed nanoporous biocomposite films with alternating layers of genetically
engineered M13 phage and polydiallyldimethylammonium chloride (PDDA). The
substrate was repeatedly submerged and removed from M13 and PDDA solutions,
producing nanoporous biocomposite films with pore sizes ranging from 150-500 nm

[165].
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1.3.3.6 Hydrogels and Aerogels

1.3.3.6.1 Hydrogels

Hydrogels are three-dimensional (3D), cross-linked, porous structures comprised of
hydrophilic polymers which are capable of absorbing at least 10% of their dry weight
in water or biological fluids. However, modern hydrogels have demonstrated the
remarkable ability to absorb water up to thousands of times their dry weight [166].
Hydrogels consisting of natural components like proteins and peptides offer distinct
advantages, such as their ability to engage in varying chemical reactions. This allows
for their cross-linking and functionalisation, creating a diverse range of hydrogels [167,
168]. Consequently, there has been great interest in developing hydrogels with M13

building blocks [169-171].

For instance, Peivandi et al. fabricated highly ordered hydrogels using M13 in the form
of lyotropic liquid crystals and glutaraldehyde as a cross-linker. The resulting hydrogel
exhibited bioactivity, self-healing properties and auto-fluorescence. However, these
hydrogels require substantial concentrations of M13 to form the lyotropic liquid crystals
[172]. This limitation was overcome by introducing low concentrations of bovine serum
albumin (BSA), which initiated liquid crystal formation without disrupting the cross-
linking between M13 and glutaraldehyde. The resulting M13-BSA hydrogels, while
demonstrating a lower compression modulus, exhibited a greater flexibility than M13
hydrogels and a higher swelling ratio than BSA hydrogels. The M13-BSA hydrogels
retained the same bioactive, self-healing and autofluorescence properties while
requiring M13 concentrations up to 50,000 times lower than previously needed for

lyotropic liquid crystal formation [173].
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Sawada et al. developed regular, transparent hybrid hydrogels composed of M13
bacteriophage and antibody-immobilised AuNPs, which were modified to interact with
each other. The phages assembled into lyotropic liquid crystals, while the AuNPs
formed an ordered network. These two phases combined to create regular structures
with sub-centimetre domains through time-dependent cross-linking. The mechanical

strength of these hydrogels depended on the interactions between the antibodies on

the AuNPs and the peptides at the phage termini [174].

SEM images of (A, B) the hybrid M13 + 1% BSA hydrogel, critical point dried; (C, D) the hybrid M13 +
1% BSA hydrogel, freeze-dried; (E, F) the hybrid M13 + 3% BSA hydrogel, critical point dried; (G, H) the
3% BSA hydrogel, critical point dried. Image from [173].

Further work by Sawada et al. explored hybrid hydrogels consisting of liquid crystalline
M13 and gelatin. The cross-linking between gelatin and M13 resulted in decreased
hydrogelation time, improved mechanical strength, and reduced susceptibility to
degradation by collagenase compared to pure gelatin hydrogels [175]. This was further
developed by incorporating both wild type M13, and M13 modified to display the
hemagglutinin (HA) peptide (HA-phages), with gelatin containing the anti-HA peptide

antibodies. The resulting hybrid hydrogel was utilised as a drug delivery system. The
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interactions between the peptide and antibodies slowed the drug release, and the rate
and amount of drug released was controlled with the concentration of HA-phages.
Moreover, combining FLAG-phages, which are phages displaying the FLAG peptide
sequence DYKDDDDK, with the HA-phages within the hydrogel, allowed for the
controlled release of many antibodies from a single hydrogel, highlighting the potential

of M13-based hydrogels in medical applications [176].

1.3.3.6.2 Aerogels

Drying hydrogels, replacing the liquid with air, can result in the formation of aerogels.
Aerogels are characterised by their highly porous structure, low density, and high
surface area, which offer numerous advantages across a range of industries [177].
Their extensive surface sites enable efficient functionalisation, prevent the aggregation
of sensing materials, enhance electron transfer, and facilitate the adsorption and
transport of target analytes. These properties contribute to high sensitivity, selectivity,
and rapid response rates, making aerogels highly suitable for applications in

biomedicine, energy storage, and sensing technologies [46, 178].

Jung et al. developed M13 aerogels by increasing the M13 concentration in solution
through solvent evaporation, enabling the phages to interact via van der Waals
interactions. These phages were subsequently subjected to lyophilisation, yielding
M13 aerogels. The researchers also demonstrated the feasibility of integrating
inorganic materials into the aerogel structure by genetically engineering M13 to bind
with ruthenium and cobalt ferrite. This highlighted the potential to incorporate inorganic
materials into aerogels to tailor their properties for specific applications [179]. Cha et
al. further emphasised the tuneability of M13-based aerogels through phage display

and the integration of inorganic materials. The electroless deposition of nickel (Ni) into
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the M13 hydrogel, followed by freeze drying, generated M13-Ni aerogels. Subsequent
electrodeposition of a manganese oxide (MnO,) active material resulted in Ni-MnOx
cathodes. Precision control over the length of the phages through genetic engineering
enabled their porosity and mechanical strength to be altered [180]. Wang et al. also
produced M13-based aerogels by freeze-drying a high concentration M13 suspension
(Figure 1.12) and demonstrated that the addition of nickel, copper, and aluminium into
M13-based aerogels improved their mechanical strength. Investigations into these
aerogels demonstrated that their properties, such as their morphology and the local
piezoelectric effect, give the aerogels sound absorption properties which can be

adjusted by changing the aerogel thickness [181, 182].

Freeze
drying

Figure 1.12: Fabrication of M13 aerogels

Fabrication of M13 bacteriophage aerogels by steadily increasing the concentration of M13 in solution

and freeze-drying. Image from [182].

1.3.3.7 Energy Storage and Conversion

1.3.3.7.1 Piezoelectric Materials

Piezoelectric materials demonstrate the unique ability to convert energy between
mechanical and electrical forms [183]. In 2012, Lee et al. demonstrated the
piezoelectric properties of self-assembled M13 bacteriophage films, which arise from

the absence of inversion symmetry in the structure of the major coat proteins, PVIII
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[184]. To enhance these properties, researchers introduced additional negative
charges at their N-termini through genetic modification, creating a stronger dipole
moment between the negative N-terminus and the positive C-terminus of each major
coat protein. The piezoelectric properties were tuned by controlling the film thickness

[184, 185].

The inherent self-assembling nature of M13, which enables the creation of
nanostructures such as vertically self-assembled M13 fibres, films, and hierarchical
nanostructures, has proven advantageous in the development of tuneable
biopiezoelectric materials. Shin et al extruded a suspension of M13 phages through a
porous template, causing their spontaneous self-assembly into M13 nanopillars with
tuneable piezoelectric properties [186] (Figure 1.13), and Yan et al. demonstrated that
nematically aligned M13 films can serve as the piezoelectric component in quadrant-

electroded nanogenerators [187].
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Figure 1.13: Schematic of vertically aligned M13 nanopillars

The dipole moment of each PVIII protein is directed from the tail (blue) to the anchoring domain (red),
resulting in a net polarization from the PIX protein (grey) to the PIII protein (cyan), indicated by the
rainbow arrow. Phage nanopillars, fabricated via templated-assisted self-assembly, demonstrated

piezoelectric properties when deformed in the axial direction. Image from [186].
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Alternatively, M13 can act as a biotemplate for the fabrication of piezoelectric
nanowires. Cung et al. utilised an M13 phage template to produce lead zirconate
titanate nanowires with controllable properties [188], while Kilper et al. leveraged M13
template to generate zinc oxide (ZnO)/M13 nanowires. Genetically modifying the PVIII
protein to display an additional two aspartic acid residues at the N-terminus
significantly increased its intrinsic dipole moment, resulting in enhanced
piezoelectricity compared to ZnO nanowires templated with unmodified, wild-type M13

[189].

1.3.3.7.2 Nanocatalysts

M13 has proven valuable in the formation of nanocatalysts. Nanocatalysts composed
of metal and metal oxide nanoparticles offer high reactivity, selectivity, and size-
dependent catalytic activity, but are susceptible to aggregation, which diminishes their
surface area and, subsequently, their catalytic activity. Genetic engineering of M13 via
phage display has addressed this challenge by creating absorption sites on the surface
of the phages to immobilise the nanoparticles [190]. For instance, Zhang et al.
engineered M13 to enhance its surface charge density, thereby increasing its binding
affinity for nickel (Ni) compared to wild-type M13. Immobilising bi-metal nanoparticles
composed of Fe and Ni on the M13 surface significantly accelerated the reduction of
p-chloronitrobenzene under mild conditions [191]. In a more recent development, Fang
et al. utilised M13 phages to create nanocomposites with AuNPs and AgNPs,

effectively enhancing the catalytic activity of immunosensors [192].

Several research papers have focused on using M13 to improve catalytic activity in the
context of hydrogen evolution reactions. Jeon et al. pioneered the production of highly

porous hydrogels through the cross-linking of M13 bacteriophages. These hydrogels
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exhibited superaerophobic properties. Coating a platinum (Pt) electrode or catalyst
with this hydrogel increased its specific catalytic activity, by preventing gas bubbles

from adhering to the surface and obstructing active sites during the reactions [193].

The production of hydrogen gas via hydrogen evolution reactions was the central focus
of a study by Records et al. in 2019. The research highlighted platinum nickel hydroxide
(Pt-Ni(OH)2) as a promising electrocatalyst for clean hydrogen fuel generation.
Genetically engineering M13 to bond to metal cation nanoparticles and using it as a
biotemplate offers a cost-effective and sustainable approach to produce Pt-Ni(OH)2
catalysts under ambient conditions (Figure 1.14) [194].
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Figure 1.14: Phage-templated synthesis of Pt-Ni(OH). nanonetworks

(a) Synthesis of Pi—Ni(OH), nanonetworks. The phages are (1) crosslinked and (2) metallised with
nickel, which then (3) undergoes spontaneous oxidation to form Ni(OH), under aerobic conditions.
Finally, (4) platinum is deposited onto the phage-templated scaffold. (b) Macroscopic image of the Pt—

Ni(OH), nanonetwork. Image from [194].



Chapter 1

1.3.3.7.3 Photoconversion

As environmental consciousness rises, there is a growing focus on enhancing the
production and performance of solar cells. Bio-templated nanoplatforms with viruses
like the M13 bacteriophage offer advantages such as ease of mass production,
renewability, and the ability to be genetically engineered to bind with specific atoms

[195].

Dye-sensitised solar cells are low-cost photovoltaic devices that use light to excite dye
molecules, and the excited electrons are channelled into the conduction band of wide
band-gap semiconductors. Their photoanodes typically contain nanoparticles like
titanium oxide (TiO2) and controlling the structure of these nanoparticle layers proves
vital in enhancing the solar cell efficiency. The substitution of a planar 2D nanoparticle
surface with a 3D M13 phage-templated nanostructure optimises surface area, thereby
increasing the number of reactive sites and extending the optical path to improve the
probability of light absorption [196]. Chen et al. and Dang et al. demonstrated that
incorporating compounds such as AuNPs and single-walled CNTs with TiO20n an M13
phage template can enhance electron accumulation and consequently improve the

power conversion efficiency of the solar cells [197, 198].

Light harvesting antennas have also been produced with M13, by replicating the
energy transfer mechanism found in natural light-harvesting materials during
photosynthesis. Nam et al. genetically engineered M13 to enable the N-terminus of the
major coat protein PVIII to bind to pigments. The sub-nanoscale distance between the
pigments and the flexible nature of the N-terminus allowed pigments to interact and

transfer energy, enhancing exciton transport and subsequently photosynthesis [199].
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Park et al. further developed this by using an M13 template to create a chromophore

nanonetwork to improve exciton transfer and the exciton diffusion length [200].

Moreover, there has been research into enhancing perovskite solar cells with M13
bacteriophage, with nanoscale perovskites exhibiting advanced properties compared
to their bulk material counterparts. Perovskite crystals grown on an M13 bacteriophage
template demonstrate a high-power conversion efficiency without the need for toxic
solvents typically required for conventional, non-biodegradable additives to enhance
performance [201]. Lin et al. used wild type M13 to bind to perovskites, intensifying
long-wavelength light absorption through scattering effects. Denaturing the M13 prior
to combining it with the perovskites enhanced both its binding and absorption, resulting
in improved photovoltaic properties [202]. More recently, Kumar et al. incorporated
genetically engineered M13 into a tin oxide (SnO2) colloidal spray solution to create an
electron transport layer for perovskite solar cells. The generated M13-SnO2 biohybrid
film exhibited enhanced optoelectronic properties, stability, and scalability in
comparison to pure SnO: films, providing a method to fabricate low-cost, high surface

area perovskite solar cells [203].
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Figure 1.15: Perovskite solar cells based on denatured M13 phages
Schematic of M13 bacteriophage denaturation via heat exposure, serving as a template for perovskite

crystal growth in perovskite solar cell fabrication. Image from [202].
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1.3.3.7.4 Batteries

The size of batteries must decrease to allow for the continued advancement of portable
devices. However, the challenge is producing these batteries while maintaining high
performance. One approach to improving lithium-ion batteries is to manufacture them
using nanostructures such as M13 bacteriophage [196]. For instance, M13 bio-
templated cobalt oxide (Co30a4) electrodes, combined with AuNPs, single-walled CNTSs,
or integrated onto polyelectrolyte micro-islands, have shown improved lithium storage
capacity [126, 204, 205]. Alternatively, Lee et al. genetically engineered M13 to bind to
single-walled CNTs and display peptides able to nucleate amorphous iron phosphate
(a-FePOa) on its major coat proteins, resulting in improved a-FePO4 electrode power
[206]. Further research by Lee et al. explored M13 phage-templated AuNWs and

AgNWs to amplify the capabilities of lithium-ion battery electrodes [207].

Co,0 /virus
Assemby

.-_— LPEI/PAA
B__a ' Multilayer

[
PDMS

Figure 1.16: M13-based microbattery electrodes

lllustration of the process for creating virus-based microbattery electrodes, where cobalt oxide
nanowires templated by viruses are assembled on a polyelectrolyte multilayer and subsequently
transferred onto Pt microband current collectors. Image adapted from [126].

Additionally, research has been conducted into the production of non-lithium-ion high
power batteries with M13. Both Dong et al. and Zhang et al. genetically modified M13
to bind to sulphur, facilitating the development of lithium-sulphur batteries and zinc

sulphide nanofiber anodes for sodium-ion batteries, respectively [208, 209].
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Another innovative battery type under investigation is the lithium-oxygen (Li-O2)
battery, featuring manganese oxide (MnOz2) nanowires templated by M13 phage as
nano-catalysts. While taking slightly different approaches, with Oh et al. incorporating
a small amount of palladium into their nanowires and Pakseresht et al. introducing
ruthenium into a-MnO2z structured nanowires, the absence of carbon in these
electrodes reduced the number of side reactions, improving the stability and specific
capacity of the electrocatalysts, which is especially valuable in the context of portable

batteries [210, 211].

1.3.3.8 Biosensors
Biosensors have emerged as a valuable platform for point-of-care biomarker detection.
Biosensors incorporate a biorecognition element, such as aptamers, proteins, or

antibodies, that interact with the target analyte, enabling its identification [102, 212].

Bacteriophages offer numerous advantages over traditional biorecognition elements.
They are cost-effective, possess an extended shelf life, and exhibit robust stability
across various environmental conditions, including temperature, pH, and exposure to

solvents [213-215].

Non-lytic phages like M13 can serve as scaffolds to immobilise target molecules
through physical and chemical functionalisation. Alternatively, they can be genetically
engineered to selectively detect specific analytes, enhancing the capabilities of

biosensor technology [216].

1.3.3.8.1 Colorimetric Sensors
Colorimetric sensors offer a straightforward, cost-effective, and rapid means for

detecting specific analytes [217]. The ability to genetically engineer M13 to present
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peptides with varying binding affinities, alongside the sensitivity and selectivity of these
peptides, enables the creation of highly efficient colorimetric sensors capable of

detecting a wide array of chemicals [102, 218].

The inspiration for such colorimetric sensors often derives from nature. For instance,
M13-based biosensors have been developed by drawing inspiration from collagen
bundles found in turkey skin [219]. Thin films of M13 bacteriophage can be produced
by submerging a substrate in an aqueous M13 bacteriophage solution and gradually
withdrawing it. By manipulating factors like pulling speed, M13 concentration, and
surface properties of M13 or the substrate, control over the liquid crystal phase of the
M13 film can be achieved [220]. Adjusting the pulling speed results in varying distances
between the phage-bundle nanostructures, affecting coherent light scattering and,
consequently, the colour appearance of the film [221]. The interaction between M13
and the target analyte causes the bundles to swell or contract, altering the spacing
between the nanostructures and leading to a colour change (Figure 1.17) [219]. By
engineering M13 films to detect specific target analytes, colorimetric sensors have
been developed for applications such as differential cell recognition [222], antibiotic
detection [222, 223], origin tracing of agricultural products [224], and the detection of
volatile organic compounds (VOCs) [225, 226] including trinitrotoluene (TNT) [225],
endocrine disrupting chemicals (EDCs) [224], and polycyclic aromatic hydrocarbons

(PAHSs) [227].

Furthermore, colorimetric sensors have been developed by using M13 as a
biotemplate for nanoparticles and nanowires, with the aim of monitoring contaminant
levels that could have adverse effects on human health. For instance, the presence of

mercury (Hg) ions in the body, potentially introduced through food and drinking water,
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can lead to bodily harm and chronic diseases. Manivannan et al. devised a
nanomaterial consisting of silicate sol-gel matrix-stabilised AgNPs and 4E-peptide-
engineered M13 bacteriophage. These phages could effectively pre-concentrate Hg(ll)
ions, facilitating their interaction with AgNPs. This interaction was characterised by
quenching associated with a blue shift in the surface plasmon resonance (SPR)
absorption band and a resultant colour change due to Ag and Hg amalgamation [228].
Subsequent research expanded on this by genetically engineering M13 to act as a
template for binding to AuNPs, thereby producing AuNWSs. Partially deposited AgNPs
over the AuNWs effectively pre-concentrated the Hg(ll) ions, enabling their interactions

with the AUNW and permitting the detection of lower concentrations of Hg(ll) [229].
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Figure 1.17: M13-based colorimetric sensors

(a) Composite AFM images of different phage matrices (bands) from a phage-based litmus sensor, each
consisting of quasi-ordered fibre bundles with varying diameters and spacing. These structural variations
give rise to distinct colours. (b) Photograph of the fabricated phage litmus showing four colour bands —
orange, green, blue, and deep blue (highlighted in red). Variations in relative humidity (RH) induce colour
changes due to differential swelling of the phage bundles, which is dependent on the initial bundle
architecture. (c¢) Reflectance spectra (coloured lines) and corresponding Fourier power spectra (grey
bars) for each matrix at 35% and 90% RH. Peak position and shape correlate with observed hue and

chroma, respectively (a.u. = arbitrary units). Adapted from [226].
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1.3.3.8.2 Surface Plasmon Resonance (SPR) Sensors

Surface plasmon resonance (SPR) is a phenomenon that occurs when light is incident
on a metal surface at the resonance angle, exciting the electrons in the surface layer
and causing them to propagate parallel to the surface. This results in the minimum
intensity of light being reflected. When an analyte is deposited onto the metal surface,
it changes the refractive index, altering the resonance angle and the intensity of the
reflected light. Monitoring these changes in reflected light intensity allows for the
detection and quantification of analytes. SPR sensors are highly sensitive, enabling
real-time measurements including kinetics involving ligands and receptors, DNA

hybridisation, and characterisation of polyclonal antibodies [230, 231].

M13-based SPR biosensors have been used to monitor levels of contaminants that
can have adverse effects on human health. For example, Wang et al. demonstrated
one-step, in situ detection of lead ions (Pb?*) using M13 and SPR. The AuNPs were
directly synthesised on the surface of M13. The presence of Pb?* changed the redox
environment of the AuNPs, altering their shape and causing a blue shift in the SPR
spectrum. With a limit of detection of 45 nmol/L, this technique offers a simple and
cost-efficient method for the detection of lead [232]. Another approach taken by Peng
et al. involved the development of genetically engineered phages displaying binding
proteins to various bacterial species and AuNPs. The combination of these elements
led to a visible shift in the SPR spectrum, thereby creating a sensor for gram negative

bacterial species with a limit of detection of approximately 100 cells [233].
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Figure 1.18: M13-based SPR sensor

Schematic for generating phage-AuNP network for the two-step and one-step detection of lead. Image
from [232].

In recent research, Hou et al. produced a biosensor to detect the avian influenza virus
HON2, which can negatively impact human health and the food industry. M13 was
genetically engineered to display the gold-binding peptide on the PVIII major coat
protein, and the HIN2-binding peptide was displayed on the PIlll minor coat protein.
This enabled the development of a simple and robust biosensor capable of detecting
HON2, and adaptable for the detection of other viruses [234]. Hou et al. also applied
M13-based SPR biosensors to the early detection of tumours. The PVIII major coat
protein was again modified to bind to AuNPs, while the PIII minor coat protein displayed
an anti-CEA single-chain variable region fragment (scFv). The biosensor could detect
tumour biomarkers in liquid biopsies, achieving a limit of detection of 0.83 fM, which is
2000 times greater than a conventional SPR sensor and four orders of magnitude more

sensitive than enzyme-linked immunosorbent assay (ELISA). This provides a non-
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invasive technique for early tumour detection and monitoring, essential for determining

the prognosis and selecting the most effective treatment method [235].

1.3.3.8.3 Surface-Enhanced Raman Spectroscopy (SERS) Sensors

Surface-enhanced Raman spectroscopy (SERS) is a technique that can enhance a
Raman signal as much as 10" through the adsorption of molecules on rough metal
surfaces [236]. One of the primary applications of SERS is the detection of low-
abundance biomolecules. Nguyen et al. developed an M13-based SERS sensor for
sepsis diagnostics, using AuUNPs and Raman dyes incorporated into a mesoporous
M13-based biotemplate. This enabled the observation of three distinct peaks
corresponding to sepsis-specific biomarkers due to the high capture rate of the
substrate [237]. In recent research, M13-based SERS platforms have been employed
for the detection and inactivation of bacteria. Wang et al. developed a biosensor to
detect Staphylococcus aureus (S. aureus), a gram-positive bacterium which can cause
food poisoning, toxic shock syndrome and septic shock. The biosensor was generated
with AuNP-decorated phages. The AuNPs were labelled with the SERS active
molecule 5, 5-dithiobis-(2-nitrobenzoic acid) (DTNB), and the M13 phages were
modified to display a heptapeptide on the PllI protein, allowing them to bind to S.aureus
(Figure 1.19). This platform also exhibited antibacterial capabilities, enabling it to be a
multifunctional platform for both the detection and inactivation of bacteria [238].
Similarly, Bi et al. developed a M13-based SERS platform for the detection and
inactivation of Escherichia coli (E.coli). The phages were modified by attaching gold-
coated silver nanorods (Au@AgNRs) to the PVIII protein with a carboxy-PEG-thiol

(CTPEG) linker, and the PIIl minor coat protein was modified to detect E.coli. The
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Au@AgNRs were also able to disrupt the bacterial membrane, giving the platform

bactericidal properties [239].

€ 900 nm >

pVlll as conjugation ligand

SERS tag

M13 phage

. S. aureus

plll expressed S. aureus-binding peptide QA“NPS

Figure 1.19: M13-SERS probe

(a) Schematic illustration of the M13-based SERS probe. The major coat protein (PVIII) facilitates in situ
growth of gold nanoparticles (AuNPs) through surface conjugation.(b) The M13-SERS probe capturing
Staphylococcus aureus, enabled by the genetically modified PlIl protein displaying a target-specific

peptide sequence. Image from [238].
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1.3.3.9 Therapeutic Applications

1.3.3.9.1 Drug Delivery

M13 emerges as a promising drug delivery platform due to its lack of intrinsic tropism
for mammalian cells, non-toxicity, biocompatibility, biodegradability, high number of
binding sites, morphological uniformity and ease of functionalisation [240-242].
Genetically engineering M13 to target specific tissues allows for precise drug delivery
with minimal damage to surrounding healthy tissues, which is particular advantageous
in cancer treatment, where the nonspecific cytotoxicity of chemotherapy often causes
adverse side effects [243, 244]. In a proof-of-concept study, Bar et al. both chemically
and genetically engineered M13 for its use as a drug delivery platform, with chemical
modifications enabling the conjugation of cytotoxic drugs to the phage, and genetic
modifications allowing the M13 to bind to the targeted cells [245]. Building on this work,
Suthiwangcharoen et al. developed a targeted antitumour drug delivery system with
folate-conjugated M13 (FA-M13) and assembled core-shell nanoassemblies with the
biodegradable copolymer poly(caprolactone-b-2-vinylpyridine) (PCL-P2VP). The FA-
M13 interacted with folate receptors on malignant tissues and the PCL-P2VP
encapsulated the hydrophobic antitumour drug doxorubicin, which enabled its targeted

delivery to tumour cells (Figure 1.20) [246].

Mozar et al. also investigated M13-based doxorubicin delivery platforms. The authors
first coated tungsten disulfide (WS2) nanosheets, a promising thermal agent, in
polyethylene glycol (PEG) to improve its thermal stability and biocompatibility.
Subsequently, M13 with a high affinity for HER2, a protein often overexpressed in

breast cancer cells, and doxorubicin, were attached to the PEG surface. The resulting
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nanostructures show potential for combined chemotherapy and thermal therapy in

treating breast cancer [247].

1) Assembly
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Figure 1.20: M13-based Drug Delivery Platform

Schematic of DOX-loaded M13-PCL-P2VP nanoassembly fabrication for antitumour drug delivery.
Image from [246].

Furthermore, M13 can be used to improve current drug delivery vehicles. Liposomes,
while effective in targeted drug delivery, face challenges such as instability in biological
media and susceptibility to external influences. Ngweniform et al. improved liposome
stability by genetically engineering M13 to promote strong electrostatic interactions
with cationic liposomes, initiating the self-assembly of phage—liposome complexes and
improving liposome stability. This modification enabled targeted drug delivery for breast

cancer treatment using photodynamic therapy [248].

1.3.3.9.2 Gene Therapy

M13 can act as a stable carrier to protect DNA and RNA from degradation in bodily
fluids, enabling the delivery of nucleic acids to specific locations [244, 249]. Notably,
M13 has been utilised for glioblastoma treatment, overcoming the size-exclusionary
properties of the blood-brain barrier. Tsedev et al. engineered ultrashort M13 phage

particles to display the CTX peptide, enabling the delivery of therapeutic gene
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cassettes for glioma treatment and other central nervous system diseases [250].
Chongchai et al. explored the potential to treat chondrosarcoma with M13, by inserting
the human tumour necrosis factor alpha (TNFa) therapeutic transgene expression
cassette into the phage genome and modifying the phage to bind av33 or avp5 integrin
receptors, which are overexpressed on tumour cells [251]. Further work by the authors
demonstrated that M13 displaying the chondrocyte-affinity peptide on the PIIl protein
enabled the delivery of transgenes to human articular chondrocytes for the potential

treatment of cartilage-related diseases such as osteoarthritis [252].

Although M13 has great potential as a gene delivery vehicle, its applications have been
limited by its low transduction efficiency. Research by both Suwan et al. and Staquicini
et al. improved the transduction efficiency by combining M13 bacteriophage and the
adeno-associated virus (AAV). The AAV component improved the transduction
efficiency, while M13 was modified to display target ligands and improve its
degradation-resistance. The resulting hybrid AAVP particle has shown potential for
gene therapy targeting cancer cells such as glioblastomas (Figure 1.21) [253, 254].
Recent work by Kao et al. found that the up-regulation of PrimPol, down-regulation of
DMBT1, and reducing the size of the phage significantly improved the transduction
efficiency. Modifying M13 accordingly generated the TransPhage, which showed an
efficiency of up to 95% and an enhanced specificity towards selected tropisms,

enabling its application in suppressing cancer cells [255].
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Figure 1.21: M13-AAVP hybrid particles for gene delivery

Schematic of the multifunctional AAVP vector, which displays RGD4C peptide ligands on the Pl minor
coat protein at one end of the phage and multiple streptavidin-binding peptide (SBP) motifs on the rPVIII
major coat protein along the phage body. A mammalian transgene cassette, driven by a CMV promoter
and flanked by AAV inverted terminal repeats (ITRs), is incorporated into the internal single-stranded

genome for transgene expression. Image from [254].

1.3.3.9.3 Immunotherapy

M13 has been used for the delivery of exogenous therapeutic proteins and antigens
for cancer immunotherapies. Proteins, though effective in identifying and controlling
diseased cells, often struggle to penetrate mammalian cell membranes. Genetically
modifying M13 to display specific proteins facilitates their intracellular delivery.
DePorter et al. successfully demonstrated this by engineering M13 to display a
prostate cancer cell-penetrating peptide, allowing the uptake of therapeutic proteins
into prostate cancer cells [256]. For the treatment of colorectal cancer, Murgas et al.
genetically engineered M13 to target the carcinoembryonic antigen, which is
overexpressed on colorectal cancer cells, to reduce tumour growth [257]. Dong et al.

instead targeted Fusobacterium nucleatum (Fn), a bacterium present in the gut
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microbiome which increases the level of immunosuppressive cells and therefore
lowers the immune response to colorectal cancer. The authors genetically engineered
M13 to bind to Fn and electrostatically bound AgNPs to its coat proteins. The
interaction between AgNPs and Fn, mediated by M13, killed the Fn cells and reduced
the number of immunosuppressive cells, improving the body’s immune response to

colorectal cancer cells [258].

