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Summary

Graphene/ceramic composites have settled as a promising vehicle for exploiting
graphene’s outstanding combination of mechanical, electrical and thermal proper-
ties. However, graphene is still not fully established in the industry after many years
of thorough research, owing to its processing cost and scalability. Recent works have
integrated innovative processing techniques (such as freeze-casting and nanoparticle
deposition) to produce highly-structured ceramic-based composites inspired from hi-
erarchical natural materials (e.g. nacre) to achieve mechanical performance beyond
current synthetic materials.

This thesis explored a novel processing strategy for graphene/ceramic composites,
using water-based graphene oxide (GO) suspensions and alumina powder as precur-
sors. Reduced graphene oxide (rGO) aerogels of 1.5 – 4 mg cm-3 were obtained by
freeze-casting water-based GO slurries after optimisation of GO concentration, ad-
ditives content and freezing rate and later carbonisation at 900°C. After thermal an-
nealing, the directional alignment of the aerogels was preserved with channel widths
of 15 – 30 µm, verifying the significant elimination of oxidised groups in the GO
sheets through chemical and structural characterisation and moderately restoring
the electrical conductivity up to 20 S m-1. Using this water-based processing ap-
proach, rGO aerogels were successfully decorated with alumina nanoparticles below
20 nm after exploring a scarcely researched gel synthesis route based on aluminium
lactate.

An amphiphilic triblock copolymer (PF127) was included in the water-based alu-
mina suspensions to enable the infiltration into rGO structures, otherwise prevented
by their hydrophobicity. PF127/Al2O3 wt./wt. ratios were adjusted from extensive
wettability and infiltration tests. After consolidation via Spark Plasma Sintering
(SPS), the structure of embedded rGO scaffolds was preserved within the sintered
alumina matrix, exhibiting channel widths of 5 – 15 µm. This work aimed to set
the basis for a cost-effective environmentally-friendly approach to produce ordered
graphene/ceramic composites through a scaffold and infiltration process, with high
potential for obtaining stronger and tougher materials with electrical functionalities.
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General introduction

In the context of materials science and engineering, advanced ceramics comprise a
wide range of high-performing materials essential for aerospace applications, turbine
blades, cutting tools and medical prostheses as notable examples. Advanced ceramics
are carefully engineered and exploited due to their high hardness and capability to
work in demanding environments under high-temperature and oxidative conditions.
However, ceramic materials also exhibit some critical weaknesses like thermal fatigue
and their lack of toughness and the ability to withstand impacts without failure.

Achieving ceramics that are both strong and tough is a widely researched topic
in materials science, as these two properties are generally mutually exclusive. One
approach to pursue this goal consists of integrating secondary constituents in the
ceramics formulation (e.g. polymers, metals or other ceramics) delivering ceramic-
based composites with more balanced properties and extended durability. One of
the most promising materials for this purpose is graphene, owing to its remarkable
combination of mechanical, electrical and thermal properties, especially in the form
of graphene nano-platelets (GNP) or reduced graphene oxide (rGO) for scalable and
cost-effective processing.

The production of ceramic-based composites with extensive hierarchy has also
emerged as a pathway to obtain strong and tough materials with superior properties
compared to those produced through random mixing of their constituents. Inspired
from biomaterials like nacre, bone or muscle, highly-structured composites can pre-
vent the quick expansion of internal cracks leading to quick failure, while maintaining
high strength and hardness.

Joining these two approaches outlined: the implementation of a powerful sec-
ondary constituent such as graphene, and a carefully tailored structure by apply-
ing non-conventional ceramic processing routes, consolidates an attractive strat-
egy to produce materials with enhanced performance and added functionalities.
This work aims to provide knowledge towards the development of highly-structured
graphene/ceramic composites, maintaining a non-toxic water-based approach that
may comply with the challenges in structural design and assembly in current and
near-future engineering.
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Chapter 1

Literature Review

1.1 Advanced structural ceramics

Ceramics are defined as inorganic and non-metallic materials of polycrystalline na-
ture. [37]. Among the broad range of ceramics utilised throughout history (pottery,
refractories, glasses, cement), the so-called advanced ceramics started to be manu-
factured in the early 1900s. These ceramics are carefully engineered in structure and
composition, maximising their structural, electrical and environmental properties
[38].

Several advanced ceramic materials (e.g., silicon carbide (SiC), boron nitride
(B4N), alumina (Al2O3) or yttria-stabilised zirconia (YSZ), to name a few) have be-
come industry standards owing to their high melting points (above 2000 °C), chemical
stability and resistance to oxidation, high strength, high wear resistance and non-
toxicity [38, 39]. As for this remarkable set of properties, ceramic materials can be
found in a plethora of high-performance applications such as turbine blades, bear-
ings, inert medical prostheses, high-temperature furnaces or thermal and electrical
insulators [38].

However, advanced ceramics also present major flaws limiting their use in chal-
lenging conditions. In general, advanced ceramics do not withstand thermal shock
adequately and are prone to failure due to thermal fatigue [39]. As a result of their
high strength, they also appear brittle in nature, exhibiting none or minimal plastic
deformation, which leads to sudden failure upon the formation of internal cracks.

1.1.1 Ceramic-based composites

It is common to transform pure ceramic materials into composites (a material con-
sisting of two or more constituents with distinct physical and chemical properties)
by integrating a second material in their formulation to improve their most criti-
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cal weaknesses like thermal shock resistance and low fracture toughness. Combining
these constituents can produce a new bulk material of better-balanced characteristics
outperforming each separate component.

In ceramic-based composites, secondary materials generally consist of a softer
phase (such as a polymer or a metal) that can reduce the brittle behaviour of the
ceramic by providing some degree of plasticity at the cost of lowering the strength
and hardness of the material. Ceramics can also be integrated with other ceramics
(in the form of ceramic-matrix composites) by selecting different source materials or
morphologies (e.g. unidirectional fibres) that can moderately improve the mechan-
ical performance maintaining resistance to oxidation and ultra-high temperatures.
Examples of these are ultra-high-temperature ceramics (UHTC) based on nitrides,
borides or carbides (e.g. TiC, ZrN or TiN) with their derived composites which can
offer chemical stability above 2000 °C [40].

A simple relationship known as the rule of mixtures is conventionally followed
to provide an approximate value of the properties from two distinct constituents in
composite materials, which can be applied to density, Young’s modulus, or electrical
and thermal conductivities [11]. This rule estimates the overall value of a composite
property (Xc) by employing the volume fractions from both constituents (V1 and
V2 = (1− V1)) across one direction and their respective values X1 and X2, which is
generally expressed as:

Xc = V1X1 + (1− V1)X2 (1.1)

This example is a lineal model simplification assuming parallel/in-series stacking
of each material. Other expressions such as the inverse rule of mixtures can pro-
vide better predictions on different scenarios depending on the materials stacking.
Integrating complex structuring of the constituents in the composite can increase
properties beyond the values predicted by the rule of mixtures, as explored in later
sections of this review.

1.1.2 Traditional processing of ceramics

The processing of ceramic-based materials is inherently challenging due to their lack
of ductility and malleability combined with their high melting points (commonly
above 2500 °C) compared to metals. Instead of a process of classical melting and
solidification route applied on the latter, ceramics are traditionally produced via
powder processing, which requires diffusional mass transport to achieve consolidation
[41]. This process is divided into several steps (Figure 1.1) comprising the preparation
of the ceramic powder, shaping and compaction (achieving the intended shape of the
component, referred to as green body), firing/sintering, and a final machining or
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polishing step.

Raw

materials

Powder processing

Mixing

Shaping

Pressing Plastic molding Slip forming

Drying

Sintering

Final shaping

Figure 1.1: Stages of traditional ceramic processing. Adapted from Moreno (2012)
[1].

The degree of humidity applied during the shaping stage can vary greatly, re-
sulting in various conditions from complete dry processing (powder/pellet pressing)
to slip forming. According to Moreno (2012), these can be divided into three main
categories divided by humidity level [1]:

• Dry pressing methods with humidity typically below 7 vol.%

• Plastic forming in the humidity range of 15 – 50 vol.% depending on the tech-
nique from extrusion to injection moulding

• Colloidal shaping processing with humidity levels over 50 vol.%

Above 50 vol.% moisture, ceramics are primarily in suspension (or slurry) form.
Solid particles in suspension are affected by various phenomena such as gravity, the
particles’ own Brownian motion and the attractive vs repulsive interactions between
different particles, all of which play a role in controlling agglomeration and the sys-
tem’s stability [42]. Additives are commonly included in the suspension formulation
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to improve its stability by enhancing the attractive forces between particles (by addi-
tion of binders and flocculants) or the repulsive forces (dispersants and deflocculants)
to reduce agglomeration.

1.1.2.1 Sol-gel synthesis route

Among wet processing routes, sol-gel stands out as an alternative non-conventional
technique for producing high-purity advanced ceramics such as alumina, silica or
titania. The sol-gel process is highly flexible and can be applied to produce a variety
of microstructure and shape forms, including porous foams, nanoparticles, fibres and
coatings through an aqueous or non-aqueous approach [2, 43]. Typical sol-gel routes
require the preliminary consolidation of a solution, consisting of a dispersion of col-
loids (solid particles with typical diameters below 1 µm) suspended in a liquid. The
colloidal dispersion can be rendered stable by electrostatic and steric interactions,
achieved through pH tuning or physical blocking of neighbouring particles, respec-
tively [44]. The solution is then destabilised into a gel, a 3D network of material
interconnected via polymeric chains of length greater than a micrometre [38, 45].
The produced gel can be greatly adjusted by shifting the precursor concentration,
the pH and temperature of the suspension or the gelation time.

The complete transformation of a solution into a gel can be summarised in the
following steps: hydrolysis, condensation/polymerisation, drying and thermal treat-
ment as represented in Figure 1.2:

Hydrolysis

Condensation

Evaporative

drying

Supercritical

drying

Figure 1.2: General steps in a sol-gel processing method. Adapted from Rao et al.
(2017) [2].

The colloidal solution is destabilised during the first stage to initiate the reaction.
This can be achieved by several means, either by including a catalyst in the mixture
or by tuning the pH of the solution. Assuming a metal alkoxide precursor in the
form of M − (OR) in water, the following hydrolysis reaction takes place:

M − (OR) +H2O −→ M − (OH) +R− (OH) (1.2)
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Upon the formation of R − (OH) units, the phenomenon of polycondensation
quickly ensues by crosslinking of the species present in the sol M − (OR) and M −
(OH) by two concurrent processes:

M − (OR) +M − (OH) −→ M −O −M +R− (OH)

M − (OH) +M − (OH) −→ M −O −M +H2O
(1.3)

Hydrolysis and condensation reactions occur simultaneously at multiple sites in
the solution during mixing [45]. The progressive linking of the colloids eventually
results in a change of viscosity in the whole mixture, producing a three-dimensional
network that shows characteristics more typical of a gel than a liquid. Natural ageing
of the gel through several hours/days can extend polycondensation even further,
which can be similarly achieved at shorter times by applying moderate temperatures
above 50 °C [46].

Once the gel is fully developed, and the active species in the mixture have been
exhausted, a drying stage is applied to remove the solvent and develop the former
wet gel into a xerogel, only composed of the crosslinked polymeric chains. The
rate and nature of the drying step can induce substantial changes in the resulting
network, for which controlling the thermodynamics of this stage is critical. Heat-
treatment is the final stage that ensures the conversion of the polymeric gel into an
inorganic compound with the desired crystallography providing densification. This
consolidation process is also necessary to remove the amounts of adsorbed water and
residual chemical groups trapped in the produced gel that can persist up to 500 °C
[47].

1.1.2.2 Sintering

Following the ceramics processing depicted in Figure 1.1, ceramic green bodies require
a sintering stage: the transformation of powder compacts into solid pieces via firing
[41]. Sintering is generally performed at temperatures above half the material’s
melting point, leading to a substantial reduction of porosity and an increase in density
(approximately from 2 - 6 g cm-3 depending on the family of advanced ceramics).
Sintering can also be accomplished with or without forming a liquid phase, either
directly from one of the components or as the by-product of a sintering reaction
between the precursor powders (also known as reaction sintering).

In the absence of a liquid phase, the process is called solid-state sintering, which
follows a three-step process comprising neck formation, neck growth, and a final
stage of grain coarsening and achievement of nearly theoretical density (Figure 1.3)
[4].
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Figure 1.3: Evolution of relative density throughout the three stages of solid-state
sintering. From Kang (2005) [3].

The formation of a neck between two solid particles is initially controlled by
surface atomic diffusion, forming a bridge of material enlarged via mass transport.
Increasing the temperature results in the activation of other mechanisms, such as
lattice and grain boundary diffusion, which continue neck growth while reducing the
interconnection of pores in the material. Different parameters such as the source pow-
der size and shape distribution, temperature, time, pressure or atmosphere during
sintering all affect the kinetics of the process, which is driven to favour the reduction
of the total surface energy of the system. This reduction can be expressed by the
following thermodynamic equation [4]:

∆(γA) = A∆γ + γ∆A (1.4)

Where γ refers to the specific surface energy at the particles interface and A to
the total surface area of the solid particles. The change in specific surface energy
∆γ is due to densification, which in solid-state sintering relates to the evolution
of solid/vapour interfaces in favour of solid/solid interfaces. The reduction in the
surface area component ∆A is produced by aggregation of particles resulting in
grain coarsening (Figure 1.4). After most pores have been removed during the final
sintering stage, grain coarsening is also activated from a similar principle of interfacial
area reduction, decreasing the system’s overall energy. At this stage, grain coarsening
and final densification are competing processes. Optimising the sintering parameters
(most notably, time and temperature) is required to limit excessive grain growth,
generally detrimental to the material’s mechanical strength and performance.
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Figure 1.4: Densification and grain coarsening processes competing during sinter-
ing. From Kang (2005) [4].

The degree of densification obtained during sintering is generally enhanced by
applying pressure (either unidirectionally or isostatically), limiting grain growth and
modifying the obtained texturing. Novel sintering techniques developed during the
20th century also integrated the application of an electric field to enhance the consol-
idation process. The most common sintering techniques typically used for advanced
ceramics consolidation can be divided into the following:

• Pressureless sintering: Most conventional sintering procedure where densi-
fication is only achieved through heating without any pressuring involved [48].

• Hot Pressing: Enhanced sintering achieved by the combination of tempera-
ture and unidirectional pressing, with generally low heating rates (below 100
°C min-1).

• Hot Isostatic Pressing (HIP): Upgrade from standard hot pressing in which
the pressure is applied evenly from every direction using a controlled gas at-
mosphere obtaining higher shape control.

• Microwave sintering: Non-conventional technique in which the tempera-
ture increase is achieved by transforming microwave electromagnetic fields into
thermal energy [49].
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• Spark Plasma Sintering (SPS): Non-conventional sintering technique that
combines the application of direct electrical current and uniaxial pressure to
enhance the sintering process. It is also referred to as Pulsed Electric Cur-
rent Sintering (PECS) or Field Assisted Sintering Technology (FAST) in the
literature [6].

• Flash sintering: Field-assisted non-conventional technique developed in re-
cent years allowing very rapid densification with heating rates approaching
thousands °C min-1. Sintering is driven by a power surge (referred to as the
‘flash event’) occurring after a sudden drop of the electrical resistivity in the
sample [5, 50].

Although both SPS and Flash sintering are similar current-assisted techniques,
some notable differences exist among them. While in SPS, an electrically conductive
graphite mould carries most of the current applied, that mould is absent in Flash
sintering with the current forced to flow through the ceramic powders. The latter’s
‘flash event’ also results in a substantial drop of around 1000 °C in the required
sintering temperature. It is characterised by bright light emission absent in the SPS
process (Figure 1.5).

Figure 1.5: ’Flash event’ characteristic of Flash sintering accompanying a sudden
increase in electrical power. From Biesuz et al. (2019) [5].

Among these techniques, SPS has rapidly advanced as a standard for sintering
high-performing ceramic materials, producing both electrically conductive and non-
conductive elements on-demand. Its ease of operation, high reliability and reduced
sintering time (below 30 minutes) permit achieving fully dense materials while lim-
iting undesired changes to their microstructure [6, 51]. The technology behind the
technique was first conceptualised in the 1960s [52]. However, it gained traction
from the start of the 21st century because of its significant advantages compared to
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traditional sintering processes in the industry such as hot pressing or HIP (Figure
1.6).
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Figure 1.6: Schematic of an SPS equipment. Adapted from Guillon et al. (2014)
[6].

The direct current applied by SPS flows through the conductive graphitic dies
and conductive samples in the chamber, generating heat by the Joule effect (i.e.
the transformation of electric energy into heat upon flowing through a resistor) [51]
according to the formula:

Q = I2Rt (1.5)

Where Q is the heat produced, I is the intensity of the applied electric current,
R is the resistance value, and t is the time.

Solid particles then experience a massive local rise in temperatures at contact
points with other neighbouring particles, leading to fast necking and diffusion that
reduces intergranular gaps while limiting grain growth [53]. This permits the appli-
cation of ultrahigh heating rates (up to 600 °C min-1) and reduces sintering temper-
atures a few hundred degrees compared to conventional processes [38].

Prospects of SPS usage have integrated new concepts of pressure-less sintering
for mechanically weak materials [54], near-net-shape components, and massive scale-
up industrialisation [53]. As modern materials increase in complexity, Finite Ele-
ment Method calculations are required to account for actual in-situ behaviour with
die/punch geometry modifications that optimise compaction and prevent structural
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damage [6, 55]. All these advances reinforce the use of SPS as a promising tool for
efficient sintering of ceramic-based materials and pave the way for achieving multi-
materials with optimised microstructure and hierarchy.

1.2 Bioinspiration to design structural ceramic compos-
ites

The concept of bioinspiration refers to an intersection between biology and engi-
neering, from which structural and functional solutions found in natural materials
are taken as inspiration for improving current artificial materials. Biomaterials ex-
hibit intricate and unique features, leading to an outstanding balance of properties,
durability, or self-repair compared to their constituents [56]. Understanding the ba-
sic principles present in those natural composites can develop innovative concepts
exceeding current advanced materials.

It is essential to clarify that these biomaterials would not perform better than
artificial alternatives in equally challenging environments, as biomaterials’ proper-
ties have been far exceeded by current metals, ceramics and composites employed
throughout the industry. To avoid confusion, some recent authors distinguish be-
tween biomimesis and bioinspiration. While the former would aim to fully replicate
materials found in nature through a synthetic approach, the latter only searches to
learn the strategies employed by these materials, extrapolating them to novel designs
of high-performing artificial materials [57, 58].

Although it is impossible to mimic nature in every aspect, a bioinspired approach
can be valuable to provide innovative ideas and develop enhanced systems for syn-
thetic materials and specifications [56]. One notable example is the lotus leaf (Figure
1.7a), which exhibits a signature superhydrophobic (or water-repelling) behaviour
that enables a self-cleaning mechanism with the repelled water droplets, removing
dirt particles from the leaf surface. This property results from the hierarchical as-
sembly of micro-sized roughness in the leaf combined with nanometric crystalloids
[7, 59]. Another remarkable example comprises the highly adhesive properties of
gecko feet (Figure 1.7b) due to their toe pad structural features with hundreds of
thousands of keratinous hairs or setae. This setae arrangement permits geckos to
climb vertically through wet and rough walls, becoming the largest animal able to
overcome its body weight by sheer adhesion [60].
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Figure 1.7: Collection of remarkable biomaterials examples. a) Lotus leaves includ-
ing SEM images of the upper and lower leaf side, adapted from Ensikat et al. (2011)
[7], b) Setae arrangement characteristic of Gecko feet from Meyers et al. (2008),
c) Euplectella sponge. Adapted from Aizenberg et al. (2005) [8] and Meyers et al.
(2008) [9].