Moreover, M13 can be employed for stem cell-based therapies. Jang et al. modified
M13 to display the RGD peptide on the PIII protein to bind to human cardiac progenitor
cells (hCPCs), and the SDKP peptide on the PVIII protein gave the phage angiogenic
and fibrotic properties. This enhanced the engraftment of the hCPCs in the ischemic
heart region, showing its potential as a stem cell-based therapy for ischemic

cardiovascular disease [259].

1.3.3.9.4 Vaccines

Bacteriophages emerge as promising candidates for the development of vaccines
owing to their stability, biodegradability, biocompatibility, immunogenicity, non-
infectious nature, and ease of functionalisation. There are three main categories of
phage-based vaccine: phage display vaccines, phage DNA vaccines, and a hybrid

phage vaccines, a combination of phage display and phage DNA vaccines () [260].

In phage display vaccines, the foreign antigens are presented on the phage surface
either through direct phage display or indirect phage display methods [241, 261].
Phage display vaccines have been developed with M13 against various diseases such
as hepatitis B [262], HIV [263] and porcine diseases [264]. Gonzalez-Mora et al.

devised a low-cost M13-based vaccine against cattle ticks by displaying the Bm86-
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derived Sbm7462 antigen on the PIII protein [265]. Wang et al. explored using M13 as
a vaccine for breast cancer by displaying the extracellular and transmembrane
domains of human HER2 or its AT6HER2 splice variant on the PIIl protein, which
induced a significant anti-HERZ2 antibody response [266]. Similarly, Martinez-Cortés et
al. engineered M13 to display G3d mimitopes on the PVIII protein to stimulate T cell
proliferation and antitumor immune responses [267], and Salehi et al. demonstrated
the promise of phage display vaccines for COVID-19 by displaying a truncated RBD-
derived spike protein (P1) on the PVIII coat protein, resulting in the immunisation of

mice against COVID-19 [268].
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Figure 1.22: Phage-based vaccines

A schematic demonstrating the three categories of phage-based antigen delivery systems — phage
display vaccines, phage DNA vaccines, and a hybrid-phage vaccines. Image from [260].

Phage DNA vaccine utilise phages to deliver DNA. M13-based DNA vaccines have
been developed for viruses including HSV-1 [269], vaccinia [270], and duck hepatitis
B [271]. Furthermore, phage display and phage DNA vaccines can be combined to
produce hybrid bacteriophage vaccines, which employ bacteriophages displaying

proteins or peptides with a strong affinity for either an antigen or antigen-presenting
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cells. Simultaneously, these phages contain in their genome a eukaryotic expression
cassette that encodes a specific antigen [260]. Khalili et al. developed a hybrid M13
phage by inserting the AAV expression cassette and displaying the TAT peptide on the
PVIII protein to target the Dickkopf-1 (DKK1) glycoprotein, demonstrating the potential

of this approach for cancer detection and prevention [272].

Moreover, phage display serves as a valuable technique for identifying immunogenic
proteins and peptides, allowing for the rapid and cost-effective development of
vaccines [260]. Recent research includes finding antigens for potential vaccines for
blood diseases and infections [273], intestinal infections [274], parasitic infections

[275], and viruses [276].

1.4 GraPhage13 Aerogels (GPA)

1.4.1 Fabrication

Harnessing the properties of both GAs and M13 presents a promising approach for
fabricating BGAs with exceptional properties and tuneable characteristics. In 2019,
Passaretti et al. combined GO (Figure 1.23a) and M13 (Figure 1.23b) in a pH 4.9 citrate
buffer, leading to their immediate self-assembly into an aggregate. This aggregate was
then isolated via centrifugation. By removing 90% of the supernatant and resuspending
the aggregate in the remaining solution, the researchers obtained a hydrogel, which
they termed GraPhage13 hydrogel (GPH). Further drying of GPH under vacuum
conditions yielded GraPhage13 aerogel (GPA) (Figure 1.23c) [20]. Unlike traditional
GA fabrication methods, GPA synthesis does not require extreme temperatures,
pressures, or pH conditions, nor does it rely on toxic reducing agents, making it a more

environmentally friendly approach to GA production [42].
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Figure 1.23: Fabrication of GPA

A schematic depicting the process of fabricating GPAs through the self-assembly of (a) GO and (b) M13
bacteriophage. The fabrication process is shown in (¢) and involves (i) combining GO and M13, which
self-assemble to form an aggregate; (ii) centrifuging precipitates the GO-M13 from solution; (iii)
resuspending the GO-M13 in 10% of the supernatant and depositing the resulting hydrogel on the
substrate; (iv) drying the substrate in a vacuum to form GPA. (d) The hypothesised self-assembly

mechanism, with the M13 acting as a cross-linker between the GO sheets. Image from [20].

Passaretti et al. hypothesised that M13 functions as a cross-linker between GO sheets
(Figure 1.23d). GO is negatively charged, while M13 contains amino acids with varying

surface charges. The surface charge of M13 depends on the protonation and
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deprotonation of these amino acids, which, in turn, is influenced by the pH of the
suspension solution. If M13 carries a negative charge, it repels the negatively charged
GO sheets. Therefore, for M13 to effectively act as a cross-linker, it must possess a

positive surface charge [20].

The authors thoroughly investigated three specific pH values (3.5, 4.9, and 6.9),
identifying pH 4.9 as optimal, as this was where aggregation was observed and the
maximum amount of GO and M13 precipitated upon centrifugation. They also explored
varying the pH to determine the range at which GO-M13 aggregation occurred, finding
aggregation between pH 4.8 and 5.4. However, a systematic analytical investigation to
detect interactions between GO and M13 in conditions where aggregation still occurs
but is more challenging to observe, as well as an analysis of the resulting aerogels,
was not conducted. Future investigations should focus on employing advanced
analytical techniques to further characterise these interactions and assess the

structural properties of aerogels formed under varying pH conditions [20, 98].

1.4.2 Characterisation and Modifications

The resulting GPAs exhibited a 3D porous structure, with both nano- and microscale
pores observed (Figure 1.24), although no quantification of the pore size distribution
was conducted [20]. The density and surface area of GPA were measured as 8.82 +
0.03 mg/cm? and 330 + 30 m?/g respectively. These values place GPA toward the lower
end of the density and surface area ranges observed for other types of aerogels (Table
1.1). Specifically compared to others GAs in the literature (Table 1.2), GPAs falls within

in the median range for both density and surface area.
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500 ym

Figure 1.24: SEM images of GPA

Scanning electron microscopy (SEM) images of GraPhage13 aerogels (GPA). Image adapted from [20].

Table 1.2: Comparison of graphene-based aerogels

Comparing the density, surface area and target applications of graphene-based aerogels (GAs)

generated with varying precursors

Density Surface I
Name Precursors (mglem?) Area (m?lg) Target Application Refs.
GPA GO, M13 bacteriophage 8.8 330 [20]
GA GO thh L-ascorbic acid reduction 12-96 512 Electrodes [277]
media
Graphene hydrogel, ammonia 16-23 81-350 Lead absorption [278]
Gp V\{Ith L-ascgrblc aqd and/or sodium 8.8 75 Elec.troc.hemlcal [279]
bisulfite reduction media applications
N-doped GA | GO, ammonia 80 830 Supercapacitors and | 1)g;
gas adsorbents
gisorc'ma" GO, resorcinol 110-190 361-763 Catalysts [281]
Resol-GA GO, resol 3.2-8.4 325-1019 Electrodes [282]
EA-GA GO, Enteromorpha 5.2-9.8 148-428 Oil-water separation [283]
GO, bacterial cellulose nanofibers, Malachite areen
MBCNF/GOPA | Fe3O, nanoparticles, polyvinyl alcohol 6.8 215 removal 9 [284]
MXene-GA GO, Mxene 3.9 259 Anodes [285]
MOF-GA GO, ammonia, cobalt oxide 12 1359 Energy gtorage and [286]
nanoparticles conversion
MWCNT-GA GO, multi-walled carbon nanotubes 41-54 435 Water purification [287]
Cellulose-GA GO, cellulose 5.9 47.3 Oil absorption [288]
PPys-GA GO, polypyrrole nanospheres 7.8 686 , [289]
MGGNA GO, GO nanoribbons, APTES 232411 | 451 Organic pollutant [290]
absorption
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Sun et al further explored the microstructure of GPA with Raman spectroscopy (for
further details on Raman spectroscopy please see Section 2.2.8) [291]. Four peaks
were observed. The disorder-induced D-peak was observed at 1390 cm, with its
profile over the D-mode range influenced by sp? and sp3 peaks. In graphene-based
materials, the D-band is often associated with the presence of defects, edges, or other
structural disorders, therefore sp? hybridised carbon atoms in the graphene lattice can
contribute to the D-band, especially if there are defects or irregularities in the
hexagonal structure. Additionally, the sp® hybridised carbon atoms, which are
characteristic of amorphous carbon or carbon with a more disordered structure, can
also contribute to the D-band [20, 291, 292]. However, the main component of this

peak was not identified.

The G-mode (~1570 cm™") arises from the stretching of the sp? bonds between pairs of
carbon atoms, while the D’-mode (~1610 cm') was linked to defects introduced by the
functionalisation of sp?bonds in GO, resulting in a disorder-induced phonon mode. The
G~ mode (~1530 cm') was associated with the presence of defects from amorphous
sp? bonded structures, resulting from the softening of carbon-carbon bonds due to the
functionalisation of GO (Figure 1.25). This was attributed to the presence of M13

disrupting the graphene plane, or charge transfer between M13 and GO [291].

Sun et al. also examined the conductivity of GPA, revealing its insulating nature with a
conductance of 0.2 nS. However, they demonstrated that integrating carbon nanotubes
into the GPA structure significantly enhanced its conductance to 6 nS. This ability to
modify GPA’s properties through nanomaterial incorporation broadens its potential

applications [291].
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Figure 1.25: Raman spectra of GPA in the G-mode frequency range

Raman spectrum of GPA between 1400-1700 cm-!, showing three peaks: the G- (GM2) peak at 1532

cm, the G (GM) peak at 1571 cm™', and the D’ peak at 1609 cm-'. Image adapted from [291].

1.4.3 Potential Applications

As shown in Table 1.2, GAs have diverse applications, including catalysts,
supercapacitors, electrodes, and absorbents. GPA offers additional advantages, such
as simple, cost-effective, and environmentally friendly production. Furthermore,
through the integration of different nanomaterials, chemical and genetic modification
of M13, and functionalisation of both GO and M13, its properties can be tuned for a

targeted application.

For instance, GPA offers potential applications in the military and defence sector. For
instance, carbon-based aerogels have shown electromagnetic shielding properties
[293] and, by integrating noble metals and magnetic materials into their structure, both
reflection and absorption-based EMI shielding has been achieved. Further exploration
of integrating nanoparticles into GPA could significantly enhance its potential for EMI

shielding applications [294]. Furthermore, due to their porous morphology and low
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density, aerogels are typically highly adsorbent, and therefore GPA could lend itself to
the removal of CWA through adsorption [295]. The integration of metallic-organic
frameworks within GPA may enable the breOakdown of these CWAs via solar-thermal
enhanced catalytic and photocatalytic conversion [296]. This offers a promising
approach for both the detection and elimination of CWAs. Additionally, studies on the
stability of GPA at high temperature ranges, such as the typical range of aircraft oil
temperatures, could lead to its use in adsorbing hot oils to mitigate fuel leakages and

reduce the risk of aircraft explosions [297].

1.5 Characterising the Properties of GPA

A comprehensive understanding of the self-assembly mechanism and properties of
GPA is crucial for assessing its potential applications. This section explores key
theoretical frameworks that underpin its analysis in this thesis, including acid-base

theory, peak analysis, and kinetic modelling.

1.5.1 Acid — Base Theory

Acids and bases can be described with the Bronsted-Lowry theory, which defines acids
as proton (H*) donors and bases as accept protons. A base that dissolves in water is

known as an alkali, forming hydroxide (OH™) ions in solution.

The acidity or alkalinity of a solution is described by its pH, which is a measure of the

concentration of H* ions, [H*], in solution:

pH = —logyo[H'] (1.1)
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The pH scale classifies a solution as acidic (pH < 7), neutral (pH = 7), or basic (pH >
7). Acids and bases interact through neutralisation reactions, where H* ions from the

acid combine with OH™ ions from the base to form water, shifting the solution’s pH.

The strength of an acid or base depends on its ability to dissociate in solution and
release H* and OH-" ions, respectively. For instance, when an acid HA dissociates, it

forms H* and A-ions:

HAqq 2 Hiypy Ag (1.2)

The extent of the dissociation is quantified by its acid dissociation constant, Ka:

[H*][A7]

Ke = —THa] (1.3)

A larger Ka value indicates a stronger acid that dissociates more readily, whereas a
smaller Ka value corresponds to a weaker acid. The strength of acids is more

commonly expressed using pKa, which is the negative logarithm of Ka [298]:

pKa = - 10810[Ka]- (1 4)

Both GO and M13 contain a variety of functional groups, which will gain or lose H* ions
depending on their pKa values and the pH of the solution [98, 299]. This alters the
charge of GO and M13 and consequently affects their electrostatic interactions. As it
was previously hypothesised by Passaretti et al that electrostatic interactions between

GO and M13 may govern their self-assembly, understanding the concentration of these
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groups and their ionisation state at a given pH is essential in understanding and

optimising the conditions required for GO-M13 self-assembly [20].

1.5.2 Peak Analysis

Peak fitting enables the extraction of information from experimental results. For
instance, the position of peaks in a pKa distribution enables the identification of specific
acidic functional groups (Chapter 3) [299]. Meanwhile, in Raman spectroscopy, the
peak type and its position, full width half maximum (FWHM) and intensity can provide
insights into the structural composition of the sample, including any stresses, defects

and functionalisation (Chapter 4 and Chapter 6) [300].

Two common functions used in peak fitting are the Lorentzian and Gaussian profiles.
In Raman spectroscopy, these can describe different spectral features based on

material properties and phonon interactions.

Lorentzian peaks are characterised by a sharp, narrow central peak with slowly

decaying tails [301]. The Lorentzian function, L, is defined as:

L = a, [1 + (x ;Zal)zr (1.5)

where ao, a1 and a2 represent the peak position, FWHM and peak height, respectively
[302]. Lorentzian functions are often used in Raman spectra to describe crystalline

materials or disordered graphite [303].

Gaussian peaks have a smoother, bell-shaped profile, with less narrow central peaks
and more rapidly decaying tails compared to Lorentzian peaks [301]. The Gaussian

function, G, is given by:
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— 2
G = ay exp [— In2 (x a2a1> l (1.6)

with ao, a1 and az retain the same definitions as in the Lorentzian function [302]. In
Raman spectra, Gaussian functions are often used to describe a random variation of

phonon lifetimes within disordered materials [303].

1.5.3 Sorption Kinetics

The sorption behaviour of GPA provides insight into its stability in different
environments and potential applications in sorption-based technologies. Identifying the
optimal kinetic model for sorption data allows for a deeper understanding of the
mechanisms governing adsorption, offering valuable information on how relative

humidity and solvent interactions influence material performance.

Several kinetic models can be used to describe sorption behaviour, each capturing
different physical adsorption mechanisms. The most common kinetic models are

summarised below:

Langmuir model — The Langmuir model describes monolayer adsorption onto a
surface with a finite number of identical sites. It assumes that once a site is occupied,
no further adsorption can occur at that site. The adsorption kinetics are proportional to
the concentration of free adsorbate molecules and the number of available adsorption

sites:

déo
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where Z—(z is the net adsorption rate, 8 is ratio of the adsorbed amount per mass of

adsorbent compared to its maximum adsorption capacity, t is time, raand rgare the rate
of adsorption and desorption respectively, kaand kqare the adsorption and desorption

rate constants respectively, and C is the concentration of adsorbate [304].

Pseudo-second-order model — The PSO model is used to describe chemisorption,
where adsorption is driven by chemical interactions rather than physical attraction. The
rate of occupation of adsorption sites is proportional to the square of the number of

unoccupied sites. It is given by:

de c
E = k; (90 - Ht)

(1.8)
where k¢ is the PSO rate constant, and 6o and 6 are the amount adsorbed at

equilibrium and time ¢, respectively [305].

Avrami model — The Avrami model describes adsorption processes that involve
nucleation and growth, typically found in heterogeneous adsorption systems. It

accounts for the effect of growth dimensionality on sorption kinetics. It is given by:

do
= = kat" (6 — 6,) (1.9)

where K, is the Avrami kinetic constant and n is the Avrami constant, reflecting the

dimensionality of growth [306].

Weibull model — The Weibull model is a statistical distribution function that may be

used to describe adsorption when there is a distribution of adsorption energies,
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accounting for heterogeneous adsorption sites. This is particularly useful for systems

with irregular pore structures or variable surface energies. It is given by:

g_;: 1= exp l_ G)bl (1.10)

where C: is the adsorbate concentration at time t, Co is the feed adsorbate

concentration of adsorbate, a is the rate parameter and b is the shape parameter [307].

Intra-particle diffusion model — This describes adsorption as a process controlled by

the diffusion of adsorbate molecules into the pores of the adsorbent. It is given by:

1
qe = kt2 (1.11)
where q:is the adsorption capacity at time t and k is the kinetics [308].

1.6 Thesis Scope

GraPhage13 aerogels (GPAs) offer a simple and cost-effective method to produce
graphene-based bionanocomposites with unique and tuneable properties. While GPA
exhibits significant potential across various applications, further research is required to
optimise its production, characterise its properties, and explore its tuneability to fully

harness its capabilities.

Prior to industrial implementation, it is imperative to gain a deep understanding of the
mechanism behind the self-assembly of GO and M13. Moreover, optimising the

chemical conditions is crucial to ensure successful nanostructure synthesis and

63



Chapter 1

consistent, reliable production. These steps are essential to achieving the quality and

reproducibility needed for large-scale manufacturing [309].

However, the practical application of aerogels has been limited by their suboptimal
nanomechanical properties, including poor stability and deformation recovery.
Additionally, previous research has highlighted the temperature-dependent properties
of graphene-based composites. Therefore, it is essential to evaluate both the
temperature-dependent and nanomechanical properties of GPA to determine its

viability and performance in industrial applications [310-312].

Regarding their practical uses, aerogels such as GPA are typically highly adsorbent
due to their high porosity and surface area. This leads to a wide range of applications,
including water sorption for humidity sensing and the sorption of volatile organic
compounds (VOCs) for biomedical sensing and environmental monitoring [61, 313].
Therefore, assessing the sorption characteristics of GPA and its versatility in adsorbing

different solvents is essential for its future integration into graphene-based sensors.

Another important consideration in the integration of GPA into graphene-based devices
is its inherently insulating nature, which can limit its applications. However, the ability
to integrate conductive nanomaterials into GPA offers a promising method to improve
its conductivity. Therefore, it is imperative to investigate the incorporation of conductive
materials, such as gold nanoparticles (AuNPs), into GPA and to characterise its

resulting electronic properties to enable its use in future applications.

This thesis focuses on the optimisation, characterisation, and tuneability of GPA,

exploring its unique, tuneable properties and potential applications.
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Chapter 1 introduced nanostructures and their unique properties, applicability in
industry, and the limitations of current fabrication methods. It discussed the generation
of complex nanostructures through self-assembly, and the advantages of utilising
biological components. The chapter continued to introduce M13 bacteriophage and an
extensive literature review on M13-based nanostructures and their applications. It then
explored the properties of graphene and its derivatives, specifically graphene oxide
(GO), and its ability to form nanostructures like aerogels. The chapter then highlighted
the novel bionanocomposite GraPhage13 aerogels (GPA), generated through the self-
assembly of GO and M13, detailing their properties and potential applications. Finally,

the required investigations into GPA and the thesis scope was outlined.

Chapter 2 introduces the materials and methods used throughout the thesis.

Chapter 3 assesses the chemical conditions required to initiate the self-assembly of

GO and M13, and the mechanism behind their interaction.

Chapter 4 explores the thermonanomechanical properties of GPA, investigating its
morphology, nanomechanics, and microstructure, and the effect of temperature on

these properties.

Chapter 5 explores the sorption properties of GPA for water, ethanol and acetone,

investigating its sorption capacity and kinetics.

Chapter 6 investigates the incorporation of carboxylic acid-functionalised gold
nanoparticles (AuNPs) into GPA. The interactions between GPA and Au are examined,
and the saturation concentration of AuNPs in GPA is determined. The conductivity of
the resulting GPA-Au bionanocomposite is then measured, and the mechanism behind

the observed conductivity enhancement explored.
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Chapter 7 summarises the work in this thesis and highlights the potential future

investigations required to fully realise the integration of GPA in industry.

By optimising the fabrication processes, understanding the self-assembly

mechanisms, and investigating the effects of different chemical and physical

modifications, this research aims to unlock new possibilities for GraPhage13 aerogels

in advanced technological and industrial applications.
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2.1 Materials

The following section outlines the materials used to generate GPA and conduct
subsequent investigations. Unless otherwise specified, all materials were used as

received.

2.1.1 Graphene Oxide (GO)

A solution of highly concentrated graphene oxide (GO) was obtained from Graphene
supermarket (SKU-HCGO-W-175ML, 5 g/L). The GO was in the form of an aqueous
dispersion of GO flakes suspended in water (Figure 2.1a). These GO flakes are
composed of 79% carbon and 20% oxygen, with flake sizes ranging from 0.5 to 5 ym,
and at least 60% exhibiting a thickness of one atomic layer (Figure 2.1b) [1]. The

combination of GO and M13 enabled the fabrication of GPA.

(@) (b)

GRAPHENE
SUPERMARKET
HC-Graphene Oxide

Aqueous Solution

Figure 2.1: Image of GO solution and flakes

(a) Image of graphene oxide (GO) stock purchased from Graphene Supermarket and (b) SEM image of

a single GO flake. Images sourced from [2].
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2.1.2 M13 Bacteriophage

M13 bacteriophage (M13KE) was originally purchased from New England Biolabs in
the form of double-stranded DNA (dsDNA). This was transferred to the E.coli via heat
shock and propagated to generate an initial stock of M13 [3]. Further propagation from
this stock (detailed in Section 2.2.1), provided the M13 phages (Figure 2.2) required

for the self-assembly of GraPhage13 aerogels (GPA).

1 [T 10.0nm

1.00

Figure 2.2: AFM images of M13 bacteriophage

Atomic force microscopy images of (a) a single M13 bacteriophage and (b) a network of M13

bacteriophages.

2.1.3 E.coli

One Shot TOP10F" Chemically Competent Escherichia coli (E.coli) was purchased
from Thermo Fisher Scientific and utilised for the large-scale propagation of M13
bacteriophage. TOP10 E.coli are non-pathogenic and show stable replication, high
transformation efficiency and are resilient to stress induced by acidic conditions and
osmotic shock, making them ideal for high-yield and reliable phage amplification. The

addition of the F’ episome provides the E.coli with resistance to the antibiotic
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tetracycline, which can be incorporated into the M13 propagation process to eliminate

any unwanted E.coli strains [4, 5].

2.1.4 Gold Nanoparticles

Chapter 6 investigates the integration of carboxylic acid functionalised gold
nanoparticles (AuNPs) into integrated GPA to modify its conductivity. The AuNPs were
in the form of a dispersion in water, with an optical density of 50 and coated in
polyethylene glycol (PEG) to improve their stability. The 5 nm diameter AuNPs
(765430-1ML) had a core diameter ranging from 3-7 nm [6], and the 20 nm diameter

AuNPs (765511-1ML) exhibited a core diameter from 18—-22 nm (Sigma-Aldrich) [7].

2.1.5 Chemicals and Reagents

In addition to the specific materials discussed above, the following chemicals and

reagents were used in various experimental procedures throughout this study:

Tetracycline (TCN) — an antibiotic employed to control bacterial growth and isolate

target bacterial cultures (VWR).

Nutrient broth (NB) — A liquid medium used to provide nutrients for the growth and

proliferation of E.coli cells (Merck Life Sciences).
Nutrient agar — a solid nutrient medium for the cultivation of E.coli cells (VWR).

Polyethylene glycol (PEG) — a polyether which, when combined with NaCl and DIW,
generates a buffer utilised for the precipitation of M13 from solution (Scientific

Laboratory Supplies).

Sodium chloride (NaCl) — An ionic compound which, when combined with NaCl and

DIW, generates a buffer utilised for the precipitation of M13 from solution (VWR).
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Citric acid — A weak acid used to generate a citrate buffer for GPA production (VWR).

Sodium citrate dihydrate — A weak acid used to generate a citrate buffer for GPA

production (Sigma-Aldrich).

Hydrochloric acid (HCI) — A strong, highly corrosive acid used for adjusting the pH of

solution in titration and zeta potential experiments (Chapter 3) (Sigma-Aldrich).

Sodium hydroxide (NaOH) — A strong, highly corrosive base used for adjusting the

pH of solution in titration and zeta potential experiments (Chapter 3) (Sigma-Aldrich).

Conductive silver paint — A conductive adhesive used to create electrical connections

between GPAs and the electrometer (Chapter 6) (RS Pro).

Ethanol — A simple, volatile, flammable alcohol used as a solvent for TCN and for a

solvent in sorption experiments (Chapter 5) (Sigma-Aldrich).

Acetone — A simple, volatile, flammable ketone used as a solvent in sorption

experiments (Chapter 5) (Sigma-Aldrich).

Deionised water (DIW) — Highly purified water used as a solvent to prepare solutions.

2.2 Experimental Methods

2.2.1 Propagation and Purification of M13 Bacteriophage

The protocol for the propagation and purification of M13 bacteriophage is given by

Passaretti et al. [3] and shown by Figure 2.3.

Nutrient agar, NB and mixture of 25% PEG 6000 and 2.5M NaCl, and 5 mg/mL TCN
dissolved in ethanol were first prepared. Ensuring the environment remained sterile,

TCN was added to the nutrient agar to a final concentration of 5 pg/mL, poured into
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Figure 2.3: Propagation and purification of M13 bacteriophage

Petri dishes containing nutrient agar and tetracycline are innoculated with E.coli TOP10F’. Following
incubation, the E.coli is deposited into a nutrient broth (NB) and tetracycline solution, incubated
overnight and then deposited into conical flasks containing NB, tetracycline and M13. The solution is
incubated overnight and centrifuged twice to remove the E.coli cells. A mixture of polyethylene glycol
(PEG) 6000 and 2.5M NaCl is mixed with the supernatant whilst on ice, precipitating the M13, which is
separated through centrifugation. The supernatant is discarded and the white pellet containing M13 is
then resuspended in deionised water (DIW). To purify the M13, the solution is centrifuged and any
remaining contamination is discarded. The supernatant is combined on PEG, left on ice and then
centrifuged, producing a pellet of M13. The supernatant is discarded and the pellet resuspended to

produce the final solution of M13 in deionised water. Created with Chemix (https./chemix.orq).

petri dishes, and left to cool. Once solidified, the petri dishes were inoculated with E.coli
and incubated overnight at 37°C. Following this, 40 mL of NB and 40 pL of 5 mg/mL

TCN were deposited into falcon tubes, and the E.coli was transferred from the petri
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dishes to 50 mL falcon tubes via inoculating loops. The falcon tubes were placed in a

shaker incubator overnight at 37°C, 150 rpm.

Subsequently, 2.16 L of NB was prepared and divided between six 2L conical flasks
and autoclaved. The contents of one falcon tube, 360 uL TCN and 0.05 mg M13 was
added to each conical flask using aseptic technique and incubated for 16 hours in an

orbital shaker at 37°C, 180 rpm, allowing the M13 to propagate.

Following incubation, the solution was separated into six 400 mL centrifuge tubes, and
centrifuged (Beckman Coulter, JLA 10.5) at 8,500 rpm for 15 minutes at 4°C, forming
a pellet of E.coli which was subsequently discarded. The supernatant was then
centrifuged under the same conditions for 30 minutes to sediment any excess E.coli,
and the upper 80% (300 mL) of the supernatant from each centrifuge tube was
collected. The PEG solution was added to the supernatant in a 1:5 ratio and stirred
with a magnetic stirrer for 90 minutes at 4°C, precipitating the M13. The solution was
centrifuged at 10,000 rpm for 25 minutes, generating a white pellet at the bottom of the
centrifuge tubes. The supernatant was discarded, and white pellet is resuspended in

deionised water (DIW) and deposited in 1.5 mL microcentrifuge tubes.

To ensure the E.coli had been removed, the solution was centrifuged in a
microcentrifuge (SciSpin Micro) at 15,000 rpm for 5 minutes and the supernatant
transferred to new centrifuge tubes. If a the brown pellet was observed, containing any
remaining E.coli, this was discarded. If a white pellet of M13 bacteriophage was instead
observed, the supernatant was transferred to new centrifuge tubes, and the white pellet
was resuspended in DIW and recentrifuged. This process was repeated until no white

pellet remained. PEG solution was then added to each tube in a 1:5 ratio of PEG

99



Chapter 2

solution to supernatant, and left on ice for 60 minutes. The solution was centrifuged at
15,000 rpm for 15 minutes, producing pellets of M13. The supernatant was discarded,

the pellets resuspended in DIW, and the solution collected in a falcon tube.

2.2.2 Fabrication of GraPhage13 Aerogels (GPA)

The fabrication of GraPhage13 Aerogels (GPAs) (Figure 2.4), as outlined by Passaretti

et al. [8], involves the self-assembly of M13 with Graphene Oxide (GO).

M13
GO
l 17 » Remove
90%
supernatant Deposit on Dry under g
e _ —_— » "GA :“.::
Mix = Centrifuge Resuspend substrate vacuum
GraPhage13
i Aerogel
Citrate Aggregate GO-M13 GraPhage13 (GPA)
buffer pellet Hydrogel
(GPH)

Figure 2.4: Fabrication of GraPhage13 aerogels (GPA)

A schematic showing the fabrication of GraPhage13 aerogels (GPA). M13 bacteriophage and graphene
oxide (GO) are combined in a citrate buffer, where they self-assemble into an aggregate. Centrifuging
produces a GO-M13 pellet, which is resuspended in 10% of the supernant to generate the GraPhage13
hydrogel (GPH). The GPH is then deposited onto a substrate and dried under a vacuum, creating the

GPA. Created with Chemix (https.//chemix.orq).

A 10 mM pH citrate buffer was generated by combining 0.72 g of citric acid and 1.84 g
of sodium citrate dihydrate in 1 L of DIW. The pH was measured with a pH meter
(Mettler Toledo FiveEasy) and adjusted with additional citric acid or sodium citrate
dihydrate as required until a pH of 4.9 is achieved. In Chapter 3, when fabricating GPAs
at varying pH, the pH of this solution is adjusted by adding additional citric acid or

sodium citrate dihydrate to solution.
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After autoclaving the citrate buffer, 910 uL was deposited into an Eppendorf tube,
followed by 30 yL of M13 in DIW, and 60 pL of GO. The concentration of GO is given
as 5 mg/mL by the supplier (Section 2.1.1) and the concentration of M13 in DIW was
calculated with UV-Vis Spectroscopy (described in Section 2.2.3) and diluted to 10
mg/mL This generated a 1 mL solution, with a final concentration of 0.3 mg/mL GO and

0.3 mg/mL M13 in solution.

Inverting the Eppendorf tube immediately initiated the self-assembly of GO and M13,
forming an aggregate. The solution was mixed with an orbital shaker for 15 minutes at
250 rpm, and then centrifuged at 15,000 rpm for 1 minute. This produced a GO-M13
pellet at the bottom of the Eppendorf tube. Following this, 900 uL of the supernatant
was removed, and the GO-M13 pellet was resuspended in the remaining solution,
producing the GraPhage13 hydrogel (GPH). Finally, GPH was deposited onto a silicon
or glass substrate, and dried in a vacuum chamber to a final pressure of ~0.05 mbar.

This caused the transition of GPH into GPA.

In Chapter 6, AUNPs are incorporated into GPA to form GPA-Au. To achieve this, the
volume of citrate buffer was reduced proportionally as the volume of the AuNP solution
increased, ensuring a consistent final solution volume of 1 mL. For instance, when
adding 10 pL of AuNPs, 900 L of citrate buffer was first introduced into an Eppendorf
tube, followed by 10 pL of AUNPs, resulting in a total volume of 910 pL. The subsequent
process for synthesising GPA-Au followed the same procedure as for standard GPA
formation: GO and M13 introduced into the citrate buffer-AuNP solution, inverted to
initiate interactions between the components, centrifuged to form the hydrogel, and

dried under vacuum to generate GPA-Au.
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2.2.3 Ultraviolet — Visible (UV-Vis) Spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy enables the presence, concentration and
purity of a sample to be determined, by measuring the absorbance of visible and
ultraviolet light through a solution [9]. A single wavelength of light, A, is selected per
measurement using a monochromator, and is directed through the sample with a
sequence of mirrors [10]. A detector then measures the intensity of the transmitted light
/' in comparison to the intensity of incident light /o [11]. Repeating this process across a
range of wavelengths Ogenerates absorbance spectra as a function of wavelength [12].

The absorbance at a given wavelength, A,, is determined by the Beer-Lambert Law:

I
A; =logq (E) = €;LC (2.1)
where €, is the extinction coefficient at wavelength A, C is the concentration of the

sample in solution and L is the length of the light path through the sample [13].

The limitation of the Beer-Lambert law is the breakdown of the linear relationship
between Aand C when A > 1. To overcome this, the samples can be diluted by a known
factor to reduce its concentration and therefore its absorbance. The concentration of
the diluted sample can then be determined with the Beer-Lambert law and extrapolated

to calculate the original concentration [14].

The concentration of M13 in DIW, generated as described in Section 2.2.1, was
determined using a UV-Vis spectrophotometer (Agilent Cary 60 UV-Vis), using a quartz
cuvette with a 1 cm light path quartz cuvette and volume of 700 L. Prior to sample
analysis, a spectrum of DIW was first taken as a baseline. The end product from

Section 2.2.1, a solution of M13 in DIW in the falcon tube, was first placed in an orbital
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shaker to ensure the uniformity of M13 in solution. Between 10-100 uL of this
suspension was removed with a pipette, placed into a 1.5 mL Eppendorf tube, and
additional DIW was added to a final volume of 700 pL. Following mixing in the orbital
shaker for a further minute, the diluted M13 solution was placed in the quartz cuvette
and a UV-Vis spectrum was taken from a wavelength of 800 nm to 200 nm in 0.2 nm
intervals. The concentration of the initial M13 solution can then be calculated by
multiplying the concentration of the diluted solution by the dilution factor, which is the
ratio of the volume of the diluted solution to the volume of concentrated M13 solution

deposited in the Eppendorf tube.

UV-Vis spectroscopy was also utilised in Chapter 6 to analyse the supernatants of GO,
M13, AuNPs and combinations of these materials. In this case, the conditions required
to generate GPA were replicated. Citrate buffer was used as the baseline and the same
concentrations of each analyte were used as when generating GPA and GPA-Au, as
previously described in Section 2.2.2. For example, when analysing the combination
of AuNPs and GO, 10 yL AuNPs and 60 uL GO were added to an Eppendorf tube with
930 L citrate buffer, generating a final volume of 1 mL. This was inverted, placed on
the orbital shaker at 250 rpm for 15 minutes, and then centrifuged for 1 minute at
15,000 rpm. Then, instead of discarding 900 uL supernatant, 700 uL of supernatant
was placed in the quartz cuvette and analysed. Observing the spectra of the
supernatants of the pure components (GO, M13 and AuNPs), compared to the spectra
of combinations of the components (GO+M13, GO+AuNPs, M13+AuNPs,
GO+M13+AuNPs) enabled the observation of whether the components remained in
solution, or interacted and precipitated from solution, enabling their integration into

GPH and subsequently GPA.
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2.2.4 Scanning Electron Microscopy (SEM) and Energy Dispersive X-
Ray Spectroscopy (EDX)

Scanning electron microscopy (SEM), in conjunction with energy dispersive x-ray
(EDX) spectroscopy (Figure 2.5), enabled GPA characterisation through the acquisition
of high-resolution images to observe their morphology, and analysis of their elemental

composition [15].
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Figure 2.5: Scanning electron microscopy

(a) A schematic of a scanning electron microscope (SEM); (b) the products of the interaction between
the electron beam and the sample. Images based on [16, 17].

In SEM, an electron gun emits a beam of electrons, which are directed through a
vacuum, and focused onto the sample using electromagnetic lenses and apertures.
The electron beam scans over and interacts with the surface of the sample, generating
varying electrons and photons. Generally, to observe the morphology of a sample, the
secondary electrons are detected and recorded, with the resulting image showing

contrast based on the surface topology [18, 19].
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The interaction between the electron beam and the sample surface can ionise an atom
by ejecting a core electron from its inner shell. Subsequently, an outer shell electron
may fall into the inner shell to fill the vacancy, emitting a photon with energy equal to
the difference between the two orbitals, specific to the element involved. Integrating an
x-ray detector into the SEM therefore enables the detection of these characteristic x-
rays, creating a spectrum that plots energy against counts, revealing distinct peaks

corresponding to each element [20].

The morphology of the fabricated GPAs was analysed with a Hitachi SU5000 scanning
electron microscope. Due to the insulating nature of GPAs, SEM images were acquired
at voltages between 0.5 - 5 kV to minimise charging effects. The elemental composition
was further analysed via energy-dispersive X-ray spectroscopy (EDX). The EDX
spectra were obtained at 15 kV using a Hitachi TM3030 microscope equipped with

Swift ID.

2.2.5 Zeta Potential

The zeta potential () is a measure of the surface charge of colloids. It originates from
the formation of an electric double layer, consisting of a stern layer of bound
counterions and a diffuse layer of free ions. The zeta potential is then defined as the
electrical potential at the slipping plane, the outer boundary of the double later (Figure
2.6) [21]. If || > 30 mV, the electrostatic repulsion between particles is sufficiently

strong to ensure their stability and dispersibility in solution. Conversely, when || < 30
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mV, the electrostatic repulsion cannot overcome the van der Waals attraction between

colloids, leading to their aggregation [22].
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Figure 2.6: Electric double layer formation

A diagram of the electrical double layer formed when a colloid is dispersed in aqueous media and
representation of the electrical potential generated. Image based on [23].

Measurements were taken using a Malvern Zetasizer Ultra, which analyses the zeta
potential using the electrophoretic light scattering (ELS) with Mixed Mode
Measurement — Phase Analysis Light Scattering (M3-PALS). This technique involves
placing a colloidal dispersion in a folded capillary zeta cell and applying an electric field
across the electrodes of the cell, causing the charged particles to migrate towards the
oppositely charged electrode. Directing a laser beam at the solution and analysing the

phase shift of scattered light gives a measure of the zeta potential [24].

To measure the zeta potential, and hence the stability, of GO, M13 and GO-M13 across
various pH levels, solutions between pH 2—11 were produced with NaOH and HCI, and
GO and/or M13 were added to a final concentration of 1 mg/mL. The pH of the resulting
solution was measured with a pH meter (Mettler Toledo FiveEasy). The solutions were

deposited in DTS1070 folded capillary zeta cells (Malvern Panalytical) and placed in
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the Zetasizer for analysis. The temperature was set to at 25°C, and an equilibration
time of 120 seconds was allowed to ensure the sample was thermally stable once this
temperature was achieved. Three repeat measurements were taken for each solution

ensure repeatability.

2.2.6 Acid — Base Titrations

Acid-base titrations offer a simple and cost-effective method to determine an analyte’s
concentration of ionised groups and their pKa values. The investigations in Chapter 3
involve incrementally adding an acid (the titrant) to a titrand, a solution containing a
base and the analyte (GO, M13 or GPH) (Figure 2.7a). The resulting change in pH was
monitored to generate titration curves (Figure 2.7b) [25]. Analysing these curves
(Section 2.3.4) can provide insights into the concentration of ionised groups present in

GO, M13 and GPH at a specific pH, and the pKa values of these groups [26].

Initially, 1M solution of HCl and NaOH were prepared by diluting concentrated HCI and
dissolving NaOH pellets respectively in DIW. Subsequently, 50 mL of each solution
was measured with a volumetric flask and mixed with 950 mL of DIW to produce 1 L of
50 mM HCI and 1L of 50 mM NaCl. To confirm the concentrations the pH of these
solutions was measured; assuming the HCI and NaOH were the only source of H* ions,

50 mM HCI and 50 mM NaOH corresponding to pH 1.3 and pH 12.7, respectively.

The titrations were carried out within a 50 mL beaker with a stirrer bar placed on a
magnetic stirring plate. During the titrations the stirrer bar was continually rotated to
ensure the pH was uniform throughout the solution. The sensor at the end of the pH
probe was held above the stirrer bar within the solution (Figure 2.7a). As pH is

temperature-dependent, all pH readings were taken in a temperature-controlled
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environment to reduce error. The target temperature of the titrand was 25 °C; this was
continuously monitored with the pH meter and the room temperature adjusted if

required to account for heating induced through stirring or neutralisation reactions [27].
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Figure 2.7: Titrations experimental set-up
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(a) The experimental set-up for acid-base titrations and (b) an example of the results obtained by
recording the volume of hydrochloric acid (HCI) to a solution of soidum hydroxide (NaOH) and measirong

the pH. Created with Chemix (https://chemix.org).

Blank titrations were first taken as a baseline, with 20 mL of HCI| being added
incrementally to 10 mL of NaOH with a pipette. According to the stoichiometry, HCI and
NaOH neutralises to pH 7 when equal concentrations and volumes are combined.
Therefore, the addition of 20 mL of HCI to 10 mL of NaOH allowed pH changes in both
the acid and alkali ranges to be observed. 10 mL of NaOH was deposited into the
beaker. Varying volumes of HCI were then added to the NaOH with a pipette and the
total volume of HCI and the pH was recorded. The volume of HCI added was

dependent on the required pH. At the extrema of the pH scale, the addition of 1000 uL
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produced a change in pH of between 0.01-0.1 whereas between pH 4-5 and pH 8-9,
10 uL of HCI altered the pH by up to 0.54. Therefore, the increments in which HCI was
added to NaOH varied depending on the measured pH. For the GO and M13 titrations,
8 mL of NaOH was combined with 2 mL (10 mg) of GO and 2 mL (10 mg) M13
respectively, prior to the addition of HCI. Similarly, the GPH titrations involved
combining 6 mL of NaOH with 2 mL of GO and 2 mL of M13. Each titration (blank, GO,

M13 and GPH) was carried out three times to demonstrate repeatability.

The analysis of the titration data to determine the concentration of ionised groups and

pKa are given in Section 2.3.4.

2.2.7 Atomic Force Microscopy

Atomic force microscopy (AFM) uses an AFM probe, consisting of sharp tip attached
to a cantilever, for high-resolution imaging. The tip raster scans across the sample
surface and causes the cantilever to bend. The cantilever bending is detected with a
laser beam, which reflects off the cantilever to a position-sensitive detector, translating
it into cantilever movement (Figure 2.8a). This enables an image of the three-

dimensional surface topography to be generated [28].

There are in two primary imaging modes for AFM: contact mode and tapping mode. In
contact mode, the tip maintains constant contact with the sample, adjusting its height
to ensure a constant applied force. However, lateral forces caused by the tip moving
across soft samples can lead to damage. Tapping mode offers a viable alternative,
where the cantilever oscillates close to its resonant frequency in a sinusoidal motion

while scanning the sample. The tip only contacts the sample at the wave trough of the
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oscillation, minimising lateral force. Proximity-induced changes in cantilever amplitude
and resonance frequency serve as feedback parameters for mapping the sample

morphology [29].
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Figure 2.8: Atomic force microscopy
(a) A schematic of an atomic force microscope (AFM); (b) an example of a force-displace curve and a

representation of the cantilever bending. Images based on [30, 31].

Additionally, AFM offers insights into the nanomechanical properties of a sample
through force spectroscopy. The tip approaches and retracts from the sample from the
sample, and the deflection of the cantilever is measured to generate deflection-
distance curves. The deflection can be converted into force by determining the spring
constant and sensitivity of the cantilever. Analysing the resulting force-distance curves
(Figure 2.8b) enables the extraction of properties such as the stiffness of the sample

and the adhesion force between the tip and the sample [32].
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Force-distance curves were acquired using a Bruker Innova atomic force microscope
equipped with Bruker DNP-10 probes. These probes consist of silicon nitride
cantilevers with 20 nm silicon nitride tips, with a resonance frequency of 65 KHz and

spring constant of 0.35 N/m.

2.2.8 Raman Spectroscopy

Raman spectroscopy is a rapid, non-destructive analytical technique which uses
inelastic scattering to give insights into the chemical and structural composition of a
sample [33]. During the scattering process, a molecule absorbs a photon and is excited
from its initial state to a virtual energy state. As these states can only exist temporarily,
the molecule instantaneously decays to a real energy state and a photon is emitted,
with an energy corresponding to the energy difference between the real and virtual
states [34]. If the initial state is identical to the final state, the photon has undergone
elastic scattering, otherwise known as Rayleigh scattering, and the wavelength of the
photon remains the same. On the other hand, inelastic scattering occurs if the initial
state is not the same as the final state, causing a change in the photon’s wavelength
[35, 36]. If the scattered photon has a longer wavelength than the incident photon, it is
referred to as Stokes Raman scattering. Conversely, if the scattered photon has a
shorter wavelength, it is known as anti-Stokes Raman scattering (Figure 2.9a). In
conventional Raman spectroscopy, typically only the Stokes Raman scattering is
recorded and analysed as it produces a much higher intensity than anti-Stokes
scattering [37]. The change in wavelength, known as the Raman shift, can be
expressed in terms of the wavenumber and plotted against intensity to generate a
Raman spectrum. This spectrum is characteristic of the sample’s molecular

environment, allowing detailed insights into its chemical composition, structure, lattice
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vibrations and defects within a sample by analysing the positions, widths and

intensities of the observed peaks [23, 38, 39].

(b)

(a)
‘ ‘ Raman Microscope

Enclosure

~——Objective

Ala/ ™
Raman Scattering

Ascatter # Maser Temp. Controller
Rayleigh Scattering
A

Heating
Stage

scatter — )‘Iaser

Figure 2.9: Raman spectroscopy

(a) A diagram depicting a laser incident on a molecule and the resulting scattered light. Image based on
[16]. (b) Experimental set-up for Raman spectroscopy with an insitu heating stage.

In Chapter 4, Raman spectroscopy with an insitu heating stage was used to analyse
changes to the structure of GPA with temperature (Figure 2.9b). The Raman
microscope (Renishaw inVia Reflex Spectrometer System) was calibrated using
Silicon with peak at 520 cm™"[40]. The sample was then placed in the heating chamber,
inserted into the chamber of Raman microscope, and connected to a temperature
controller (Linkam Scientific Instruments Ltd TMS 94). Through initial investigations, it
was found that the optimal laser wavelength to reduce damage to GPA was 442 nm at
0.5% laser power, with an exposure time of 120 s to reduce the fluorescent
background. The temperature varied between 25°C and 300°C at a heating rate of
10°C/min and spectra were acquired at various increments. Three spectra were taken
at the same position for each temperature to observe repeatability and ensure that the
interaction between the laser and the sample was not inducing any structural changes.
The spectra were processed using Origin Pro-through subtracting the baseline and

fitting Lorentzian peaks to each spectrum (see Section 1.5.2).

112



Chapter 2

In Chapter 6, Raman spectroscopy was utilised to observe changes to the structure of
GPA through the integration of AuNPs. The Raman spectrometer (Renishaw inVia
Qontor) was calibrated with Silicon, characterised by a Raman peak at 520 cm- [41].
GPA and GPA with 5 nm and 20 nm diameter AuNPs were then placed into the chamber
and Raman spectra were obtained at both 514 nm and 633 nm wavelengths. The 633
nm spectra were recorded with x50 objective, 5% laser power (719 yW), 10 seconds
acquisition time and 10 accumulations and the 514 nm spectra were recorded with a
x20 objective, 5% laser power (1.03 mW), 60 seconds acquisition time and 3
accumulations. The spectra were processed with Python, subtracting the baseline and

optimising the peak fitting.
2.2.9 Dynamic Vapor Sorption (DVS)

Dynamic vapor sorption (DVS) is a gravimetric technique used to characterise the
interactions between solids and vapours. A sample is placed in a chamber on an
ultrabalance within a temperature-controlled chamber, allowing for highly accurate
mass measurements. A humidity control system regulates the relative humidity (RH),
or partial pressure (PP), of the solvent vapour within the chamber through the mixing
of dry and saturated air (Figure 2.10). As the PP within the chamber is varied in a
stepwise manner, the mass change of the sample is continuously monitored,
establishing the relationship between the sample mass and PP over time. By allowing
the mass to reach equilibrium at each PP stage, whereby the sample mass does not
change by more than 0.002% over a period of 10 minutes, an isotherm of the
equilibrium mass at each measured PP can be determined [42]. By analysing the mass
variation over time as the PP is varied, and the resulting isotherm, insights into the

sample characteristics can be ascertained, such as its sorption capacity, pore
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structure, stability, sorption kinetics, and interactions between the sample and the

vapour [43, 44].
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Figure 2.10: Dynamic vapor sorption

A schematic illustration of the dynamic vapor sorption (DVS) instrument. The system mixes dry and
saturated air in precise proportions using mass flow controllers (MFCs). The sample, positioned on a
microbalance, is subjected to a continuous airflow with a controlled and constant relative humidity. Image
based on [45].

Sorption measurements were performed with a DVS Resolution, at a constant

temperature of 25 °C and flow rate of 200 mL/min. The partial pressure (PP) of water,
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ethanol and acetone were varied from 0% to 90% to 0% in increments of 10%. The
stop criterion for each stage was defined as a mass change of less than 0.002% per
minute, stable over a period of 10 min, for a minimum duration of 30 min and a
maximum of 12 h. This process was repeated with at least three GPA samples to

ensure reproducibility of the sorption measurements.

2.2.10 Electrical Conductivity

Electrical conductivity, o, refers to material’s capacity to conduct an electrical current,

which depends on the carrier concentration and carrier mobility.

The electrical conductivity of a material is determined by attaching electrodes to the
material to form a circuit, allowing the application of a variable voltage (V) across the
sample. By systematically varying the applied voltage and measuring the resulting
current (/) through the material, an |-V characteristic curve is generated. The slope of
the I-V curve, which corresponds to the ratio of current to voltage, is directly related to

the material’s resistance R and the conductivity o:

1L VL
TTRAT T4 (2.2)

where L and A correspond to the sample length and cross sectional area respectively
[46].

The conductivity of the GPAs, GPAs with 5 nm AuNPs (GPA-Ausnm) and GPAs with 20
nm AuNPs (GPA-Au2onm) were measured with a Keithley 617 Electrometer. 100 pL of
GPH were dried on 10 x 10 mm glass substrates with conductive copper tape (RS Pro)

spanning 25 mm at each end, allowing the current to pass through 5 mm of the
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resulting GPA. An electrical connection between the GPA and conductive tape was
ensured with silver conductive lacquer. To minimise current leakage, triaxial cables
were used and the set-up was placed within a grounded outer electromagnetic
interference shielding enclosure (Figure 2.11). The conductivity of three different GPA,
GPA-Ausnm and GPA-Auzonm Were measured and averaged to ensure reproducibility

and measurement accuracy.

Silver Conductive Lacquer

Electrometer

Substrate

Cables Electromagnetic Shielding

Figure 2.11: Experimental setup for conductivity measurements

A schematic illustrating the experimental setup for measuring the conductivity of GPAs. The GPAs were
connected to copper wires using conductive silver lacquer, which were then linked to an electrometer
for applying voltage and measuring current. Electromagnetic shielding was employed to ensure accurate

measurement of nanoamp-scale currents.

2.3 Data Analysis

2.3.1 Error Propagation

Error propagation describes how measurement uncertainties are processed through
calculations performed using those measurements. One error propagation method is
the functional approach, which essentially maps the changes in a variable and a

function (Figure 2.12). It offers several advantages, such as its suitability for
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spreadsheet analysis, ability to generate asymmetric error bars, and ease of

application for both single-variable and multi-variable functions [47].
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Figure 2.12: Error propagation using the functional approach

A schematic of the functional approach illustrating how this error propagation method maps the

uncertainty in a variable x, o, through a function y = f(x) to determine the error of the function, o,. The

value of the ordinate of the white square is given by f (%) + o, %. Figure from [48].

For a variable x with an error of g, inputted into a function y = f(x ), the functional

approach gives its error g, as:

oy = |f(x + a,) — f(2)I. (2.3)
For multivariable functions, the method of error propagation varies depending on the
specific function, with detailed calculations outlined in [49].

In this thesis, the primary application of the functional approach involved propagating
errors when calculating the mean of multiple values, each with its own error. For

n number of variables x; with errors o, , the mean Z and its error o, are given by:
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n
i=1Xi

Jz (xl+0x) 0

2.3.2 Bayesian Information Criterion (BIC)

The Bayesian Information Criterion (BIC) is a numerical metric used as a criterion for
model selection in statistical analysis. It provides a balance between the goodness of
fit and model complexity by penalising the addition of parameters, which is not included

in the traditional least squares fitting. It is given by:

BIC = —2logL + KlogN (2.6)
where L is the likelihood, K is the number of parameters and N is the number of data
points [50].

When evaluating the goodness of fit for different models applied to the same dataset,
a lower BIC value indicates a better fit. However, the difference in BIC values between
models ABIC should also be considered. For two models, M1 and Mz, where M2 has a

higher BIC value than M1:

o ABIC < 2: Indicates weak evidence favouring M2, and additional factors such as

the physical relevance of the fitted parameters should guide model selection.

e 2 <ABIC <6: Provides positive evidence to favour M2 over M1.
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e 6 <ABIC < 10: Suggests strong evidence supporting M2 as the better model.
o ABIC > 10: Indicates very strong evidence in favour of Ma.

These thresholds are widely accepted in statistical literature and provide a framework

for model selection [51].

An important characteristic of BIC is its asymptotic properties, which describe how the
criterion behaves as N becomes very large. The term K log N grows with N,
increasingly penalising models with more parameters. This ensures that additional
complexity is only accepted if it leads to a substantial improvement in the likelihood

function, log L [52].

Compared to other model selection criteria, BIC is particularly suited for balancing
goodness of fit and minimalism in modelling. For example, the Akaike Information
Criterion (AIC) emphasises goodness of fit more heavily than BIC and may favour more
complex models, and methods such as cross-validation or adjusted R? focus on
goodness of fit but may not directly penalise complexity to the same extent. In this
analysis, BIC was chosen because it provides an objective and rigorous method for

comparing models while minimising the risk of overfitting [53].

The determination of the BIC values enabled the optimal fitting for peak identification
in the Raman spectra presented in Chapter 4 and Chapter 6, as well as for the selection

of the optimal kinetic sorption models discussed in Chapter 5.

2.3.3 Peak Fitting

The optimal number of peaks and peak fit were determined with Origin Pro (Chapter

3, Chapter 4) or Python (Chapter 6). To identify the best fit, initial guesses were
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provided for the peak type (see Section 1.5.2 for further information of Gaussian and
Lorentzian peaks) the number of peaks, as well as their positions and widths. Each
model was evaluated, and the optimal fit was selected based on the lowest Bayesian
Information Criterion (BIC) value (Section 2.3.2). In cases where a mixed Gaussian—
Lorentzian line shape provided a better representation of the experimental data, such
as in Chapter 6, this was implemented by fitting both a Gaussian and Lorentzian peak

at the same position.

2.3.4 Concentration of lonised Groups and pKa

An optimised data analysis method was utilised to accurately yield the concentration
of ionised groups and pKa distribution from the titration experiments (obtained as
described in Section 2.2.6). Firstly, the measured pH was set as the abscissa and the
input amount of acid as the ordinate (i.e., difference in acid added between the sample
and the reference) to reach the pH of interest. Subsequently, the difference in volume
of HCI added at each pH between the blank titration and the titrations involving each
analyte must be calculated. However, as the measured pH values vary between

titrations, these cannot be directly subtracted.

Although there are multiple established methods to enable, they have distinct
disadvantages. For example, a polynomial fit or spline interpolation can be applied to
the pH curve to estimate new data points, enabling the curves to be subtracted from
one another at each pH. However, this can often lead to errors due to over-smoothing
of the data, and, near extreme pH values, this can produce very large or “infinite”

slopes due to the logarithmic nature of pH [54, 55]. Another method is by using a Gran
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plot, which uses linear approximations between pH and volume, however these can

be less accurate for multiproteic systems over wide pH ranges [56].

An alternative method is the time-series approach. Each measurement point is
recorded as a triplet (ti, pHi, Vi) where ti is the time, pHi is the measured pH, and Vi is
the volume of acid added. Time is treated as an independent variable, and then
interpolating in time generates the continuous functions pH(t) and V(t). Then, for each
given pH, the point at which pH = pH(t) is found for both the sample (tsampe) and the
reference (tref). These times are then used to find V(tsampie) and V(trer) and compute their
difference for the specific pH. This difference, normalised by the amount of analyte, is
the corrected volume of acid needed to shift from one pH to another, which can then
differentiate to obtain the pKa distribution. This approach circumvents the numerical
difficulties that arise from polynomial fitting directly in pH—volume space, especially

near extreme pH regions.

Using this method, the difference between the time series of the sample and the
reference was obtained and the abscissa of times was converted back to pH, enabling
plotting the difference as discrete points, representing the concentration of analysed
groups for each analyte. To compare the concentration of ionised groups for each
analyte, the volume of HCI was converted into moles and divided by the quantity of
NaOH within the titrand and subsequently divided by the weight of analyte in the titrand.
Finally, the first derivative of the difference as a time series was calculated to obtain
the pKa distribution. The abscissa of times was converted back to pKa after the
differentiation. The optimised data analysis method was performed using built-in

functions via Wolfram Mathematica.
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2.3.5 Pore Size Analysis

Understanding the pore sizes present in GPAs is critical for evaluating their structural
and functional properties, as pore size plays a pivotal role in determining properties
such as mechanical stability and compressive strength [57]. However, measuring pore
size accurately poses significant challenges, particularly considering the structural

characteristics of GPAs.

Conventional methods like gas sorption, such as the Brunauer-Emmett—Teller (BET)
method, are widely used for detecting pore sizes in the range of 2-50 nm [58]. While
effective for mesoporous materials, BET is unsuitable for GPAs, which predominantly
exhibit macropores with sizes exceeding this range. Furthermore, the mass
requirements for BET measurements, combined with the inherently low density of
GPAs, complicate the generation of sufficient sample quantities for analysis [59, 60].
Another widely used technique, mercury porosimetry, relies on the infiltration of pores
with high-pressure mercury to measure pore size distribution. However, this method

often deforms the pore structure or destroys the aerogel [61].