In terms of mechanical properties, glass sponges like the Euplectella (Figure 1.7c)
have been widely referenced as a prime example of nature’s ability to improve in-
herently poor building materials like biosilica [8, 61]. Employing a tailored 7-level
hierarchy, Euplectella sponges maintain mechanical stability and flexibility with-
standing the bending forces from ocean currents that would otherwise result in fatal
failure of its brittle constituents. Achieving flexibility and crack resistance in hard
and strong materials is a general challenge to materials science, for the conflicting
nature between strength and fracture toughness [62]. Biocomposites approach this
challenge by applying complementary toughening mechanisms.

1.2.1 Fracture toughness mechanisms

The property of fracture toughness plays an essential role in the quest to find better-
performing materials for cutting-edge engineering applications. Fracture toughness
describes the ability of a material to resist fracture, measured in the amount of energy
needed to cause total failure in the presence of a crack. Contrary to strength, which
is measured in terms of applied stress to the material, fracture toughness can be
evaluated through different methods. Typically, the toughness of brittle materials is
compared through the KIC parameter, indicating the material’s resistance to crack
initiation under linear-elastic conditions, simplifying the fracture conditions with
independence of the crack extension length [63].
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High-strength materials exhibit limited fracture toughness, as these two prop-
erties are mutually exclusive in most cases [62], limiting their use in high demand
applications. The inhibition of crack growth inside a material depends on applying
both intrinsic and extrinsic mechanisms shown in Figure 1.8. While intrinsic mecha-
nisms are related to plasticity and the modification of the material’s properties ahead
of forming cracks, extrinsic mechanisms act behind the crack tips and only affect the
growth of the crack itself, while being generally dependent on its length [10, 15, 62].

Figure 1.8: Extrinsic and intrinsic toughening mechanisms acting behind and ahead
of the crack tip, respectively. From Ritchie (1999) [10].

Intrinsic mechanisms are usually found in metals and other ductile materials that
can increase their strength by including dislocations or changes in their microstruc-
ture, also enabling their mechanical conformation. On the other hand, ceramics (and
overall brittle materials) need to take advantage of extrinsic mechanisms to arrest
crack growth that can otherwise propagate easily and result in quick fatal failure.
Some examples of extrinsic mechanisms are listed as follows [11, 15, 64, 65]:

• Fibre/grain bridging: Ligament bridges arising from the structural features
in the material that remain unbroken behind the crack tip and inhibit its
growth.

• Crack deflection: Structural features such as weak interfaces/constituents
that deflect and control the established crack path, requiring higher forces to
extend the crack.

• Pull-out: Tearing of structural bridges (fibre, grain, etc.) from the opposite
side of the crack interface, resulting in higher friction and energy required to
continue the crack growth.

• Void growth: Formation of pores in the material structure that act as local
crack arresters and relieve stress before re-opening of the crack tip.
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• Delamination: Sliding of platelet-like structures that contributes to energy
dissipation.

Such mechanisms can help release the accumulated stress around the crack tip,
increasing the energy required to extend the crack and raising the overall fracture
toughness of the material. Classical measurements like the KIC parameter are not
sufficient to evaluate the overall fracture toughness of materials activating extrinsic
mechanisms dependent on the crack extension. More advanced non-linear testing
methods are required (like the calculation of the J integral) applying a more accurate
representation of the material’s resistance to fracture that considers the contributions
of inelastic deformation to arrest crack propagation [12, 63, 66].

1.2.2 Strength vs toughness in natural composites

Nature’s ability to produce materials with highly-ordered structures integrating in-
trinsic and extrinsic mechanisms appears to overcome the mutually exclusive balance
between strength and toughness [64]. By combining these toughening mechanisms,
biocomposites experience an increase in the resistance to crack extension by em-
ploying a carefully engineered structure that prevents the spread of cracks generated
during fracture. It has become one of the most promising pathways towards achiev-
ing both stronger and tougher advanced materials that have been conventionally
obtained through random mixing approaches or without control of the material’s
internal structure.

There are numerous examples of biocomposites containing a mixture of soft and
brittle constituents with extended hierarchy across many length scales, from the
nano- to the macro-level (e.g., sea sponges, mollusc shells, bamboo, human bones, or
muscles [8, 9, 11, 62, 67]). Many of the strategies employed by these materials can
serve as bioinspiration and be extrapolated to artificial advanced composites sharing
similar structural designs [56]:

• Wood and insect cuticles as fibre-reinforced organic matrix composites

• Bone and antler as fibre-reinforced ceramers

• Mollusc shells as lamellar/prismatic ceramic matrix composites

As shown in Figure 1.9a by Wegst (2015), the specific strength of some natural
materials compared to their specific stiffness (normalised by density) competes with
common engineering materials, even exceeding them at the low stiffness region. By
integrating a range of hierarchical levels, the toughness of natural composites like
bone and nacre has proven enhanced beyond the combination of their constituents
(Figure 1.9b), overcoming the values predicted by the rule of mixtures [11, 68]. In the
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case of the alumina/PMMA composite in the example, the application of extrinsic
mechanisms permitted increasing the fracture toughness from 5 to 30 MPa m1/2.

Figure 1.9: a) Ashby plot of specific strength and stiffness of natural and synthetic
materials. b) Exceptional toughness of natural composites (and nacre-inspired alu-
mina/PMMA pairing) applying extensive extrinsic mechanisms. From Wegst (2015)
[11].

One of the most referenced examples for enhanced strength/toughness balances
in nature is nacre, also known as mother of pearl. Nacre has become the archetype for
hierarchical ceramic-based composites, aiming to replicate the material’s brick-and-
mortar structure that maximises strength and toughness [69]. This brick-and-mortar
structure is composed of 95 vol%. layered aragonite (CaCO3) in the form of 200 – 900
nm nanoplatelets and a 5 vol.% of interlaminar organic material mostly consisting
of proteins and polysaccharides [12, 66, 70, 71].

While the hard inorganic aragonite provides the strength of nacre, the organic
phase glues the nanoplatelets together, permitting the energy dissipation and the
redistribution of stress around strain-concentration sites. The combination of ex-
trinsic mechanisms (such as inelastic shearing bore by nanoasperities at the arago-
nite/organic interface or the breaking of aragonite micro-bridges) leads to fracture
toughness in nacre about one order of magnitude higher than what was expected
from its constituents (Figure 1.10) [12, 72].

Figure 1.10: Nacre failure mechanisms. Adapted from Barthelat (2007) [12].

The measured fracture toughness (either by the traditional KIC value or through
the calculation of the J integral) can be presented as a function of the crack extension
∆a. Larger cracks can increase the perceived value of toughness due to the extrinsic
mechanisms activating behind the crack tip (crack deflection, pull-out, etc.). This
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results in a signature rising curve known as an R-curve, verified for nacre and similar
biomaterials (Figure 1.11), highlighting the potential benefits of integrating extrinsic
toughening mechanisms in synthetic materials [63, 66].

Figure 1.11: Example of J-R-curve in nacre. From Barthelat (2007) [12].

1.3 Novel approaches for bioinspired advanced ceramics

Innovative processing methods have been explored to translate bioinspired structures
(such as nacre’s) into the advanced ceramics field and overcome the main challenge of
intensive self-assembly needed to build complex hierarchies. Several examples take
advantage of wet chemistry processing and non-conventional sintering techniques
[73], mimicking nacre’s intricate structure with one soft, binding phase and a second
more brittle material that provides the strength [15].

1.3.1 Hierarchical processing via freeze-casting

Freeze-casting (also known as ice-templating) is a versatile and straightforward tech-
nique to produce oriented, highly-porous materials by applying a controlled unidi-
rectional solidification front [13, 74]. This processing method has its origins in the
late 20th century as a near-net-shape forming technique for producing components
with the dimensions of casting moulds of higher complexity [75, 76], later finding
an additional market in the food-processing industry. Freeze-casting has resurfaced
in the early 21st century [77–81] due to its potential in advanced materials process-
ing for novel applications (e.g., bone substitutes, drug delivery, acoustic insulations,
or piezoelectric materials [82]) applying extended particle assembly with long-range
structural ordering.

In a standard freeze-casting process, a suspension containing solid particles of
a target material is cast on a mould and frozen along one direction by controlling
the temperature gradient. As the solvent starts solidifying, solid particles in the
suspension get trapped in the gaps between the forming crystals. This freezing
front progresses through the suspension until the whole sample is solidified, creating

16



an interconnected network of solid material embedded in the frozen solvent. After
freezing is complete, the solvent is sublimated by a combination of low pressure and
temperature without compromising the formed structure [13, 14, 74, 77, 83, 84].

After removal of the solvent, a final consolidation stage of the material green body
is generally required to provide the aerogel with mechanical stability, which can be
accomplished via infiltration with a second phase or by thermal annealing (sintering
in the case of ceramics or carbonisation in the case of carbon-based structures). A
schematic of the complete process, including this final post-treatment, is depicted in
Figure 1.12:

Figure 1.12: Diagram of freeze-casting stages. Adapted from Deville (2013) and
Shao et al. (2020) [13, 14].

Some benefits of freeze-casting reside in its great versatility and simplicity, ease
of implementation and compatibility with organic solutions [85]. Although the scal-
ability of the technique can be compromised (as bigger structures may collapse upon
sublimation of the solvent [68, 82]), freeze-casting is highly compatible with differ-
ent materials and solvents, being water and camphene the most common selections
[85, 86]. Water is a desirable solvent based on its low cost, great availability and
environmentally friendly characteristics [1, 87]. Tuning the process parameters such
as the solid volume content, freezing rates and the additives in suspension can sig-
nificantly impact the structuring of the cast material [88]. The morphology of the
solid particles and their size distribution can affect the homogeneity and surface
smoothness of the produced structure [89].

An excessively fast freezing rate may impede the diffusion of particles out of
the growing solvent crystals and lead to their entrapment. In contrast, slow cooling
leads to broader lamellar structures with higher spacing [83]. Suspended particles in
the solvent are subjected to opposite repulsive (Fr) and attractive (Fa) forces upon
the solidification front, because of the balance between inter-particle van der Waals
interaction and the viscous drag from the solvent. Many factors such as the solids
particle size, solvent thickness layer at the solid/liquid interface, or the dynamic
viscosity of the liquid can affect the balance of repulsive and attractive forces during
casting. From this balance, a critical freezing front velocity is defined (vcr), above
which the solid particles would not be allocated by the solidification front, getting
trapped within the growing crystals of the solvent instead (Figure 1.13) [14, 84, 86].
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Figure 1.13: Different examples of freezing front progression compared to the critical
velocity vcr. Adapted from Shao et al. (2020) [14].

Including certain additives such as NaCl, sucrose or glycerol in the suspension
formulation can result in extended hierarchy levels in the freeze-cast structure. These
additives in suspension can increase the surface roughness of the formed crystals [83]
or work as freezing inhibitors, affecting growth kinetics and the mesostructure of the
rising ice [90]. Additionally, long-range ordering can be obtained by patterning the
surface of the cold metal fingers providing the freezing front, which can help improve
the material’s mechanical properties [74, 90].

Alumina has been a reference material in the freeze-casting of advanced ceramic
aerogels, with extensive works exploring the influence of solid loadings in suspension
from (20 – 60 vol.%), various solvents and particle sizes [77, 83, 88, 90–94]. Recent
notable examples in the advanced ceramics field also include the works from Zeng et
al. (2015) [95], creating a boron nitride scaffold via freeze-casting with anisotropic
superelasticity, Knoller et al. (2017) [96] validating the conformation of vanadium
oxide structures by assembling as-synthesised nanofibers in water, and Si et al. (2018)
[97], consolidating super-elastic lamellar structures made of SiO2 nanofibers. Many
materials have been readily verified as compatible with freeze-casting processing, with
most works in the previous two decades already collected in many reviews, especially
Scotti et al. (2018) [87] and its associated open data repository FreezeCasting.net.
For such reason, this review will not extend on this topic.

The possibilities of freeze-casting can also be expanded to the field of ceramic-
based composites. Interconnected lamellar structures produced by freeze-casting of
advanced ceramics can act as the hard phase, infiltrated with a polymeric second
phase to accommodate the loading stress, analogous to the respective aragonite and
organic phases in the brick-and-mortar structure of nacre [14, 66, 71, 98, 99]. This
processing route can be expanded beyond the integration with polymers (by direct
analogy with nacre), integrating the ceramic aerogels with metals [100] or even other
ceramics [15, 86] while maintaining the same processing approach.

Innovative changes to the standard freeze-casting procedure have been imple-
mented during the last decade, aiming to expand the possibilities of the technique
and increase the ordering range of produced materials. Two independent cold sources
can be applied to reduce external temperature fluctuations and provide tempera-
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ture gradients of higher accuracy [92, 101]. The introduction of external electric or
magnetic fields can also increase the ordering levels obtained in the structure [102].
Electrostatic fields (10 kV m-1) perpendicular to the freezing direction [103] have
been applied to control the direction and consistency of aligned ceramics, obtaining
lamellar structures with a tunable degree of inclination. Additionally, external mag-
netic fields can align magnetic-responsive nanoparticles (e.g. Fe3O4) in the solvent,
creating multiple directions of long-range ordering by combining the directional ice-
growing preference with the magnetic field orientation [104, 105]. Concentric rotation
of the magnets controlling the secondary alignment level can modify the magnetic
flux direction and tailor the microstructure of the cast material beyond the physical
restrictions of the mould wall barriers.

1.3.2 Extended hierarchy through nanoparticle deposition

Recent works have integrated ceramic nanoparticle (NP) decoration of the compos-
ite building blocks, aiming to increase the internal hierarchical levels of structural
ceramic-based materials. This approach can be combined with other processing
routes, like freeze-casting, producing structures with complementary ordering ranges
(micro- vs nano-level) similar to nacre and other structural biomaterials previously
presented.

As concrete examples, Bouville et al. (2014) [15] produced a nacre-inspired ma-
terial by selecting a multi-phase ceramic precursor (alumina platelets 7 µm diameter,
alumina nanoparticles of 100 nm and a silica-calcia liquid phase of 20 nm) under the
application of gradient-controlled freeze-casting (Figure 1.14). Upon consolidating
the ceramic, integrating these hierarchy levels in the composite led to a remarkable
combination of toughness (17.3 MPa m1/2) and strength (470 MPa), overcoming
previous limits of 10 MPa m1/2 for alumina-based materials after exceeding 400
MPa strengths. The optimisation of the ceramic building blocks integrating the alu-
mina nanoparticles helped form nano-asperities and inorganic bridges reminiscent of
biomaterials, which could hinder crack growth and redistribute the load, otherwise
resulting in fatal failure [15].
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Figure 1.14: Hierarchical levels in the nacre-inspired material processed by Bouville
et al. (2014) [15].

Pelissari et al. (2018) [106] prepared hierarchical ceramic refractories by similarly
integrating magnetically-responsive alumina platelets with finer alumina nanoparti-
cles, consolidated by hot press sintering. In this work, the micro-structuring of the
material was achieved via Magnetically Assisted Slip-Casting after functionalisation
of the platelets with Fe3O4 nanoparticles instead of through freeze-casting. This
procedure produced analogous nacre-inspired structures, reaching a combination of
strength and toughness at room temperature (nearly 700 MPa and 11 MPa m1/2,
respectively) superior to previous alternatives without structural optimisation.

The conformation of nano-asperities in the microstructure can be achieved by
the inclusion of pre-made nanoparticles in the formulation of the composite and by
the synthesis in-situ of ceramic nanoparticles from a chemical precursor added to
the starting materials through thermal treatment. Henry et al. (2021) [107] recently
expanded the work from Bouville et al. (2014) [15], producing similar nacre-inspired
ceramic composites, enhancing the hierarchy of alumina platelets by integration with
Al2O3 and ZrO2 nanoparticles. The zirconia nanoparticles were obtained from an
alkoxide solution precursor followed by ageing and thermal treatment at 850 °C.

As another example, Wang et al. (2016) [108] applied an NP-decoration ap-
proach to the production of graphene/TiC composites, based on the sol-gel synthesis
of TiO2 and TiC nanoparticles from a titanium isopropoxide precursor deposited
on a graphene-based structure. The gel was treated at 550 °C first to produce a
mesoporous Ti-O-C intermediate material, further reduced at 1450 °C to render TiC
particles around 100 nm, allowing to tune the C/Ti ratio in the final composite by
the application of successive NP deposition runs.

This last work can serve as an introduction to the role of graphene as an additive
in ceramic-based materials, also highlighting its potential in the field of bioinspired
composites for producing interconnected networks providing structural support and
additional functionalities [39].
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1.4 Graphene for developing graphene/ceramic compos-
ites

1.4.1 Graphene structure and prospects

Graphene consists of one single layer of carbon atoms arranged in a hexagonal lat-
tice and constitutes the base for graphite and other carbon derivatives in the sp2

hybridisation such as nanotubes or fullerenes (Figure 1.15) [16, 109, 110]. Since its
theoretical prediction 75 years ago [111] and its experimental verification through a
simple scotch tape method [109], it has gained attention from the media and become
one of the most extensively researched topics in materials science during the 2010s.
Graphene has also paved the way for the exploration of other 2D materials, such as
metal-organic frameworks (MOFs), silicene or phosphorene whose third dimension is
reduced to their theoretical minimum of one atomic layer [112, 113].

Graphene

Fullerenes Nanotubes Graphite

Figure 1.15: Graphene as the building block for fullerenes, carbon nanotubes
(CNTs) and bulk graphite. Adapted from Geim et al. (2007)[16].

From this burst in popularity, one may ask what is unique about graphene com-
pared to an already existing nanometric alternative such as single-walled carbon nan-
otubes (SWCNTs), visualised as single graphene sheets rolled into a hollow cylinder
as in Figure 1.15 [114]. Graphene’s unique structure provides the material with an
outstanding combination of properties: Young’s modulus of 1,100 GPa, fracture
strengths of 125 GPa, thermal conductivity of 5,000 W m-1K-1, and charge carrier
mobility of 200,000 cm2 V-1s-1 in the case of single-layer graphene [115–118]. How-
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ever, these numbers are highly dependent on the presence of structural defects [119].
Graphene’s high specific surface area of 2630 m2 g-1 [120] additionally sets it apart
from other carbon counterparts. Instead of the point/linear linking occurring in the
case of 1D CNTs stacking, the superposition of 2D graphene sheets manifests in an
area-to-area fashion, which successfully exploits its surface area advantage [23, 110],
leading to enhanced electrical conductivity.

The most significant prospects of graphene rely on its unconventional electronic
properties that led to the Nobel Prize in Physics awarded to Andrew Geim and
Konstantin Novoselov in 2007, worth mentioning in this review despite not being
its primary focus. The remarkably high charge carrier mobility shown by pristine
graphene relates to electrons behaving like relativistic particles governed by Dirac’s
equation (applied where the mass of the particle is deemed negligible) instead of
the quadratic Schroedinger equation generally used in condensed-matter physics [16,
121, 122]. This seemingly ballistic transport below the micrometre scale occurs at
the Dirac points, regions where the conduction band transitions to the valence band
arising from graphene’s honeycomb lattice structure and its associated Brillouin zones
(Figure 1.16). Owing to this behaviour, graphene’s carriers are also referred to as
massless Dirac fermions in the literature.

Figure 1.16: Band structure of single-layer graphene showing the linear dispersion
at the Dirac point. From Hill et al. (2011) [17].

Other graphene’s attributes such as its flexibility, extremely low weight and
transparency have opened possibilities for innovative applications such as electric
batteries, ultracapacitors, filtration devices, drug carriers or flexible and wearable
electronics [123]. The combination of graphene’s 2D structure and its susceptibility
to change its electronic properties under doping can be exploited as electrochemical
sensors [17].

In the structural engineering field, immediate graphene prospects comprise its
use as reinforcement for composites, providing higher mechanical and electrical per-
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formance in already existing materials envisioned for aerospace applications, medical
prostheses, or advanced sports equipment, to highlight a few. Despite its great po-
tential, the translation of graphene’s quasi-theoretical properties from a 2D isolated
monolayer to a more useful 3D environment is still not resolved. Several challenges
prevent the full expansion of graphene in the industry, such as the impracticality of
producing large quantities of defect-less material and its current costly production.

Alternatives to pristine graphene have been explored, aiming to balance its qual-
ity grade and the properties obtained in the final material while maintaining a cost-
effective approach. A few examples of these include few-layer graphene (FLG) with 2
to 10 layers of graphene sheets stacked together and graphene nano-platelets (GNP),
of further aggregation up to 100 nm [18]. This range of quasi-graphene materials
have been widely approached through the last decade and are related to the differ-
ent mechanical and chemical methods for obtaining graphene addressed in the next
section.

1.4.2 Graphene precursors

Various synthesis routes have been developed to produce graphene using both bottom-
up and top-down approaches [124]. A bottom-up perspective involves obtaining the
material from the assembly of smaller building blocks, in this case, by arranging
graphene’s carbon atoms in self-sustained sp2 layers. In contrast, a top-down ap-
proach requires scaling down any macroscopic material, such as the exfoliation of
graphite sources into separate nanometric layers of graphene (Figure 1.17).

Top-down

Bulk Fragments

Bottom-up

Clusters Atoms

Nanoscale

materials

Figure 1.17: Bottom-up vs top-down processing strategies.

While bottom-up approaches generally lead to purer graphene because of the
defect-less structural formation, the higher purity comes at the expense of higher
production costs. The scalability of the material is also compromised due to the
greater difficulty in obtaining large areas of pristine material. In contrast, top-down
approaches starting from bulk graphite are more cost-effective but lead to aggregated
or disrupted graphene of lesser quality that cannot meet the high-purity requirements
needed for most optical and electronic applications.

According to the review from Miranzo et al. (2017) [18], the standard methods for
producing graphene could be classified into six main groups listed below, including
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some examples from the literature. Some of these approaches yield graphene-like ma-
terials of less purity than pristine graphene (e.g. few-layer graphene (FLG), graphene
nano-platelets (GNP) or graphene oxide (GO)), aiming to achieve a compromise of
properties and scale-up the graphene production.

• Chemical Vapour Deposition (CVD): Bottom-up approach in which car-
bon atoms are deposited through CVD on a metal substrate, producing sin-
gle and few-layer graphene domains later transferred to a secondary non-
conductive substrate. In a typical example based on transition metals sub-
strates such as Ni or Cu, a carbon feedstock (CH4 or C2H2) is supplied at
atmospheric pressure under temperatures of 900 – 1000 °C to trigger the for-
mation of continuous 1 – 12 stacked graphene layers [125]. Although this
process is not suitable for producing larger extensions of material (above 400
cm2), the deposited graphene sheets retain high purity suitable for electronic
applications.

• Epitaxial growth on SiC: Bottom-up approach focused on the growth of
graphene seeds formed on SiC crystals at high vacuum and high temperature
[126]. Under these conditions, the silicon atoms are desorbed, leaving behind
the carbon atoms that self-arrange in a sp2 structure forming the graphene
layers.

• Chemical route: Top-down approach that uses potent oxidant agents to dis-
rupt the stacked structure of graphite, applying extended functionalisation to
the graphene sheets. Although this method yields a heavily oxidised material
known as graphene oxide (GO), partial restoration of the properties from for-
mer graphene sheets can be achieved through thermal or chemical reduction
methods to obtain what is known as rGO [127].

• Suspension methods: Top-down approach to exfoliate graphite into graphene
sheets by using organic solvents in conjunction with physical separation meth-
ods such as filtration or gravity-sedimentation [128] and forces capable of in-
ducing exfoliation (e.g. ultrasonication or shear forces in liquid medium).

• Mechanical exfoliation: Top-down approach in which several milling meth-
ods are applied to a graphite supply, producing single and multilayer graphene
by sheer mechanical force. This method also includes the famous sticky tape
technique (also known as micromechanical exfoliation) that first validated the
experimental production of graphene [16, 109].

• Unzipping of CNTs: A scarcely explored method leaning on the longitudi-
nal opening of multi-wall CNTs, exploiting their nature as wrapped graphene
sheets. The work from Kosynkin et al. (2009) [129] mainly represents this tech-
nique, in which the CNT unzipping was performed through a solution-based
oxidative process.
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CVD and epitaxial growth on SiC are the most established bottom-up approaches
for rendering pristine graphene films with minimal defect quantity and layer aggre-
gation, mainly envisaged for electronic applications. However, graphene produced
through these techniques remains expensive and harder to escalate from a technical
standpoint [18]. For integration with other materials in composite form or appli-
cations requiring large quantities of graphene, top-down methods appear the most
promising ones (Figure 1.18).

Figure 1.18: Graphene processing methods most suitable for composite integration.
From Miranzo et al. (2007) adapted from Yi and Shen (2015) [18, 19].

Due to its hydrophobic behaviour shared by bulk graphite, graphene cannot be
homogeneously suspended in water, limiting the application of wet chemistry pro-
cesses. The chemical modification of graphite into graphene oxide (GO) has appeared
as a promising alternative to produce higher amounts of graphene-like sheets com-
patible with wet-chemistry processing methods and integrated with other materials.
However, the dispersibility of graphene (and its derivatives) is nearly inversely pro-
portional to their obtained physical properties because of the increased defective
regions in the material [130], for which the selection of an adequate precursor should
be subjected to the envisioned applications.

1.4.2.1 Graphene oxide

Graphite oxide has been known and prepared for decades since its first synthesis route
proposed by Brodie in 1859 [131], which requires the heavy oxidation of a graphite
source. Graphite oxide can be readily exfoliated in water to graphene oxide (GO), a
few-layer graphene sheet decorated with multiple functional groups comprising a top-
down chemical approach. Despite its considerable reduction in mechanical properties
compared to graphene (From Young’s modulus of 1 TPa to roughly 200-250 GPa [132,
133]), GO has become a promising precursor for graphene, owing to its dispersibility
in water and its ability to partially recover graphene properties upon reduction.
It maintains a very high aspect ratio and surface area, consisting of a primarily
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hydrophobic basal plane with hydrophilic edges (hence its amphiphilic label) with
high potential for integration with other materials in the form of graphene-based
composites.

A colloidal solution of GO can be prepared on organic (ethylene glycol, dimethyl-
formamide, N-methylpyrrolidone) and aqueous media, enabling wet processing tech-
niques [21, 134, 135]. Another attractive feature of using GO as a graphene precursor
lies in its reported self-assembly behaviour with the formation of spontaneous liquid
crystal (LC) phases [136]. The formation and stability of these phases arise from the
high anisotropy of the planar GO sheets, being highly dependent on the properties of
the suspension such as GO concentration and lateral flake size, pH and surface func-
tionality that control the displayed LC morphology (isotropic, biphasic or nematic)
[136, 137].

GO’s functionalised sheets enable breaking the π − π configuration of the orig-
inal carbon network, creating an insulating but hydrophilic material instead of the
original hydrophobic graphene sheets [138, 139]. The heavy oxidation also results in
a significant transformation of carbon to the sp3 hybridisation (C −C), contrasting
with the predominant sp2 hybridisation (C = C) characteristic of graphitic systems
like pure graphene. GO’s functionalisation is still discussed by different authors, ow-
ing to the competing processes occurring during its synthesis. It is established that
hydroxyl (C −OH), epoxide (C −O), carbonyl (C = O) and carboxyl (O = C −O)
groups are the most predominant species in the defective graphene structure after
oxidation (Figure 1.19) [20, 140, 141], with epoxide and hydroxyl groups generally
represented on the basal plane with carbonyl and carboxyl groups located at the sheet
edges. The presence of these functional groups reduces the interplanar bonding of GO
sheets in suspension, with layers easily exfoliated in contrast to non-functionalised
graphene [142].

Figure 1.19: Recreation of functional groups present in GO sheets. From Nasrol-
lahzadeh et al. (2015) [20]

Most of GO’s potential as a graphene precursor relies on its easy processing
and possibility of scaled-up production [116]. Larger quantities of suspended GO
with tunable concentration can be synthesised at a reduced cost, envisioned for
applications where the electrical properties are not essential. GO synthesis routes
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are based on well-established oxidation procedures followed for graphite oxide, in
which strong acids are applied to a graphite source while including additional steps
of exfoliation and centrifugation. Graphite oxide has been typically obtained through
three main procedures [116, 143, 144]:

• Brodie route: Oldest preparation method dating from 1859 using KClO3

and fuming HNO3 as oxidising agents. This process lasts for four days and
encompasses a high explosion risk [131].

• Staudenmaier route: Improvement on Brodie’s method in which the HNO3

acid is replaced by a mixture of HNO3 and H2SO4 at higher temperatures (first
described in the original publication in German [145]).

• Hummers route: Higher yield method replaces previous oxidising agents
with a mixture of concentrated H2SO4, NaNO3 and KMnO4, reducing the
total synthesis time to a couple of hours [143].

According to today’s standards, the Hummers method is arguably the most re-
ported graphite oxide synthesis route based on its high efficiency and relative safety
[146], easily expanded to GO production. In a standard Hummers procedure, bulk
powdered graphite is put in contact with NaNO3 and H2SO4 and cooled down to 0
°C in an ice bath. The mixture is stirred vigorously while KMnO4 is added, which
leads to the formation of Mn2O7 that heavily attacks the graphite layers. Enough
water is supplied after returning to room temperature, causing an exothermic reac-
tion that reaches 98 °C. The mixture is further diluted with extra water and H2O2 to
reduce the residual KMnO4 and MnO2 to soluble MnSO4 [143]. Extended cycles of
exfoliation and centrifugation/washing can delaminate the oxidised graphite layers,
obtaining single to few-layer GO in suspension.

Variations of the traditional Hummers method have been applied to increase the
GO yield and limit the toxicity of the process. A typical modified Hummers method
was first introduced by Hirata et al. (2004) [147], similarly oxidising the graphite
layers with NaNO3, H2SO4 and KMnO4 but applying increased oxidation times and
a purification process of higher purity.

Another remarkable modification of the Hummers method was presented by Mar-
cano et al. (2010) [148] to limit the production of toxic gases during synthesis and
achieve better temperature control. This route excluded NaNO3 from the mixture,
increasing the content of KMnO4 and substituting the H2SO4 from the traditional
method with a 9:1 concentrated mixture of H2SO4/H3PO4. The addition of phos-
phoric acid in the formulation increased the procedure’s safety. It also resulted in
higher yield retaining more significant intact portions of graphitic basal planes, for
which it has been preferred in recent years over the traditional Hummers route [134].

Chen et al. (2013) [146] proposed another modification removing the use of
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NaNO3 to reduce the environmental cost of GO production, limiting the toxic gases
generated and simplifying the water purification process. The reaction yield was not
negatively affected through this improvement, and the as-produced GO maintained
dispersibility with comparable lateral flake sizes to those from analogous synthesis
routes.

1.4.2.2 Reduced graphene oxide

The highly oxidised carbon regions of GO can be partially restored to former graphene’s
hexagonal sp2-bonded configuration through a reduction step, with the complete bulk
graphite to rGO processing route represented in Figure 1.20.

Bulk graphite Reduced GO

Oxidation Dispersion Reduction

Figure 1.20: Processing route for obtaining rGO from exfoliated graphite. Adapted
from Li et al. (2008) [21].

The reduction has been traditionally induced via chemical attack of hydrazine-
based compounds such as hydrazine hydrate [120, 127, 149], dimethylhydrazine [110]
and straight hydrazine vapour [150] Alternatively, lesser common agents like hydro-
quinone [151] have also been employed. In the most common chemical reduction
procedure using hydrazine (N2H4), the proposed reduction mechanism consists of
the ring-opening of the epoxide groups, producing alcohol and amino groups that
are later dehydrated. The resulting diimide is removed at the working temperatures
(moderate heating of 100 °C), favouring carbon double bonding and re-establishing
the former graphitic ring domains [127]. Although the use of hydrazine can induce
the reduction of GO at lower temperatures, the use of this material should be prefer-
ably limited based on its toxicity [21].

An alternative reduction route can be achieved through thermal annealing under
an inert atmosphere [140, 152, 153]. The energy provided by the applied temperature
can similarly eliminate the humidity molecules and the oxidised groups attached to
the graphene sheet surface, favouring the restoration of graphitic domains (Figure
1.21). The reduction temperature directly affects the oxygen elimination, from a
minimum of 500 °C to ensure the removal of functionalities to temperatures above
1000 °C, yielding C/O ratios above 40. Although this reduction method can lead to
higher reduction efficiency compared to chemically-driven methods, it is essential to
limit the heating rates to prevent the exploding of the structure as in the process of
GO exfoliation [140].
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GO rGO

Figure 1.21: Representation of the removal of functional groups in the GO sheet
after reduction. Adapted from Gao et al. (2009) [22].

Even after reduction, the material’s highly defective structure carries a substan-
tial decrease in performance compared to that of pristine graphene, retaining a non-
negligible amount of oxygen and defects in the material. While the mechanical
properties can be nearly restored, with Young’s modulus of rGO resembling pure
graphene (around 1 TPa), the electrical conductivity does not commonly exceed
200 S m-1 even after reduction at temperatures above 1500 °C. Reduced GO sheets
undergo the restoration of former graphitic domains in the structure, which grants
a blackened colour reminiscent of pure graphite [127, 153, 154] and display higher
roughness when compared to mechanically exfoliated graphene. Localised regions in
rGO sheets also show singular heptagon-pentagon pairs and defect clusters disturbing
graphene’s original six-membered ring structure [155].

For these reasons above, reduced GO is given a different name in the litera-
ture other than graphene, such as chemically modified graphene (CMG) or reduced
graphene oxide (rGO) [140], the latter used throughout this work to avoid confusion.
Even if its overall properties never reach pristine graphene, rGO provides a solid
alternative to graphene obtained through mechanical cleavage or epitaxial growth
due to its compromise between cost-effectiveness, ease of manufacture, and mechan-
ical performance while retaining moderate electrical conductivity. The ability to
tune the hydrophobicity of rGO by limiting or extending the degree of reduction
permits high flexibility in the processing, improving the dispersibility of graphene in
multi-material composites.

1.5 Recent progress on graphene/ceramic composites

1.5.1 Advantages and disadvantages of graphene as a ceramic ad-
ditive

Graphene and graphene-like materials (FLG, GNP, rGO) are considered exceptional
additive candidates for ceramic-based composites due to their combination of prop-
erties, leading to an increase in mechanical performance, wear resistance, electrical
conductivity or electromagnetic interference (EMI) shielding of the ceramic matrix
[18, 156].

Alumina-based composites containing graphene reinforcements (0 – 10 vol.%)
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have been reported throughout the last decade, exhibiting strength and toughness
increases of 35 – 80% compared to bulk alumina at a minor reduction of hardness
(< 15%) [23, 157–161]. Similar works were extended to other advanced ceramics
like Si3N4 from Walker et al. (2011) [162], who validated increases of KIC values
above 200%, only experiencing a 25% hardness reduction after the inclusion of 1.5
vol.% of GNP in the formulation. Shin et al. (2014) [25] also applied this processing
route for yttria stabilised zirconia (YSZ), achieving a 12% drop in hardness for rGO
reinforcements of 4 vol.%, which resulted in toughness increases of 50% compared to
the pure matrix material.

Graphene can soften the brittle behaviour characteristic of advanced ceramics,
improving the material’s toughness with moderate increases in bending strength,
owing to graphene’s flexible and strong nature. Graphene nanostructures embed-
ded in the matrix can help provide extrinsic toughening mechanisms behind the
crack tip (Section 1.2.1), in the form of graphene sheet pull-out and bridging the
crack tip edges, with easier paths for crack extension and deflection provided by the
graphene/ceramic interfaces preventing from traversing through the brittle ceramic
matrices.

Another advantage of the inclusion of graphene additives resides in increased
wear resistance. Once the graphene sheets embedded in the ceramic matrix are
pulled out from the composite surface after wearing, these act as a self-lubricant
layer that can reduce the friction coefficient of the material [163, 164]. Belmonte
et al. (2013) verified an increase above 50% of the base wear resistance of Si3N4

ceramics when including 3 wt.% of GNP in the formulation, a work that established
the potential of graphene inclusions to reduce friction under high contact pressure
conditions [165]. As another example, Llorente et al. (2016) included GNP addi-
tions to SiC matrices, increasing the additive content up to 20 vol.% values attaining
wear resistance improvements up to 70% [166]. Gutierrez-Gonzalez et al. (2015) ap-
plied a significantly reduced graphene content in graphene/alumina composites (0.22
wt.% in the consolidated material), noting an increase of 50% in the wear resistance
when compared to plain alumina and validating the use of GO as the precursor for
the graphene phase [163]. Graphene reinforcements can also trigger electrical func-
tionalities in insulating ceramics upon their introduction in formulation. With the
increase in graphene volume content, the electrical conductivity gradually augments
until reaching a percolation limit. Above this critical volume, the conductivity of
the composite is increased exponentially, arising from the creation of continuous
graphene networks embedded in the composite that allow the electric current to flow
through paths of lower resistance.

This percolation limit is highly dependent on the aspect ratio of graphene sheets
and the quality of the precursor employed [18]. Achieving this internal network gen-
erally requires the addition of abundant reinforcement in the formulation at the cost
of a higher deviation from the matrix properties. However, percolation can also be
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achieved at very low concentrations, as shown by the works of Centeno et al. (2013)
reporting percolation of graphene/alumina hybrids at 0.22 wt.% [23] and Hussainova
et al. (2017) [167] producing electroconductive zirconia-based composites by adding
hybrid graphene/alumina fibres with conductivities of 10 – 100 Sm-1 upon reaching
network percolation at remarkably low carbon levels (0.6 vol.%). More examples are
included in Figure 1.22 by Miranzo et al. (2017) [18], covering graphene/ceramic
composites with enhanced conductivity up to 10000 S m-1 [23–31].

Figure 1.22: Electrical conductivity increase of ceramic-based composites as a func-
tion of the graphene volume content (GO or GNP) in the ceramic matrix. Adapted
from Miranzo et al. (2017) [18] with references in the legend from top to bottom
corresponding to Centeno et al. (2013), Fan et al. (2012), Shin and Hong (2014),
Ramirez et al. (2013), Ramirez et al. (2012), Simsek et al. (2017), Yun et al.
(2015), Roman-Manso et al. (2016) and Tan et al. (2016) [23–31].