Considering these challenges, SEM imaging emerges as an alternative for assessing
the pore size distribution in GPAs, following a methodology described by Hojat et al.
[57], depicted in Figure 2.13. The process involved using ImageJ software to analyse
SEM images systematically. First, the pixel size was converted to um using the image
scale bar for accurate pore size analysis. A Gaussian Blur filter was then applied to
reduce noise and artefacts, ensuring that small imperfections in the images were not
misinterpreted as pores. Subsequently, the contrast was enhanced to improve pore

visibility, and a threshold was applied to generate a binary image. The separation of
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Figure 2.13: Pore size analysis

The workflow for determining the pore size distribution of GPA from SEM images, based on the method
developed by Hojat et al [57]. Using Imaged, a Gaussian blur is applied to the images, and the contrast
is enhanced. To identify and isolate the pores, the image is threshold and is subsequently subjected a
two-step dilation followed by a two-step erosion. Finally, the “Analyse Particles” function in ImageJ is

applied to provide the areas of the identified pores.
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individual pores was achieved through a two-step dilation followed by a two-step
erosion process. This allowed for pore area determination, enabling the calculation of

pore diameters and obtaining the pore size distribution.

The high-resolution images of the pore morphology and spatial distribution offers
detailed insights into the pore size distribution [57]. However, this technique has
inherent limitations, as SEM provides only a 2D representation of the pore distribution
near the GPA surface. While this limitation could be partially addressed by slicing the
GPA to analyse cross-sections, its fragile nature made this impractical, as any attempt

to obtain a cross-section compressed the aerogel, altering its pore structure.

Furthermore, thresholding could not be automated due to image variability, introducing
an element of subjectivity and potential human error in the measurements. To mitigate
this, multiple measurements were taken. Specifically, three aerogels of each type were

analysed, with three images captured per aerogel, resulting in a total of nine images.

From these images, the pore size distribution was determined, and the mean pore size
along with the standard error was calculated, mitigating potential thresholding

inconsistencies.
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3.1 Abstract

GraPhage13 aerogels (GPAs) are micro-porous structures generated through the self-
assembly of graphene oxide (GO) and M13 bacteriophage. As GPA fabrication involves
the aggregation of GO and M13 in aqueous solution, we aim to understand its
dispersibility across a wide pH range. Herein, a novel technique has been developed
to relate the ionisation of functional groups to the surface charge, offering insights into
the conditions required for GPA fabrication and the mechanism behind its self-
assembly. The aggregation of GO and M13 was observed between pH 2-6 and
exhibited dependence on the surface charge of the resulting aggregate with the M13
bacteriophage identified as the primary factor contributing to this, whilst originating
from the ionisation of its functional groups. In contrast, GO exhibited a lesser impact
on the surface charge due to the deprotonation of its carboxylic, enolic and phenolic
functional groups at pH 6 and above, which falls outside the required pH range for
aggregation. These findings provide deeper insights into the pH conditions necessary
to initiate the self-assembly of GPA and the underlying mechanisms driving this
process, laying the foundation towards its broad range of applications and the

subsequent manufacture of graphene-based nanodevices.

3.2 Introduction

Graphene and related nanomaterials have been attracting an exceptionally high
research interest for almost two decades within the scientific community, due to their
outstanding structural, optical, electrical, thermal and mechanical properties [1, 2]. To
realise their full potential of impacting daily life, it is imperative to establish robust,

straightforward, and scalable manufacturing methods for graphene-based
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nanomaterials, enabling the development of advanced, high-throughput, miniaturised
devices. The recent advancements in manufacturing graphene-based hybrid
composites have demonstrated the promising capabilities of these materials in creating
switchable devices [3-5], sensors [6-8] and high performance devices [9, 10].
Fabrication of graphene-based micronano structures through the incorporation of
biomolecules has shown significant promise due to the complex morphologies with

unique functionalities controlled by the inherent components.

In particular, graphene oxide (GO) has been emerging as a highly attractive candidate
for the development of graphene-based nanodevices [11]. GO is comprised of
graphene, an atomic layer of sp2-hybridised carbon atoms, functionalised with oxygen-
containing functional groups (OCFGs) such as carboxyl, carbonyl, epoxide and
hydroxyl groups [12]. Non-covalent interactions between these OCFGs and
biomolecules enable the self-assembly of micro-nanostructures and the interactions
between the OCFGs and water molecules render GO hydrophilic, enabling the mass
production of these through chemical methods in aqueous media [13, 14]. Graphene-
based aerogels have demonstrated unique properties including, high strength, low
density and three-dimensional (3D) interconnected structures with macroscale
dimensions [15], which have been exploited for various applications e.g., wearable
sensors [13, 14], electrodes [16, 17] and adsorbents [18, 19]. Recently a robust
method of fabricating graphene-based aerogels has been demonstrated through the
self-assembly of graphene oxide (GO) and M13 bacteriophage, a filamentous virus
with a diameter of 6.6 nm and length of 880 nm [20]. M13 replicates by infecting
Escherichia coli (E. coli), without destroying the host cell (lysogenic cycle) and consists

of circular-shaped single-stranded DNA encapsulated by 2700 copies of the PVIII
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major coat protein, with its terminal areas comprised of minor coat proteins PlIl and

PVI at its head and PVII and PIX at its tail [21].

The novel micro-nano GraPhage13 has been fabricated via integrating GO and M13
at pH 4.9, yielding an aggregate, where M13 viral strands act as a cross-linker between
the GO sheets, enabling its self-assembly. Subsequently, a GraPhage13 hydrogel
(GPH) was fabricated, which upon deposition on a supporting substrate in a vacuum,
yielded a stable GraPhage13 aerogel (GPA) [20]. The nanofabricated GPA exhibits
ultra-high-surface-area (325 m? g~') and low-density (8.8 mg cm™3) due to its micro-
porous structure, and its production is low-cost, scalable and environmentally-friendly,
rending itself suitable for the incorporation with a broad range of further nanomaterials
including nanoparticles [22], fluorophores [23] and polymers [24]. For instance, Sun et
al. accomplished the incorporation of carbon nanotubes into the GPA structures,
resulting in the production of GPA-CNT. This hybrid material exhibited an electrical
conductivity enhancement of up to 30 times when compared to pure GPA
[25]. Furthermore, harnessing the capacity to manipulate the genetic and chemical
properties of M13 holds significant potential for altering the characteristics of GPA,
such as enhancing its electrical [26-28] and binding properties [22, 29, 30]. These
features make GraPhage13 a promising candidate for applications in functional
scaffolds, gas filters, energy storage and biological and chemical sensors [11, 15, 31,

32].

It is therefore important to establish the pH range in which GO and M13 can form a
dispersion that enables their aggregation for GPA self-assembly. This will facilitate the
evaluation of its processability and, on a broader scale, the exploration of potential

significant applications in aqueous environments characterised by varying pH levels.
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Acid-base titrations are a simple and cost-effective method for monitoring changes in
an analyte across a range of pH values [33]. Previous studies have employed titrations
with GO to analyse its ionised functional groups [33-36]. The OCFGs present in GO
exhibit varying acidities and are neutralised by bases of differing strengths, enabling
titrations to effectively quantify their concentration [35]. By differentiating the
concentration of ionised groups with respect to pH, the pKa values of these groups
can be determined, providing a measure of their acidity [36]. Information on the
concentration of ionised groups and their pKa values of nanomaterials offer valuable
insights into the mechanisms governing their self-assembly into varying nanostructures

[37].

Herein, a systematic examination was conducted to determine the concentration of
ionised groups, pKa distribution of the acid groups and the zeta potential of GO, M13
and GPH. The utilisation of an advanced data analysis technique facilitated the
comparison of two distinct experiments, thereby elucidating the relationship between
the ionisation of functional groups and surface charge and enabled the investigation of
this variation with pH and the determination of its origin. These findings significantly
advanced the understanding of the fundamental self-assembly mechanism underlying
the GPA fabrication and the specific pH range conducive to GPH assembly. Such
insights hold a great significance for further studies of incorporating various
nanomaterials into the GPA and exploitation of the GraPhage13 for a wide range of
potential applications. This approach could also be for instance, utilised to characterise
the interaction of GO with other biomolecules, such as double stranded DNA

fragments, proteins and enzymes, to mass produce hydrogels for the manufacture of

135



Chapter 3

graphene-based nanodevices for catalysis, dye adsorption and environmental

applications [11, 38-40].

3.3 Results and Discussion

3.3.1 Concentration of lonised Groups and pKa

Titration curves were obtained with acid-base titration experiments (for further
information, please refer Section 2.2.6). Hydrochloric acid (HCI) was utilised as the
titrant, while the titrand was a solution containing sodium hydroxide (NaOH) and the

analyte under investigation (GO, M13, or GPH).

To accurately compare the analytes (GO, M13, and GPH) within the titration
experiments, it is essential to first determine the concentration of each analyte and
ensure that an equal amount is introduced into the titrand. The concentration of GO
suspended in deionised water (DIW) is provided by the manufacturer (Graphene
Supermarket) as 5 mg/mL (Section 2.1.1). By adding 2 mL of this solution is added to
8 mL of the titrand, a final concentration of 1 mg/mL of GO is obtained. In contrast, the
concentration of M13, generated as described in Section 2.2.1, is unknown. This can
be determined with UV-Vis spectroscopy and the Beer-Lambert Law, given the known
extinction coefficient of € = 3.84 + 0.06 cm?/mg at 269 nm. The Beer-Lambert law is
only valid when A > 1, and therefore the phage suspension was typically diluted to
enable the quantification of its concentration (for further details on UV-Vis spectroscopy

and the Beer-Lambert law, please refer to Section 2.2.3) [41].

A UV-Vis spectrum of M13 is presented in Figure 3.1a, illustrating its absorbance (A)
over the 200 — 800 nm range. over the 200-800 nm wavelength range. The high

absorbance observed below 230 nm is due to the 1 — 11 transitions in peptide bonds,
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and a peak at approximately 269 nm is due to a combination of viral DNA and the major
coat protein PVIII [20]. To examine the quality of the phages, there are three features
which must be present: a local minimum at 245 nm, the peak at 269 nm and a baseline

at 350 nm. If Azse/ A2s4s= 1.37 and Aszso/ Aze9= 0.02, the phages are pure and viable

[42].
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Figure 3.1: UV-Vis spectroscopy of M13 bacteriophage

(a) A typical Ultraviolet-Visible (UV-Vis) spectrum for M13 bacteriophage between 200-800 nm. The
inset magnifies the 230-360 nm region to show the key features of the spectrum, which have been
labelled accordingly — the local minimum at 245 nm, peak at 269 nm and baseline at 350 nm; (b) a
calibration curve showing the absorbance at 269 nm for varying concentrations of M13 bacteriophage.
The gradient of the line of best fit is (3.84 + 0.06) x 10-® pg/mL, correspodning to a light path length of 1

cm multiplied by the extinction coefficient of M13, 3.84 + 0.06 cm3/mg.

In Figure 3.1a, the measured ratios are A,¢9/Az45 = 1.17 and Azso/Az69 = 0.11, which
deviate from these expected values. This discrepancy suggests potential impurities in
the phage solution. To further assess the viability of M13, a calibration curve is
generated by plotting the concentration of diluted M13 samples against absorbance at

269 nm (Figure 3.1b). According to the Beer-Lambert Law, the slope of this curve
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should correspond to the extinction coefficient (¢ = 3.84 + 0.06 cm?/mg at 269 nm)
multiplied by the light path length L (L = 1 cm) [43]. As seen in Figure 3.1b, the
calibration curve confirms this relationship, indicating that the phages remain viable

despite the variation in absorbance ratios.

The observed deviation likely results from residual polyethylene glycol (PEG) in the
solution. During the M13 purification process (Section 2.2.1), PEG is employed to
precipitate M13 from solution, ensuring complete removal of E. coli without
compromising the integrity of the phages. However, trace amounts of PEG may persist
in solution. While PEG itself has an absorption peak between 180-230 nm, its signal
is much weaker than that of M13 and is therefore obscured in the UV-Vis spectrum.
The discrepancy in absorbance ratios compared to the expected values is likely

attributable to this residual PEG contamination [44].

A 70-fold dilution was used to obtain the spectrum in Figure 3.1a. From this data, the
concentration of the diluted M13 solution was calculated as 0.16 mg/mL, leading to a
stock concentration of 10.8 mg/mL. To match the 5 mg/mL concentration of GO, the
stock solution was diluted by a factor of 10.8/5 = 2.16, ensuring a standardised

comparison of ionised group concentrations in subsequent titration experiments

The titration curves (Figure 3.2) represent the relationship between the volume of HCI
added and the corresponding pH changes in the solution. At extreme pH values a large
volume of HCl is required to change the pH, for example the final 5 mL of HCI added
to the titrand adjusted the pH by 0.12—-0.25. On the other hand, a plateau is observed
between pH 3.5-10.5, with 0.7 mL-2.55 mL of HCI required to generate a significant

change. The concentration of ionised groups has been obtained by subtracting the
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blank titration data from those involving each of the analytes and is given by the
difference in the volume of HCI at a particular pH (for further details see Section 2.3.4).
The overall relationship between the concentration of ionised groups and pH for GO,
M13, GPH and the average of the GO plus the M13 measurements, GO+M13, is

shown in Figure 3.3.
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Figure 3.2: Titration curves for GO, M13, and GPH

The relationship between pH and volume of 20 mL 50 mM HCI added to 10 mL of titrand 50 mM NaOH.
For titrations involving graphene oxide (GO), M13 bacteriophage and GraPhage13 hydrogel (GPH), 10
mg of analyte was added.

GO shows the greatest variation in the concentration of ionised groups, ranging from
0.75mmol L-"mg™"at pH 2.2t0 2.15 mmol L™ mg™" at pH 11, with a significant increase
between pH 5.5-7.5. This can be explained via the reactions leading to its negative
surface charge [45] including firstly the deprotonation of carboxylic groups: C—COOH
+ H20 — C-COO™ + H30" and secondly, the deprotonation of enolic and phenolic

groups: C=C-OH + H20 < C=CO~ + H30". As the pH increases the deprotonation
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equilibrium is shifted to the right-hand side of the reaction, producing a higher
concentration of negatively charged carboxylic, enolic and phenolic groups, whilst the
increasing concentration of OH™ ions neutralises the disassociated protons, leading to
the increase in the concentration of ionised groups with pH [45], while the concentration
of ionised groups for M13 remains relatively constant, 1.89 + 0.03 mmol L™' mg™' over
the entire pH range. Therefore, the variation in concentration observed for GPH and
GO + M13 can be attributed to the GO component. The difference between the
concentration of ionised groups in GPH and GO + M13 decreases as the pH increases,
however between pH of 3.1-5.7 and 7.6-9.2 the concentration remains constant at

0.34 mmol L™" mg~" and 0.19 mmol L~" mg~" respectively.
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Figure 3.3: Concentration of ionised groups for GO, M13, GPH and GO+M13

The concentration of ionised groups of graphene oxide (GO), M13 bacteriophage, GraPhage13 hydrogel

(GPH) and GO + M13 across a range of pH values.

140



Chapter 3

The probability of GO-M13 aggregation at different pH can be determined by the
concentration of ionised groups employing Deryaguin—Landau—Verwey—Overbeek
(DLVO) theory, which describes how electrostatic force governs colloidal stability. It
assumes that electrostatic repulsion and attractive van der Waals are the only
electrostatic forces acting on colloids, leading to their dispersion or aggregation within
a solution. The electrostatic repulsion originates from the electric double layer, where
the particles dispersed in aqueous media gain a negative charge from negative ions
adsorbing to its surface, which then attract positive charges and produce the double
layer. The magnitude of the electrostatic repulsion depends on the concentration of
ions, produced by the dissociation of ionised groups within the solution, whereas the
influence of concentration on van der Waals forces is negligible [46, 47]. Consequently,
increasing the concentration of ionised groups increases the magnitude of electrostatic
repulsion, thus reducing the likelihood of flocculation. Since the concentration of
ionised groups for GPH increases with pH, with a particularly rapid increase
commencing at pH 6, it is plausible that the van der Waals forces overcome the
electrostatic repulsion (between the negatively charged amino acids on the surface of
M13 and the deprotonated carboxylic groups on GO) between pH 2-6, enabling
flocculation of GO and M13. It is hypothesised that the electrostatic interactions occur
between the carboxylic groups on the GO with positively charged groups of the N-
terminus and Ks residues of the M13, following the protonation of the carboxyl groups

of E2, D4, Ds, E2o residues [43].

The inflection points observed in Figure 3.3 indicate the presence of acid groups with
varying pKa. The concentration of groups is subsequently differentiated with respect to

pH and Gaussian peaks are fitted to the data to obtain the pKa distributions (Figure
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3.4). Here, f(pKa) represents the derivative of the concentration of ionised groups

differentiated with respect to pH (for further details please see Section 2.3.4). This was

normalised by dividing the distribution by the maximum value of the derivative i.e. the

y-value of the highest peak.
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Figure 3.4: pKa distribution of GO, M13, GPH and GO+M13
Normalised pKa distribution of (a) graphene oxide (GO), (b) M13 bacteriophage, (¢) GraPhage13

hydrogel (GPH) and (d) GO + M13. The peaks in (a-d) at pKa values of 3.1 and 6.6 are due to the

ionisation of carboxylic acid groups and the peak at 9.9 is due to the ionisation of phenolic OH groups.

Three peaks emerge at nearly the same pKa for each analyte, with average positions
of 3.1 £ 0.1, 6.6 £ 0.1 and 9.9 £ 0.1. The overall fitted peak positions, widths and

intensities are summarised in Table 3.1.
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Table 3.1: pK, distribution parameters for GO, M13, GPH and GO+M13

pKa values, full width half maximum and area for pK, distribution of graphene oxide (GO), M13

bacteriophage, GraPhage13 hydrogel (GPH) and GO + M13.

Peak 1 Peak 2 Peak 3
Area
PKa1 Width Area pKa2 Width pPKas Width Area
15+ 15+ 9.9+ 11+
GO 3.0+£0.3 0.5+0.8 0.2+0.3 6.5+0.2 0.8+0.5
0.5 0.5 0.3 0.7
0.8+ 0.6+ 10.1+ 0.6+
M13 3.05+0.04 | 0.40+0.09 | 0.45+£0.09 | 6.59 +0.07 0.3+0.1
0.2 0.1 0.1 0.3
12+ 1.31¢ 9.9+ 1.2+
GPH 3.1+£0.1 0.7+0.3 0.19+0.06 | 6.58 +0.03 0.7+01
0.1 0.08 0.1 0.2
GO + 14+ 14+ 99+ 1.0+
3.0+£0.2 05+04 0.3+0.2 6.6 £0.1 0.7+0.3
M13 0.4 0.3 0.2 0.6

It has been previously noted that three peaks are observed in the pKa distribution of
GO, with values of 4.3 and 6.6, originating from the ionisation of carboxylic acid groups

and the peak at 9.9 corresponding to the ionisation of a phenolic OH group [36].

The presence of these functional groups therefore, account for the peaks observed for
GO, GPH and GO + M13 in Figure 3.4. The difference between the pKa of the first peak
(3.1 £ 0.1) in comparison to the value reported in ref. [36] for GO is likely due to the
over-data-smoothing at extreme pH values. Table 3.1 demonstrates that not only are
the pKa values of GPH and GO + M13 the same but also that their widths and intensities
match within error of the peak fit. This indicates that there are no new ionised functional
groups generated from the GPH interaction, and therefore GPH exhibits dispersibility

over a similar pH range as GO.

The known pKa values for the M13 bacteriophage are given by Passaretti et al [43].

While the M13 has the same pKa values as GO, GPH and GO + M13, a higher signal-
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to-noise ratio hinders the accuracy of the peak fitting and indicates that there may be
peaks which are not detected (Figure 3.4b). A second peak fit, the results of which are
shown in Table 3.2, demonstrates the inaccuracy of fitting peaks according to the
known pKa values of M13.

Table 3.2: Known pKa values for PVIIl amino acids

pKa values of PVIIl amino acids contributing towards the surface charge of M13 bacteriophage, obtained
through peak fitting to the known pKa values of M13 [43]. The K8 residue is not included as its pKa is

beyond the measured values.

PVIIl Amino Acid Known pK, Measured pK, Peak Width Peak Area
A1 8.62 8.9+0.3 0.7+0.8 0.2+0.2
E2 3.45 34+09 0+2 01
D4 3.1 3.0+0.3 04104 04+0.9
D5 4.02 3.9+05 01 0.1+0.3
E20 5.21 5.7+0.2 0.5+0.2 0.3+0.2

This could be due to these peaks having low intensity or overlap with further peaks
demonstrating similar pKa values or the effect of interactions due to the presence of
the electric double layer, HCl and NaOH [35, 45, 48]. Furthermore, for pKa values of
less than 2.7-3.8 and more than 10—-11, the values are unlikely to be correct due to the
inaccuracy of the pH measurements. The Nernst equation, which relates the electrical
potential across the electrode to the pH, breaks down at extreme pH values and
therefore, a peak due to the presence of the Ks residue, which has a pKa of 11.56,
cannot be detected [43, 49]. These limitations, therefore, do not enable the pKa of
specific M13 residues to be identified. This may also impact the comparison of pKa
values of GPH and GO + M13, as there may be variations in the functional groups as

a result of the interaction between GO and M13 that have not been observed.
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3.3.2 Zeta Potential

The zeta potential ({) measurements for GO, M13 and GPH between pH 2-11 are
shown in Figure 3.5a (for further details please see Section 2.2.5).The zeta potential
of GO is found to exhibit the least variation over this pH range, measuring =32 + 1 mV
at pH 1.9 and -46 £ 1 mV at pH 11.0. M13 shows a larger variation, decreasing from
39.2+0.7mV atpH 2.1 to -24.6 £ 0.8 mV at pH 5.0, before plateauing at -32.0 £ 0.4
mV between pH 6.1-11.0. GPH demonstrates the widest range, spanning from 31.9

0.1 mVatpH 2.11t0-48.6 £+ 0.4 mV at pH 11.1.
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Figure 3.5: Zeta potential for GO, M13, GPH and GO+M13

(a) Zeta potential of GO, M13 bacteriophage and GPH. (b) Comparison of zeta potential measurements
of GPH to the addition of the individual GO and M13 (GO + M13) along with the zeta potential trend of
GPH. The trend lines are generated via interpolation.

Figure 3.5a shows that the zeta potential of GO remains below -30 mV. The zeta
potential is the electrical potential at the slipping plane, which provides the magnitude
of the electrostatic repulsion between adjacent colloids [50]. Colloidal dispersions are

generally found to be stable when || > 30 mV, due to strong electrostatic repulsion

between like charges. For the colloids to flocculate the electrostatic repulsion must be
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overcome by the attractive van der Waals forces [51], that is to achieve || < 30 mV
[52], which would result in GO forming a stable colloid which does not aggregate
between pH 2-11. As the pH of 1 mg mL™" GO was measured to be 2.4, NaOH was
added to GO to increase the pH to 3—11. The NaOH acted as a hydrogenating agent
and reduced GO to activated graphene, decreasing its sheet size to form a more stable
dispersion. This leads to an improved colloidal stability and therefore, decreases the
probability of flocculation [53]. HCI was added to measure GO at pH 2, however only
a low concentration was required to adjust the pH such that very few protons are
disassociated from their acidic functional groups, and therefore the zeta potential
remains in the stable colloid range. As the pH increases the zeta potential turns more
negative due to the increased concentration of negatively charged ionised groups [45].
A small increase in the zeta potential is observed at high pH, due the high concentration

of OH™ ions causing double layer compression [36].

Zeta potential measurements for M13 show that the bacteriophage is a stable colloid
at pH <3 and pH > 6 (|¢| > 30 mV), and flocculates occurs between pH 3—-6 (|| < 30
mV) [52]. The surface charge of M13 is a result of a protonation and deprotonation of
the A1, E2, D4, Ds, Ks and E2o residues and the amino group at the N-terminus. Since
these residues have differing pKa values, their charge and therefore the surface charge
of M13 are dependent on the pH of the chemical environment [43, 54]. The zeta
potential of both M13 and GPH decreases as the pH increases until pH 6, whereafter
the zeta potential of M13 plateaus while GPH continues to decrease as the pH
increases, eventually overlapping with GO at pH > 10. This suggests that below pH 6
the main contributor towards surface charge of GPH is the M13. Above pH 6, where

the chemical environment becomes more basic, there is a higher probability of GO
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deprotonation, producing ionised groups, which contribute towards the GPH's surface
charge. Having established from the concentration of ionised groups that the
aggregation of GO and M13 is only possible between pH 2—6, it can be concluded that

M13 is the primary contributor to the surface charge of GPH.

A comparison between the zeta potential of GPH and the addition of the GO and M13
zeta potential measurements (GO + M13) is shown in Figure 3.5b. Zeta potential of
GO + M13 is, on average, 34 + 3 mV lower than GPH for all pH values. The difference
between these trends confirms that the interaction between GO and M13 produces an
aggregate with a lower surface charge than the sum of the surface charges of GO and
M13, which is beneficial to the fabrication of the micronano sponge Figure 3.5b.
illustrates the difference between GPH zeta potential measurements and the trend of
the zeta potential from the titration data. Zeta potential can be determined by
multiplying the concentration of ionised groups with the charge on that group. However,
since the electrochemical active surface area is unknown only the trends of the zeta
potentials can be compared. As the surface charge is proportional to the zeta potential,
the concentration of ionised groups was multiplied by the measured GPH zeta potential
and scaled such that the trends could be compared. The significant overlap between
titration and Zetasizer measurements imply that the ionised groups almost completely

determine the variation of surface charge of GPH with pH.

Figure 3.5a-b further demonstrate that aggregation between GO and M13 occurs
between 2.1 £ 0.4 >pH > 5.4 + 0.9, in agreement with the previously determined range
of pH 2-6. To assess the implications of this on the processability of GPA, both the
forces involved in aggregation and the likelihood of flocculation need to be examined.

The probability of aggregation can be analysed via the sticking probability Pj, which is
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the probability of cluster i and cluster j adhering to each other to form a new, larger

particle.

Pij S P110_|pH_PZC| (31)

Here, P7is the sticking probability of an individual particle and PZC is the point of zero
charge. The PZC corresponds to the pH at which a particle has zero surface charge
such that the electrostatic repulsion is minimised. The optimal pH for aggregation is
slightly above the PZC. As the pH deviates further from the PZC the electrostatic
repulsion increases, reducing the probability of flocculation [55]. Since the GPH
aggregation is possible at 2.1 £ 0.4 > pH > 5.4 £ 0.9, it can be estimated that the PZC
for GPH is roughly an average pH value of this range, 3.8 + 0.5, with the error on this
average calculated with the functional approach (Section 2.3.1). Previously, Passaretti
et al determined that the optimal pH for GPH aggregation is 4.9 , which is in agreement
with the discussion establishing that the optimal pH should be slightly above the PZC

[20]. This pH was then used in our subsequent experiments when fabricating GPA.

However, upon reviewing the methodology employed by Passaretti et al., it was found
that their identification of pH 4.9 being optimal for GPA fabrication was based on
titrations experiments, where the authors observed that GO and M13 aggregate within
between pH 4.8-5.4, with more pronounced aggregation occurring at the lower end of
this range [20]. This differs from our findings from analysing the concentration of
ionised groups, zeta potential and observation of the aggregates formed (Figure 3.6),
which indicates that GO and M13 can interact between pH 2-6. The discrepancy may
arise from our more analytical approach, which enables the detection of interactions

between GO and M13 even at stages where aggregation is still visible but more
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challenging to observe, such as at pH 2, 3 and 6 (Figure 3.6). Aggregation is clearly
visible at pH 4 and pH 5, which also differs from pH range given by Passaretti et al.
[20]. This could be attributed to differences in methodologies, however the
methodology utilised by Passaretti et al. is not given and therefore a direct comparison

between findings is challenging.

pH 2 pH 3 pH 4 pH 5 pH 6

Figure 3.6: GPH generated at pH 2-6
An image of GO-M13 solutions when combining GO and M13 (both to a final concentration of 0.3 mg/mL)

in citrate buffers with pHs ranging from 2-6.

3.3.3 Fabrication of GPAs at Varying pH

The composition and morphology of GPAs generated at pH 4.9 were characterised
with optical imaging, energy-dispersive x-ray (EDX) spectroscopy, and scanning
electron microscopy (SEM) (Section 2.2.4). Compositional analysis with EDX
spectroscopy (Figure 3.7a) showed that GPA is composed of carbon and oxygen,

originating from the GO and M13, and sodium (Na), phosphorous (P), sulphur (S) and
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chlorine (CI) from the presence of traces of salts introduced in the M13 propagation
and purification process (Section 2.2.1), DNA and amino acids. The silicon (Si) peak
arises from the silicon substrate the GPH is deposited on to enable GPA fabrication.
The porosity of GPA s visible from the optical images (Figure 3.7¢e), while SEM analysis
provides higher magnification images which clearly demonstrate its macroporous

structure (Figure 3.7b-d).
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Figure 3.7: Characterisation of GPA
(a) EDX spectrum of GPA, providing its elemental composition; (b-d) SEM images and (e) optical images

of GPAs fabricated at pH 4.9
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With pH 2-6 being identified as the range in which GO and M13 can interact, we aimed
to investigate the feasibility of fabricating GPA within this pH range. Citrate buffers at
pH 2-6 were generated by adjusting the quantity of citric acid or sodium citrate
dihydrate in solution. Subsequently, GO and M13 were added to these buffers to a final
concentration of 0.3 mg/mL, inverted to form an aggregate and centrifuged to produce
a GO-M13 pellet. Removing 90% of the supernatant and resuspending the GO-M13
pellet in the remaining supernatant to generated GPH, which was deposited on a
substrate and dried in a vacuum produced GPAs (for further details, please see Section
2.2.2). The resulting morphology of GPA generated at pH 2, 3, 4, and 6, termed GPAH2,
GPApH3, GPApH4 and GPApHe respectively, was observed with SEM determine how

these pH variations influence the nanocomposite structure (Figure 3.8).