Fluctuations in this range of electrical conductivity (for instance by disruption
and cracking of the internal structure of the material) can be registered, opening the
possibilities for ceramic-based components with sensing capabilities that retain high
strength and toughness in demanding environments.

Additional advantages of including graphene in the ceramic formulation have
been proposed, such as lightning protection or improved EMI shielding [168] with
great potential for aerospace applications. Graphene inclusions can enhance the
reflection and absorption mechanisms of neighbouring electromagnetic fields, reach-
ing shielding effectiveness up to 40 dB [164] several orders of magnitude superior
to plain advanced ceramics, generally transparent to electromagnetic radiation. Al-
though EMI shielding is conventionally provided by metals, ceramic-based shields
could exploit the advantageous properties of ceramics, working in high-temperature
environments providing resistance to corrosion and high strength [164, 169].

Some major challenges remain in graphene/ceramic composites despite their huge
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potential and the extended research performed throughout the last decade. Scalabil-
ity and costliness issues still limit its spread into the industry, keeping it at the early
stages of commercial development [130]. The difficulty in obtaining heterogeneous
dispersions in a matrix material is a key disadvantage reported for graphene (common
to CNTs) as a reinforcement in composites, leading to aggregation and an overall
loss of mechanical properties compared to the expected behaviour [25, 39, 157, 170].
Even though graphene processing methods were significantly improved compared to
CNT reinforcements, it remains a difficult task to achieve homogeneous dispersions
of graphene due to the stacking tendency of its sp2 planar graphitic domains and its
hydrophobic (or water-repelling) behaviour.

Graphene’s properties are also highly vulnerable to layer stacking and agglom-
eration, approaching the behaviour of bulk graphite upon increasing the stacking
above 10 layers. Although there are suitable applications for non-pristine graphene,
the electrical and mechanical properties are drastically reduced in the presence of
stacked layers and defects in the structure [132]. As a result, the predominant use
of graphene-like precursors (rGO, GNP) in composite processing permits a cost-
effective approach, at the expense of electronic applications envisioned for graphene
throughout the first decade of the 21st century based on the theoretical studies on
graphene monolayers.

1.5.2 Spark Plasma Sintering of graphene/ceramic composites

All graphene/ceramic composites shown in the previous section required an optimised
consolidation stage, performed either through hot pressing, Flash sintering or SPS as
the most referenced techniques. Among these, SPS has taken a leading role, enabling
a high degree of solid packing with densities over 99% by its combination of uniaxial
pressure and direct electrical current (Section 1.1.2.2) [6, 51].

Graphene/alumina composites reported [86, 157, 158, 171] have been convention-
ally SPSed exploring several process parameters (maximum temperature reached,
heating rates, isothermal dwelling times and exerted uniaxial pressure). Sintering
temperatures of 1300 – 1500 °C, with pressures of 50 – 80 MPa have been predomi-
nant in the literature with heating rates over 100 °C min-1, exploiting the capabilities
of SPS that permit fast sample production. The duration of the isothermal stage has
varied extensively in these reported works (1 – 10 min), constrained to the thermal
and electrical conductivity of the sintered materials and the physical dimensions of
the samples produced.

SPS-driven consolidation has been successfully extended to other graphene/ce-
ramic pairings beyond alumina, examples being zirconia [25, 172], alumina-zirconia
mixtures [167, 173], silicon carbide [174], silicon nitride [26, 175] or boron carbide
[31], maintaining similar ranges of pressure and heating rates. The maximum sinter-
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ing temperatures were adapted to the desired crystallographic phase for each ceramic
matrix (e.g. from 1350 °C in zirconia mixtures to 1800 °C in the case of UHTCs like
silicon or boron carbides), with increased temperatures also having an effect on the
electrical capabilities of graphene, such as the graphitisation process occurring in
rGO.

In these reviewed studies, the internal structure of the material during the fabrica-
tion of graphene/ceramic composites was not carefully tailored, with the constituents
integrated in a random fashion during processing. Despite obtaining improvements
of the properties compared to the bulk ceramic matrix, this processing approach
could soon reach another upper limit that could not satisfy the complex demands of
the near future engineering [40, 176]. Gaining more insight in tailoring the internal
hierarchy of novel graphene/ceramic composites appears a promising solution, an
example being the integration of bio-inspiration concepts in the materials processing
strategies.

1.5.3 Towards hierarchical graphene/ceramic composites

The prospects of obtaining an interconnected 3D graphene network embedded in
a ceramic-based composite have been recently explored as a pathway towards the
current challenge of achieving programmable design and assembly in ceramic-based
materials [40]. Maintaining the composite’s internal hierarchy can lead to an increase
of the mechanical properties based on graphene’s natural strength and ability to
deflect crack propagation while providing added functionalities such as increased
electrical and thermal conductivity owing to the remarkable properties provided by
graphene-like materials.

Hierarchical processing was primarily resolved for graphene/polymer hybrids via
freeze-casting of graphene precursors in suspension. The colloidal stability of GO
in suspension has permitted the conformation of graphene super-elastic structures
exhibiting ultralow density after reduction (1 – 10 mg cm-3) with oriented internal
channels in the order of tens of micrometres [152, 154, 177, 178]. By infusing a poly-
meric phase, a range of electrically conductive polymer-based composites have been
reported, useful for sensing purposes, EMI shielding or increased thermal conductiv-
ity [179–181].

Graphene/polymer hybrids have been taken a step further by providing more
functionalities to the composite beyond the restoration of electrical conductivity and
increase in mechanical properties. D’Elia et al. (2015) [182] proposed the selection
of polyborosiloxane (PBS) as the polymeric phase based on its self-healing capabili-
ties, permitting the conformation of a 3D interconnected graphene network produced
via freeze-casting as a scaffold, providing structural integrity to the material during
healing of the polymer matrix. Recently, freeze-cast graphene networks were simi-
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larly integrated with memory-retaining epoxy resin to produce electrically conductive
shape-memory composites [183], maintaining a very low carbon content (<1 wt.%).

Research on hierarchical graphene/ceramic hybrids has been significantly scarce
in comparison. Some works implemented ceramic precursors as in the case of Wang
et al. (2016) [108] (previously introduced in 1.3.2), the work from Wang et al. (2019)
[184], in which the freeze-cast structure was made from combining GO and alumina
in the precursor prior to hot-pressing, and the work by Sun et al. (2020) [164], which
consolidated the ceramic phase by pyrolysis of a zirconium n-propoxide precursors,
later expanded to other ceramics like alumina or silica.

Picot et al. (2017) developed a separate GO scaffold/infiltration approach in
which the infiltrating ceramic phase consisted of polymer-derived ceramics (PDCs)
[38, 185]. The integration of graphene and PDCs had already been explored by Ji et
al. (2009) by integrating GO powder with a polysiloxane precursor later transformed
to SiOC by a process of crosslinking and pyrolysis [186]. However, in Picot et al.
work, the concept was expanded by applying a bioinspired approach, through which
a polymethyl siloxane polymer was used to infiltrate a freeze-cast graphene-like net-
work, later converted to a glass-ceramic (silicon oxycarbide glass) via pyrolysis at
900 °C and SPS at 1700 °C.

The substitution of PDC precursors with advanced ceramic slurries in the direct
infiltration of graphene networks appears as a promising extension of this study, de-
livering a cost-effective processing route without chemically converting the matrix
material and maintaining the attractive properties of advanced ceramics. Extend-
ing this strategy to water-based suspensions is also desirable, based on water’s low
cost, great availability and environmentally friendly characteristics [1, 87]. However,
achieving this is not trivial due to the hydrophobic nature of graphene, repelling
the water-based ceramic slurries and preventing the integration of both constituents.
This challenge could be approached by the integration of amphiphilic additives in
suspension that modify the surface behaviour of the ceramic particles, a strategy
recently approached by Fan et al. (2021) [187].

Achieving a flexible, interconnected graphene network embedded within advanced
ceramics could improve the material’s toughness by providing extrinsic mechanisms
to accommodate the stresses that lead to fatal failure upon loading, also paving the
way for lightweight, electroconductive ceramics produced via a water-based cost-
effective method. Such materials could be highly valuable for aircraft and shielding
applications where ceramic-based materials have been increasingly used over the
years, and yet non-insulating materials with a better combination of toughness and
strength are required [40, 168].
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Chapter 2

Aims and Objectives

The main objective of this thesis consisted of validating a water-based processing
route for bioinspired graphene/ceramic composites through a scaffold and infiltra-
tion approach. It comes as an extension of previous approaches in producing highly-
structured graphene/ceramic composites using polymer-derived ceramics (PDCs)
[176]. In contrast, this work aims to apply the strategy to water-based alumina
slurries, exploiting the amphiphilic capabilities of Pluronic F127 additions in the
ceramic formulation and expand previous knowledge on the production of graphene-
based aerogels via freeze-casting. A general processing strategy was defined (Figure
2.1) to overcome the main challenge of infiltrating a hydrophobic graphene scaf-
fold, permitting ceramic and graphene phases to coexist in the bulk composite and
maintaining coherence after consolidation.

Figure 2.1: General steps in the proposed processing strategy.

Accomplishing this general objective required expertise in wet-chemistry, freeze-
casting, sol-gel synthesis, carbonisation and advanced sintering techniques (Spark
Plasma Sintering), along with a selection of chemical and structural characterisation
techniques at every stage. The document has been divided in three self-contained
results chapters that correlate to the three identified stages in the processing strategy
proposed:
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1. Production of self-supporting graphene aerogels and hierarchy enhancement
via deposition of alumina nanoparticles.

2. Integration of alumina and graphene phases.

3. Consolidation of the novel graphene/alumina composite.

1. Achieving self-supporting graphene aerogels

The first stage objective comprised the conformation of interconnected graphene
aerogels via freeze-casting and carbonisation, using colloidal graphene oxide (GO)
suspensions in water as precursor. Settling a systematic procedure required defining
freeze-casting parameters such as GO concentration in water, additives in formulation
and freezing rates applied to the slurries. The scalability of the produced aerogels was
additionally targeted, paving the way for later stages in the project and producing
specimens large enough for future testing without damaging their consistency and
self-standing behaviour. This has been approached by combined optimisation of the
freeze-casting setup and the carbonisation cycle.

A secondary objective comprised evaluating the selected graphene precursors,
with extensive characterisation applied to the two GO sources (CU_GO and ICL_-
GO) used throughout this work. This chapter also explored the decoration of
graphene aerogels with alumina nanoparticles (NPs), designing an environmentally-
friendly route of low toxicity based on aluminium lactate. This aerogel-decoration
strategy aimed to implement an extended level of hierarchy in the material and ex-
plore a scarcely researched NP synthesis route previously applied for ceramic glasses
and fibres.

2. Integration with water-based alumina slurries

The second stage objective consisted of solving the key challenge of infiltrating
water-based alumina slurries into hydrophobic graphene aerogels, maximising wet-
ting and delivering graphene/ceramic green bodies according to traditional ceramic
processing routes. The aim was to study the effect of the amphiphilic copolymer
(PF127) additions in the ceramic formulation, limiting its quantities while allowing
the wettability of the graphene/alumina pairing.

A systematic approach was defined by adjusting the formulation of PF127/Al2O3

slurries in water and performing wettability and infiltration tests under lab-scale
conditions, also applied to graphene aerogels with the extended hierarchy level. The
scalability of this processing strategy was also approached, with the objective of
producing scaled-up graphene/alumina green bodies ready for consolidation.
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3. Consolidating a final composite

The third stage objective targeted the consolidation of graphene/alumina green
bodies obtained in previous stages, preserving the graphene aerogels’ structure pro-
vided by freeze-casting processing. The aim was to achieve unidirectionally aligned
channels of graphene on the micrometre scale embedded in the ceramic matrix, mir-
roring previous works on bioinspired structures.

This stage required finding optimal parameters for SPS sintering, regarding the
temperature and pressure cycles applied to deliver unbroken ceramic-based discs pre-
serving integrity and a high degree of densification. The conditions were applied for
both lab-sized and scaled-up scenarios, understanding the constraints of the pro-
cessing strategy and outlining pathways for future optimisation of the processing
route.
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Chapter 3

Materials and Experimental
Methods

3.1 Raw materials

Two types of water-based graphene oxide (GO) suspensions were used at different
stages in the project acquired from various sources:

1. GOGraphene (William Blythe Ltd.) 1 wt.% GO suspension in water.

2. As-prepared 0.6 wt.% GO suspension from Imperial College London.

While GOGraphene (labelled CU_GO throughout the document) is a readily
available commercial supply of GO suspensions, the suspension from Imperial College
London (ICL_GO) was specifically synthesised for this research by Prof Saiz´s group
at the Centre of Advanced Structural Ceramics (CASC) through a modified Hummers
method [148]. Due to the limited availability of this custom suspension and the
expected variability between different batches, CU_GO was selected for most of the
early tests and characterisation before defining a general processing strategy. Silicon
wafers (Graphenea) containing a 300 nm SiO2 layer were used as substrates for GO
films and suspensions.

Baikowski BA-15W alpha-alumina (specific surface area of 19.6 m2 g-1, particle
size of 100 nm measured by SEM and density of 3.96 g cm-3) was used as the main
ceramic powder throughout the project. Additives added to water-based alumina and
GO slurries consisted of sucrose powder (C12H22O11, Sigma Aldrich) and polyvinyl
alcohol beads (PVA, Sigma Aldrich). A triblock copolymer based on polyoxyethylene
(PEO) and polyoxypropylene (PPO) in the form of [PEO]a-[PPO]b-[PEO]a (a = 100,
b = 65, Mw = 12600 g mol-1, Sigma Aldrich) commercially labelled as Pluronic F-127
(PF127) was also included in the formulation of water-based alumina suspensions.
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Deionised (DI) H2O was chosen as the aqueous suspension medium for water-based
processing and cleaning purposes. Organic solvents used for the preparation of non-
aqueous suspensions and cleaning purposes include ethanol (anhydrous - 99%, Sigma
Aldrich), isopropanol (IPA, anhydrous - 95% purity, Sigma Aldrich) and acetone
(95%, Fisher Scientific).

Infusion epoxy resin (IN2, Easy Composites Ltd.) was selected as the matrix for
epoxy/graphene composites, cured for 24 hours using a slow hardener (AT30, Easy
Composites Ltd.) by mixing in a 70:30 weight ratio.

Alumina nanoparticles were synthesised using aluminium-L-lactate in flake form
(95%, Sigma Aldrich) as a precursor in DI H2O. The pH of the lactate solutions was
adjusted by dropwise addition of sodium hydroxide (NaOH, 1 M) and hydrochloric
acid (HCl, 2 M). Commercial water-based 20 wt.% suspensions of alumina nanopar-
ticles (α-phase, 30 nm, US Research Nanomaterials, Inc.) were also used for com-
parison purposes.

3.2 Materials and composites preparation

3.2.1 Slurry preparation

Throughout this work, GO and alumina solids were processed in slurry form (as
suspensions of dense materials in water or other liquid media). Several steps were
common in the preparation of each suspension. The required amount of solid material
was initially weighted on an OHAUS Explorer EX 423 balance and added to a plastic
container, or speed-mixing beaker described hereafter. For weighting even lighter
materials, such as graphene oxide aerogels, a five-digit Precisa Balance 40SM-200A
was used alternatively.

All granular powders (e.g. ceramics and sucrose) were weighted on disposable
weighing boats with a stainless-steel spatula and added to the mixture. Liquids and
low-viscosity slurries were weighted by drop-wise addition with a disposable Pasteur
pipette or 1000 µl micropipette when higher precision was required.

A laboratory-sized instrument for rapid mixing SpeedMixer™ DAC 800.1 FVZ
unit was included in most procedures requiring great mixture homogeneity to pro-
vide efficient contact between the formulated water-based slurries. Speed-mixing
combines the spinning of a high-speed mixing arm in one direction with the opposite
rotation of the basket. This combination (referred to as dual asymmetric centrifuge)
provides degassing and efficient contact between the formulated water-based slurries,
obtaining a homogeneous dispersion in under 10 minutes.
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3.2.1.1 Wet ball-milling

In common with traditional ceramic processing routes, a wet ball-milling stage was
included in the preparation of alumina suspensions (in the presence of PF127 addi-
tions) before their integration with graphene-based aerogels in the main processing.
Ball-milling was applied to aid in breaking the alumina agglomerates from the sup-
plied powder and reducing sedimentation.

Alumina balls of 3 mm in diameter were used as the milling media. The volume
of alumina suspension, milling media and air to be introduced in a sample container
was first based on a simple relationship with each part occupying 1/3 of the total
volume (Vtotal):

Vtotal = (Vsusp + Vmill + Vair)

Vsusp = Vmill = Vair =
1

3
Vtotal

(3.1)

With Vsusp, Vmill and Vair representing the volume of alumina suspension, the
milling balls and the remaining air, respectively. However, this relation was intended
for 10 mm balls of equivalent weight, and it did not consider an extra 30 – 40% of
volume loss due to the ball-packing [188]. Therefore, the volume for milling media
was eventually lowered to 1/5 of Vtotal calculating the number of balls to put in the
container based on weight instead.

mmill = Vmill × ρAl2O3

mmill = N ×mball

(3.2)

Where ρAl2O3 is the density of the alumina balls, and N is the number of alumina
balls to add to the suspension. For example, on a container with a Vtotal of 200 mL,
a target Vmill of 40 mL would be filled by the milling media (158 g). Alumina balls
were added to the container on a precision scale until reaching this weight value.
The quantities of water, alumina and PF127 in the ceramic slurry were obtained by
relating the target volume of suspension in the container with the weight and density
of each component:

Vsusp = VAl2O3 + VPF + VH2O

Vsusp =
mAl2O3

ρAl2O3

+
mPF

ρPF
+

mH2O

ρH2O

(3.3)

From the value of solid loading and PF127/Al2O3 wt./wt. ratio chosen for each
suspension, a weight relation between the three components could be defined. As an
example, for a 25 wt.% solid loading alumina slurry with a PF127/Al2O3 ratio of
0.15, the following relationship would apply:
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mPF = 0.15×mAl2O3

mAl2O3 = 0.25× (mAl2O3 +mPF +mH2O)
(3.4)

By integrating Equations 3.3 and 3.4, the wt.% of each component was obtained
for each set of conditions and added to the milling container. After putting the
suspension and milling media together, the container was tightly closed with Parafilm
and rotated at 200 rpm for a minimum of 24 hours. The suspension was transferred
to a different container and sieved to retrieve the maximum quantity of suspension
while limiting water evaporation. The milled suspension was speed-mixed for an
additional 10 minutes to reduce bubble formation arising from the addition of PF127
in the alumina slurry formulation, which is detailed further in Chapter 5.

3.2.2 Production of aluminium hydroxide gels

Aluminium hydroxide gels were produced by the sol-gel synthesis of aluminium-L-
lactate in DI H2O based on a synthesis procedure described by Zhang et al. (2003)
[189, 190] and integrated with GO suspensions (Figure 3.1).

Figure 3.1: Stages of aluminium hydroxide gel production, starting from the solution
of aluminium-L-lactate precursor to the integration with GO suspensions.