The variation in morphology observed at pH 4 and below (Figure 3.8a-c) can be
attributed to the behaviour of M13 in highly acidic conditions. Passaretti et al.
established that the isoelectric point (pl) of M13, the pH at which M13 possesses no
net electrical charge, is 4.05 + 0.07. Below the pl, M13 precipitates from solution,
reducing the possible interactions between GO and M13, thereby affecting GPA
formation and generating the observed amorphous morphologies [43, 56]. The
significant morphological variation observed for GPApH2 originates from alterations to
the phage structure and damage to the coat proteins (Figure 3.8a). Below pH 3, the
M13 phages fold into a looser structure, significantly compromising their structural
integrity and increasing their susceptibility to destruction. The increased destruction of

phage particles further reduces the bonding between GO and M13, resulting in the
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observed low porosity [44, 57]. The observed non-porous regions originate from the

aggregation of M13, which forms dense deposits on the surface [54].

SU5000 1.0kV x100 SE(L) 500pum SU5000 1.0kV x100 SE(L) 500pum

Figure 3.8: SEM images of GPAs generated at pH 2, 3, 4 and 6

Scanning electron microscopy (SEM) images of GraPhage13 aerogels (GPAs) generated by combining
GO and M13 in citrate buffers with a measured pH of (a) 2 (b) 3 (c) 4 and (d) 6.

On the other hand, pH 6 is above the pl for M13 and therefore M13 will not precipitate
from solution. Instead, the reduced porosity observed for GPApHe (Figure 3.8d) arises
from the increased electrostatic repulsion between GO and M13. The concentration of
deprotonated functional group on GO increases with pH, enhancing its negative
charge. This results in an increased electrostatic repulsion between the deprotonated

functional groups on GO and the negatively charged amino acids on M13, reducing

152



Chapter 3

the bonding between GO and M13. Therefore, while GO and M13 can interact between

pH 2-6, pH 4.9 is optimal to fabricate consistent porous morphologies.

3.4 Conclusions

The relationship between pH and the aggregation of graphene oxide—-M13
bacteriophage, which in turn enables the self-assembly of GraPhage13 aerogels, has
been investigated through pH titrations and zeta potential measurements. The
concentration of ionised groups for M13 bacteriophage remains constant, whereas for
GO it is dependent on the direction of the deprotonation, which is heavily influenced
by its chemical environment. Furthermore, it has been shown that the concentration of
ionised groups to be higher for GPH than the addition of GO and M13. Using DLVO
theory, it has been determined that the GO-M13 aggregation occurs between 2 < pH
< 6. The pKa values for GO were found to be 3.1, 6.6 and 9.9, corresponding to the
ionisation of carboxylic and phenolic OH groups, and no new functional groups were
found to be formed as a result of the interaction between GO and M13. Zeta potential
measurements demonstrate that GO remains stable across a wide pH range of 2—11,
whilst M13 forms unstable dispersions and flocculates between pH 3—6. Similar to the
concentration of ionised groups, aggregation of GO and M13 occurs at 2.1 + 0.4 > pH
54 + 0.9. Employing DLVO theory and sticking probabilities the optimal pH was
established to be slightly above the estimated value for the point of zero charge at 3.8
1 0.5, in agreement with previous research showing the optimal pH for aggregation of

pH 4.9.

Observing the dispersibility of GPH over a wide range of pH values enabled

determining the origin of the GPH surface charge and the pH range in GPA fabrication,
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providing an important insight into the underpinning mechanism behind the self-
assembly of GraPhage13 aerogels. By employing an innovative technique, a
comparative analysis was conducted between the zeta potential trends through
titrations and zeta potential measurements. The similarity in zeta potential trends
provides evidence that the surface charge of GPH arises from presence of ionised
groups and electrostatic interactions between them. More specifically, it can be
attributed to interactions between the carboxylic groups of GO with positively charged
N-terminus and the Ks residue of M13 following the protonation of the E2o residue.
These interactions play an essential role in facilitating the self-assembly of GPAs.
Furthermore, within the pH range in which the aggregation occurs, the main contributor
to the surface charge was determined to be the M13 bacteriophage. The self-assembly
of GraPhage13 depends on reducing the electrostatic repulsion between the
negatively charged amino acids of M13 and the deprotonated carboxylic groups of GO,
which can be achieved by lowering the concentration of ionised groups. Combining
GO and M13 in a chemical environment of pH 2—6 reduces the likelihood of the
deprotonation of the carboxylic groups in GO, enabling the generation of GPH and the
subsequent fabrication of GPA. However, pH 4.9 remains the optimal condition for GPA
fabrication, as it achieves a balance between mitigating the damaging effects of highly
acidic environments on M13 phages and minimising electrostatic repulsion between

GO and M13.

This novel investigation, utilising analytical techniques to compare the concentration of
ionised groups and surface charge across different pH levels, has yielded insights into
the dispersibility of GraPhage13 and the origin of the ionised groups responsible for its

surface charge and self-assembly. This enhances our understanding of its
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processability, thereby providing guidance for the future integration of various
nanomaterials including nanoparticles, polymers and fluorophores into the aerogel
structure. This opens up possibilities for the development of graphene-based
nanodevices for a broad range of applications including micronano filters, functional

scaffolds and miniaturised sensors.

3.5 Materials and Methods

Further information on graphene oxide and M13 bacteriophage used in these

experiments can found in Sections 2.1.1 and 2.1.2, respectively.

For detailed descriptions of the methods used in this chapter, please refer to Chapter

2, specifically the following sections:

2.2.1 Propagation and Purification of M13 Bacteriophage

e 2.2.2 Fabrication of GraPhage13 Aerogels (GPA)

e 2.2.3 Ultraviolet — Visible (UV-Vis) Spectroscopy

e 2.2.4 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDX)

o 2.2.5 Zeta Potential

e 2.2.6 Acid — Base Titrations

o 2.3.3 Peak Fitting

2.3.4 Concentration of lonised Groups and pKa
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4.1 Abstract

The self-assembly of graphene oxide (GO) and M13 bacteriophage results in the
formation of micro-porous structures, known as GraPhage13 aerogels (GPA). Given
the limited applications of aerogels in industry due to their nanomechanical properties,
along with the previously observed temperature-dependent characteristics in
graphene-based nanocomposites, a thorough exploration of the thermosensitive
nanomechanical properties of GPA is essential. Herein, a comprehensive
characterisation of the morphology, composition, and spectroscopic analysis of the
GPA for a range of temperatures has been conducted and correlated with its
nanomechanical properties. Elevated temperatures have been found to lead to gradual
removal of oxygen-containing functional groups (OCFGs) from GPA, observed as an
increase in the carbon-to-oxygen ratio from 1.19+0.02 at 25°C to 1.57+£0.04 at 250°C.
The removal of these OCFGs disrupted the GO-M13 bonds, leading to the presence
of fewer but larger pores. This resulted in increased structural defects, observed
through an increase in the intensity ratio of the D to G Raman peaks (/p/lc), and a
reduction in stiffness from 82.9 + 0.6 N/m at 25°C to 36.1 £ 0.4 N/m at 250 °C. Notably,
unique nanomechanical behaviours of GPA have been further identified, where the
thermal expansion of sp3 bonds exceeds that of a crystalline sp? structure, while the
thermal contraction of sp? bonds in GPA is found to be between graphite and GO. This
underscores the impact of GO functionalisation on the thermal expansion behaviour of
GPA. The obtained insights enhance the overall comprehension of the temperature
annealing impact on GPA and highlight the tuneability of its nanomechanical
properties, showcasing a broad potential of this novel nanocomposite across a diverse

range of applications.
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4.2 Introduction

Graphene Oxide (GO) is an atomically thin layer of sp2?- hybridised carbon with oxygen-
containing functional groups (OCFGs) such as hydroxyl, carboxyl, carbonyl and
epoxide [1]. The presence of the OCFGs enables GO to interact with biomolecules,
facilitating its self-assembly into graphene-based nanocomposites [2] One such
nanocomposite, GraPhage13 aerogels (GPAs) are formed through the self-assembly
of GO and the M13 bacteriophage. GPA's porous structure provides a high surface
area and low density, with tuneable properties suitable for a broad range of applications

ranging from adsorbents [3, 4], through electrodes [5, 6], and onto sensors [7, 8].

To enable the utilisation of aerogels in these applications, they must exhibit excellent
mechanical properties including a high mechanical strength and stability, elasticity,
durability, and thermal stability [9, 10]. However, aerogels often suffer from suboptimal
mechanical characteristics such as low mechanical stability, brittleness, and poor
deformation recovery, thereby limiting their potential in industrial exploitation [11, 12].
Since graphene-based hybrid nanocomposites have previously demonstrated
temperature-dependent stability, structure and mechanical properties [13, 14], it is
imperative to evaluate the influence of temperature on the morphology, composition
and nanomechanical properties of GPA to facilitate the comprehensive understanding
of GPA's sensitivity to changes in temperature as well as its inherent tuneability.
Understanding the thermomechanical properties of GPA, especially under varying
temperature and related mechanical stress conditions, is critical to ensuring their
reliability and efficiency in applications such as electronics, where the devices are

heated during operation. This knowledge not only aids in optimising their performance
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but also opens new possibilities for their use in environments with extreme temperature

conditions, e.g., cryogenic applications, or mechanical demands.

In this study, the effects of temperature on the morphology, composition and
nanomechanics of GPA were examined. The nanocomposite was annealed at
temperatures ranging from 25°C to 300°C, with the specific temperatures dependent
on the requirements of each experimental method. This range is aligned with the
commonly applied temperatures for various applications including for instance, low
temperature thermal energy storage [15, 16], gas sensors [17, 18], and carbon capture
[19, 20]. The morphology and composition of GPA have been subsequently analysed
via scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX). Furthermore, the nanomechanical properties have been investigated by
obtaining force-distance (F-D) curves via atomic force microscopy (AFM) and, to gain
an in-depth understanding of the effect of temperature on the structure of GPA, Raman
spectroscopy with in-situ annealing has been performed. The annealing of GPA was
found to increase the carbon-to-oxygen (C:O) ratio, modify the presence of defects and
reduce both the stiffness of the nanocomposite as well as the adhesion force between
it and the AFM probe. The thermal expansion rate of sp® bonds in GPA were
established to exceed these in a crystalline sp3structure, while the sp? bonds exhibited
thermal expansion behaviour between graphite and GO, signifying the impact of GO's

functionalisation on the thermal expansion of GPA.

This research highlights the improved understanding of the temperature-dependent
properties of GPA and elucidates the potential to manipulate its structure, composition
and nanomechanics through the heat exposure. Advancing our understanding of GPA,

a carbon-based aerogel, utilising its enhanced thermal and nanomechanical
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properties, make it a promising candidate for environmental applications including
water purification systems and air filtration as well as in the development of smart

materials for sensors and actuators.

The findings collectively not only contribute to the expanding body of knowledge on
carbon materials, offering insights pertinent to a broad range of applications ranging
from nanotechnology to environmental engineering but also emphasise the ability to
fine-tune the GPA, paving the way for the integration of this novel nanocomposite in
graphene-based devices for applications in for instance, electromagnetic wave

absorption [21, 22], oil-water separation [23, 24] or thermal energy storage [25, 26].

4.3 Results and Discussion

4.3.1 Micronano-morphology and Composition

The morphology of GPA at ambient temperature was compared to GPA annealed at
250°C for 30 min (GPA2s0) (Figure 4.1). The specific GPAs were selected for
comparison since they represent the two extremes of the attainable temperature range.
The annealing process has been identified to cause irreversible changes to the
micronano-structure of the nanocomposite (Figure 4.1c-d), with the original porous
structure remaining intact even at the higher temperature of 250°C. This is most
probably due to the strong interactions between the positively charged N-terminus and
Ks residue of M13 and the carboxylic acid groups in GO [27]. These interactions
increase its overall structural stability following annealing and consequently, prevent

structural changes in the subsequent heating to similar temperatures.
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Figure 4.1: SEM images of GPA and GPA2s

Characteristic SEM images of the micronano morphology of GPA and GPA2s0 at (a-b) 100x, (c-d) 500x

and (e-f) 2000xmagnification.

The morphologies of GPA and GPA2s0 appear similar, however there is a difference in

the porosity, with the larger pore sizes identified for GPA2s0 compared to GPA. An in-
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depth analysis with SEM imaging enabled the comparison of the average 2D pore size
distributions (for further details, please see Section 2.3.5). Although this technique has
limitations, such as analysing only a 2D representation of surface pores and the
potential subjectivity in image thresholding, it remains an effective method for
comparing the porosity of two materials. The results demonstrated consistency across
three areas from three different samples of both GPA and GPA2s0, as reflected in the

small error bars observed in the pore size distribution (Figure 4.2).
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Figure 4.2: Pore size distribution of GPA and GPAs.
The distribution of pore diameter of GPA and GPA2s0. The count represents the number of pores detected

in a SEM image at 100x magnification.

The variation in pore size distribution from SEM images taken over the same area
highlights the differences between GPA and GPA2s0. GPA is found to exhibit a notably
higher number (1160 x 40) of pores with diameter below 30 um compared to the GPA2s0
(900 = 30). With the increase in the pore size, the distributions equalize, where both
GPA and GPA2s0 exhibit a similar number of pores with diameters in the range of 40—

50 um. For diameters exceeding 50 ym, GPA2s0 exhibits a higher pore count (32 + 4)
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compared to GPA (18 £ 3). This may be attributed to elevated temperatures, which
lead to the removal of certain OCGFs through the emission of gases, such as the COz,
disrupting bonds between GO and M13 and increasing the occurrence of larger pores.
Furthermore, differences in the number of pores are observed between the two
structures. GPA exhibits a greater number of pores compared to GPA2s0, with an
average of 1220 £ 30 pores detected in the SEM images for GPA, compared to 1000
1 10 for GPA2s0. The increase in annealing temperature disrupts the GO-M13 bonds,
removing some of the pore walls and resulting in fewer but larger pores, and forming

a more fibrous structure [28, 29].

The effect of temperature on the GPA was further investigated using energy dispersive
x-ray (EDX) spectroscopy (Section 2.2.4). The representative spectrum of GPA2s0 in
comparison to the EDX spectra of GPA (Figure 4.3a) [27, 30] demonstrated a higher
ratio of carbon-to-oxygen (C:0) for GPA2s0 relative to GPA. With the increase in
annealing temperature from 25 °C to 250 °C, the C:O ratio is found to increase from
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Figure 4.3: Composition of GPA with temperature

(a) Representative EDX spectrum of GPA and GPAzs0. The spectra have been normalised with respect

to the carbon peak. (b) Change in carbon-to-oxygen (C:O) ratio of GPA versus annealing temperature.
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1.19 + 0.01 for GPA to 1.58 + 0.03 for GPA2s0 (Figure 4.3b). This confirms that the
higher annealing temperatures progressively reduce GO towards its reduced graphene

oxide (rGO) form by removing its OCFGs, leading to an increase in the C:O ratio [31].

4.3.2 Nanomechanics

The nanomechanics of GPA annealed at varying temperatures has been subsequently
investigated through the force-distance (F-D) curves (Figure 4.4) obtained via AFM
(Section 2.2.7), allowing for a detailed examination of the mechanical response of GPA
after being subjected to a range of annealing temperatures. This also provides further
insights into the adhesion forces and stiffness of GPA, offering a comprehensive

understanding of how this nanomaterial responds to temperature-induced changes.
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Figure 4.4: F-D curves for GPA and GPA;s5,
Force-distance (F-D) curves for GPA and GPA2s0 obtained through atomic force microscopy. Inset: the
stiffness is the gradient of the approach curve in the contact region and the adhesion force is the

maximum negative force on the retraction curve.
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Following the approach curves from right to left hand side shows an initial absence of
contact between GPA and the tip results in zero force. Once the attractive forces
between the tip and GPA overcome the spring constant of the cantilever, the tip snaps
into contact with the surface of GPA, leading to an observed increase in the force in
the negative direction [32]. The tip continues the approach, indenting the GPA and
bending the cantilever whilst increasing its deflection, until a set maximum force is
obtained. Since the cantilever deflection is proportional to the force applied to the
sample, the stiffness of the pore walls can be determined by calculating the force
exerted by the AFM tip on the pore walls of GPA as a function of the indentation

distance.

The stiffness quantifies the capacity of the sample to withstand external forces without
undergoing deformation and can be derived by determining the gradient of the
approach curve in the contact region, i.e., above 0 nN [33, 34]. The variation in GPA
stiffness versus varying temperatures is shown in Figure 4.5a, where it is evident that
the stiffness of GPA decreases with annealing temperature, from 82.9 £ 0.6 N/m at
25°C t0 36.1 £ 0.4 N/m at 250 °C, most likely due the morphology. Shown in Figure 4.1
— Figure 4.3, subjecting GPA to higher temperatures increases the distance between
surface asperities due to the removal of OCFGs, reducing the stress transfer through
the structure, and therefore reducing the stiffness of the pore walls [35, 36]. The
decreasing strain with temperature could be also attributed to the defects introduced

into the GPA, inducing irregularities in its structure [37].

It is important to distinguish the thermal behaviour of GPA from that of GO. In
conventional GO systems, the reduction to rGO typically enhances compressive

strength due to the removal of OCFGs and the restoration of sp? carbon networks [38].

171



Chapter 4

However, in GPA, the mechanical properties depend on the integrity of the bonds
formed between GO and M13, which are mediated by GO's OCFGs. As these
functional groups are eliminated with increasing temperature, the GO-M13 bonds are
disrupted, leading to a reduction in strength. This mechanism underscores the unique

thermonanomechanical behaviour of GPA compared to GO.
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Figure 4.5: Stiffness and adhesion force of GPA with temperature

The change in (a) stiffness of GPA and (b) the adhesion force between the AFM probe and the GPA,
with increasing annealing temperature.

Following the retraction curve (Figure 4.4) from left to right, various attractive forces
between the tip and the GPA, e.g., electrostatic, capillary, van der Waals and contact
forces, cause the tip to bend towards and adhere to the sample as the tip retracts. The
spring constant of the cantilever eventually overcomes the adhesion between the tip
and GPA and disengages from the nanocomposite surface, restoring the force to zero.
The adhesion force between the AFM probe and GPA is determined by the maximum

negative force on the deflection curve [39, 40].

The adhesion forces between the probe and GPAs annealed at different temperatures

(Figure 4.5b) indicate that increasing the annealing temperature results in the reduction
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of the adhesion force from 16.8 £ 0.1 nN at 25°C to 10.4 £ 0.6 nN at 250°C. This is
attributed to structural changes to GPA. The F-D curves were conducted under ambient
conditions, with forces arising from the capillary condensation dominating the adhesive
forces [41, 42]. Annealing GO leads to its gradual reduction towards the rGO,
characterised by fewer OCFGs and more sp2-hybridised carbon [31, 43]. Since OCFGs
interact with water whilst sp2-hybridised carbon is hydrophobic, the reduction of GO
leads to an increased hydrophobicity [44, 45]. Water droplets on the surface of more
hydrophobic structures demonstrate larger contact angles and high motilities, leading

to a lower adhesion force [46, 47].

Furthermore, the reduction in adhesion force may also relate to alterations in the
porous micronano-morphology. Subjecting GPA to increased temperatures changes to
pore size distribution, reducing the number of pores between 0 and 40 uym and
increasing the number of pores in the range of 50-100 pym (Figure 4.1 — Figure 4.2).
Given that the adhesion force is related to the contact area between surface asperities,
larger pore sizes result in a smaller contact area, reducing the adhesion force [48]. A
reduction in the adhesion force also lowers the strain transfer between materials with
a thermal expansion coefficient mismatch, such as GPA and the substrate or applied
coatings. Reduced stress transfer primarily results in sliding at the interface, which

helps to mitigate stress buildup. This sliding mechanism allows the materials to better
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accommodate thermal expansion mismatches, thereby improving the stability and

performance of GPA-based devices under varying temperature conditions [49, 50].

4.3.3 Raman Spectroscopy with Insitu Heat Treatment

Raman spectroscopy (Section 2.2.8) was applied to study the changes to the structure
of GPA with temperature. The insitu thermal treatment setup enabled temperatures up
to 300°C to be accomplished. The representative spectra exhibit two prominent peaks
at shifts of 1360 cm~"and 1590 cm™', and signal-to-noise (SNR) ratio noticeably higher
for GPA2s0 compared to GPA for the same acquisition time (Figure 4.6a-b). This is
attributed to several factors, including the temperature increase, which causes the
water absorbed within the GPA to evaporate and subsequently condense on the walls
of the heating chamber. Consequently, the laser focus is compromised, leading to a
reduction in the number of counts and affecting the SNR. Furthermore, the spectra are
affected by thermal background radiation. While the constant component of this
radiation can be removed, random thermal fluctuations remain unaccounted for,

leading to a decrease in the SNR [51].

The two characteristic peaks identified via Raman spectra for GPA and GPA2s0 could
potentially be a superposition of multiple spectral bands. Therefore, to determine the
optimal peak fitting, various fits were investigated for GPA and GPA2s0 (Figure 4.6a-b)
via the Bayesian Information Criterion (BIC), enabling a statistical comparison, with the
fit with the lowest BIC value considered the most suitable for the spectrum analysis (for

further details please refer to Section 2.3.2) [52, 53].

BIC values for Raman spectra of GPA fitted with varying numbers of peaks (Table 4.1)

show a decrease of 974 from a 2-peak to a 4-peak fit, followed by a subsequent

174



Chapter 4

increase of 20 for a 5-peak fit, indicating that the 4-peak fit (Figure 4.6€) is the optimal

choice. An in-depth discussion of the characteristic Raman spectra of GO and GPA is
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included in Section 1.4.2. In brief, the G-mode peak (Figure 4.6¢-f) originates from the
stretching of the sp? bonds, the D-mode and G~ mode are caused by defective sp?
structures due to the functionalisation of GO [54, 55]. The peak profile over the D-mode
range likely includes contributions from defective sp? bonds, and amorphous or
disordered sp3-hybridised structures [27, 52, 56].

Table 4.1: Comparing Raman spectra peak fits

Comparison of the BIC values of the 2-peak and 4-peak fits to the Raman spectra of GPA acquired at

25 °C and 250 °C.

BIC Value
Sample
2-peak 3-peak 4-peak 5-peak
GPA 7665 7073 6691 6711
GPA;5, 9186 9190 9202 9223

Conversely, for GPA2s0, the 2-peak fit exhibits the lowest BIC value (Figure 4.6d),
suggesting it is the most suitable peak fit instead of the 4-peak fit (Figure 4.6f). The
difference in the optimal fitting between GPA and GPA2s0 can be attributed to structural
changes induced by the different temperatures. The D' peak tends to merge with the
G peak at high defect concentrations, suggesting that exposing GPA to elevated
temperatures leads to an increase in the number of defects within the structure [57].
However, it should be noted that the G-, G and D’ peaks in the 4-peak fit are all
associated with the presence of sp?bonds and can be superimposed to form the G-

mode peak in the 2-peak fit. Therefore, for the purpose of tracking the effect of
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temperature on the Raman spectrum, the two-peak fit with the D-mode and G-mode is

sufficient. The two-peak fit for GPA and GPA2s0 is shown in Figure 4.6c¢-d, respectively.

Figure 4.7 illustrates the position of the D and G peaks as the temperature is
incrementally increased in-situ within Raman spectrometer. This was compared to the
predicted trend of Raman shift caused by the thermal expansion of graphite, GO, and
diamond. The predictions were derived by correlating thermal expansion data with the
relationship between strain and Raman shift (refs [58-61]), to determine whether the
changes in the position of the D- and G-modes are due to the thermal expansion of

GPA.

The thermal expansion of a material results from the response of its structure and
bonds to changes in temperature. By comparing the temperature-dependent evolution
of the Raman D band frequency of diamond, a sp3 hybridised structure, to that of GPA,
allows to discern whether the D peak is predominantly influenced by sp3bonds. This
would exhibit a downward shift with an increase in temperature. Conversely, if it is
influenced by sp? bonds, it would demonstrate an upward shift, consistent with a small
yet negative thermal expansion coefficient of graphene and in-plane graphite, leading
to the stiffening of sp? carbon-carbon bonds. Conversely, the G peak represents the
sp? bonds in GPA, capturing the functionalisation and defects associated with these
bonds. However, unlike its constituent GO, exhibits a three-dimensional carbon-based
architecture and therefore, the Raman shift caused by the thermal expansion of both

GO and graphite was compared to the Raman shift of the G peak [62, 63].

The general trend in Figure 4.7a demonstrates that the D peak position decreases as

the temperature increases, with the largest Raman shift of 1369.1 £ 0.7 cm™" at 40°C
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and the lowest of 1363 + 3 cm™" at 300 °C. This redshift with temperature suggests the
softening of the carbon-carbon bonds, with the predominant influence being attributed
to the sp3 Raman mode rather than the predicted sp? D-mode [62]. On the other hand,
the position of the G peak progressively increases with temperature (Figure 4.7b) [52],
exhibiting a minimum shift of 1586.5 + 0.4 cm™" at 25°C and reaching 1592 + 2 cm™" at
300°C, demonstrating the stiffening of sp2 bonds and therefore implying that both the
stiffening and softening of carbon-carbon bonds occur in GPA, demonstrating the
different inherent structures present. Further, the predicted Raman shift for diamond
with the D-mode (Figure 4.7a) demonstrates downshift with temperature, indicating
that the position of the latter is dependent on the thermal expansion of GPA. Moreover,
Figure 4.7a demonstrates that the thermal expansion rate of sp3 bonds in GPA exceeds
that of the crystalline sp? structure, revealing a distinctive thermal behaviour. The
difference in the thermal expansion rates, with the D-mode showing a downshift of
0.030 + 0.003 cm~"/°C and diamond a downshift of 0.0093 cm~'/°C, could be because
of the differences in the microstructure of GPA and diamond. However, it could also be
indicative of presence of defects in the GPA micronano-structure, increasing the

distance between neighbouring carbon atoms [62].

Furthermore, comparing the temperature-induced upshift of the GPA G-mode with the
thermal expansion of graphite and GO (Figure 4.7b) reveals the in-plane thermal
expansion of GPA between graphite and GO. The substantial deviation in the Raman
shift trend, in contrast to the thermal contraction behaviour of GO, suggests that the
in-plane thermal expansion of GO in GPA is not solely influenced by thermal
contraction of the sp2bonds, but also by the GPA micronano-structure. The larger shift

rates for the GPA G-mode compared to the graphite in-plane thermal expansion
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demonstrate complex in-plane thermal expansion of the nanocomposite, determined
by the functionalisation of GO. The upshift in the G-mode, lying between the thermal
expansion of graphite and GO, indicates that the functionalisation of GPA does impact
the thermal expansion coefficient of the sp? C-C bonds, highlighting a unique

nanomechanical feature in the nanocomposite [58, 64].
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Figure 4.7: Position of GPA Raman peaks with temperature
(a) Position of D-mode compared to the Raman shift resulting from thermal expansion of diamond and
(b) position of the Raman shift resulting from thermal expansion of graphene oxide and graphite. The
error bars represent that standard error in the peak position.
To explore further potential indicators for structural changes of GPA with temperature,
the relationship between the temperature and the full width half maximum (FWHM) of
the Raman peaks was analysed. Both the D-mode (Figure 4.8a) and the G-mode
(Figure 4.8b) FWHM are found to decrease with temperature from 25°C to 200°C, with
the D-mode decreasing from 114 + 2 cm™'to 82 + 2 cm™" and the G-mode from 74 + 1
cm™'to 61 £ 2 cm™. This represents the gradual reduction of GO whilst some of the

OCFGs are removed [65, 66]. Beyond the temperature of 200°C, there is a general
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increase in the FWHM, with the G-mode increasing to 104 + 6 cm™" at 300°C and the

D-mode increasing to 131 £ 6 cm™" at 270°C.
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Figure 4.8: FWHM of GPA Raman peaks with temperature
The full width half maximum (FWHM) of the GPA (a) D-mode and (b) G-mode Raman peaks as function

of temperature. The error bars represent the standard error in the peak width.

The significant change in the FWHM observed at temperatures higher than 200°C
demonstrates the increase in structural deformation [67]. This corresponds with the
observations in SEM images (Figure 4.1) of the structural changes caused by high
temperature treatment. Moreover, this is consistent with Figure 4.5a, illustrating a
decrease in GPA stiffness with increasing temperature thereby, rendering the GPA

more prone to deformation.

To further understand the reduction in the D-mode FWHM to 90 + 8 cm™" at 300°C and
investigate the temperature-induced alterations in the micronano-structure of GPA, the
ratio of the D-mode and G-mode intensities (/o/lc) was examined (Figure 4.9), which
provides a measure of defects in GPA with temperature [65]. Between 25°C and 60°C,

Ip/lc decreases from 1.07 £ 0.02 to 0.90 + 0.02, whereafter, the Ip/lc increases with
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temperature to 1.3 £ 0.1 at 270°C until a sudden drop-off at 300°C, which has an Ip/l

value of 0.57 + 0.04.
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Figure 4.9: Io/lc of GPA with temperature

The D-mode/G-mode intensity ratio (/p/lg) for GPA versus temperature.

There are two competing mechanisms contributing towards the Ip/lg ratio with increase
in temperature. As GO decomposes, OCFGs are removed from the structure, reducing
the number of defects and therefore, lowering the Ip/lc. However, some of the OCFGs
removed may be carbonyl and carboxyl groups, and carbon atoms are removed from
the structure through the elimination of these functional groups, in the form of gases
such as CO and COz2. This generates defects in GPA and therefore increases Ip/lc [29,

68, 69].

GO starts to decompose at temperatures above 60°C, however, a decrease in Ip/lg is
visible below this temperature. This can be attributed to the desorption of water within
the GPA structure, which reduces the number of defects. The increase in Ip/lc between

60°C and 270°C suggests the increased removal of carboxyl and carbonyl groups with
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temperature. The sudden decrease in Ip/lc at 300°C implies that further OCFGs are
being removed without the additional carbon atoms and since the epoxy groups are
removed at temperatures higher than 400°C, it is likely that the decrease in Ip/lc

signifies the onset of the hydroxyl groups removal from GO [31, 66, 67].

These findings differ from previous Raman studies on GO, which report that Ip/lc
decreases with increasing temperature [70, 71]. This can be attributed to the
differences between GO and GPA, specifically the interactions between GO and M13
which enable its self-assembly. The removal of OCFGs with increasing temperature
disrupts the GO-M13 bonds, significantly influencing Ip/lc. This mechanism is unique

to GPA and does not occur in systems composed solely of GO.

4.4 Conclusion

The effect of annealing GraPhage13 aerogels (GPA) on their micronano-morphology,
composition and nanomechanical properties has been investigated through a suite of
SEM, EDX, AFM force measurements and Raman spectrometry. The EDX spectra
revealed that annealing GPA increases the carbon-to-oxygen ratio, with the gradual
reduction of graphene oxide (GO) through the elimination of its oxygen-containing
functional groups (OCFGs). The occurrence of defects in GPA with temperature was
also found to depend on the elimination of OCFGs and consequently, the removal of
the carbon attached to the carbonyl and carboxyl groups. Annealing GPA also changes
its nanomechanical properties, with both the adhesion force between the AFM probe
and the GPA as well as the stiffness of the nanocomposite decreasing with an increase

in temperature.
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The structural changes of GPA with temperature ranging from 25°C to 300°C have
been further studied via Raman spectroscopy with an in-situ annealing. The
representative spectra of GPA demonstrated two dominant peaks, with the D-mode
arising from contribution of sp® Raman peak and the peak originating from disordered
sp? carbon, and the G-mode from the stretching of sp? carbon-carbon bonds. The D-
mode was found to downshift with the increase in temperature, attributed to the
softening of sp3 bonds and the presence of defects. Conversely, the G-mode was found
to upshift, owing to the stiffening of sp? bonds due to the negative thermal expansion
coefficient of GO. Comparing the D-mode and G-mode Raman shift to the thermal
expansion of diamond, GO and graphite demonstrated the unique thermal and
nanomechanical behaviours of GPA. The thermal expansion rate of sp® bonds in GPA
surpasses that observed in a crystalline sp? structure and the sp? bonds in GPA exhibit
a thermal expansion between graphite and GO, indicating that the functionalisation of
GO influences the thermal expansion of GPA. GraPhage13 aerogel, derived from the
self-assembly of graphene oxide and M13 bacteriophage, presents a micro-porous
structure with potential industrial applications. Annealing at elevated temperatures
results in the removal of oxygen-containing functional groups from GPA, transforming
GO into reduced graphene oxide, and leading to larger pore sizes, smaller contact
areas and hence reduced adhesion and stiffness. Notably, GPA exhibits unique thermal
behaviours where the sp? bonds expand more than in crystalline structures, and sp?
bonds contract in a range intermediate between graphite and GO. These findings
highlight the significant influence of GO functionalisation on GPA's thermal properties.
Advanced Raman spectroscopy analysis further reveals consistent defect levels and

exceptional thermal-mechanical stability at the nanoscale. The enhanced
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understanding of GPA's properties post-annealing indicates its applicability in diverse
areas including electronic and photonic devices, energy storage and conversion

systems, environmental applications, and smart material systems.

Overall, this study demonstrates the effect of temperature on the micronano-
composition and nanomechanics of GPA as well as providing the underpinning insights
into the mechanism behind these changes, whilst yielding the temperature-dependent
properties and tuneability of GPA and thus, laying the platform towards its exploitation
in a range of applications as a versatile material in carbon-based technology. For
instance, the tuneable nanomechanical properties of the GPA make it a promising
candidate for the development of advanced sensors, capable of detecting subtle
environmental changes, whereas its enhanced stability and performance within a
broad range of temperatures, indicate its potential as a reliable material for energy
storage systems, where thermal fluctuations are common. The overall unveiled unique
characteristic of this nanocomposite paves the way for the design and implementation
of GPA in miniaturised devices, showcasing its versatility and importance in advancing

technological innovations.

4.5 Materials and Methods

Further information on graphene oxide and M13 bacteriophage used in these

experiments can found in Sections 2.1.1 and 2.1.2, respectively.

For detailed descriptions of the methods used in this chapter, please refer to Chapter

2,, specifically the following sections:

e 2.2.2 Fabrication of GraPhage13 Aerogels (GPA)
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2.2.4 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDX)

2.2.7 Atomic Force Microscopy

2.2.8 Raman Spectroscopy

2.3.2 Bayesian Information Criterion (BIC)

2.3.3 Peak Fitting

2.3.5 Pore Size Analysis
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5.1 Abstract

GraPhage13 aerogels (GPAs) are ultralow density, porous structures fabricated
through the self-assembly of graphene oxide (GO) and M13 bacteriophage. Given
GPA's high surface area and extensive porous network, properties typically associated
with highly adsorbent materials, it is essential to characterise its sorption capabilities,
Herein, the water, ethanol, and acetone sorption properties of GPA were explored using
dynamic vapor sorption (DVS) to evaluate its potential for advanced applications,
including water sorption for humidity control, freshwater generation, and moisture-
enabled electric generation, as well as ethanol and acetone sorption for biomedical
sensing and environmental monitoring. GPA was found to be highly hygroscopic, with
a sorption capacity of 0.68 + 0.02 g/g at 90% relative humidity, double that of
conventional desiccant silica gels and 20% higher than GO laminates. This remarkable
sorption capacity, along with its sorption kinetics, was influenced by both GPA’s
morphology and the strong interactions between the water molecules and the
functional groups on the GO within GPA. The low hysteresis and stability of GPA during
repeated sorption—desorption cycles highlight the reversibility of water sorption. While
GPA shows lower capacity for ethanol and acetone, its tuneability presents
opportunities for improving acetone sorption, and its ethanol sorption capacity exceeds
that of similar carbon-based materials. These findings underscore GPA’s capability and
versatility in vapor adsorption, paving the way toward its integration into graphene-

based devices for sensing applications.
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5.2 Introduction

The development of novel adsorbents with high sorption capacities and selective
affinities for a range of vapours has been of an increasing interest due to the broad
range of applications. For instance, highly hygroscopic materials capable of absorbing
water from the environment have found applications in humidity control [1], moisture-
enabled electric generation [2] and freshwater generation [3], and adsorbents with an
affinity for volatile organic compounds (VOCs) such as ethanol and acetone, have
found applications in environmental monitoring [4, 5] and biomedical sensors [6, 7].
Activated carbon has been widely used as an adsorbent due to its high absorption
capacity, resulting from its porosity, large surface area and hydrophilic functionalities,
which can interact with the water and VOC molecules. However, it is known to exhibit
certain limitations, including unwanted reactions which can limit its porosity and the
mass loss which occurs during the regeneration of exhausted activated carbon [8].
These drawbacks have highlighted the continued unmet need for developing novel
carbon-based absorbents capable of retaining the advantages of activated carbon

while simultaneously delivering cost-effectiveness and reusability.

Graphene oxide (GO) is an atomic layer of sp? hybridized carbon atoms incorporating
various oxygen-containing functional groups including carboxyl, carbonyl, epoxy and
hydroxyl. Assembling GO into an aerogel combines the functional group interactions
via GO with the porous, low density and high surface area of aerogel, enhancing the
capabilities in adsorption and sensing [9, 10]. However, methods for producing
aerogels with a GO precursor often rely on toxic and environmentally harmful reagents,
or high-temperature and high-pressure conditions, which significantly increase

production costs. In contrast, the self-assembly of GO with biomolecules presents a
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cost-effective, scalable and environmentally sustainable alternative [11]. Existing
graphene-based composites, such as graphene aerogels, reduced graphene oxide
(rGO) aerogels, and graphene foams, have shown promise in adsorption applications
due to their high surface areas and adsorption capacities. However, they face notable
limitations that underscore the need for developing alternative materials. These
challenges include cost-inefficient and toxic synthesis methods, limited scalability, and
poor stability during cyclic use. For instance, graphene oxide foams demonstrate good
adsorption of volatile organic compounds like acetone and ethanol but often exhibit
hysteresis and lower water sorption capacities. Furthermore, traditional graphene-
based composites are less environmentally friendly, relying on energy-intensive
processes that limit their widespread adoption. In this regard, in a pioneering study,
Passaretti et al. fabricated GO-based aerogels through the self-assembly of GO and
the filamentous M13 bacteriophage [12]. The self-assembly process has been shown
to generate the GraPhage13 aerogels (GPAs), which are macro-porous
nanocomposites with an ultralow density (8.8 mg/cm?®) and high surface area (325
m?/g) (Figure 5.1) [12]. Their self-assembly does not require high temperatures,
pressures, or toxic reagents, and both GO and M13 can be generated on a large scale.
The modular and self-assembling nature of GPA is inherently scalable. As
demonstrated in our earlier work, the compatibility of GPA synthesis with standard
chemical engineering techniques allows for its production at various scales without
significant alterations to the process. This scalability makes GPA well-suited for
adoption in commercial manufacturing. Furthermore, the low-cost precursors (GO and
M13), combined with the absence of extreme conditions during synthesis, significantly

reduce production costs. Our past studies also noted that the use of aqueous media
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and ambient conditions eliminates the need for expensive equipment, aligning GPA
production with sustainable manufacturing practices. This enables the cost-effective,
scalable, and environmentally friendly production of GPA, positioning it as a promising
material for large-scale industrial applications [13, 14]. Furthermore, through the
functionalisation of GO, chemical/genetical modifications of M13, and incorporation of
additional nanomaterials such as carbon nanotubes and gold nanoparticles into the
porous structure, the characteristics of GPA could be effectively tailored for specific
applications [15, 16]. These unique properties, combined with the low-cost, scalable
and environmentally friendly production, renders the GPA an attractive, novel prospect

for absorbents.

oy 3
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Figure 5.1: SEM images of GraPhage13 aerogel

Scanning electron microscopy images of GraPhage13 aerogels showcasing the macro-porous

structure. Inset: a zoomed-in view highlighting the ultralow density and high surface area of the structure.
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Herein, the sorption behaviour of GPA for water, ethanol and acetone is
comprehensively investigated through a series of in-depth dynamic vapor sorption
(DVS) studies. GPA is found to exhibit a notably high water sorption capacity,
surpassing that of conventional adsorbents. This performance is subsequently
attributed to its extensive porous network, large surface area, multilayer adsorption
and the strong interactions between water molecules and GQO’s functional groups.
While GPA’s sorption capacity for ethanol and acetone is lower than water, due to the
finite nature of their multilayer adsorption and its weaker interactions with these
solvents, its ethanol sorption capacity is highly competitive with similar carbon-based
materials and the tuneable properties of GPA offer a unique potential route for
enhancing its acetone sorption capabilities. This exceptional sorption property of GPA
further lay the platform for diverse applications including for instance, biomedical
sensors and environmental monitoring. The study also paves the way for future
research into exploring GPA’s affinity for different vapours for additional potential end
uses such as environmental security [17] and wastewater treatment [18]. Moreover,
the ability to fine-tune the properties of GPA provides avenues to optimize and enhance
its sorption capabilities. This adaptability further underscores the versatility and
potential of GPA in addressing a broad spectrum of environmental and technological

challenges.

5.3 Results and Discussion

5.3.1 Water Sorption

The water sorption characteristics of GPA were investigated with DVS (Section 2.2.9)

by monitoring the change in mass over time under varying partial pressures (PP),
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ranging from 0% to 90% in 10% increments (Figure 5.2a). At each PP step, the mass
of GPA initially increased while it adsorbed water until either attaining the stop criterion,
defined by a mass change below 0.002% per minute for a 10 min period, or reaching
the maximum time limit of 12 h. For the PP steps between 10 and 80%, the stop
criterion was achieved, indicating that the moisture content within the GPA had
equilibrated with the surrounding environment [19, 20]. At 90% PP, GPA exhibited an
average mass change of 68 £ 2% across three different samples, clearly demonstrating
the excellent repeatability of both the fabrication process and the sorption
measurements. This is equivalent to a sorption capacity of 0.68 + 0.02 g/g, more than
double the capacity of conventional desiccant silica gels and exceeds that of GO

laminates by approximately 20% [21].

Itis likely that GO is the primary absorbent in GPA. The functional groups on GO within
GPA provide specific binding sites for the water molecules through hydrogen bonding
and electrostatic interactions, leading to stronger and more extensive interactions with
the adsorbate, thereby enhancing its sorption capacity [21, 22]. The M13 acts as a
structural component, with the GO-M13 interactions generating its extensive pore
network and high specific surface area, creating a large volume for adsorption [23, 24].

The combination of these factors leads to the highly hygroscopic nature of GPA.

Additionally, the stop criterion was not achieved at 90% PP and the maximum time limit
was reached, suggesting that its sorption capacity of GPA may even exceed 0.68 +
0.02 g/g, providing an avenue for future investigations. Throughout the experiments,
no condensation or dripping of liquid water was observed. This confirms that the
adsorption processes involve vapor-phase adsorption within the porous structure of

GPA, rather than surface condensation leading to liquid formation.
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Figure 5.2: Water sorption characteristics of GPA

(a) Percentage change in mass of GPA over time as a function of the partial water vapor pressure
variation between 0 and 90%. (b) Resulting isotherm illustrating the adsorption behaviour. (¢) Effect of
subjecting GPA to three consecutive sorption—desorption cycles. The data facilitate the investigation of
the kinetics, isotherms and hysteresis behaviours of water sorption on GPA.

Direct comparisons with other graphene-based aerogels are not possible, as previous
studies primarily employed liquid immersion techniques, which involve submerging the
material in liquid and comparing weights before and after [25, 26]. In contrast, DVS
dynamically controls partial pressure between 0% and 90%. Consequently, direct

comparisons with similar graphene-based aerogels are not possible. On the other
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hand, the sorption capacity of GO laminates is specified at 90% PP, making it a
meaningful benchmark. The structural differences between laminates and aerogels,
particularly the extensive porous network of GPA, likely contribute to its superior
sorption performance relative to laminates. However, in comparison to similar studies
on other porous carbon-based materials, GPA exhibits a comparable or superior water
sorption capacity, demonstrating its potential in water sorption-based applications [27,

28].

The equilibrium mass recorded at the end of each PP step was subsequently used to
generate the sorption—desorption isotherms (Figure 5.2b). Various models, including
the Langmuir, Freundlich, Temkin, Brunauer-Emmett—Teller (BET), Guggenheim—
Anderson—de Boer (GAB), and dual-site Langmuir-Freundlich (DLR) models, were
applied to the isotherm data. The optimal fit was determined by the model with the
lowest Bayesian information criterion (BIC) value [29, 30]. For water sorption by GPA,
the Guggenheim—Anderson—de Boer (GAB) model was established as the most

suitable for the isotherm representation.

The isotherm was classified as type |l, characteristic of sorption by macroporous
adsorbents with unrestricted monolayer—multilayer adsorption. Type |l isotherms
typically show an initial rapid increase in mass, reflecting the progressive formation of
a monolayer of adsorbate on the adsorbent. This is followed by an inflection point,
signalling the completion of monolayer sorption and the onset of multilayer adsorption.
A more gradual curve suggests a smoother, overlapping transition between monolayer
and multilayer adsorption. As adsorption continues, the mass increases as the

multilayer thickness grows, with no apparent saturation point [31].
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The initial increase in mass between 0 and 10% suggests the formation of a monolayer
of water on the surface of GPA, driven by adsorbent—adsorbate interactions.
Specifically, the strongest interactions arise from the hydrogen bonding between the
water molecules and the polar hydroxyl groups on GO [32]. This is followed by a
gradual increase in mass between 10% and 30% PP, indicating the gradual transition
from monolayer to multilayer adsorption. The latter is facilitated by hydrogen bonds
between water molecules in the environment and those adsorbed onto GPA. Beyond
40% PP, the mass of GPA increases more rapidly, suggesting that sorption becomes
dominated by indefinite multilayer adsorption [33, 34]. To note, deriving an activation
energy for the multilayer adsorption process is not feasible with the current data.
Activation energy determination requires temperature-dependent kinetic
measurements to relate the rate of adsorption to temperature. Since our study was
conducted at a constant temperature and without kinetic measurements over a range
of temperatures, the activation energy was not extracted from the data. Future studies
involving temperature-dependent kinetic measurements could provide further insights

into the energetics of the multilayer adsorption process.

Between 10 and 30% PP, during the transition between monolayer and multilayer
sorption, a low level of hysteresis was observed. This can be attributed to the strong
hydrogen bonds between the water molecules and hydroxyl groups on GPA,
possessing a high binding energy. Breaking these bonds during desorption requires
more energy than forming them during sorption, leading to the observed hysteresis
[35]. However, this hysteresis is minimal and only observed in the 10-30% PP range,
reflecting the reversibility of the water sorption and suggesting that the overall

sorption—desorption processes induce little structural change to GPA [36].
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To further investigate this, GPA was subjected to three consecutive sorption—
desorption cycles (Figure 5.2c), where it exhibited excellent repeatability and stability.
The most significant difference between the cycles is observed at 90% PP, where the
mass decreases by 1.20% from cycle 1 to cycle 2 and by 1.51% from cycle 2 to cycle
3. This most probably originates from small structural changes, such as the stresses
and strains exerted on the GPA during sorption—desorption, causing a fraction of the
pores to collapse, or volumetric shrinkage due to the attractive bridging of the water

molecules across the pores.

The third sorption—desorption cycle in Figure 5.2c appears shorter than the preceding
cycles. This observation is attributed to the material’s behaviour under repeated cycling
rather than experimental inconsistency. Each stage’s stop criterion was defined as a
mass change of less than 0.002% per minute, stable over 10 min. With each cycle,
minor structural changes such as slight pore collapse or volumetric shrinkage may
occur due to the stresses exerted during sorption—desorption [37]. These changes can
result in a quicker attainment of equilibrium in subsequent cycles, leading to shorter
cycle durations. At the highest partial pressure (90% PP), the mass change during the
third cycle exhibits increased noise and a subtle slope during the hold time. This is
attributed to the gradual water sorption of GPA toward an equilibrium, which is not
achieved before the maximum time limit and the increased sensitivity of the balance at
high humidity levels. The fluctuations are minimal and stop before the transition to the
subsequent partial pressure stage, thus not significantly affecting the overall
adsorption capacity or data interpretation. While we observed excellent repeatability
and stability over three cycles, we acknowledge that assessing mass loss over only

three cycles provides a limited view of long-term cycling stability. However, our primary
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focus has been on investigating the kinetics and isotherm behaviours of GPA. In
applications such as gas or molecular sensing in medical devices, where components
are often disposable or intended for single use, extensive long-term cycling may not
be critical. Future studies will explore the durability of GPA over a larger number of

cycles to evaluate its potential for reusable applications.

To gain insights into the sorption kinetics, a range of kinetic models such as the
Langmuir, pseudo-second-order, Avrami, Weibull and intraparticle diffusion models,
were applied to each sorption and desorption stage (for further details on each model,
please refer to Section 1.5.3). [38]. The model with the lowest BIC value was
considered the best fit, allowing for the analysis of the mechanisms driving water
sorption kinetics in GPA. When the difference in BIC values was below 6, indicating
that the models were statistically close, the preferable model was selected based on
the physical significance of the fitted values and their consistency with the parameters
of preceding or subsequent segments (for further details please see Section 2.3.2) [39,
40]. Given the complexity of GPA sorption characteristics, arising from its porous
structure and GPA-water interactions, no single model provided an optimal fit across
many of the PP stages. Instead, hybrid models combining two different kinetic sorption

models were required [41].

When subjecting GPA to PPs between 10 and 30%, the kinetics were best described
by a hybrid of the pseudo-second order (PSO) and the Avrami models (Figure 5.3a,b,
Table 5.1). The Avrami model exhibited a rapid initial sorption, while the PSO model
showed a more gradual sorption process. The PSO model typically describes sorption
dominated by interactions between the adsorbent and adsorbate. In this context, the

PSO model represents the gradual formation of strong hydrogen bonds between the
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Figure 5.3: Water sorption kinetics for GPA

Water sorption kinetics of GPA demonstrating the increase in mass over time at different partial
pressures (PP) of (a) 10% PP, (b) 30% PP, (c) 40% PP, (d) 50% PP, (e) 80% PP and (f) 90% PP. The
starting mass and time are shifted to zero. The fit of the hybrid models and their individual components

are displayed.
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Table 5.1: BIC values for GPA water sorption kinetic models

Bayesian information criterion (BIC) values for kinetic models (PSO, intra-particle diffusion, Avrami,
Langmuir, hybrid PSO-Avrami, and hybrid Langmuir-Avrami) fit to GPA water sorption data. The optimal
model is indicated by the lowest BIC value. When the difference in BIC is less than 6, the optimal model

is assessed based on the physical significance and consistency of the fitted parameters

BIC value
Partial pressure (%) PSO Intra-particle Avrami Langmuir PSO-Avrami Langmuir-Avrami
10 -888 -591 -924 -888 1070 875
20 -1279 -936 -1361 1279 1570 1558
30 -1875 -1543 -2090 1874 2971 2299
40 -3406 -2592 -37768 -3406 -3662 4154
50 -562 -408 -686 -562 -799 -799
60 -437 -324 -492 -437 -532 -532
70 -685 -462 -830 -685 -893 -893
80 -2595 -5009 -5878 -5009 -4990 -4990
90 2069 1170 2347 -2069 2405 2405

water molecules and the highly polar functionalities on GO, particularly its hydroxyl
groups [30, 32]. As the PP increases from 10% to 30%, the contribution of the PSO
component increases. The rising PP allows the water vapor to penetrate deeper into
the porous structure, exposing more functional groups for the water molecules to bind
with [42, 43]. The Avrami model is associated with the nucleation and growth of
different phases. The Avrami equation, which describes the dependence of the
nucleation and growth of new phases, can be employed to gain insights into the
sorption mechanism. The Avrami exponent, n, is a representation of the dimensionality
of the growth of the new phase and generally lies between 1 <=n< 4, with 1 <sn<2
representing one-dimensional (1D) growth, 2 < n < 3 representing two-dimensional

(2D) growth, and 3 =n< 4 representing three-dimensional (3D) growth
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[44]. Throughout the water sorption process, the Avrami exponent consistently lies
within the 1 < n < 2 range, with an average value of 1.1 £ 0.1. This suggests that water
sorption is 1D and homogeneous across GPA, with the likelihood of adsorption

occurring being uniform across all areas within a given time interval [45].

At 40% PP, the optimal model shifts to the Langmuir-Avrami model (Figure 5.3c), which
describes monolayer sorption of the adsorbate onto the surface and within the pores
of the adsorbent, with sorption kinetics proportional to the concentration of adsorbed
molecules. The shift from the PSO model to the Langmuir model, and its low
contribution toward the sorption kinetics, indicates the saturation of GO’s hydroxyl
groups, the completion of monolayer sorption and the transition to multilayer sorption,
consistent with Figure 5.2b [46, 47]. The significant contribution of the Avrami model
indicates the presence of homogeneous layer-by-layer water sorption, facilitated by
hydrogen bonds between the water molecules already adsorbed on the surface of GPA
and those in the surrounding environment [45, 48]. Between 50% and 70% PP, the
Langmuir-Avrami model remains optimal (Figure 5.3d), however the contribution of the
Langmuir component increases with PP, due to the increasing water—water interactions
as sequential layers of water molecules form. At 80% PP, the Avrami model alone best
represents the sorption kinetics (Figure 5.3e), reflecting a more consistent, organized
growth of multilayers, where each layer adsorbs at a similar rate. However, at 90% PP,
the optimal model transitions back to the Langmuir—Avrami hybrid model (Figure 5.3f).
The renewed dependence of the sorption kinetics on the concentration of water
previously adsorbed onto GPA suggests that the sorption is becoming constrained by
the diffusion into the porous structure, reflecting the progressive occupation of water

within the pores [46]. The fluctuations of mass observed at 90% PP (Figure 5.3f) are
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not a result of partial pressure instability at high humidities, as the DVS system
maintained consistent control of the partial pressure throughout the experiment.
Instead, these fluctuations are likely due to dynamic adsorption-desorption behaviour
within the aerogel's porous structure as it approaches equilibrium at high humidity. At
90% PP, local saturation and re-equilibration of water molecules within the pore
network or on the aerogel's surface may occur, leading to small and transient mass
changes. Additionally, water sorption at high partial pressures could induce structural
adjustments, such as swelling or contraction of the aerogel, further contributing to the

observed fluctuations.

Following the in-depth examination of the adsorption kinetics, the desorption process
was subsequently analysed to interpret the underlying mechanisms governing the
release of adsorbed water. The desorption stages between 80 and 50% PP are best
described by the Weibull-Avrami hybrid model (Figure 5.4a,b) (Table 5.2). The Weibull
component exhibits rapid desorption which rapidly plateaus, whereas the Avrami
component demonstrates more gradual desorption. The Weibull model is often applied
to describe the kinetics of water desorption, representing it as a series of probabilistic
events and effectively captures desorption from heterogeneous surfaces [49]. The
heterogeneity arises from water being confined within pores of varying depths and
volumes within the porous structure. As a result, water molecules exhibit different
probabilities of desorption based on their varying capacities to diffuse out of these
pores. On the other hand, the Avrami component represents the uniform release of
water molecules, indicating the gradual desorption of water layers from the multilayer

structure on GPA'’s surface.
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Figure 5.4: Water desorption kinetics for GPA

Water desorption kinetics of GPA, illustrating the mass decrease over time at different partial pressures
of (a) 80% PP, (b) 50% PP, (c) 40% PP, (d) 20% PP, (e) 10% PP and (f) 0% PP. The initial mass and
time are shifted to zero and the mass values are multiplied by (-1) for easier comparison with the

adsorption kinetics. The fit of the hybrid models is displayed along with the individual components.
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Table 5.2: BIC values for GPA water desorption kinetic models

Bayesian information criterion (BIC) values for kinetic models (PSO, intra-particle diffusion, Avrami,
Langmuir, Weibull, hybrid PSO-Avrami, hybrid Langmuir-Avrami, hybrid Weibull-Avrami and hybrid
Weibull-Langmuir) fit to GPA water desorption data. The optimal model is indicated by the lowest BIC
value. When the difference in BIC is less than 6, the optimal model is assessed based on the physical

significance and consistency of the fitted parameters

BIC value
Partial Intra- PSO- Lanamuir- Weibull- Weibull-
pressure PSO icl Avrami | Langmuir | Weibull A . A gmul Avrami Langmuir
(%) particle vrami vrami
80 -2011 -1097 -3039 -20M -3039 -3261 -1994 -3635 -1994
70 -1289 -789 -1591 -1289 -1591 -1788 -1274 -1895 -1788
60 -928 -642 -1084 -928 -1084 -1221 -914 -1262 -1221
50 -890 -608 -993 -890 -993 -1125 -1125 -1163 -1125
40 -1327 -796 -1248 -1327 -1248 -1556 -1556 -1523 -1556
30 -2131 -1453 -2104 -2131 -2104 -2515 -2345 -2508 -2515
20 -1377 -1027 -1422 -1377 -1422 -1679 -1546 -1661 -1679
10 -1530 -1172 -1698 -1530 -1698 -1966 -2012 -1966 -1966
0 -3773 -2316 -3909 -3773 -3909 -4723 -4723 -4527 -4822

Between 40% and 30% PP, desorption is best described by the hybrid PSO-Avrami
model (Figure 5.4c), where the Avrami component dominates, exhibiting a more rapid
desorption. The transition from the Weibull model to the PSO model suggests that the
water molecules with lower binding affinities have desorbed. The desorption of the
water molecules with higher binding energies, such as those bound to GO’s hydroxyl
groups, are better captured by the PSO model. However, the desorption is dominated
by the layer-by-layer release of water molecules. At 20% PP, the PSO component
gradually becomes more dominant than the Avrami component (Figure 5.4d),
indicating that the desorption of the strongly bound water molecules becomes the

primary desorption mechanism.
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Lowering the PP further to 10%, the optimal model transitions to the Weibull-Langmuir
model (Figure 5.4e). The Langmuir component is the faster and more dominant
component, while the Weibull component shows a more gradual increase. The
Langmuir model describes the desorption of the water molecules from the few
remaining occupied energetically favourable states, with the probability of desorption
governed by the occupancy of these sites. The Weibull model, on the other hand,
accounts for the variability in binding site strengths, originating from some of the less
energetically favourable sites still being occupied, and water remaining constrained
within the porous structure. At 0%, the Weibull-Langmuir model remains optimal.
However, the Weibull component rapidly plateaus (Figure 5.4f), indicating that the
desorption is dominated by the release of water molecules from the high-energy
binding sites. Despite the distinct kinetic pathways of adsorption and desorption, the
close agreement between equilibrium points and the minimal hysteresis observed
(Figure 5.2b), together with the demonstrated stability of GPA under consecutive
sorption—desorption cycles (Figure 5.2c), suggest that these differences in kinetics do

not adversely affect the reversibility of water sorption by GPA.