Various parameters such as temperature, pH, precursor concentration and ageing
method were modified to identify the most suitable conditions to produce the gels
with the assistance of Ms Céline Daurat during her 2018 CUROP summer placement.
The starting conditions consisted of an aluminium lactate concentration of 0.1 - 0.5
M, a pH range from 2 to 10 (monitored with a pH meter and altered by dropwise
additions of NaOH, 1 M and HCl, 1 M) and two different methods of ageing (Table
3.1). The first method consisted of ageing at room temperature for up to 1 week,
whereas the second required controlled heating in a drying oven at 60 °C for 48 hours.
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Table 3.1: Experimental conditions tested for sol-gel of aluminium lactate precursor.
RT = Room temperature.

Al lactate
concentration
(mol/l)

pH
Ageing
temperature
(°C)

0.1 2 RT
0.1 3.4 RT
0.1 3.4 60
0.1 7 RT
0.1 7 60
0.1 10 RT
0.1 10 60
0.2 3.4 60
0.2 10 60
0.5 10 60

Magnetic stirring was maintained for 30 minutes to ensure the homogeneity of
the measurements, using a Parafilm cover to prevent the evaporation of water in
the process. 20 mL of DI H2O was used to prepare 0.1 to 0.5 M solutions of alu-
minium lactate using 50 mL glass beakers and a precision scale. The mixture was
homogenised using 30 min of magnetic stirring and a hot plate to control the temper-
ature between 25 – 50 °C while covered with Parafilm-M to avoid solvent evaporation
until a visible colour change occurred. The pH of ceramic precursors solutions was
modified by adding sodium hydroxide (NaOH) 1 M or hydrochloric acid (HCl) 2 M,
monitored with a Mettler Toledo SevenCompact pH meter. Once the pH was ad-
justed, the samples were stored in closed beakers at room temperature or heated in a
fan-circulated oven (LTE Scientific Raven Oven 2) up to 50 °C for 48 h to accelerate
the gelation process.

3.2.3 Processing aerogels via freeze-casting and freeze-drying

The fabrication of highly porous GO aerogels was achieved by freeze casting of
graphene oxide suspensions in water and subsequent freeze-drying.

3.2.3.1 Freeze-casting setup

The custom-made freeze-casting setup consisted of two steel-based cylindrical con-
tainers (120 mm and 220 mm in diameter) containing a cylindrical copper finger (25
mm in diameter) to maximise thermal conductivity based on previous examples in
the literature [152, 182, 191]. The outer cylinder was continuously filled with liquid
nitrogen up to 50 – 60% capacity to ensure temperatures of –196 °C were achieved at
a 2 – 10 °C min-1 rate. The inner cylinder holding the copper finger was filled with
2 - 3 cm of ethanol bath to level the temperature gradient provided by the liquid
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nitrogen throughout the experiment.

A representation of the whole setup is included in Figure 3.2, highlighting the
physical parts of the equipment and identifying the required consumables. Graphene
oxide slurries were poured in a mould on top of the cold finger, ensuring the temper-
ature gradient was unidirectionally applied from the bottom plane. To improve the
fitting of the mould to the copper rod, a machined thin copper plate was placed on
top of the finger as an intermediate layer.

Figure 3.2: Schematic of the custom freeze-casting setup with all key components.
A picture of the real unit and a detailed perspective of the casting mould are also
provided.

The cooling gradient was applied by a heating band wrapped around the copper
finger, connected to a Eurotherm controller-programmer with an attached type-K
thermocouple monitoring the temperature reached. The heating band was positioned
as close as possible to the thermocouple, as the loss of heat through conduction at low
temperatures could lead to considerable thermal deviations above distances greater
than 5 mm.

Moulds were machined from Teflon, which effectively prevented the sticking of the
suspensions when casting complex shapes. 3D-printed polylactic acid (PLA) moulds
were used for simpler shapes as an alternative due to their ease of manufacture
and faster availability (Figure 3.3a). A 4-piece improved mould setup was designed
with the help of CUROP student Mr Mohammad Arshad. This mould permitted
a 90° rotation of the freezing direction during freeze-casting while maintaining the
cylindrical outer shape of the produced aerogels (Figure 3.3b). Instead of previous
2-piece moulds, the improved mould was additionally sliced in four sections, easing
the dismantling procedure without breaking the sample after freezing was complete.
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Teflon was selected over PLA material despite its much higher operational cost to
help preventing the sticking of GO suspension to the mould’s sharper corners.

a

b

Figure 3.3: a) Various Teflon and PLA mould concepts for freeze-casting. b) Im-
proved 4-piece Teflon mould to produce cylindrical 30 mm aerogels with a perpendic-
ular axis of revolution.

A Eurotherm temperature controller/programmer 3216-CC-VH was used to pro-
gram the cycle of freeze-casting in a flexible and controlled manner. The controller
program covered the required heating/cooling steps needed to perform freeze-casting
of the suspensions, with the following requirements identified for any given routine:

1. An initial temperature (SP1) maintained for an undetermined amount of time.

2. A consistent freezing rate of 1 to 10 °C min-1.

3. Achieving a target temperature (TSP1) of at least –150 °C to guarantee com-
plete freezing of the slurry.

4. The ability to stop the program at any given time before reaching (TSP1) to
adapt to mould shapes and materials of different behaviour.

The controller was reset to the initial set point (SP1) defined at 20 °C once the
program was terminated at any given time (generally when the sample appeared
frozen entirely). After reaching the SP1 temperature again, the next cycle was
initiated by casting a new slurry into the mould. A sketch of the program is included
in Figure 3.4.

44



Figure 3.4: Freeze-casting routine displaying the critical parameters involved, with
the expected deviation between target and real temperatures achieved in the mould.

The main advantage of this approach is its simplicity, which permitted a quick
succession of freeze-casting cycles returning to the SP1 initial temperature at any
given time. As a drawback, the temperature of the final heating step could not be
controlled. However, it did not affect the results as the mould was always detached
from the copper rod before this step. The PID internal controller of the Eurotherm
was adjusted using an auto-tune function, after which the applied freezing rates were
manually verified using a timer.

Various improvements were made on the freeze-casting setup to attain flexible
freezing rates, aiming for more consistent aerogel production under all selected pa-
rameters. Despite minimising the distance between the heating band and the con-
troller’s measuring thermocouple and autotuning the controller’s PID parameters,
an upper limit of 5 °C min-1 freezing rate was verified in the setup (Figure 3.5). As
higher freezing rates had been previously reported in the literature [152, 177], this
limitation was attributed to poorer heat transmission in the custom-built freeze-
casting setup.
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Figure 3.5: Decay in temperature rate arising from poor thermal transmission in
the freeze casting setup, manually verified using a timer.

An improved version of the freeze-casting setup was alternatively used at the
Institute of Science and Technology of Carbon (INCAR), with the base of the outer
stainless steel cylindrical holder containing liquid nitrogen substituted with copper
material of higher thermal conductivity. With this modification, liquid nitrogen
became a more effective cold source, improving the heat transmission with the copper
rod and enabling consistent temperature gradients of 10 °C min-1, permitting faster
casting times.

3.2.3.2 Freeze-drying

The ice present in the GO aerogels produced via freeze-casting was sublimated by
freeze-drying on a Lablyo -85 (Frozen in Time Ltd., Figure 3.6), combining tem-
peratures below –6 °C with pressures between 1 - 12 Pa. Samples were put in
either B24/B29 round-bottom flasks or 150 mL neck filter bottles with rubber caps
(SciQuip) depending on the physical state of the material and connected to any of
the eight valves from the top manifold via B24 flask adapter tubes.

Optimal temperature and pressure conditions were set by enabling a dual com-
pressor and a vacuum pump, activated once the temperature in the chamber de-
creased below -30 °C. High-vacuum silicone grease (Dow Corning) was also applied
on every junction to maximise sealing. A minimum operation time of 48 h was
needed to completely remove ice from the samples, increasing up to 4 – 5 days based
on the specimen size and geometry. After completion, the obtained green bodies
could be retrieved from the flasks/bottles with barely any humidity in the structure
to perform weight and density measurements before carbonisation.
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Figure 3.6: Diagram of Lablyo -85 freeze-drying unit, provided by Frozen in Time
Ltd.

3.2.4 Aerogel post-processing - Carbonisation

Carbonisation of graphene-based samples was performed under an inert atmosphere
on a Carbolite MTF 12/38/400 tubular furnace. A preliminary drying step was
also included to ensure the total elimination of humidity in the samples after freeze-
drying. This drying step was performed overnight under 100 °C inside a fan-circulated
oven (LTE Scientific Raven Oven 2), covering the material with Pyrex glassware to
mitigate the airflow generated by the fan.

In the tubular furnace, a 35 mm quartz straight tube (Multi-lab) was placed
inside the chamber and connected to an argon gas line (Pureshield 11-W, 11.01 m3)
by combining KF-40 Swagelok adapters, cast clamps and Quick connect couplings.
Samples were deposited on rectangular alumina crucibles (99.7% purity) placed in
one end of the quartz tube and pushed to the chamber’s centre with the help of a steel
rod. An argon flow of 2 lpm (litres per minute) was regulated using a ball flowmeter
(Brooks Instruments) attached to the inlet line and enabled 40 minutes before car-
bonisation to purge the air inside the chamber. The outlet tube was connected to a
water-filled beaker with a rubber hose, verifying the argon flow by monitoring water
bubbling (Figure 3.7).
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Figure 3.7: Diagram of the tubular furnace setup for carbonisation of graphene-
based samples.

The annealing procedure applied to graphene-based samples was modified to
compensate for the inability to control the applied heating rate in the tubular furnace.
Freeze-dried GO aerogels were first put in the drying oven overnight to smoothen
the initial weight loss caused by the remaining humidity. The aerogels were then
transferred to the tubular furnace, reaching three intermediate temperatures of 100,
150 and 200 °C with 1 h dwelling times to ease the release of volatiles during this range
of temperatures. Finally, the temperature was raised again to the original target of
900 °C and maintained for 1 h, leaving the sample to cool naturally under argon
flow. The implications of applying an uncontrolled heating rate in the carbonisation
of graphene-based samples are addressed in more detail in Chapter 4.

Achieving a specific carbonisation temperature within tight tolerances in graphene-
based samples is critical regarding their final properties and restoration of the graphitic
structure [130, 139, 153]. To verify the achieved temperatures, the tubular furnace
was thoroughly calibrated up to 1000 °C using a type-K thermocouple placed at the
central point of the chamber. The calibration was performed by registering three
measurements:

1. Temperature marked by the inbuilt Eurotherm controller in the furnace.

2. Temperature registered by the external thermocouple in contact with the ce-
ramic and under air atmosphere.

3. Temperature registered by the external thermocouple inside the quartz tube
under low argon flow.

The testing cycle consisted of intermediate steps of 100 °C achieved with the in-
built Eurotherm controller. Once the furnace reading stayed constant for more than
one minute, the target temperature was deemed reached and maintained for a 10 min
isothermal dwell. Afterwards, the next temperature target was selected, repeating
until reaching a final temperature of 1000 °C, concluding with natural cooling under
air (Figure 3.8).
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Figure 3.8: Temperature calibration performed on the tubular furnace, both under
air and argon atmosphere.

The empirical formula Tact = 0.9Tsel − 29.7 was derived from this calibration
procedure, with Tact being the desired temperature required by the process and Tsel

the temperature to be selected in the in-built Eurotherm controller. Further tests
were performed for temperatures under 300 °C due to the instability shown by the
red thermocouple in Figure 3.8. In those tests, the behaviour inside and outside
the tube (red vs yellow curves in the graph) was found equivalent, discarding any
potential effects of the argon flow at lower temperatures.

3.2.5 Composite preparation via infiltration

Graphene-based aerogels were infused with epoxy resin through vacuum casting in a
custom-made chamber by applying negative pressure. The technique ensured faster
infiltration rates and the reduction of bubbles present in speed-mixed materials. The
base resin and hardener were first put separately inside the vacuum chamber for at
least 15 minutes. The pressure was maintained under 70 Pa using a vacuum pump,
gently releasing the pressure by manipulating the chamber’s closing valve to prevent
sudden foaming and over-spilling of organic materials.

The resin and hardener were mixed on a 100:30 weight ratio and speed-mixed
for 10 minutes. The graphene-based aerogels were placed in secondary containers,
adding the epoxy/hardener mixture dropwise to the aerogels using a plastic pipette
to prevent excessive damage to the structure. The containers were later placed under
vacuum for an additional 20 minutes to enhance the infiltration and remove bubbles
present in the epoxy mixture. A slow hardener was selected to prevent curing the
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epoxy matrix before achieving complete infiltration of the scaffold due to the inherent
slow processes of degassing and epoxy dropwise deposition.

Graphene aerogels were also infiltrated with water-based Al2O3/PF127 suspen-
sions in the absence of a vacuum to prevent excessive foaming caused by the PF127 in
suspension. The aerogels were first placed in an empty container, then Al2O3/PF127
droplets were added over the aerogels using a plastic pipette to wet them until com-
plete infiltration. This process required extensive optimisation of the infiltration
conditions and approach, detailed in Chapter 5.

3.2.6 Spark Plasma Sintering

3.2.6.1 Sample preparation and start-up

Spark Plasma Sintering (SPS) was selected as the sintering method for ceramic-based
samples and composites in this work performed using a Type HP D 10-SD unit from
FCT Systeme GmbH (with its background already presented in Section 1.1.2.2). All
samples were sintered in detachable graphite dies of 20 mm and 30 mm diameter
(Duragraph 120, Erodex Ltd. from Figure 3.9) previously wrapped with 0.2 - 0.35
mm graphite paper (Erodex Ltd.).

Figure 3.9: Exploded view of the graphitic die assembly for 30 mm samples.

The materials (powders or composite green bodies) were first weighed on a bal-
ance and transferred to the graphite die using a stainless-steel spatula. Once fixed
the lower and upper graphite dies in the setup, cold pre-pressing was applied to
fasten the assembly before its fitting inside the SPS chamber. A carbon felt was
wrapped around the dies to provide better thermal insulation during sintering. An
external chiller was filled with 100 L of type-3 DI H2O (40 – 70 µS cm-1), acting
as the primary refrigeration system. After enabling the electrical switches and air
extraction, compressed air and argon (3 bar) in-lines were supplied to the machine
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for purging the chamber during operation.

3.2.6.2 Sintering cycles

To consolidate the composites designed in this work, different sintering programs were
set based on the properties of the graphene/ceramic or ceramic materials. General
standard parameters were shared by most sintering sequences and have been reviewed
in this section, with specific cycles discussed in Chapter 6.

A pre-pressing of 2 kN was initially applied to fix the sample in position, man-
ually exerted by controlling the movement of the bottom piston. After locking the
chamber, the internal pressure was reduced to 100 mbar as an intermediate vacuum
level, reaching a higher vacuum of 0.011 mbar by activating a secondary valve. A 10
kN cold-pressing segment was generally programmed at this stage before applying
an electric current.

The current was activated according to selected parameters of power percent-
age, pulsating sequence and desired heating rate. The power percentage depends on
the combination of current and voltage needed for the sequence, being 40 kW the
maximum permitted by the machine. At lower temperatures, the heating rate is
monitored by three Type-K thermocouples located inside the chamber, with a maxi-
mum measuring range of 1100 – 1200 °C. Above 250 °C, a pyrometer situated at the
top part of the chamber monitored temperatures reached by the upper graphitic die.

Independent heating segments could be applied by varying heating rates, isother-
mal temperatures and dwelling times. The linear heating rate was automatically
calculated and verified by the top pyrometer by selecting the target temperature
and the duration of each segment. At the end of the sequence, a final cooling seg-
ment was needed, stopping the current and allowing the system to cool naturally.
The electric current could be maintained during a controlled cooling segment to re-
duce the effect of thermal shock in the sample. Pressure values could be modified
throughout the process, defining linear pressure rates for each segment in similarity
with temperature rates. For instance, an extra segment was generally added after
isothermal dwelling to remove the pressure before initiating controlled cooling. An
overview of the applied segments during sintering is displayed in Figure 3.10.

Figure 3.10: Overview of program segments applied in an SPS sintering cycle.

The application of consecutive sintering cycles could eventually result in the
fracture of graphite dies during the process, lowering the registered pressure between
the hydraulic pistons and causing damage to the machine and the sample holders.
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To avoid this issue, a limit threshold of 10 mm was defined for the relative piston
movement permitted during the sintering cycle, considering the expected sample
contraction in the chamber. Above this threshold, the machine stopped the program
without experiencing further damage. Another working gas, such as argon, could
additionally be selected as an alternative atmosphere in the process, requiring the
addition of two extra pressing stages in the program. This was, however, not needed
for the experiments performed.

3.2.7 Cutting and polishing of specimens

Prismatic ceramic and epoxy-based specimens were obtained using a Struers Accu-
tom –100 cutting tool with Struers MOD10 diamond cut-off wheels. Each sample
was attached to a graphite square sample holder with acrylonitrile adhesive and
later retrieved by applying heat on a hot plate. The graphite holder was fixed to the
mounting machine system by tightening two lateral screws that prevented movement
during cutting. The cutting parameters were tuned for epoxy and ceramic-based ma-
terials considering the change in properties of each material (Table 3.2). The feed
and force values for the diamond saw were carefully selected to prevent alignment
deviations and bending of the blade from using excessive speeds.

Table 3.2: Reference parameters used for cutting epoxy-based and ceramic materials.

Epoxy matrix Ceramic matrix
Force level MEDIUM HIGH
Feed speed (mm/s) 0.08 0.02
Wheel speed (rpm) 1000 4000

A multi-cut feature was enabled to produce systematic cuts along one single di-
rection with even spacing, which increased the reliability of the specimen dimensions
when aiming for 3 - 4 mm widths.

Epoxy-based specimens were manually polished with a Buehler Metaserv Grinder
and SiC abrasive paper. Rotational speed and the water flow were changed according
to the variability between different samples and the difficulty in handling thin speci-
mens obtained after cutting. The polishing protocol consisted of a 5-minute manual
polishing under water using three progressively finer abrasive SiC papers (P1200,
P2400 and P4000). The ‘P’ from the designation of SiC paper relates to the abrasive
grit size according to the FEPA (Federation of European Producers of Abrasives)
system, being inversely proportional to the particle size of the paper grains.

Ceramic-based materials were polished at the Nanomaterials and Nanotechnology
Research Centre (CINN, Spain) [53] using a combination of Struers Rotopol-31 and
RotoForce-4 equipment, following a more rigorous automatic procedure due to the
increased hardness of the samples. The ceramic-based materials were first embedded
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in epoxy resin under pressure at 150 °C and cured for 20 minutes. A four-stage
polishing protocol was applied to three samples simultaneously, consisting of the
following:

• 16 min clockwise rotation at 300 rpm applying 40 N force per sample on a
Struers MD-Piano-120 resin-bonded diamond disc, using water as a lubricant.

• 4 min clockwise rotation at 300 rpm applying 40 N force per sample on a
Struers MD-Piano-1200 resin-bonded diamond disc, also with water.

• 4 min clockwise rotation at 150 rpm on a Struers MD-Largo-9µm coated with
DP-Spray polycrystalline diamond 9 µm. IPA was used as lubricant applied
by continuous manual spraying.

• 4 min counterclockwise rotation at 150 rpm on a Struers MD-Largo-3µm coated
with DP-Spray polycrystalline diamond 3 µm. IPA applied by manual spraying.