5.3.2 Ethanol Sorption

Following the investigations into the water sorption in GPA, the ability of GPA to adsorb
organic solvents, specifically ethanol and acetone, was further studied. GPA shows a
reduced capacity for ethanol compared to water, with a sorption capacity of 4.2 + 0.2%
(0.042 £ 0.002 g/g) at 90% PP (Figure 5.5a). The bonding of the ethanol molecules to
GO via their hydroxyl groups leaves the nonpolar alkyl groups on the surface of GPA.
Bonding between the adsorbed and introduced ethanol molecules is predominately

governed by weak van der Waals forces, reducing the probability of strong bonding or
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strong bonding or interactions between the ethanol molecules and reducing its sorption

capacity [32, 50].

The lower sorption capacity for ethanol compared to water also leads to the stop
criterion being attained more rapidly, hence the shorter hold times consistently
observed across all samples. However, GPA exhibits a similar or improved ethanol

sorption capacity compared to other porous carbon-based materials [51, 52]. This can
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Figure 5.5: Ethanol sorption characteristics for GPA
(a) Percentage change in mass of GPA over time as the partial pressure of ethanol vapor is varied

between 0 and 90%. (b) Resulting isotherm illustrating the adsorption behaviour.

be attributed to the combination of high surface area and the presence of oxygen-
containing functional groups, which facilitate strong interactions with ethanol
molecules. Unlike traditional activated carbons, which rely primarily on physical
adsorption, GPA’s structure supports both physical and chemical interactions, leading

to more efficient sorption [53].

The ethanol sorption behaviour of GPA exhibits a type |Va isotherm, typically observed
in mesoporous adsorbents (Figure 5.5b). Type IV isotherms are indicative of sorption

behaviour driven by adsorbent—adsorbate interactions and capillary condensation,
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where the high PP initiates the condensation of vapor within the pores [54]. For type
IVa isotherms in particular, capillary condensation leads to hysteresis between the
sorption and desorption curves and irreversible sorption of the adsorbate, shown by
the 0.7% mass change between the beginning of the sorption cycle and the end of the
desorption cycle. This occurs when the pores exceed a critical width. Modelling the
pores as cylinders open at both ends, the meniscus during adsorption is cylindrical,
while during desorption it becomes hemispherical. Since the radius of curvature for the
hemispherical meniscus is half that of the cylindrical meniscus, the evaporation
pressure is much lower than the condensation pressure, leading to the observed
hysteresis. This likely occurs for GPA as its pores are macro-porous in nature rather
than mesoporous [12, 31, 55]. Furthermore, by minimising the BIC, the dual-site
Langmuir—Freundlich (DLR) model was identified as the best fit for the isotherm. This
model captures the nonideal monolayer adsorption stemming from the complex
interactions between GPA and ethanol, leading to the formation of nonpolar alkyl

groups on GPA's surface that inhibit multilayer adsorption [56].

Analysing the sorption kinetics at 80% PP and below, ethanol sorption is best modelled
with a PSO-Avrami hybrid model (Table 5.3). The gradual sorption shown by the PSO
model demonstrates the gradual chemisorption of the adsorbent to the adsorbate,
specifically hydrogen bonding between the hydroxyl groups on GO with the hydroxyl
group on ethanol [32]. Unlike with water sorption, the Avrami exponent does not remain
constant throughout the sorption process. Between 10 and 20% PP (Figure 5.6a), n =
1.2 £ 0.1, suggesting a 1D growth mechanism. This is facilitated by the nucleation of
GO'’s functional groups through its interaction with ethanol, shown by the PSO

component dominating the sorption mechanism. However, at 30% PP (Figure 5.6b),
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there is a sudden decrease in the contribution of the PSO component, with the Avrami
component dominating sorption, and the corresponding exponent decrease to 0.5,
indicating no nucleation and instead, the sorption is driven by the diffusion of ethanol
into the porous structure [57]. Between 40 and 80% PP (Figure 5.6c), the PSO
component yields the slower, but more dominant sorption mechanism and the Avrami

exponent gradually increases fromn= 0.74 ton= 0.95. The gradual diffusion of
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Figure 5.6: Ethanol sorption kinetics for GPA

Ethanol sorption kinetics of GPA, showing the increase in mass over time at different partial pressures
(of (a) 10% PP (b) 30% PP (c) 80% PP and (d) 90% PP. The starting mass and time have been shifted

to zero and the fit of the hybrid models and their individual components is displayed.
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ethanol into GPA enables the vapor to interact with more functional groups, increasing

GO-ethanol interactions in an inhomogeneous, time-dependent manner [57, 58].

Table 5.3: BIC values for GPA ethanol sorption kinetics

Bayesian information criterion (BIC) values for kinetic models (PSO, intra-particle diffusion, Avrami,
Langmuir, hybrid PSO-Avrami, and hybrid Langmuir-Avrami) fit to GPA ethanol sorption data. The
optimal model is indicated by the lowest BIC value. When the difference in BIC is less than 6, the optimal

model is assessed based on the physical significance and consistency of the fitted parameters.

BIC value
Partial pressure (%) PSO Intra-particle Avrami Langmuir PSO-Avrami Langmuir-Avrami
10 -1695 -1448 -1766 1695 1924 1838
20 -1318 -1399 -1410 1318 1534 1462
30 -1507 -1644 -1652 1507 1741 1696
40 -1499 -1649 -1648 1499 4777 4718
50 -1986 -2225 -2218 -1986 -2408 -2313
60 -1723 -1871 -1909 -1723 -2109 -2019
70 -1741 -1828 -1951 -1741 -2209 -2089
80 -1877 -1895 -2095 -1877 -2451 -2236
90 -2810 -2910 -3100 -2810 -3363 -3397

At 90% PP, the optimal model shifts to the Langmuir—Avrami model (Figure 5.6d). The
Langmuir model shows initial rapid sorption which plateaus rapidly, suggesting the
occupation of GPA’'s functional groups. As the Langmuir component plateaus, the
contribution of the Avrami component starts to increase. The Avrami exponent of n =
2.2 indicates a more complex, 2D growth mechanism [59]. As the functional groups
have now been occupied, the continued sorption of ethanol relies on ethanol-ethanol
bonding. High concentrations of ethanol in the vapor phase are known to initiate
increased association between ethanol molecules and create clusters of ethanol

molecules [60]. These complex sorption kinetics, and the absence of any observed
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liquid condensation, indicates that the GPA continues to function as an absorber at

high partial pressures, rather than a condensation surface.

Analysing the desorption characteristics, the PP between 80 and 60% are best

represented by the Avrami model (Figure 5.7a) (

), which can be attributed to the release of ethanol molecules from the ethanol clusters
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Figure 5.7: Ethanol desorption kinetics for GPA

Ethanol desorption kinetics of GPA, illustrating the mass decrease over time at different partial pressures
of (a) 70% PP (b) 50% PP (c) 10% PP and (d) 0% PP. The initial mass and time have been shifted to
zero. The mass values are multiplied by —1 for easier comparison with the adsorption kinetics. The fit of

the hybrid models is displayed along with the individual components.
and denucleation [61].
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Between 50 and 20% PP, the optimal desorption model is the Weibull-Avrami, with the
Avrami model remaining dominant (Figure 5.7b). The Weibull component does not
contribute toward desorption until the latter half of each desorption stage, where its
influence gradually increases before plateauing, though it remains less significant than
the Avrami component.

Table 5.4: BIC values for GPA ethanol desorption kinetics

Bayesian information criterion (BIC) values for kinetic models (PSO, intra-particle diffusion, Avrami,
Langmuir, Weibull, hybrid PSO-Avrami, hybrid Langmuir-Avrami, hybrid Weibull-Avrami and hybrid
Weibull-Langmuir) fit to GPA ethanol desorption data. The optimal model is indicated by the lowest BIC
value. When the difference in BIC is less than 6, the optimal model is assessed based on the physical

significance and consistency of the fitted parameters.

BIC value
Partial Intra- . . . PSO- Langmuir- Weibull- Weibull-
pre(i/f)ure PSO particle Avrami | Langmuir | Weibull Avrami Avrami Avrami Langmuir
80 849 | 725 | 918 849 918 910 2910 907 910
70 719 | 629 | 857 719 857 -849 -849 848 -849
60 -583 | 837 | -623 583 623 616 -616 612 -616
50 689 | 626 | 717 689 717 777 -678 775 777
40 992 | -867 | -1001 992 -1001 992 -992 -1009 -998
30 822 | 727 | -832 822 832 874 874 -880 874
20 652 | -560 | -673 652 673 725 725 746 725
10 804 | -667 | -781 -804 781 -906 794 -900 -906
0 2913 | 2087 | -3038 | 2913 | -3038 | -3227 -3196 -3205 3227

The delayed activation of the Weibull component reflects the heterogeneity of
desorption. The weaker bound ethanol molecules at easily accessible sites desorb
first, followed by the desorption of more tightly bound ethanol molecules or those from
deeper within the porous structure. At 10% PP, desorption is best modelled by the

PSO-Avrami model (Figure 5.7c). The Avrami model continues to drive rapid
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desorption, however, the contribution of the slower PSO component gradually
increases and overtakes the Avrami component by the end of the PP stage, showing
the influence of the ethanol molecules desorbing from GO’s hydroxyl groups. At 0%
PP, the optimal model changes to the Langmuir—Avrami model (Figure 5.7d),
suggesting that the rate of desorption is proportional to the concentration of ethanol

adsorbed.

5.3.3 Acetone Sorption

Acetone sorption exhibits a similar maximum capacity to ethanol, reaching 4.3 £ 0.1%
(0.043 + 0.001 g/g) at 90% PP (Figure 5.8a). The bonding of the acetone to GPA,
attributed to dipole—dipole interactions between the hydroxyl groups on GO with the
carbonyl groups on acetone, leaves alkyl groups on the surface of GPA, such that
further sorption of acetone is reliant on weak van der Waals forces between the
adsorbed acetone molecules and the additional acetone molecules [62]. This
maximum sorption capacity is lower than that of other porous carbon-based materials
[63, 64]. Previous studies have shown that the optimal pore size for acetone sorption
falls within the micropore range, specifically between 2 and 5 times the diameter of an
acetone molecule [62]. Despite this, there is potential to modify GPA to enhance its
properties for acetone sorption applications through nitrogen doping and reducing the

pore size to the micropore range [65, 66].
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Counterintuitively, Figure 5.8a also shows that the mass of GPA increases when the
PP reduces to 80%. This can be attributed to the mass not reaching equilibrium at 90%
PP. With such small mass changes at each PP, a more stringent stop criterion than
less than 0.002% mass change per minute for 10 min is required. Similar to ethanol
sorption, the resulting isotherm demonstrates type [Va behaviour, with hysteresis, due
to the capillary condensation and the DLR model, showing the best fit (Figure 5.8b).
The lower mass variation of 0.4% between the start of the sorption cycle and the end
of the desorption cycle originates from the weaker GO-acetone bonds compared to

GO-ethanol bonds, allowing the more reversible acetone sorption.
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Figure 5.8: Acetone sorption characteristics for GPA
(a) Percentage change in mass of GPA over time as the partial pressure of acetone vapor is varied

between 0 and 90%. (b) Resulting isotherm illustrating the adsorption behaviour.

The sorption of acetone up to 80% PP is similar to ethanol sorption and is best
represented by the PSO-Avrami model (Table 5.5). The PSO model remains dominant
throughout, showing the significant influence of the interactions between GPA and
acetone, facilitated by dipole—dipole interactions between acetone and GO’s functional

groups [67]. Between 10 and 30% PP (Figure 5.9a), n= 1.2 £ 0.1, suggesting a 1D
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growth mechanism from the nucleation of GO’s functional groups. This reduces to 0.54
at 40% PP (Figure 5.9b), indicating the diffusion of acetone into GPA without any
nucleation. The Avrami exponent then increases to 0.96 + 0.07 between 50 and 80%
PP (Figure 5.9c), implying the heterogeneous, time-dependent nucleation of GO’s

functional groups.
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Figure 5.9: Acetone sorption kinetics for GPA
Acetone sorption kinetics of GPA, showing the increase in mass over time at different partial pressures
(PP): (a) 10% PP (b) 50% PP (c) 80% PP and (d) 90% PP. The starting mass and time have been shifted

to zero, and the fit of the hybrid models and their individual components are displayed.
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The sorption behaviour of ethanol and acetone differ at 90% PP, where the optimal fit
for acetone remains the PSO-Avrami model (Figure 5.9d), suggesting that monolayer
sorption has not been achieved, due to the weak GO-acetone interactions
[32]. Although the Avrami component does increase at 90% PP, it only reaches n = 1.8.
This reflects the ongoing nucleation of GO’s functional groups as the acetone
molecules continue to diffuse through the structure [57]. Acetone clusters are much
less likely to form compared to ethanol clusters, as they rely on weaker van der Waals
forces and methyl-carbonyl group interactions [68].

Table 5.5: BIC values for GPA acetone sorption kinetics

Bayesian information criterion (BIC) values for kinetic models (PSO, intra-particle diffusion, Avrami,
Langmuir, hybrid PSO-Avrami, and hybrid Langmuir-Avrami) fit to GPA acetone sorption data. The
optimal model is indicated by the lowest BIC value. When the difference in BIC is less than 6, the optimal

model is assessed based on the physical significance and consistency of the fitted parameters.

BIC value
Partial pressure (%) PSO Intra-particle Avrami Langmuir PSO-Avrami Langmuir-Avrami
10 -1094 -945 -1112 1094 1185 1185
20 -710 -678 -708 710 797 700
30 -2423 -2448 -2550 2423 2613 2608
40 -2545 -2583 -2664 2545 2819 9722
50 -1120 -1076 -1115 -1120 -1187 -1129
60 -1499 -1502 -1518 -1499 -1623 -1550
70 -2887 -3065 -3181 -2887 -3407 -3311
80 -2153 -2152 -2252 -2153 -2370 -2316
90 -1376 -1242 -1366 -1376 -1490 -1391

Negating the increase in mass observed as the PP is decreased to 80%, due to an
equilibrium not being reached, acetone desorption shows similar characteristics to

ethanol desorption. At 70% PP, the optimal fit is the Avrami model (Figure 5.10a) (Table
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5.6), originating from denucleation. This transitions to the Weibull-Avrami model
between 60 and 40% PP (Figure 5.10b), with the Avrami component being the
dominant sorption mechanism and the low, delayed contribution of the Weibull model
representing the heterogeneity of desorption from different binding sites and different

locations in the porous structure.
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Figure 5.10: Acetone desorption kinetics for GPA
Acetone desorption kinetics of GPA, illustrating the mass decrease over time at different partial
pressures of (a) 60% PP (b) 50% PP (c) 30% PP and (d) 0% PP. The initial mass and time have been
shifted to zero. The mass values are multiplied by —1 for easier comparison with the adsorption kinetics.

The fit of the hybrid models is displayed along with their individual components.
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As the PP drops to 30%, the optimal model transitions to the PSO-Avrami model
(Figure 5.10c). The PSO model shows the gradual dechemisorption of the acetone
molecules from GPA, which becomes more significant as the PP is further reduced to
10%. Finally, once the PP decreases to 0% (Figure 5.10d), the optimal model becomes
the Langmuir—Avrami model, implying that the rate of desorption is proportional to the
concentration of acetone molecules adsorbed.

Table 5.6: BIC values for GPA acetone desorption kinetics

Bayesian information criterion (BIC) values for kinetic models (PSO, intra-particle diffusion, Avrami,
Langmuir, Weibull, hybrid PSO-Avrami, hybrid Langmuir-Avrami, hybrid Weibull-Avrami and hybrid
Weibull-Langmuir) fit to GPA acetone desorption data. The optimal model is indicated by the lowest BIC

value. When the difference in BIC is less than 6, the optimal model is assessed based on the physical

significance and consistency of the fitted parameters.

BIC value
Partial Intra- PSO- | Langmuir- | Weibull- | Weibull-
pressure PSO icl Avrami | Langmuir | Weibull A . A . A . L .

(%) particle vrami vrami vrami angmuir
80 - : - - - - - - -

70 -607 | -581 -694 607 757 -595 687 -680 -595
60 617 | 5t ) -687 617 687 -682 682 -691 -606
50 785 | -r24 | -825 785 825 -859 774 857 -859
40 765 | o721 -823 765 -823 -839 754 -836 754
30 627 | -580 | -638 627 -638 -703 616 626 616
20 041 | 825 | -925 941 -925 1046 -929 1042 -929
10 1183 | -1045 | -1161 183 | -161 | -1202 1174 1292 1170
0 2459 | 1963 | -2527 | 2459 | -2507 | -2855 -2675 -2789 -2855

Our findings highlight that the sorption capacities of GPA for ethanol and acetone
vapours observed in this study represent only a fraction of its potential total capacity.
The slow, continuous adsorption process, which remained unsaturated within the

experimental time frame, indicates that GPA may possess a significantly higher
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capacity than initially apparent. Fully quantifying this capacity would require longer
experimental durations tailored to specific application timeframes, which was beyond
the scope of this work. Therefore, while GPA exhibits promising sorption behaviour, a
direct comparison with existing adsorbent materials was not undertaken. Future
research would aim to determine the equilibrium capacities over extended periods and
evaluate GPA's performance against other adsorbents under standardised conditions

to comprehensively assess its effectiveness for specific applications.

5.3.4 Water Sorption of GPA2s5

In the previous chapter (Chapter 4), it was demonstrated that annealing GPA at 250°C
(GPA250) removes some OCFGs and alters the GO-M13 bonds, resulting in fewer but
larger pores. These structural changes are expected to influence its sorption
properties. Consequently, the effect of annealing on the water sorption behaviour of

GPA250 was investigated and compared with GPA.

The maximum water sorption capacity of GPA2s0 at 90% PP was 70 + 2%, comparable
to GPA (Figure 5.11a). Annealing at 250°C initiates the removal of carboxyl and
carbonyl groups from GO but does not reach the temperature needed to eliminate
hydroxyl groups. Since hydroxyl groups play a primary role in bonding with water
molecules during the initial stages of sorption, this minimally affects the sorption

capacity of GPA2so relative to GPA.

However, the sorption-desorption cycle duration increases significantly, from 3800 +
300 minutes for GPA to 4700 + 300 minutes for GPA2s0. Moreover, while GPA and
GPA250 both exhibit type |l isotherms, there is a noticeable increase in the observed

hysteresis for GPA2so (Figure 5.11b). With fewer functional OCFGs available for water
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Figure 5.11: Water sorption characteristics of GPA25

(a) Percentage change in mass of GPA over time as a function of the partial water vapor pressure
variation between 0 and 90%. (b) Resulting isotherm illustrating the adsorption behaviour.

binding during sorption, water molecules tend to cluster and form metastable states
through strong hydrogen bonding among themselves. These metastable states require
additional energy to overcome during desorption, delaying the system's return to
equilibrium. This behaviour accounts for the increased hysteresis and prolonged cycle

duration observed for GPA2s0 [69, 70].

Both the sorption and desorption kinetics of GPA250 closely resemble GPA. The optimal
models for the sorption kinetics of GPA2s0 remain consistent with those identified for
GPA: the PSO-Avrami model between 10-30% PP, Langmuir-Avrami for 40-70%,
Avrami at 80% and Langmuir-Avrami at 90% (Table 5.7). Similarly, the optimal
desorption models align with those of GPA: Weibull Avrami between 80-50% PP, PSO-
Avrami between 40-20%, and Weibull-Langmuir between 10-0% (Table 5.8). These
findings suggests that temperature-induced changes to the morphology (Figure 4.1 -
Figure 4.2) and composition (Figure 4.3) may not be substantial enough to significantly

affect its water sorption characteristics. Future studies into annealing GPA at higher
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temperatures could provide deeper insights into the relationship between thermal
treatment and the water sorption dynamics, revealing the potential threshold where the

morphological and compositional changes become impactful.

Table 5.7: BIC values for GPA25, water sorption kinetics

Bayesian information criterion (BIC) values for kinetic models (PSO, intra-particle diffusion, Avrami,
Langmuir, hybrid PSO-Avrami, and hybrid Langmuir-Avrami) fit to GPA2s0 water sorption data. The
optimal model is indicated by the lowest BIC value. When the difference in BIC is less than 6, the optimal

model is assessed based on the physical significance and consistency of the fitted parameters.

BIC value
Partial pressure (%) PSO Intra-particle Avrami Langmuir PSO-Avrami Langmuir-Avrami
10 -1193 -836 -1198 1193 1378 1378
20 -1734 -1258 -1762 1734 2002 1938
30 -3511 -2978 -4535 -3511 4649 4676
40 -2329 -1523 -2376 2329 2475 2475
50 -1182 -797 -1290 -1182 -1633 -1633
60 -2077 -1171 -1942 -2077 -2558 -2558
70 -2460 -1412 -2620 -2460 -2444 -2966
80 -5553 -3041 -5896 -5553 -5534 -5534
90 -6020 -2911 -7698 -6020 -7682 -7685

Table 5.8: BIC values for GPA2s5, water desorption kinetics

Bayesian information criterion (BIC) values for kinetic models (PSO, intra-particle diffusion, Avrami,
Langmuir, Weibull, hybrid PSO-Avrami, hybrid Langmuir-Avrami, hybrid Weibull-Avrami and hybrid
Weibull-Langmuir) fit to GPA2s0 water desorption data. The optimal model is indicated by the lowest BIC
value. When the difference in BIC is less than 6, the optimal model is assessed based on the physical

significance and consistency of the fitted parameters
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BIC value
Partial Intra- . . . PSO- | Langmuir- | Weibull- | Weibull-
pre(i/f)ure Pso particle Avrami | Langmuir | Weibull Avrami Avrami Avrami Langmuir
80 1405 | 916 | 1876 | 1405 | 1876 | -2065 -2065 -2281 -2065
70 1257 1 -804 | 1478 | 4057 | 1478 | -1605 1243 -1766 1243
60 1040 | 672 | M73 |\ q0s0 | 1173 | -1324 -1324 1374 1324
50 2799 | 712 | 2646 | 5799 | 046 | -3484 -2864 -3492 -3484
40 2070 | 1231 | 1932 | -2070 | -1932 | -2471 2134 -2455 2471
30 2003 | 1272 | 1883 | -2003 | -1883 | -2289 -2029 -2249 2289
20 A724 | 1141 | 1677 | 1724 | 1677 | -2002 1911 1979 -2002
10 4752 | 1233 | 4725 | 1752 | 1725 | 2022 -1895 1978 -2022
0 4042 | 2711 | -4604 | -4042 | -4604 | -6003 -5533 5334 6003

5.4 Conclusion

The sorption characteristics of GraPhage13 aerogels with water, ethanol and acetone
have been comprehensively characterised through in-depth DVS studies with the
detailed analysis of isotherms and sorption—desorption kinetics. GPA demonstrates a
remarkably high sorption capacity of 0.68 g/g, twice that of traditional silica gel
adsorbents and 20% higher than GO laminates. This superior performance is attributed
to its high surface area, extensive porous network and the strong interactions between
water molecules and the functional groups on the GO within GPA, along with water—
water interactions that enable indefinite multilayer adsorption. The low level of
hysteresis and the stability of GPA under consecutive sorption—desorption cycles
underscore the reversibility of water sorption and the reusability of GPA. GPA exhibits
a lower sorption capacity for ethanol and acetone. This is largely due to the finite nature
of multilayer adsorption, slower sorption kinetics resulting from the lower affinity of

ethanol and acetone for GPA and the significant hysteresis as result of the capillary
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condensation. Nevertheless, the tuneability of GPA offers substantial potential for
enhancing acetone sorption capacity and its ethanol sorption capacity is comparable
or superior to that of similar porous carbon-based materials, highlighting GPA’s

versatility in adsorbing a wide range of vapours.

This study underscores the remarkable sorption characteristics of GPA, demonstrating
both its capability and versatility. Collectively, the findings pave the way for the
development and integration of GPA into advanced graphene-based devices for
environmental monitoring, freshwater generation and miniaturized biomedical sensors.
Realising these applications on an industrial scale will require advancing the
production process from laboratory methods to efficient and cost-effective industrial
techniques. Moreover, integrating GPA into graphene-based devices will be critical for
unlocking its potential across a diverse range of applications. While challenges remain
in transitioning from laboratory-scale processes to industrial settings, ongoing
advancements in bioengineering (e.g., enhancing M13 bacteriophage yield) and
material processing (e.g., continuous flow systems for GO reduction) are promising.
These innovations align with the principles of green chemistry, which are central to

GPA production, and support its industrial feasibility.

5.5 Material and Methods

Further information on graphene oxide and M13 bacteriophage used in these

experiments can found in Sections 2.1.1 and 2.1.2, respectively.

For detailed descriptions of the methods used in this chapter, please refer to Chapter

2, specifically the following sections:

e 2.2.2 Fabrication of GraPhage13 Aerogels (GPA)
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2.2.9 Dynamic Vapor Sorption (DVS)

2.3.2 Bayesian Information Criterion (BIC)
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6.1 Abstract

Graphene oxide (GO) and M13 bacteriophage can self-assemble to form ultra-low
density porous structures, known as GraPhage13 aerogels (GPA). Due to the
insulating nature of GPA and the challenges in producing highly conductive aerogels,
it is paramount to explore ways to enhance the conductivity of GPA. Herein, we have
developed a method to enhance the conductivity of GPA, via the integration and
optimisation of 5 nm and 20 nm diameter gold nanoparticles (AuNPs) into the aerogel
structure and systematically analysed the morphology, composition and spectroscopic

properties of the resulting GPA-Au nanocomposite.

It was found that the AuNPs formed electronic interactions with GO, enabling their
integration within GPA, with the concentration of AuNPs within GPH saturating at
0.594£0.01 mg/mL. The resulting GPA-Au maintained its porous micronano-structure,
and a discrete distribution of AUNPs within the optimised GPA-Au was observed with
SEM imaging. The insulating nature of GPA was initially confirmed with a typical
conductance of 0.34 + 0.02 nA and conductivity of 6.8 nS/cm. The integration of 20 nm
and 5 nm AuNPs into GPA yielded increased conductivities of 190 nS/cm and 360
nS/cm, respectively, well within the range of semiconducting materials for applications
including antistatic coatings and electromagnetic interference (EMI) shielding. SEM
and Raman spectral analysis revealed that the mechanism behind the enhanced
conductivity is due to the formed electronic interactions between GO and
AuNPsincreasing the carrier concentration in GPA. The AuNPs interact with the sp?
domains in GO, lowering the activation energy for electron hopping by introducing
localised states near the Fermi level, and reducing the distance between hopping sites.

These findings demonstrate the potential of functionalised AuNPs to tune and
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significantly improve the electrical properties of GPA, paving the way for their

application in EMI shielding and antistatic coatings.

6.2 Introduction

The development of highly conductive graphene-based aerogels is imperative given
their immense applied potential for energy storage [1, 2], pressure sensors [3, 4], gas
sensors [5, 6], and electromagnetic interference (EMI) shielding [7, 8]. However,
achieving high conductivity in these aerogels remains challenging. Their inherently
porous nature often results in an amorphous structure with numerous defects,
impeding efficient electron transfer within the material [9]. Additionally, for GO-based
aerogels, the oxygen-containing functional groups (OCFGs) in GO act as scattering

sites, reducing the carrier mobility and leading to a low conductivity [10].

For instance, GraPhage13 aerogels (GPAs) — porous nanocomposites generated
through the self-assembly of GO and the filamentous M13 bacteriophage — exhibit
insulating properties, with their low conductivity of 0.2 nS/cm falling outside of the range
required for semiconductors (108 — 102 S/cm) [11, 12]. However, through the
functionalisation of GO and M13, it is possible to incorporate various nanomaterials
into the GPA structure, offering means to modulate the conductivity. Previous studies
demonstrated a 30-fold increase in conductance though the incorporation of carbon
nanotubes, highlighting the potential of this approach to tune the conductivity of GPAs

[11].

In this study, we develop and establish a route to enhance the conductivity of GPA by
integrating gold nanoparticles (AuNPs) into its micronano-structure. The interaction

between GO, M13 and carboxylic acid functionalised AuNPs with diameters of 5 nm
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and 20 nm were investigated with ultraviolet-visible (UV-Vis) spectroscopy and the
composition optimised via energy-dispersive X-ray (EDX) spectroscopy. Changes in
the morphology and microstructure of the GPAs with integrated 5 nm AuNPs (GPA-
Ausnm) and 20 nm AuNPs (GPA-Au2onm) were observed with scanning electron
microscopy (SEM) and Raman spectroscopy, and their -V characteristics were

measured to determine if the integration of AUNPs significantly enhances conductivity.