3.3 Background of materials and composites characteri-
sation

3.3.1 Particle size distribution

An understanding of the size of particulate solids can be obtained through laser
diffraction. In the case of wet laser diffraction, the solid particles are first dispersed
in a liquid medium, subjected to mechanical stirring and ultrasonication to prevent
the agglomeration of the material. By hitting the solid particles with a laser beam
and measuring the produced light scattering, the volume occupied by the particles
can be measured (Figure 3.11). The optical properties such as the refractive index
of the studied material are required beforehand to relate the angle of scattering to
the particle size. Assuming a perfect spherical volume, a distribution profile with
the theoretical particle diameters can be obtained.

Dispersed fine colloidal particles can be prone to agglomeration once suspended
in a water medium and travelling in a Brownian motion, increasing the perceived
particle size evaluated by the light scattering [44]. The stability of colloids can
be improved by enhancing the steric repulsion or electrostatic stabilisation in the
system. While the former mechanism consists of the physical blockage of particles
occupying the same space (e.g. by polymeric chains attached to the particle surface),
the latter refers to the charge distribution and how particles of equal charge tend to
repel each other in the liquid medium.

53



Incident light

Incident light
Large angle

scattering

Small angle 

scattering

Figure 3.11: Effect of light-scattering in the measurement of particle size via wet
laser diffraction.

The balance between repulsive and attractive forces in the dispersion determines
the stability of the dispersion or tendency of aggregation, which would overcome
the natural particle repulsion. The zeta potential can quantify the repulsion force
experienced by approaching particles, with either −30 or +30 mV usually set as
the stability limit and defined at the particle’s double layer [192]. The double-
layer comprises the particle’s surrounding ions cloud of opposite charge linked by
Coulomb interactions, which goes beyond the ions strictly bonded to the particle
surface (known as Stern layer) [193, 194].

The particle size distribution can be compared through three standard diameters
(D10, D50 and D90), representing the cumulative percentage of particles in the dis-
persion smaller than its value. For instance, 50 % of particles in a given distribution
would have a diameter size smaller or equal to the obtained D50 value. Although D50

provides the strict median (average particle size in the distribution), complementary
D10 and D90 diameters can give information regarding particle aggregation and the
overall stability of the particles in suspension, identifying the need for surfactants or
modified suspension conditions to obtain reliable size distributions.

3.3.2 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a characterisation technique that studies the
mass loss of a given sample as a function of time/temperature in a controlled at-
mosphere. Under the effect of thermal gradients, materials experience different pro-
cesses (adsorption, oxidation, sublimation [195]), which can be further understood
by analysing their corresponding weight change. The simplicity of this technique
allows a fully automated testing sequence of samples under various working gases
(e.g. air, N2 or CO2).
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The system consists mainly of two modules, a high precision balance and a fur-
nace chamber. Samples are first positioned in a protected ring-shaped holder and
transferred into a sample pan, weighted by the precision balance during the whole
analysis. The machine automatically places the pan into the furnace, monitoring
the change in weight as the temperature is raised or decreased according to the
implemented annealing routine.

3.3.3 X-ray diffraction

X-ray diffraction (XRD) comprises a non-destructive characterisation technique used
to identify the crystalline structure of materials. The fundamentals of XRD are based
on the scattering of incident X-rays emitted from a source after reaching a sample
(in single-crystal or powder form). The angle of diffracted rays will be dependent
on the crystalline structure of the material, providing a series of resonance peaks
depending on the constructive interference of crystallographic planes (h, k, l) in the
material’s lattice that satisfies a particular set of conditions.

The simplest scenario is obtained by satisfying Bragg’s law equation, which comes
as a simplification of Laue’s general formulation [32]:

nλ = 2d sin θ (3.5)

In which λ is the wavelength of the X-rays, d is the interplanar atomic spacing,
θ is the angle of diffraction, and n is an integer number.

This phenomenon can be easily visualised by assuming the crystal planes in the
atomic structure as optical mirrors, reflecting incident photons with an equal θ angle
of reflection (Figure 3.12). In the case of X-ray diffraction, when the spacing d

between crystallographic planes provides constructive interference of the incident X-
rays of a particular wavelength, resonance peaks are obtained in the detector and
assigned to the diffraction angle. This angle is registered as 2θ, accounting for the
sum of equal angles between sample/emitter and sample/detector.
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Figure 3.12: Bragg’s X-ray diffraction on a crystal lattice of interplanar spacing d,
showing the constructive interference of an incident wavelength. Adapted from [32].

By scanning a range of diffraction angles, a pattern of constructive peaks can be
obtained and identified with the characteristic planes of known crystalline lattices.
Comparing these patterns to reference spectra from the International Centre for
Diffraction Data (ICDD) can be used to determine the composition of the material
scanned and its degree of crystallinity.

3.3.4 Raman Spectroscopy

Raman Spectroscopy is a non-destructive, high-resolution characterisation technique
that can provide structural and electronic information of a given material’s surface.
The fundamentals of Raman Spectroscopy reside in the inelastic scattering of an
incident monochromatic laser beam against a sample material, with the ability to
engage in vibrational modes as a function of their atom’s orientation and bonding
[196]. This interaction results in an energy exchange from the emitted photons to
the sample, which is subjected to molecular vibrations because of the absorption
of energy. These molecular vibrations highlight resonance peaks at selective wave-
lengths of the scattered laser. The profile obtained by these unique vibrations along
the wavelength spectrum is characteristic of the material’s molecular composition
and can be used to identify its chemical structure.

In the case of graphene and graphitic materials, Raman Spectroscopy can provide
plenty of information regarding perturbations, layers, quality and the presence of dis-
order and functional groups in the graphene flakes, based on the intrinsic dispersion
of π electrons in the graphitic domains that induce Raman resonances [197–199].
The study of the Raman spectrum of graphite has been traditionally based on the
works from Tuinstra and Koenig (1970) [200]. In their work, a single resonance was
identified at 1575 cm-1 for single graphite crystals not affected by the degree of dis-
order in the sample and related to the motion of sp2 carbon (Called G band). A
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secondary band at approximately 1355 cm-1 (D band) is present in all other kinds
of graphitic materials, requiring defects for its activation.

Studying the ratio of D and G band intensities obtained in graphene-based ma-
terials can give information regarding structural defects (by the activation of the
D band) and the change in the size of the graphitic sp2 domains. A second-order
Raman scattering band (2D) is also present in the Raman spectra of graphene, ap-
pearing at around 2700 cm-1, approximately double the frequency of the D band.
Increasing the number of graphene layers leads to both a reduction in intensity and
an increase in the frequency of the 2D shift. Studying the Raman spectrum can serve
to identify the layers of graphene in the material, becoming hardly distinguishable
from bulk graphite above the stacking of five graphene layers [198].

The evolution of D/G intensity ratio and G band positioning in graphene upon
disordering has been based on a three-stage procedure (Figure 3.13) consisting of
an initial change from graphite to nanocrystalline graphite (Stage 1), a secondary
change to low amorphous sp3 carbon (Stage 2) and a final transition from low to high
amorphous sp3 carbon (Stage 3) [33, 199]. Through this theory of amorphisation, an
increase in the D band intensity of pristine graphene (thus, raising the D/G intensity
ratio) would be directly associated with an increase in structural defects occurring
during the first stage of annealing. During Stage 2, the disruption of sp2 domains in
the transformation to amorphous sp3 carbon would dominate the process, lowering
the D/G ratio instead.

Figure 3.13: Evolution of graphene’s D/G ratio and G peak displacement upon
amorphisation. From Ferrari (2000) [33].
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3.3.5 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a surface characterisation technique that
can provide an extensive quantitative chemical analysis of a given material with a
detailed elemental composition excluding hydrogen or helium. Through this tech-
nique, an X-ray beam is applied to the sample, inducing the excitation of electrons
emitted from their corresponding orbitals and registered by a detector. The specific
kinetic energy of the emitted photoelectrons can be related to the elements present
in the examined material and obtaining information about the chemical bonding of
these elements [201].

XPS is a powerful technique in the case of graphene-based materials obtained
from graphene oxide (GO) precursors. The binding energy of the photoelectrons
emitted from the carbon 1s (C1s) and oxygen 1s (O1s) orbitals can be related to
the percentage of sp2 and sp3 carbon present in the material and identify the degree
of graphitisation in the material, especially after chemical or thermal reduction pro-
cesses. The deconvolution of carbon binding energies associated with the different
oxidised groups present in GO sheets such as epoxide (C−O), carbonyl (C = O) and
carboxyl (O−C = O) at approximately 286, 288 and 289 eV, respectively [141, 202]
can serve to identify the degree and quality of the oxidation in the graphene-based
material. XPS can also provide information about impurities in the graphene sheets
arising from the synthesis method applied and its relative contribution to the general
survey compared to carbon and oxygen elements.

3.3.6 Field-Emission Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a technique for studying the microstructure
and morphology of materials that substitute the illumination source and optical lens
from optical microscopes with a focused electron beam [34]. The electron beam is
first emitted from an electron source and accelerated at high energy. A series of
apertures, magnetic lenses and electromagnetic coils focus the beam and target it
onto the surface of a given specimen [203].

The interaction of beam and specimen produces multiple signals (such as sec-
ondary electrons (SE), backscattered electrons, Auger electrons, characteristic X-rays
and others) collected by a specific detector, reacting to a determined energy band
and converting the signal to photons. From studying these various signals, different
information can be obtained from the material regarding its chemical composition or
morphology at different depths. The SEM system operates under a high vacuum to
avoid the interference of molecules from atmospheric gases with the electron beam,
among other disturbances that can affect the scattering of electrons. A standard
SEM system is comprised of the elements displayed in the schematic from Figure
3.14.
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Figure 3.14: Schematic with main components in a Scanning Electron Microscopy
unit from electron emission to detection.

Several parameters can affect both the resolution and focus of SEM images, of
which the most relevant are the aperture, working distance and astigmatism. The
aperture can exclude scattered electrons and control the spherical aberrations (defo-
cus occurring at the image edges) by selecting an optimal aperture size [34]. Increas-
ing the aperture size has a direct effect in widening the beam angle α, which reduces
the depth of field (DF ) or the cross-sectional width of the specimen that remains
in focus. The selected working distance also affects the DF , with shorter distances
widening the incident cone of electrons and reducing the DF as with bigger apertures
(Figure 3.15). Tuning these two parameters is essential to identify a DF that leads
to the highest resolution considering each specimen’s topographical variation, with
flatter topographies benefiting from shorter DF and vice versa.

Defects and contamination in column and aperture can also stretch the shape of
the electron beam from the ideal circular cross-section into an elliptical one during
the operation. To fix this issue, a series of coils are included in the column to work as
a two-axis stigmator. The optimal beam cross-section can be attained by performing
a correction cycle along the two axes, leading to the highest imaging resolution.
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Figure 3.15: Effect of aperture adjusting in the perceived depth of field (DF ) of an
SEM equipment. Adapted from Zhou et al. (2007) [34].

3.3.7 Density measurements

Measuring the density of a material is one of the most straightforward characteri-
sation techniques used to determine the material’s properties and contrast different
processing routes. However, the nomenclature behind density standards must be
first understood. The basic definition of the density property consists of the mass of
a material divided by the volume that it occupies. The so-called theoretical density
refers to the density of the material in an absolute absence of defects and outside
forces. It is generally obtained from extrapolating parameters at the atomic level.
Although extremely hard to calculate for amorphous materials, it can be determined
in crystalline materials by using the molecular weights and the unit cells dimensions
that form the basic crystal structure, labeled (Mc) and (Vc) respectively.

ρtheo =
Mc

Vc
(3.6)

The actual density of any physical sample will never match the theoretical value of
density due to the presence of defects and the aggregative behaviour of solid particles.
A macroscopic evaluation of density can be done by measuring the apparent density
or bulk density, which is obtained by dividing the mass of a given body of material
(M) by the outer volume it occupies (Vapp).

ρapp =
M

Vapp
(3.7)

This measurement takes the external volume of the sample in the calculations,
including all absence of material (internal voids and open pores) which was excluded
from the theoretical assumption. Therefore, it can be used to determine the overall
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percentage of porosity in the sample (ϵ), which is the amount of void material in-
cluded in the measured volume when compared to the theoretical value of density
[204].

ϵ =
ρtheo − ρapp

ρtheo
× 100 (3.8)

In the case of particulate solids, the particle density considers a solid particle
as the minimum indivisible body of material independent of the degree of packing,
representing a porosity of 0%. Knowing the particle density can be helpful in powder
processing and technology to compare the experimental densities obtained through
various techniques and determine the porosity of a particulate sample.

For a more precise bulk density calculation, an alternative method uses the
Archimedes Principle, which relates the buoyancy, or upward force an object receives
when immersed in a liquid, with the weight of the fluid displaced by the object. This
principle can be used to obtain a value of density (ρArch) based on the characteristics
of the liquid, evaluating the volume of liquid displaced without measuring the vol-
ume of the immersed material as in the previous equation [205]. This shift eliminates
the inaccuracies stemming from measuring the dimensions of irregular samples by
using the measured dry weight of the sample (M) and comparing it to the sample’s
apparent weight when immersed in the fluid (Mapp).

ρArch

ρfluid
=

M

M −Mapp
(3.9)

This technique, however, cannot be applied to hydrophobic materials, which
comprises a significant limitation in its application. Other methods, such as helium
pycnometry, can provide macroscopic density measurements close to the limit theo-
retical density stated above. This technique uses helium gas to fill all sample pores
down to the angstrom level, later discharged to a separate chamber to determine the
density of gas displaced. Combining this measurement with a precision weighing of
the sample, accurate values of macroscopic density can be readily obtained.

3.3.8 Contact angle

The property of wettability can be defined by the ability of a liquid to maintain
contact with a solid material in the presence of a third gaseous phase acting as
the medium [206]. To evaluate the contact angle (CA) formed between two liquid
and solid phases, it is first necessary to understand the general equilibrium state of
any three material phases sharing a common interface (Figure 3.16). To preserve
an equilibrium without one phase displacing another in this scenario, the net force
along the boundary domain must be zero, which is related to the surface energy
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between two phases γij with i and j referring to any of the given (α, β, θ) angles in
the schematic [207].

Figure 3.16: Equilibrium of three fluids (blue, grey, orange) as a function of surface
energy γij and the angles between each biphase interface (α, β, θ).

A set of equations can then be obtained by separating the net force into three
components along the direction of each of the bi-phase interfaces [207]:

γαθ + γθβ cos θ + γαβ cosα = 0

γαθ cos θ + γθβ + γαβ cosβ = 0

γαθ cosα+ γθβ cosβ + γαβ = 0

(3.10)

Assuming the grey, blue and orange fluids to represent a flat solid (S), a drop of
liquid (L) and the gas medium (G) respectively, the β angle in both the schematic
and the set of equations above equals 180°. This assumption permits simplifying the
second equation as a function of the θ angle to what is known as Young’s relation
[208]:

γLG cos θ + γSL = γSG (3.11)

The θ angle in such a case corresponds to the CA. It is defined at the intersection
of the liquid/solid interface with the liquid/gas interface by drawing a tangent from
the contact point along the liquid/gas interface [208]. The balance between the forces
that spread the liquid droplet onto the solid surface and the cohesive forces that hold
the droplet in shape determine the ability of the liquid to wet the surface.

A CA below 90° is a common indicator of favourable wetting with the surface,
with the material labelled as hydrophilic if the liquid phase is assumed to be water
(down to a total asymptotic wettability of 0°). Above 90°, the surface’s wettabil-
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ity is progressively hindered, applying the term hydrophobic instead (Figure 3.17).
Surfaces exhibiting remarkably high contact angles (above 150°) are often classified
as super-hydrophobic. A typical example of a super-hydrophobic material found
in nature is the lotus flower [7, 59], which inspires the exploitation of self-cleaning
paintings and other chemical surface treatments.

Figure 3.17: Hydrophilic surface with a CA angle (θ) below 90° (left) vs a hy-
drophobic surface with θ above 90° (right).

In practice, geometrical CAs will deviate from the theoretical angle extracted by
the Young relation due to defects in the material and the effect of external forces,
among other complexities. The most common method for measuring CAs is the
examination of a sessile drop silhouette estimated via an optical goniometer or by
image analysis [209].

Despite being widely used due to its simplicity, the sessile drop technique alone
might not represent a fully stable CA. The inhomogeneities present in the material
and the dependence on resting time and droplet size can acutely affect the CA ex-
tracted from static measurements alone. In this case, the obtained angles become
an apparent value of CA instead of the actual CA in equilibrium. Complementary
information could be obtained through dynamic CA evaluations, in which the con-
tact line of droplet/surface is in constant motion. Studying the advancing (θa) and
receding (θr) CAs by respectively injecting and extracting liquid from the droplet
can produce a more accurate wettability profile [210]. A CA hysteresis (H) can be
obtained from the difference of these values, a valuable parameter used to understand
the effect of surface inhomogeneities and roughness under dynamic conditions.

H = θa − θr (3.12)
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3.4 Materials and composite characterisation

3.4.1 Chemical and structural characterisation

3.4.1.1 Particle size distribution

A Master-sizer 3000 from Malvern instruments was used in this work to evaluate
the particle size of alumina powder by wet laser diffraction after suspension in DI
H2O. Two properties were needed beforehand to fulfil the system requirements: the
material’s density and refractive index. A materials database included in the software
was used to obtain a preliminary refractive index of alumina.

The examined powder was first homogenised in its container to prevent heavier
particles from being left at the bottom by the effect of gravity. As all measured
powders were smaller than 300 µm, no additional sieving was performed. After a
cleaning stage with three to five cycles of DI H2O, including a final degassing stage,
the background noise from clean DI H2O was subtracted to compensate for errors
generated from electrical noise and any dirt present in the lens.

Alumina powder was gently added to the measuring beaker to reach 20% obscura-
tion in the water, stirring at 1200 rpm as a standard value. Ultrasonication was also
applied to break the ceramic agglomerates. Two independent sets of measurements
were performed for every sample, each containing at least six sequential measures
performed automatically by the equipment. Various configurations of stirring and
ultrasonication were tested to account for excessive aggregation or rupture of the
particles, otherwise resulting in unstable sets of measurements.

3.4.1.2 Suspension viscosity

The viscosity (mPa s) of graphene oxide suspensions in water and different formula-
tions of alumina slurries were evaluated at the Institute of Science and Technology
of Carbon (INCAR) using a Fungilab rotational viscometer. A small sample adapter
set was used to permit the analysis of < 10 mL of suspensions with a set of three
spindles (TL4, TL5 and TL6) from a low-viscosity spindle set. The temperature was
kept at 20 - 22 °C throughout all tests.

After homogenisation via speed-mixing for 10 min, the suspensions were de-
posited in a cylindrical sample chamber and attached to the viscometer. The se-
lected spindle was then connected to the rotor and initialised, applying a profile of
rotational speeds from 0.1 to 250 rpm. The speed/spindle pairing was re-tuned until
the equipment reached a torque level of 80%, registering the obtained viscosity value
after stabilisation of the readings.
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Due to the particulate nature of the suspensions analysed in this work, a complete
profile of rotational speeds could not be obtained without compromising the stability
of the suspensions. A more systematic evaluation of the rheological properties of the
suspensions would require the use of a rheometer in the future.

3.4.1.3 Thermogravimetric analysis

The weight loss of ceramic and graphene-based materials was studied by thermo-
gravimetric analysis on a Mettler Toledo TGA/DSC 3+. Alumina crucibles (Alox,
70 µl) were used to load the samples in the main chamber, aiming for a target sam-
ple mass of 11 mg in the crucible. However, due to some materials of extremely low
density (e.g. reduced GO aerogels) not reaching this value, a minimum lower limit
of 3 mg per sample was later established.

The experiment routines were built in the software editor, tailoring the target
temperature, heating rate and working gas (either air or N2) of the desired cycle.
Unless otherwise stated, all tests were performed up to 1000 °C under a 5 °C min-1

heating rate [211] with an average of three measurements per sample. After complet-
ing the cycles and removing the alumina crucibles for cleaning, all data was extracted
and re-plotted using Origin software.

3.4.1.4 X-ray Diffraction

Graphene-based materials and alumina powder were characterised by XRD using a
Siemens Diffraktometer D5000. The sample powder was first ground on a mortar
and compacted in a sample holder. The loaded holder was inserted in the chamber,
fastened at the centre of rotation of the main moving platform that provides the
diffraction angle. The crack-width of the system was adjusted using different gratings
(0.6 - 2 mm) to tune the registered intensity at higher angles.

The scanning routine was performed on a 5 – 90° range for the 2θ angle reached
through 0.02 step increments. The resulting XRD spectra were refined using High-
score Xpert software. Outlier resonances were initially removed, reducing the back-
ground noise by applying a bending factor of 5 in a standard correction and smooth-
ing the signal. The most representative features of the plot were then highlighted
through an embedded peak-search option. By comparing the corrected XRD spec-
tra with the software data source (reference patterns from the ICDD database), the
materials’ crystallographic phases could be identified according to the percentage of
affinity calculated by the software. The obtained XRD spectra were then re-plotted
using Origin along with the reference patterns selected.
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3.4.1.5 X-ray Photoelectron Spectroscopy

The chemical composition of graphene-based materials was characterised by X-ray
Photoelectron Spectroscopy (XPS) on a Thermo Fisher Scientific K- alpha+ spec-
trometer at Cardiff University’s School of Chemistry with the help of Dr David Mor-
gan. Samples were analysed using a micro-focused monochromatic Al X-ray source
(72 W) using the ’400-micron spot’ mode, providing an analysis defining elliptical
X-ray spot of approximately 400 × 600 µm. The collected data was recorded at pass
energies of 150 eV for survey scans and 40 eV for high-resolution scans with 1 eV and
0.1 eV step sizes, respectively. The charge neutralisation of the sample was achieved
using a combination of both low energy electrons and argon ions.

Data analysis was performed in CasaXPS after calibrating the data to the lowest
C1s component taken to a value of 284.5 eV for graphitic carbon. Quantification was
made using a Shirley type background and Scofield cross-sections [212]. Supporting
post-processing of the XPS spectra of graphene-based materials and the deconvolu-
tion of the signals was performed by Dr Ignacio Villar using CasaXPS software. All
the spectra were later re-plotted using Origin.

3.4.1.6 Density measurements

The apparent density of produced aerogels and composite materials was evaluated
by dividing each sample’s weight by its measured external volume. The weight was
obtained with either an OHAUS Explorer EX 423 or a 5-digit Precisa balance 40SM-
200A. The volume was calculated by measuring the sample dimensions with an RS
PRO 0.01 mm digital calliper, using 3-point averages for every dimension. In the case
of irregular shapes, the closest simple geometrical shape was assumed (e.g. cylinders
in the case of freeze-cast aerogels produced using cylindrical Teflon moulds).

Apparent densities were registered for produced graphene aerogels to study the
effect of freeze-casting and thermal annealing. This density evaluation’s simplic-
ity and quick repeatability facilitated an easy comparison between different source
materials and parameters to select the adequate conditions in the process.

Helium pycnometry was additionally performed at INCAR Institute to calculate
the real density of commercial alumina powder on an AccuPyc 1330 pycnometer.
600 mg of sample were weighed on a precision plate and inserted on a cell of 3.06
cm3 volume. The sample volume in the unit was measured by helium displacement,
performing an average of 20 purge runs, after which the volume of the powder was
accurately measured.

Sintered alumina samples were studied through Archimedes density measure-
ments with the help of Mr Joseph Alemzadeh, using a Sartorius YDK 01 kit to
determine porosity levels. A schematic of the setup is provided in Figure 3.18.
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Figure 3.18: Diagram of an Archimedes density measurement kit, used for deter-
mining the porosity (ϵ) of ceramic materials.

The beaker in the balance (4-digit LA310S Sartorius) was preliminarily filled
with DI H2O, registering the dry weight of the measured samples (M) on the sample
holder’s plate on top of the balance. The specimens were then deposited on the im-
mersed sieve to measure the apparent weight in the water (Mapp), carefully avoiding
the formation of bubbles arising from the air removal within the sample’s pores. For
every sample, the water temperature was registered with a temperature probe and
used to obtain the precise density of DI H2O (ρfluid) from reference tables provided
by the manufacturer.

3.4.1.7 Contact angle measurements

Spin coating of graphene oxide films

GO-based films were first produced by spin coating on a Laurell Spin coater WS-
650-23 unit. The films were produced by Mr Thomas Kynaston during his CUROP
summer placement in 2019 (co-supervised by the author) via the spin coating tech-
nique, with drops of GO suspension spread on a thin homogeneous layer on top of a
substrate. Substrates were cut from a silicon wafer using a straight diamond-tipped
scribe (RS Pro), maintaining a minimum surface area of 10 × 10 mm2 to prevent the
material from entering the vacuum pump during spin coating. The substrates were
attached to the spin-coater platform and held in place by the equipment’s vacuum
system.
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40 mL of water-based GO slurry (0.37 wt.% GO) were prepared and speed-mixed
for 12 minutes at 1950 rpm. The suspension was dropped on the silicon substrates
using a 100 µl micropipette, initiating the spin-coating process with 1 minute of
total duration, 3500 rpm of spinning velocity and acceleration of 3500 rpm s-1 to
ensure good coverage of the substrate. The continuity of produced GO films was
later verified using optical and scanning electron microscopy.

Partial thermal reduction of spin-coated GO films was applied using a secondary
tubular furnace (Carbolite Gero 30-3000 °C series) with an alumina tube under
vacuum. To preserve the integrity of the films, the cycle consisted of three isothermal
stages (100, 250 and 400 °C), reached at 2.5 °C min-1 rates, and maintaining a 30
min dwelling time between each segment. The selection of this annealing cycle for
spin-coating films is discussed in more detail in Chapter 4.

Optical tensiometer

Contact angles (CA) between drops of ceramic slurry and spin-coated GO films
were evaluated at Cardiff University’s School of Dentistry using an Attension Theta
Lite optical tensiometer along with OneAttension software. A sessile drop technique
was selected as the CA measurement mode due to its simplicity and ease of operation,
understanding the constraints of this technique already defined in Section 3.3.8. In
sessile drop mode, a single drop of liquid was poured on the substrate surface with
the static CA value registered every 0.05 seconds.

200 and 300 µl plastic tips were used to deposit the suspension droplets with an
automatic dispenser. The equipment was calibrated with a certified calibration ball,
verifying the camera focusing on the edge of the ball. A stable drop was produced
and held once the dual dispenser was filled with the suspension until the tensiometer
camera validated its shape (Figure 3.19a). Additional focus could be performed on
this step to ensure the correct measuring of the drop. The dispenser was then pressed
down and released immediately, depositing the droplet and enabling the physical
measurements of the angle between the substrate and the liquid (Figure 3.19b). A
time range of 30 seconds was selected as a baseline for every test. After completion,
the measured CA right and left angles with the corresponding deposition times were
extracted and re-plotted using Origin software.
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Figure 3.19: Example of wettability test using a water droplet over a titanium
substrate.

3.4.1.8 Raman Spectroscopy

Spin-coated GO films from the previous section were characterised on a custom-made
Raman setup providing flexibility and highly accurate results at the expense of more
complex tuning and data post-processing (Figure 3.20). Raman measurements on
this equipment were performed with the help of Dr John Haden, requiring exten-
sive fine-tuning of several parameters, such as laser source, polarisation and noise
reduction. The resulting signals were converted into the characteristic frequency vs
intensity of Raman plots with Origin software.

Figure 3.20: Custom-built Raman equipment used for spin-coated graphene-based
films.

As a general guideline, the spectrometer settings consisted of laser power of 0.37
mW, a 100 µm input slit, a grating of 600 l mm-1 and 10 seconds exposure. Two
acquisitions were stacked together for each measurement following a ’Step and glue’
function on 530 – 660 nm. Laser polarisation was not deemed a crucial parameter
after testing parallel and cross-polarization on the same sample, using the former
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throughout all the experiments. Due to physical constraints in the sample holder,
only films could be analysed with this equipment, which motivated the use of a
second unit to characterise 3D graphene-based aerogels.

Raman Spectroscopy of graphene-based aerogels was additionally performed at
Cardiff University’s School of Chemistry using a commercial Renishaw inVia unit
in conjunction with WIRE 3.4 software. A 514 nm laser with standard grating was
selected. The samples were put in a holder and fixed in the inbuilt platform, focused
by activating a green laser up to 0.05% power to prevent damage to the sample.

After focusing and positioning the sample, the spectral acquisition was performed
by either dynamic or static analyses (referring to the whole spectrum or selected por-
tions highlighting specific features, respectively). Due to the D, G and 2D shifts stud-
ied in carbon-based systems being relatively further apart in the spectrum, dynamic
analyses were applied, adding selective static runs to provide quicker measurements
of higher precision.

The fine-tuning of acquisition parameters was crucial to maximise the quality of
results obtained, including the sample’s exposure time to the laser, the number of
run accumulations (which can enhance the signal to noise ratio) and the laser power
percentage. The defined standard procedure included an exposure time of 10 sec,
three accumulations per sample and a laser power of 5%. The effect of cosmic rays
was also removed to obtain a cleaner spectrum. All obtained Raman spectra were
extracted and replotted using Origin software.

3.4.2 Microstructural characterisation

3.4.2.1 Optical microscopy

Optical examination of GO flakes and graphene/epoxy composites was performed on
a Leica DM LM microscope with an IDS UI-1460LE-C camera. Samples were placed
on a glass slide and initially focused at 5× magnification, extended to 10×, 20× and
50× for imaging at higher precision. Although this microscope permitted modifying
the polarisation of the light source, a 90° configuration was maintained for every use.
All images were captured and pre-processed using OmniMet 10.0 software, applying
a min-max contrast optimisation to highlight the sample features.

The pictures obtained through OmniMet were further analysed using ImageJ
software. This free image processing tool was used to evaluate the size/area of differ-
ent particles and samples and include scaling bars, performing additional brightness,
contrast and colour corrections where necessary. Elliptical fitting (A tool embedded
in the ImageJ package) was used for measuring the lateral size of graphene flakes
from diluted GO suspensions.
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3.4.2.2 Field-emission Scanning Electron Microscopy

The Field Emission Scanning Electron Microscopy (FESEM) pictures presented in
this work have been obtained using a ZEISS 1540 XB microscope. Before insertion in
the SEM transfer module, samples were tightened to a sample holder using stainless
steel round stamps as support and sticky carbon tape when needed. After verifying
a 10-6 mbar system vacuum and a 10-10 mbar gun vacuum, the sample holder was
carefully transferred to the main chamber using an attachable steel rod, which was
later unscrewed and retracted to isolate the main chamber again. A final 30 – 60
second purge ensured vacuum restoration, completing the sample loading process.

A target voltage of 5 – 10 kV was selected for the EHT (electron high tension)
source. Sample positioning was needed to align the beam and the sample under two
camera angles and determine a preliminary working distance, performed by rotating
and displacing the holder using a joystick control. Once the sample was lined up
with the EHT beam, a detector (SE2 or In-lens in this work) was selected according
to the material characteristics and desired output. The beam wobbling was enabled
to align the aperture and prevent shifts during focusing. Focus and astigmatism
were gradually adjusted for each picture, correcting brightness and contrast for best
results. As a general guideline, most images were obtained using a beam voltage of
5 kV, an In-lens detector and a 5 mm preliminary working distance.

3.4.3 Electrical Characterisation

The electrical conductivity of graphene/epoxy specimens was calculated at INCAR
Institute in similarity with other reported works in the field [182, 213, 214]. The
measured specimens were first polished and fixed to a custom-built holder between
two electrical contacts wrapped on conductive copper wires. The conductivity equa-
tion was derived from the combination of Ohm’s law and the material’s resistivity
ρ (Ω m) as a function of its cross-section (A) and the measured resistance (R) to
electrical current flow through a given distance between two points (L).

V = IR

ρ =
RA

L

(3.13)

The conductivity per length unit σ (S m-1) was calculated as the inverse of the
obtained resistivity value, providing the general relationship:

σ =
IL

V A
(3.14)

A current of 0.024 A was continuously circulated through the specimens. The
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voltage between two points at L distance (generally fixed at 0.95 cm unless working
on samples of smaller dimensions) was measured with a digital benchtop multimeter
using two needle probes on both ends of the specimen. The cross-sectional area of the
sample was measured with an RS PRO 0.01 mm digital calliper and calculated by 3-
point averages of width and height dimensions. The obtained electrical conductivity
values were averaged on three specimens from the same composition.
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Chapter 4

Self-supporting graphene-based
aerogels

4.1 Introduction

Hierarchical graphene-based aerogels exhibit great potential for many applications
such as absorbents, Joule effect heaters or filtration devices [215] owing to graphene’s
flexible and ultra-light structure. Recently, graphene aerogels produced from various
precursors (few-layer graphene (FLG) or graphene oxide (GO)) have been explored
as a reinforcement/supporting phase in composites, providing electrical conductivity
while increasing the mechanical strength and toughness of the material [18, 73].

The production of graphene-based aerogels below 10 mg cm-3 has been read-
ily achieved through freeze-casting of colloidal GO suspensions, exhibiting intercon-
nected channels of 10 – 100 µm widths as a function of the freezing rate applied
[152, 177, 216]. However, adjusting the aerogels’ dimensions, apparent density and
microstructure obtained via freeze-casting is required before integrating a secondary
ceramic phase and manufacturing a novel composite.

This chapter comprises the first step in the proposed strategy for graphene/ce-
ramic composites, targeting the systematic production of self-supporting intercon-
nected graphene aerogels via freeze-casting and carbonisation and their potential for
scalability (Figure 4.1). The role of the GO precursor in flake lateral size, rheo-
logical behaviour and stability of the suspension has been evaluated, implementing
several characterisation techniques to study water-based GO suspensions (CU_GO
and ICL_GO) produced from natural graphite with two different particle sizes.
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Figure 4.1: First stage of the composite processing strategy: the production of
graphene aerogels and the decoration with alumina nanoparticles.

The design of an environmentally-friendly route to decorate graphene scaffolds
with alumina nanoparticles (NPs) was also explored, extending the hierarchy of the
material. High control of the alumina NPs morphology and crystallinity can be
obtained by selecting a sol-gel synthesis approach, allowing for flexibility and high
purity. In this work, the use of a relatively novel precursor, aluminium-L-lactate
[190], has been explored based on its non-toxicity, compatibility with a pure water-
based procedure and overall cost reduction.

4.2 Methodology

4.2.1 Preparation of water-based graphene-oxide suspensions

Average lateral sizes of GO flakes from CU_GO and ICL_GO suspensions were
obtained through a combination of optical microscopy and ImageJ by the elliptical
fitting of an average of 100 single flakes after discarding bigger agglomerates. 1
wt.% CU_GO and 0.6 wt.% ICL_GO suspensions were first diluted to 500 ppm in
isopropanol to disaggregate the flakes and drop-cast on silicon substrates, previously
cleaned by 10 min ultrasonication cycles in isopropanol and DI H2O.

0.5 wt.% CU_GO suspensions were frozen and freeze-dried for 48 hours to pro-
duce a solid material (CU_GOfzd), characterised before and after thermal reduction
at 900 °C through X-ray Diffraction (XRD), Raman Spectroscopy, X-ray Photoelec-
tron Spectroscopy (XPS) and Thermogravimetric Analysis (TGA). Equipment de-
scriptions and characterisation procedures for these techniques have been presented
in Chapter 3.

1 wt.% CU_GO and 0.6 wt.% ICL_GO slurries were diluted in batches of 20
to 80 mL of DI H2O to 0.25 and 0.5 wt.% GO concentration. 10 wt.% solution of
polyvinyl alcohol (PVA) in DI H2O and pure sucrose powder were added as a binder
and enhancer of surface properties respectively based on the total solid content of
GO in a 0.5:0.5 ratio [94, 177, 183]. The resulting suspensions were speed-mixed at
1950 rpm for 10 minutes to provide homogeneous mixing and air bubble removal.
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The viscosity of diluted CU_GO and ICL_GO suspensions was measured at 5 - 250
rpm with an average spindle torque of 50 – 80% at 20 °C.

4.2.2 Production and characterisation of graphene aerogels

2 - 5 g of CU_GO and ICL_GO suspensions were freeze-cast in Teflon moulds,
tuning three primary parameters: GO concentration in suspension (0.25 and 0.5
wt.% in water), applied freezing rate (2 – 10 °C min-1) and the ratio of PVA/sucrose
additives to GO content in suspension (0 and 50 wt.%). Once frozen, each sample was
carefully detached from the moulds and freeze-dried for 48 - 96 hours, depending on
sample volume. The obtained freeze-dried aerogels (labelled CU_GOag and ICL_-
GOag) were measured in size and apparent density, assuming a cylindrical shape and
averaging four samples produced from the same batch.

CU_GOag and ICL_GOag were reduced by thermal annealing on a tubular fur-
nace up to 900 °C under argon atmosphere, evaluating their apparent density and
volumetric shrinkage. The alignment and internal structure of reduced aerogels
(CU_rGOag and ICL_rGOag) were studied under Field-emission Scanning Electron
Microscopy (FESEM).

Epoxy/rGO composites were produced by epoxy infusion of CU_rGOag and
ICL_rGOag samples left to dry for a minimum of 48 hours to cure the epoxy. Pris-
matic specimens (approximately 15 × 10 × 4 mm3) were cut using a diamond saw
to measure the electrical conductivity of the composites, with an average of three
measurements taken for each condition.

4.2.3 Synthesis of alumina nanoparticles for decoration of graphene-
based aerogels

Aluminium hydroxide gels were first produced by adding 1.238 g of aluminium lactate
(95% purity) in powder form to a 50 mL glass beaker containing 20 mL of DI H2O
to achieve a 0.2 M solution. The mixture was then magnetically stirred at 300 rpm
for 30 min, raising the pH to 10 by dropwise NaOH (1 M) additions. After ageing at
50 °C for a minimum of 24 h, the obtained Al(OH)3 gels were frozen and freeze-dried
for a minimum of 48 h to eliminate water present in the sample, later characterised
through TGA and XRD after thermal annealing at 900 °C for 1 h.

As-prepared aluminium hydroxide gels were added to 0.5 wt.% CU_GO suspen-
sions by dropwise addition, speed-mixed for 10 minutes to enhance homogenisation.
A range of CU_GO/Al(OH)3 aerogels were produced by freeze-casting, labelled as
CU_GOag(nN) based on the alumina/carbon (Al2O3/C) ratio n in the aerogel found
by XPS analyses and N symbolising the nanoparticle decoration. The same proce-
dure disclosed for standard CU_GOag and ICL_GOag aerogels was followed, in-
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cluding freeze-drying and thermal annealing at 900 °C. The nanoparticle decoration
and structural integrity of the CU_rGOag(nN) aerogels were examined via XPS and
FESEM characterisation.