It was determined that the electronic interactions between GO and the carboxylic acid
groups on the AuNPs allowed for their incorporation into GPA, with the addition of 20
nm and 5 nm AuNPs increasing the conductivity to 190 nS/cm and 360 nS/cm
respectively. These results demonstrate the tuneability of GraPhage13 aerogels,
paving the way for the integration of additional nanomaterials to enhance their
properties for specific applications. The significant improvement in GPA conductivity
achieved through the incorporation of AuNPs underscores the potential of these
materials for advanced technologies. By enhancing conductivity while maintaining
structural integrity, this study advances the understanding of nanomaterial interactions
within aerogels and lays a solid foundation for the development of high-performance,
multifunctional materials. The demonstrated improvements in conductivity position
GPAs as promising candidates for practical applications such as antistatic coatings
[13, 14] and EMI shielding [14, 15], with the scalable, cost-effective, and
environmentally-friendly nature of GPA production enhancing its commercial potential
[16]. Furthermore, these findings emphasise the potential for further exploration of
integrating additional nanomaterials into GPAs to tailor the intrinsic properties such as
various types of nanoparticles to achieve even greater conductivity and other functional

properties. The overall insights gained from this study provide constructive guidance,
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paving the way toward realising the full potential of graphene-based aerogels across a

wide range of applications.

6.3 Results and Discussion

6.3.1 Incorporation of Gold Nanoparticles

The interactions between AuNPs and GPAs were investigated via the UV-Vis
spectroscopy (Section 2.2.3). In the initial stages of GPA production, GO and M13 are
introduced into a buffer, enabling their self-assembly. Following this, centrifugation
separates and isolates the components from solution. Through removing 90% of the
supernatant and re-suspending the pellet, the GraPhage13 hydrogel (GPH) is
generated (Section 2.2.2). However, the supernatant itself provides valuable insights.
By combining GO and AuNPs (GO-AuNPs), M13 and AuNPs (M13-AuNPs) and all the
components (GPH-AuNPs), followed by centrifugation, supernatant analysis and
comparison with the UV-Vis spectra of the individual components within the solution,
we determine whether the components interacted or eliminated from the solution or

whether they remain unreactive and remain present in solution (Figure 6.1).

The UV-Vis spectra (Figure 6.1a) illustrate the characteristics of the supernatants
produced after centrifugation of GO, M13 and GPH, compared to the combined spectra
of GO and M13 (GO+M13). In the GO supernatant spectrum, a peak at 230 nm
indicates the T — 11 transition of C=C bonds, while a shoulder at 310 nm suggests n
— 11" transitions of C=0 bonds [17]. The M13 spectrum exhibits a prominent absorption
band between 200-230 nm, attributed to the T — 11 transitions of peptide bonds, with
a distinct peak at 269 nm resulting from the major coat protein PVIII and viral DNA[16].

The GPH supernatant spectra resembles the spectrum for GO with a more pronounced
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peak at 269 nm due to the presence of the M13. When comparing GPH to GO+M13,
the absorption notably decreases, e.g., the peak at 269nm decreases from 1.1 t0 0.12.
This indicates that the interactions between GO and M13, namely the pH-dependent
electrostatic interactions between the negatively charged carboxylic acids on GO and
the positively charged groups of the N-terminus and Ks residues of the M13, produce

GO-M13 pellet, which precipitates from solution to produce GPH (Chapter 3).

The UV-Vis spectra of 5 nm and 20 nm AuNPs supernatants (Figure 6.1b) display
characteristic peaks around 524 nm and 522 nm, respectively, corresponding to
localised surface plasmon resonance. While both AuNPs exhibit similar absorption
behaviour, their interaction with M13 is negligible, as indicated by consistent M13 peak
absorbance in the presence and absence of AuNPs (Figure 6.1c). Conversely, the
combination of GO and AuNPs leads to a significant reduction in AuNP absorption
(Figure 6.1d), indicating their interaction and subsequent precipitation [18]. Similarly,
AuNPs integrate into GPH, resulting in decreased absorption peaks for both AuNPs
and GPH components compared to their individual spectra (Figure 6.1e). This
reduction in absorbance upon mixing with GPH signifies the interactions between
AuNPs and GO, facilitating their precipitation from the solution. This hybridisation,
involving the carboxyl groups on the AuNPs and the oxygen-containing functional
groups on GO [19, 20], creates a new composite material where the electronic and

structural properties of GO are significantly modified by the presence of AUNPs.
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Figure 6.1: UV-Vis spectra of GO, M13, GPH and AuNPs supernatants
UV-Vis spectra of the supernatants generated from mixtures of graphene oxide (GO), M13
bacteriophage and carboxylic acid functionalised gold nanoparticles (AuNPs) with diameters of 5 nm

and 20 nm. The spectrum of GO, M13 and GPH supernatants in comparison to the addition of the GO
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and M13 spectra, are shown in (ai) with (aii) zoom-in on the features of the GO and GPH spectra. (b),
The supernatants produced by centrifuging 5 nm and 20 nm AuNPs. (¢) Comparison of the addition of
M13 and Au supernatants (M13+AuNPs) after mixing M13 and Au (M13-AuNPs) with 5 nm and 20 nm
AuNPs. (d) The supernatants from the addition and mixtures of graphene oxide (GO) with 5 nm and 20
nm AuNPs and (e) the UV-Vis spectrum of mixing GraPhage13 hydrogel (GPH) and 20 nm and 5 nm

AuNPs.
6.3.2 Optimisation of GPA-Au

To determine the optimal concentration of the 5 nm and 20 nm AuNPs for integration
into GPA, GPH-Au with varying concentrations of AuNPs were synthesised and the
resulting GPA-Au analysed using energy dispersive x-ray spectroscopy (EDX) (Section
2.2.4). The weight percentage of gold incorporated into GPA, in comparison to overall

weight of GPA, was studied across different AUNP concentrations (Figure 6.2a).

As the concentration of AUNPs increases, the wt% Au also increases until reaching a
plateau, indicating saturation of GPH and no further increase in AUNP concentration
within GPA. For GPA-Auzonm, saturation occurs at approximately 0.61 mg/mL, resulting
in 50 £ 2 wt% Au, while for GPA-Ausnm, saturation occurs at approximately 0.58 mg/mL,
yielding 56 + 1 wt% Au. The higher maximum wt% Au for GPA-Ausnm compared to
GPA-Au20nm may be attributed to the larger size of 20 nm AuNPs blocking some of the
binding sites on GO, resulting in lower Au content. Additionally, the smaller 5 nm AuNPs
may integrate more effectively within the micro-nanostructure. A representative
spectrum of optimised GPA-Au is shown in Figure 6.2b, with SEM images of resulting
GPA-Au in Figure 6.3, where the presence of 20 nm AuNPs is clearly visible (Figure

6.3e-f).

243



Chapter 6

60" T T T T T T T T ] T T T T T

N JREAL N I A
A “Al20nm
50 b 5 1 i -
¢
- - AG
40 % &
3 ~
< X
2 30 L i P
§ 2 c 4
. 3
20 - E (&)
3
2
10 - .
0 _T 1 1 1 1 1 1 " 1 1 ] 0 = 1 1 1 1 1 =
00 01 02 03 04 05 06 07 08 09 0.5 1.0 1.5 2.0 25 3.0
Concentration (mg/ml) Energy (keV)

Figure 6.2: Composition of GPA-Au

(a) The relationship between the concentration of gold nanoparticle (AuNPs) solution utilised to produce
the GraPhage13 hydrogel (GPH), subsequently dried to form the GraPhage13 aerogel (GPA) and the
resulting weight percentage of Au in the aerogel containing AuNPs with diameters of 5nm (GPA-Ausnm)
and 20nm (GPA-Auzonm). The data points represent the mean wt % of Au across three GPAs fabricated
with each given concentration of Au, and the error bars represent the standard error on the mean (b)

Representative EDX spectrum of GPA-Au.

6.3.3 In-Depth Raman Spectroscopy

From our previous Raman analyses of GPA, detailed in Section 4.3.3, at least two
distinctive peaks were expected. These are the D-mode, which has contributions from
both defective sp? carbon, and sp3 amorphous or disordered carbon, and the G-mode,
stemming from the sp? bond stretching. Other peaks which may be present for GPA

are the G- and D' modes, arising from the functionalisation of the sp2bonds in GO.

Herein, Raman spectroscopy (Section 2.2.8) was conducted on GPA, GPA-Ausnm and
GPA-Au2onm using excitation wavelengths of 514 nm and 633 nm (Figure 6.4). The

purpose of using two lasers was to identify whether the observed Raman features in
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Figure 6.3: SEM images of GPA-Au

SEM images of GraPhage13 aerogels functionalised with (a-b) 5 nm AuNPs and (c-f) 20 nm AuNPs.

the D mode range originated from the D mode associated with C-C sp? bonds or the
sp3 Raman mode, as the D mode frequency shifts with laser excitation, whereas a sp?

Raman peak is non-dispersive peak [21-23]. The Bayesian information criterion (BIC)
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was utilised to determine the optimal objective models for fitting each spectrum (for

further details on peak fitting and BIC, please see Section 2.3.2 and 2.3.3) [11].
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Figure 6.4: Raman spectra of GPA, GPA-Aus,m and GPA-Auzonm
Raman spectra of GPA, GPA-Ausnm and GPA-Auzonm at wavelengths of 514nm and 633nm, with the

overall curve fit. The Lorentzian and Gaussian fits are given by dashed and dotted lines, respectively.
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Under 514 nm excitation, the D features of all three samples consist of a single peak
at 1355 cm™' (Table 6.1), despite changes in peak shape and frequency shifts. This
peak is approximately 20 cm " higher than the sp3 peak, with its expected Raman shift
of 1332 cm™, hence attributed to the D mode. The optimal peak fit for the D-mode was
generated by fitting one Lorentzian and one Gaussian peak, termed D.L and Dc
respectively, at the same Raman shift of 1355 cm™', generating a mixed Gaussian-
Lorentzian line-shape [24, 25].

Table 6.1: 514nm Raman peaks for GPA, GPA-Aus,m and GPA-Auzonm

Raman shift, full width half maximum (FWHM) and intensity of the Raman peaks present in spectra of

GPA, GPA-Ausmm and GPA-Auzonm, Obtained at a wavelength of 514nm.

GPA GPA-Aus,m GPA-Auznm
Raman Raman Raman
Peak FWHM Intensity FWHM Intensity FWHM Intensity
Shift Shift Shift
(em™) (em™) (em™) (em™) (em™) (em™)
(ecm™) (cm™) (ecm™)
(1.1£0.1) x (7.0£0.4) (9.3+0.6)
D, 3942 50+2 48+2
108 x 10° x 10°
1356.5+0.4 1354.6+0.3 1355.7+0.3
(9.6+0.6) (2.9+0.2) (3.3+0.2)
D¢ 62+1 7411 7312
x10° x10° x10°
(1.1£0.1) x (8.2+0.8) (8.2+0.2)
G 153913 4413 155314 62+3 155012 53+1
108 x 10° x 10°
(1.84+0.03) (6.3+0.2) (8.2+0.1)
G 1598.3+0.6 | 26.3+0.5 1602.4+0.5 | 24.1+0.5 1601.6+0.4 | 24.5+0.4
x10° x10° x10°

Under 633 nm excitation, GPA also exhibits a single D peak similar to that observed
under 514 nm, however its position downshifts to 1338.7 cm™' (Table 6.2). The D mode
is activated by a defect-induced double resonance process, involving the energy of the
LO phonon at the K point in the Brillouin zone. The presence of a Kohn anomaly at the

K point causes the highly dispersive nature of the D peak [26]. The splitting of the D
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profile into three peaks, D13, is clearly visible for GPA-Auzonm under 633 nm and
becomes evident for GPA-Ausnm through comparing BIC values. This split appears
following the introduction of AUNPs and is more pronounced with 20 nm AuNPs.

Table 6.2: 633nm Raman peaks for GPA, GPA-Aus,m and GPA-Auzonm

Raman shift, full width half maximum (FWHM) and intensity of the Raman peaks for GPA, GPA-Ausnm

and GPA-Auzonm, obtained at a wavelength of 633 nm.

GPA GPA-Aus,m GPA-Auzonm
« Raman « Raman Raman
S FWHM Intensity S FWHM Intensity FWHM | Intensity
o Shift o Shift Shift
(em™) (em™) (em™) (em™) (em™) (em™)
(em™) (cm™) (em™)
(6.4+0.4)x | 1239.5+ (1.940.3)
D. 3812 (7£1) x 10° D, 122914 3214 1121
1338.7¢ 10° 0.8 x 10°
0.5 (1.1£0.1) x (1.1£0.6) x (3.0+0.2)
D¢ 53.7+0.8 D, 133542 3318 132141 401
10* 108 x 108
(1.1+20.4)x | 1372.5¢ | 26.620 | (2.10.1)
Ds 137418 504
10° 0.5 9 x 108
(9.6+0.8) x (1.840.1)
G 152243 6414 G 153714 5315 (9+1) x 10° | 1501+2 5813
108 x 108
1598.3+ (1.4+0.2) x 1600.5¢ (1.52+0.03 | 1597.3+ | 28.6+0 | (2.44%0.0
G 27.0+0.4 G 25.1+0.4
0.3 10* 0.5 ) x 10* 0.3 4 3) x 10*

Meanwhile, this split does not appear under 514 nm. These observations indicate that
the split peaks are likely modified D peaks, becoming visible due to being in resonance
under 633 nm. The integration of AUNPs into GPA modifies the sp?-network, altering
the phonon dispersion curve, particularly the LO branches. This results in a significant
shift in the G- mode (LO at the Gamma point) and an obvious splitting of the D mode

(LO at the K point), as captured by the 633 nm laser. The modification of the dispersion
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curve, indicative of perturbations to the sp? network of GPA, is more substantial with

20 nm AuNPs than with 5 nm AuNPs [27, 28].

Additionally, the 633 nm Raman spectrum of GPA-Auzonm shows the highest peak
intensities, with a maximum intensity of (3.7 + 0.2) x 10* counts, in comparison to
(1.9 £0.1) x 10* counts for GPA-Ausnm. This might be attributed to the localised surface
plasmon resonance (LSPR) exhibited by AuNPs. When electromagnetic radiation
interacts with the conduction electrons on the surface of the AuNPs, it causes the
electrons to oscillate at the same frequency as the incident light. At the resonant
frequency, this results in an amplified local electromagnetic field, leading to an
increased Raman signal [29]. For AUNPs with diameters smaller than 50 nm, collisions
between the electrons and the particle surface decreases their mean free path. This
dampens the LSPR proportionally to the particle diameter, thereby reducing the Raman

intensity [30].

To gain further insight into Raman spectra, the intensity ratio of D to G peaks (/p/l)
was calculated (Table 6.3), to give a measure of the concentration of defects and
disorder within a sample [31]. At the 633 nm laser excitation, the integration of AUNPs
into GPA increases Ip/lc due to an increase in the intensity of the D-profile, as many
modified D modes become resonant. This D-profile splitting indicates that the AuNPs
introduce defects into the structure, likely resulting from interactions between GPA and
the AuNPs [32, 33]. Furthermore, Ip/lc appears to be independent of the diameter of
the AuNPs. This may be attributable to the GPA-Au composites being produced using
the same fabrication process, ensuring similar chemical and structural properties.
Additionally, the defects are intrinsic to the GPA structure and the interactions between

GO and the carboxylic groups on the AuNPs, making them independent of the AuNP

249



Chapter 6

diameter. Moreover, the increase in Ip/lg through the integration of AUNPs suggests an
increase in the electrical conductivity [34]. These trends are not observed at the
514 nm laser excitation. There is little change in Ip/lc between GPA and GPA-Ausnm,
and only a slight increase for GPA-Au2onm. The 514 nm laser is not able to induce
resonance in the modified D modes and therefore, structural changes to GPA due to

the presence of AuNPs are less detectable [27].
Table 6.3: Io/Ic for Raman spectra of GPA, GPA-Ausnm and GPA-Auzonm

The intensity ratio of D-peak to G-peak (/p/lg) of Raman peaks for GPA, GPA-Ausnm and GPA-Auzonm, at

wavelengths of 514 nm and 633 nm.

Parameter GPA GPA-Ausnm GPA-Auzonm
514nm 633nm 514nm 633nm 514nm 633nm
Ip/ls 0.91+0.08 0.81+0.08 0.86+0.07 3.1£0.6 1.15+0.05 2.9+0.1

6.3.4 Conductivity of GPA and GPA-Au

The conductivity of GPA, compared to GPA-Ausnm and GPA-Auz2onm, generated with the
saturation concentration of AuNPs (0.58 mg/mL for GPA-Ausnm and 0.61 mg/mL for
GPA-Au20nm), was measured as detailed in Section 2.2.10. Three of each aerogel were
fabricated and their |-V characteristics were recorded. The mean current at each
voltage, and the standard error on the mean, is shown in Figure 6.5. The small error
bars in these measurements demonstrate the consistency in fabricating GPAs with
reproducible conductivities, underscoring its potential for scalable commercial

manufacture.
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The |-V characteristic of GPA (Figure 6.5a) aligns closely with previous findings [11]
and confirms the insulating nature of GPA, with a maximum current of 3.4+0.2 nA at 10
V. This leads to a conductance of 0.34 nS and a conductivity of 6.8 nS/cm, two orders
of magnitude below the minimum conductivity for semiconducting materials for
antistatic coatings and EMI shielding. GPA-Auzonm (Figure 6.5b) exhibits a significantly
enhanced conductivity, reaching 90£8 nA at 10 V, marking a 26-fold increase over GPA
and generating a conductivity of 190 nS/cm, achieving a value within the range for
semiconducting materials in these applications. The conductivity was enhanced further
through the integration of 5 nm AuNPs, with GPA-Ausnm demonstrating a current of
18014 nA at a bias of 10 V, twice that of GPA-Auzonm and representing a 53-fold
increase compared to GPA. This is equivalent to a conductance of 18 nS and a
conductivity of 360 nS/cm, representing a significant step towards use of GPA in EMI

shielding and antistatic coatings.
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Figure 6.5: Conductivity of GPA, GPA-Auzonm and GPA-Ausnm
(a) I-V characteristic of GPA and (b) comparison of the I-V characteristics of GPA, GPA-Auzonm and GPA-
Ausnm. GPA-Ausnm and GPA-Auzonm were generated with the saturation concentration of AuNPs (0.58

mg/mL for GPA-Ausnm and 0.61 mg/mL for GPA-Auzonm
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There are two mechanisms by which the AuNPs interacting with GO-M13 could
enhance the conductivity of the resulting GPA, either by increasing the carrier density
or by increasing the carrier mobility [35]. The presence of scattering at functional sites
within GO significantly reduces its carrier mobility. Reducing GO to reduced graphene
oxide eliminates some of the functional groups and aids in the dispersion of the free
carriers, increasing their mobility [10]. This would be evident in Raman spectra via a
redshift in the G-mode position as the concentration of sp? bonds increases and a
reduction in Ip/lc resulting from a reduced level of defects [36]. Similarly, the bonding
of the AuNPs to GO would reduce the concentration of available functional groups and
therefore the G-mode position and /Ip/lc would be expected to decrease. Conversely, a
significant increase in Ip/lc is observed and the G-mode remains relatively constant
when comparing GPA to GPA-Ausnm and GPA-Auzonm. Therefore, an increase in the

carrier density is most probable mechanism behind the conductivity enhancement.

The electrical properties of GO are governed by variable range hopping, a mechanism
in which electrons move between localised conductive sp? regions separated by sp?
domains. The disorder in GO, caused by its OCFGS, disrupts the delocalised -
electron network, isolating the conductive regions and creating a mobility gap. This
hopping-based transport is influenced by factors such as the density of localised
states, the distance between hopping sites, and the activation energy required for
hopping [37, 38]. The AuNPs introduced into GPA interact with the sp?domains in GO,
altering the local electronic environment. These interactions reduce the activation
energy for electron hopping by introducing new localised states near the Fermi level,
effectively enhancing carrier concentration. The AuNPs can also provide additional

pathways for conduction by reducing the spatial separation between hopping sites [39].
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Smaller AuNPs possess a higher surface-to-volume ratio, which increases the
available surface area for interaction with GO, leading to a more stable dispersion of
the AuNPs within the solution. This stable dispersion promotes a higher density of GO-
Au interactions, which is essential for enhancing the carrier density through the
previously discussed mechanism, thereby improving the conductivity. Consequently,

GPA-Ausnm exhibits a higher conductivity compared to GPA-Auzonm [40, 41].

Given the mechanism by which AUNPs enhance the conductivity of GPA, a positive
correlation between the amount of AuNPs incorporated into GPA and the resulting
conductivity is expected. The conductivity improvement depicted in Figure 6.5
corresponds to the maximum saturation of Au wt% in GPA. This implies that increasing
the AuNP loading beyond this saturation point will not result in further conductivity
gains. Conversely, reducing the AuNP load decreases the Au wt% in GPA, thereby
diminishing the conductivity enhancement. If the AuNP load is sufficiently reduced, the

GPA will eventually return to its insulating state in the absence of AUNPs.

6.4 Conclusion

A novel method has been developed and validated for transforming insulating
graphene oxide-based aerogels into semiconducting materials suitable for EMI
shielding and antistatic coatings. This advancement paves the way for future
integration into electronic systems and the development of advanced graphene-based
sensors. The integration of 5 nm and 20 nm diameter carboxylic acid-functionalised
gold nanoparticles (AuNPs) into GraPhage13 aerogels (GPA) was systematically
investigated using UV-Vis spectroscopy and EDX. UV-Vis spectra revealed

interactions between graphene oxide (GO) and AuNPs, facilitating their integration into
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the GraPhage13 hydrogel (GPH), the precursor for GPA. EDX measurements
determined the saturation concentration of AUNPs within GPH. The optimal GPA-Au
with the maximum concentration of AUNPs was further analysed using SEM, Raman
spectroscopy, and conductivity measurements. SEM analysis confirmed the integration
of AuNPs into the GPA micro-nanostructure, with Raman spectra showing distinct
changes in the D-mode and G-mode due to the presence of AUNPs. These changes
were more pronounced in GPA-Auzonm compared to GPA-Ausnm, indicating that AUNPs
modify the sp? carbon network and phonon dispersion in GO. Conductivity
measurements revealed a significant increase in GPA conductivity, transitioning from
an insulator with a conductivity of 6.8 nS/cm to 190 nS/cm and 360 nS/cm for GPA-
Au2onm and GPA-Ausnm, respectively. This study highlights the potential to tune GPA
properties through nanoparticle integration, offering possibilities for further
customisation with various nanomaterials and modifications of M13 viral building
blocks. The significant enhancement of GPA conductivity through AuNP integration
makes it a promising candidate for integration into miniaturised devices for applications

such as antistatic coatings and EMI shielding.

6.5 Materials and Methods

Further information on graphene oxide and M13 bacteriophage used in these

experiments can found in Sections 2.1.1 and 2.1.2, respectively.

For detailed descriptions of the methods used in this chapter, please refer to Chapter

2, specifically the following sections:

e 2.2.2 Fabrication of GraPhage13 Aerogels (GPA)
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2.2.4 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDX)

2.2.8 Raman Spectroscopy

2.2.10 Electrical Conductivity

2.3.2 Bayesian Information Criterion (BIC)

2.3.3 Peak Fitting
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Chapter 7

7.1 Summary

This thesis explored the development, characterisation, and applications of
GraPhage13 aerogels (GPA), an ultra-low density porous bionanocomposite fabricated

through the self-assembly of graphene oxide (GO) and M13 bacteriophage.

The interaction between GO and M13 was found to be dependent on pH (Chapter 3).
Between pH 2-6, the concentration of deprotonated functional groups on GO was
minimised. This reduced the electrostatic repulsion between these negatively charged
groups and the negatively charged amino acids on M13, enabling their interaction. The
generated GO-M13 aggregate possessed a lower surface charge than the sum of its
components, and the main contributor towards this surface charge was the M13

bacteriophage.

Chapter 4 described the investigations into the temperature-dependent properties of
GPA. Monitoring the carbon-to-oxygen (C:O) ratio revealed that higher temperatures
led to the increased removal of GO’s oxygen-containing functional groups (OCFGs).
This resulted in varying properties such as larger pore sizes and a reduced stiffness
and adhesion force. Through Raman spectroscopy, the presence of both sp? and sp?
carbon-carbon bonds was observed. The sp?in GPA exhibited a thermal expansion
greater than the sp? bonds in diamond. The sp2bonds in GPA demonstrated a thermal
expansion that falls between the known thermal expansion of sp2bonds in GO and
graphite, demonstrating the impact of the GPA micro-nanostructure and the

functionalisation of GO with M13 on its thermal properties.

The capacity of GPA to adsorb water, ethanol and acetone as explored in Chapter 5.

GPA was found to be highly hygroscopic due to its extensive porous network, high
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surface area, and strong GPA-water and water-water hydrogen bonds. The stability of
GPA under multiple sorption-desorption cycles highlights its potential applications such
as freshwater generation and humidity sensing. For ethanol and acetone sorption, a
lower sorption capacity and a greater sorption-desorption hysteresis was observed.
This was attributed to weaker adsorbent-adsorbate bonds, and the resulting alkyl
groups on the surface of GPA preventing multilayer sorption and promoting capillary
condensation. Nevertheless, there is the possibility of tuning the properties of GPA to
enhance its acetone sorption characteristics. Additionally, GPA's ethanol sorption
capacity is competitive with other porous carbons, offering promise in applications such

as biomedical sensing and environmental applications.

However, GPA’s integration into graphene-based devices for applications such as EMI
shielding was limited by its insulating nature. Taking advantage of the functionalisation
of GO, Chapter 6 explored the integration of carboxylic acid functionalised gold
nanoparticles (AuNPs) to improve its conductivity. The AuNPs were incorporated into
GPA through electronic interactions between GO and the AuNPs, resulting in a 53-fold
increase in conductivity. This enhancement originates from an increase in the carrier
density, with the GO-AuNP interactions lowering the activation energy for electron
hopping by introducing localised states near the Fermi level, and reducing the distance

between hopping sites.

The insights gained through this research not only contribute to the fundamental
understanding of GPA but also pave the way for the development of next-generation

graphene-based materials and devices for a diverse range of applications.
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7.2 Future Outlook

The unique morphology of GPA, coupled with its cost-effective, scalable, and
environmentally friendly production, positions it as a versatile bionanocomposite for a
wide range of applications. Additional exploration of GPA's tuneability could further
highlight its adaptability. Since the self-assembly of GPA is governed by interactions
between the functional groups on the amino acids of M13 and the OCFGs on GO,
modifying the oxygen content of GO or chemically and genetically engineering M13 to
display different functional groups could significantly influence its resulting morphology
and properties. Furthermore, engineering M13 to bind specific materials, such as target
analytes or various nanomaterials, could pave the way for the development of highly

specialised GPAs tailored for specific applications.

Future studies into the microstructure of GPA are necessary to fully understand the
contributions of GO and M13 to its stability and functionality. While SEM analysis
demonstrates that GO forms a structured network within the aerogel, it remains unclear
whether this network is fully percolating throughout the material. Determining the
continuity of the GO network is critical, as a percolating structure could significantly
enhance the mechanical, thermal, and electrical properties of GPA. Techniques such
as X-ray tomography or conductive atomic force microscopy could provide deeper
insights into the connectivity of GO flakes within the network. Additionally, while most
GO flakes appear to interact with M13, there is a possibility that some flakes are not
fully covered. This raises questions about the presence and role of GO-GO interactions
within the aerogel. GO-GO interactions may complement GO-M13 bonds in

contributing to the structural stability and mechanical integrity of GPA. Advanced
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imaging techniques such as high-resolution TEM could provide detailed visualisations

of these interactions.

While Chapter 3 focused on the role of pH in GPA self-assembly, other factors such as
stirring speed, temperature, and the concentration of GO and M13 may also influence
the assembly process. Future studies should systematically examine these parameters
both individually and in combination to understand their collective influence on GPA

self-assembly.

Extended explorations into the versatility of its sorption capabilities, such as its ability
to adsorb oils, hazardous organic pollutants and gases, could open up applications in
environmental remediation and clean energy storage. Additionally, future studies could
focus on obtaining SEM images and conducting mechanical testing of aerogels post-
sorption experiments to evaluate the structural and mechanical integrity of the material
under operational conditions. Such data would provide valuable insights into how
repeated sorption and desorption cycles affect the aerogel's microstructure and

durability.

The investigations into the temperature-induced changes in the morphology,
composition, and sorption properties of GPA were constrained by the currently
achievable temperature range. Expanding the temperature range in future studies
could provide a comprehensive understanding of the structural integrity of GPA across
higher temperatures, which is crucial for high-temperature applications. Elevated
temperatures could also further reduce the GO in GPA to rGO, enhancing its

hydrophobicity and conductivity. Exploring a broader temperature range would offer
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valuable insights into the effects on GPA's morphology, composition, nanomechanical

properties, as well as its sorption and electrical characteristics.

Future studies should also include a Life Cycle Assessment (LCA) to evaluate the
overall environmental impact of GPA production compared to alternative materials.
This would provide a quantitative assessment of its sustainability by considering
factors such as energy consumption, emissions, and waste generation throughout its
lifecycle. Such an analysis would be essential in determining the feasibility of GPA for
large-scale, environmentally friendly applications. However, the industrial applications
of GPA are limited by its lack of integration into functional devices. Successfully
integrating GPA into proof-of-concept graphene-based devices, followed by the
potential scaling up and mass-production of these platforms, could pave the way for its

widespread use in a versatile range of applications.

The successful self-assembly of GO with M13 to form GPA raises the intriguing
possibility that other bacteriophages could similarly interact with GO to create novel
structures. This study serves as a foundation for future research into GO-phage
interactions, potentially leading to the development of diverse GO-phage composites

with unique properties and a broad range of applications.
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