For comparison purposes, rGO/alumina aerogels (CU_rGOag(US-N)) were pro-
duced by diluting 20 wt.% commercial alumina nanoparticle suspensions to 2 wt.%
in DI H2O to reduce agglomeration and added dropwise to 0.5 wt.% CU_GO sus-
pensions mirroring the previous procedure. The mixtures were speed-mixed for 10
minutes, following a similar freeze-drying and thermal annealing process to obtain
an equal distribution of particles in the graphene flakes. CU_rGOag(US-N) were
examined via FESEM and compared with previous CU_rGOag(nN) aerogels with
the as-synthesised nanoparticles.

4.3 Graphene oxide as graphene precursor for composites

4.3.1 Characterisation of graphene oxide

The selected GO precursors (CU_GO and ICL_GO) were first studied through el-
emental analysis to highlight the intrinsic differences between the two, additionally
comparing their GO lateral flake size in suspension. The elemental analysis per-
formed on each GO precursor after freeze-drying (CU_GOfzd and ICL_GOfzd) is
displayed in Table 4.1, disclosing potential differences in the synthesis method for
each suspension.

Table 4.1: Elemental analysis of CU_GOfzd and ICL_GOfzd precursors (at.%).

Sample Id C O N S H
ICL_GOfzd 46.34 39.76 1.60 1.78 2.57
CU_GOfzd 41.71 46.33 0.93 1.34 2.99

The extent of oxidation in ICL_GOfzd appeared slightly higher than in CU_-
GOfzd, because of the change in the atomic C/O ratio from 1.16 to 0.90, respectively,
indicating a lower presence of oxygenated groups in GO. This ratio is commonly
found around 1 to 4 in the literature for GO materials [140, 216, 217], expecting
some degree of variability arising from the inhomogeneous structure of GO that is
dependent on selective oxidation during its synthesis. Being in the lower end of
C/O ratio ranges from the literature, this analysis confirmed that both CU_GO
and ICL_GO suspensions had been oxidised to a greater extent than GO precursors
previously reported. The nitrogen and sulphur impurities found in the analysis were
expected from the same oxidation process during GO synthesis [143]. However, the
impurities content appeared slightly reduced in the commercial CU_GO suspension
compared to the ICL_GO obtained by the custom improved Hummers method.

The GO flake size comparison between CU_GO and ICL_GO precursor suspen-
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sions is presented in Figure 4.2. The optical microscope polarisation was adjusted to
ensure the highest contrast between single flakes and the silicon background (Figure
4.2c,d). This background threshold was amplified using ImageJ to detect each single
GO flake and perform an elliptical fit, relating the ellipses major axes to the lat-
eral size of the flakes. Understanding the flakes’ expected morphology was essential
to correctly tune the size and circularity parameters during the elliptical fit (Figure
4.2e,f). The contrast grading of the flakes in the original pictures also served as a tool
to identify single flakes, including holes and discarding agglomerates [141, 218, 219].

50 µm 100 µm

a b

dc

e f

Figure 4.2: a,b) Images of GO flakes dispersed on IPA and deposited on a silicon
substrate by optical microscopy. c,d) ImageJ processing maximising image contrast.
e,f) Elliptical fit of single-layer flakes detected (left column: CU_GO percursor, right
column: ICL_GO precursor).

ICL_GO lateral flake size was found four times higher than CU_GO, obtaining
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31.6 and 7.2 µm, respectively on each precursor. Larger GO flake sizes are known
to trigger the nematic liquid crystal behaviour at reduced concentrations in the sus-
pension, while smaller flakes may require higher concentration levels [136]. Larger
GO flakes are also linked to positive effects in graphene-based materials’ expected
mechanical, electrical, and optical properties once integrated with a secondary phase
[130]. ICL_GO appeared a clear better candidate as a GO precursor for such rea-
sons. However, due to the limited availability of custom-made ICL_GO suspension,
commercial CU_GO was used throughout the project for early testing and optimi-
sation, upgrading to ICL_GO after settling the processing conditions.

Various characterisation techniques were employed to study the structure and
composition of freeze-dried GO sheets, which compose the building blocks of the
water-based precursor suspensions. The changes occurring in the graphene oxide
structure after thermal annealing at 900 °C were also analysed. For these characteri-
sation tests, freeze-dried CU_GO suspension (CU_GOfzd) was used as the reference
material.

The analysis of the XRD spectra of freeze-dried GO before and after annealing at
900 °C (CU_GOfzd and CU_rGOfzd) verified a shift from a sharper 2θ peak at the
11 ° mark into a broader peak at 23 - 25 °, respectively, indicating a reduction in the
interplanar spacing of the layers arising from the partial elimination of functional
groups from the graphene oxide sheets. (Figure 4.3). This increase in diffraction
angle verified the beginning of planar sp2 carbon restoration in the material, with
the 2θ values found in agreement with the literature [153, 216, 220].

Figure 4.3: XRD spectrum of CU_GOfzd vs CU_rGOfzd annealed at 900 °C, com-
pared with the characteristic [002] peak of graphite.
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The lower intensity and broadening of the peak’s FWHM (full width at half max-
imum) from CU_rGOfzd confirmed a lower degree of crystallinity, although closer to
the characteristic graphite peak at 26.5 ° corresponding to the [002] plane of the aro-
matic rings, confirming the π−π stacking of the sheets [153]. Extending the annealing
conditions up to 2000 °C can induce the graphitisation of the material, decreasing the
obtained FWHM until obtaining a pattern resembling crystalline graphite. However,
the low temperature of annealing selected (900 °C) only corresponds to the start of
the carbonisation process.

CU_GOfzd and CU_rGOfzd were further analysed under Raman Spectroscopy
(Figure 4.4). G and D shifts (corresponding to the sp2 graphitic peak and the
defect-activated band, respectively) were compared to study the effect of carbonisa-
tion and presence of defects and the characteristic second order 2D band appearing
between 2500 and 3000 cm-1 [197]. D and G bands were obtained at 1354 and 1588
cm-1, obtaining a ratio of intensity peaks between D and G shifts (from now on D/G

ratio) of 0.85, with the 2D band around 2800 cm-1. An upward trend was found in
CU_GOfzd intensity when increasing frequency along the X-axis. This trend was
attributed to fluorescence properties of GO, which have been previously reported
in the visible and infrared range [221] and can increase the perceived Raman inten-
sity. The fluorescence effect was corrected for displaying purposes by subtracting a
spectrum baseline created using ORIGIN software.

Figure 4.4: Raman measurements for CU_GOfzd and CU_rGOfzd (annealed at
900 °C) displaying the D and G peaks with the measured D/G intensity ratio.

D and G peaks in CU_rGOfzd appeared at 1358 and 1597 cm-1, with the dis-
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placement of 9 cm-1 in the G band relating to the transition from amorphous carbon
to the partial restoration of the graphitic domains. A slight increase in the D/G

ratio from 0.88 to 0.99 was obtained for CU_rGOfzd, along with an increase in the
2D second-order band associated with the D shift. This is in accordance with the
expected behaviour after thermal annealing [140, 152, 153], although not sufficient to
understand the structural changes undergone by the GO precursor. Some degree of D
and G peak sharpening associated with GO reduction could be expected, as reported
in the literature [152], but it was not confirmed through these measurements.

As CU_GOfzd carbon structure is already disordered and predominantly in sp3

hybridisation, the thermal reduction was expected to partially restore sp2 graphitic
domains competing with the formation of structural defects in the GO sheets (in-
creasing the D/G ratio backwards to the graphene amorphisation theory from Ferrari
and Robertson (2010) shown in Figure 3.13 [33]).

The composition of CU_GOfzd and CU_rGOfzd was additionally studied by XPS
to expand upon the information obtained from previous Raman measurements and
understand the nature of functional groups in the GO surface (Table 4.2). The high
oxygen content of CU_GOfzd relates to the functional groups present in the oxidised
graphene sheets, predominantly in the form of epoxide (C − O), carbonyl (C = O)
and carboxyl (O−C = O) groups [20, 22]. As these functional groups were removed
from the main GO sheet via thermal annealing in CU_rGOfzd, the C:O ratio evolved
from 2.35 to 48.8. The remarkably high C:O ratio obtained after annealing shows one
advantage of using temperature-driven reductions, as chemical reductions performed
via hydrazine agents do not generally exceed a C:O ratio of 10 [127].

Table 4.2: GO composition before and after thermal annealing at 900 °C obtained
from a general XPS survey (at.%).

Sample Id C O S Si Na
CU_GOfzd 69.1 29.4 0.4 1.1 0.1
CU_rGOfzd 97.5 2.0 0.3 0.1 0.1

From the mix of sulphuric acid and sodium nitrate employed to oxidise graphite
in a Hummers based GO synthesis, traces of sulphur and sodium impurities were
expected to appear in the exfoliated GO flakes despite the applied cycles of cen-
trifugation and washing [143]. In the CU_GOfzd sample, a slight increase of silicon
material was detected, which may be attributed to original impurities from the nat-
ural graphite used as a carbon source [222]. Selecting a bulk graphite precursor
of higher quality grade could also increase the quality of the GO obtained. How-
ever, this would incur excessive costs, while the impurities found only represented a
marginal contribution in the composition.

The different chemical states of C1s spectra were analysed to determine the ox-
idised carbon species present in the graphene sheets and the carbon hybridisation
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state (Figure 4.5). Examination of the C1s spectra of CU_GOfzd confirmed an in-
crease in the sp2:sp3 hybridisation ratio from 0.48 to 6.68 after reduction at 900
°C. Significant depletion of epoxide, carbonyl and carboxyl groups attached to the
graphene sheets (obtained at 286.0, 287.0 and 288.6 eV, respectively) was also con-
firmed as derived from the oxygen reduction in Table 4.2. It also established the par-
tial restoration of the graphitic structure in CU_rGOfzd from the original graphite
precursor previously indicated by XRD and Raman measurements.

CU_GOfzd

CU_rGOfzd

Figure 4.5: Comparison of XPS C1s spectra of CU_GOfzd (top) and CU_rGOfzd
(bottom) after thermal annealing at 900 °C including relative intensities for each
deconvolution.

The contributions of epoxide, carbonyl and carboxyl groups in the CU_GOfzd

spectrum matched those from the literature [141, 202] and appeared as significant as
sp3 carbon, shifting slightly towards higher energies after reduction. Although these
oxidised groups are commonly reported in GO sheets, their relative contributions can
vary extensively depending on the selected precursor [139, 176, 202]. As a surface
analysis technique, XPS also shows GO’s heterogeneous nature, with localised areas
subjected to selective degrees of oxidation during the early synthesis of the precursor,
resulting in different composition measurements depending on the region studied.

Binding energies from the O1s spectra of CU_GOfzd and CU_rGOfzd were also
examined to obtain additional information about the oxidation in the graphene sheets
(Figure 4.6).
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CU_GOfzd

CU_rGOfzd

Figure 4.6: Deconvolution of XPS O1s spectra for CU_GOfzd (top) and CU_-
rGOfzd (bottom).

The analysis of O1s binding energies presented in this work was based on previous
spectra deconvolutions by other authors [202, 223]. The O1s signals attributed to the
hydroxyl (−OH) and epoxide groups (C −O) in the GO sheets have been identified
separately at 533 and 534.5 eV, showing a third signal attributed to the carbonyl
group at 531.5 eV. The relative contribution of the carbonyl group increased from
22 to 45% after reduction (taking into account the significant elimination of oxygen
from 29 at.% to 2 at.% in the general XPS survey from Table 4.2). The hydroxyl
and epoxide groups also displayed a slight shift towards higher binding energies that
could be associated with a charging effect. An additional deconvolution has been
presented in some works around 532 eV [223] corresponding to the carboxyl group.
However, it was not identified in this evaluation, possibly due to its proximity with
the carbonyl signal.

The elimination of functional groups from the GO sheets through thermal reduc-
tion accompanies a reduction in weight, which was evaluated through TGA measure-
ments under N2 atmosphere (Figure 4.7). An initial 10% weight loss was registered
up to 120 °C in pre-treated CU_GOfzd, which could be attributed to the remaining
humidity in the samples. A secondary sharp weight loss occurs below 250 °C, match-
ing the significant removal of oxidised groups detailed in the previous XPS analysis
(Figure 4.5). At 900 °C temperature, a 55 - 60% weight loss was registered after
a steady decline. In the literature, weight reductions of 60 - 75% of the initial GO
material have been reported at similar temperatures [148, 179, 224], which is highly
dependent on the composition and quality grade of the initial GO precursor.
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Figure 4.7: TGA comparison between CU_GOfzd (red) and CU_rGOfzd (blue)
under N2 atmosphere, including CU_GOfzd under air (purple). Performed at 5 °C
min-1 up to 1000 °C.

After thermal treatment at 900 °C, CU_rGOfzd remained much more stable under
similar temperature increases. An overall 10% weight loss was obtained, which could
be attributed to atmospheric humidity and a residual elimination of functional groups
from the GO flakes, validating the stability of reduced GO at inert atmospheres
because of the partially restored graphitic domains.

The TGA measurements of CU_GOfzd under nitrogen were contrasted with sim-
ilar runs under air. In these conditions, the weight losses attributed to humidity
and the elimination of attached functional groups in GO were maintained, although
accentuated a marginal 10% up to 500 °C. Beyond this point, the carbon from the
graphene sheets was completely burned in the presence of the atmospheric oxygen,
which highlighted the importance of maintaining a non-oxidising atmosphere during
the thermal reduction of GO [225].

4.3.2 Formulation of water-based graphene oxide suspensions

A remarkable advantage of selecting water-based GO suspensions as a precursor
for the graphene-based phase in the composite resides on its ideal colloidal be-
haviour, permitting the flexible tuning of solid concentration in the slurry. This
can be achieved without compromising the stability of the suspension, owing to the
remarkable electrostatic repulsion of the GO flakes exhibiting low zeta potential (-40
mV) across a wide pH range of 5 - 12 [180, 192].

Colloidal water-based graphene oxide (GO) suspensions of 0.25 and 0.5 wt.% GO
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in water were successfully prepared by dilution of the supplied 0.6 - 1 wt.% GO
suspensions (ICL_GO and CU_GO, respectively), aiming to induce the deagglom-
eration of graphene flakes and achieve a higher quantity of dispersed GO monolayers.
The slurries maintained homogeneity after applying a speed-mixing step (Figure 4.8).
PVA and sucrose powder were included in the formulation as a binder and enhancer
of surface properties respectively before freeze-casting as inspired by the literature
[90, 152, 177].

Figure 4.8: Water-based 0.5 wt.% CU_GO and ICL_GO suspensions after speed-
mixing at 1950 rpm for 10 minutes.

The viscosity of 0.25 and 0.5 wt.% slurries with and without introducing freeze-
casting additives in formulation (up to 50 wt.% of PVA and sucrose with respect to
GO content in water) was studied via rotational viscometry. In CU_GO slurries, a
substantial increase in viscosity from a 5 – 15 mPa s range to a 150 – 400 mPa s
range (for 50 to 150 rpm spindle speeds) was found when increasing the GO content
in suspension from 0.25 wt.% to 0.5 wt.%. The inclusion of additives in suspension
did not increase viscosity in CU_GO, obtaining similar ranges for suspensions with
and without the 50% additive content.

In ICL_GO suspensions, the behaviour obtained was significantly different. A
spindle for higher viscosity measurements was required reaching a 500 – 2000 mPa s
range for 0.25 and 0.5 wt.% GO suspensions. In this case, doubling the GO concen-
tration in suspension did not result in an apparent increase in viscosity. However, the
overall profile was substantially superior to the one obtained for CU_GO suspen-
sions. This could be expected from the 4-time increase in GO lateral size (average
of 31 vs 7 µm), resulting in higher flake interlocking in water. ICL_GO suspensions
also manifest the effect of introducing PVA additions in the suspension, reaching
5000 – 12000 mPa s viscosity ranges due to the polymeric additions. Tailoring the
viscosity of the GO slurries plays a vital role in later freeze-casting stages as the
totality of the casting mould should be filled with the GO suspension before the
initiation of a freezing front. High viscosity can lead to heterogeneous aerogel forma-
tion arising from defective mould filling. At the same time, highly liquid flows are
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similarly undesirable due to excessive removal of solid material and potential leaking
through the mould junctions.

Another attractive feature of using GO as a graphene precursor lies in its reported
self-assembly behaviour arising from the formation of liquid crystal phases [136, 137,
217]. The degree of self-ordering and the liquid crystal phase displayed by the slurry
are closely related to the GO concentration in suspension and the polar solvent
selected (e.g. water, DMF or DMSO) and the GO flake lateral size (Section 4.3.1).
The acute anisotropy of planar GO flakes of distinct aspect ratio (as in CU_GO and
ICL_GO) can induce orientational ordering above a critical value of concentration
and flake size, triggering the change from isotropic ordering to biphasic and nematic
phases [136, 137]. From the measured GO flake sizes above 7 µm combined with
the selection of 0.25 and 0.5 wt.% GO concentration in suspension, a nematic self-
ordered phase for both CU_GO and ICL_GO precursors was expected, that can be
preserved and accentuated by the controlled directional freezing from a freeze-casting
processing method.

4.4 Production of graphene oxide aerogels by freeze-casting

4.4.1 Lab-sized graphene oxide aerogels

Lab-sized freeze-cast aerogels (CU_GOag) were produced by testing three processing
parameters as presented in Table 4.3. Adjusting these parameters affected the in-
ternal consistency of the obtained aerogels and their self-standing behaviour, needed
for better integration with the ceramic phase before composite consolidation. An
extended labelling system x:GOag(y:z) has been used throughout the section and in-
cluded in the table, with x being the GO concentration in the suspension (0.25 and
0.5 wt.%), y the freezing rate (2 – 10 °C min-1) and z the additives (sucrose:PVA)
wt.% referred to the GO solid content in suspension (0 – 50 wt.%).

Table 4.3: Summary of conditions tested for freeze-casting of GO aerogels with the
defined labelling system.

Sample Id GO concentration
(wt.%)

Freezing rate
(°C min-1)

Sucrose:PVA
(wt.% of GO)

0.25:CU_GOag(5:0) 0.25 5 0:0
0.25:CU_GOag(5:50) 0.25 5 50:50
0.5:CU_GOag(5:0) 0.5 5 0:0
0.5:CU_GOag(5:50) 0.5 5 50:50
0.5:CU_GOag(2:50) 0.5 2 50:50
0.5:CU_GOag(10:50) 0.5 10 50:50

At least four specimens of each composition were freeze-cast on a Teflon mould
of 19 mm in diameter and 15 - 25 mm height to reduce variability intrinsic to the
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freeze-casting process. The produced CU_GOag were compared after freeze-drying
for 48 hours and before any thermal treatment (Figure 4.9).

a

b c

Figure 4.9: a) Advancing solidification front during freeze-casting of 19 mm diame-
ter aerogels. b) Simultaneous freeze-drying of GO aerogels at –80 °C under 12 Pa. c)
As-produced 0.25:CU_GOag(5:0) sample (measured apparent density of 3 mg cm-3).

The apparent density of the freeze-cast GO aerogels was measured for each con-
dition and plotted against the content of additives in Figure 4.10. Without additives
in formulation, the apparent density was lowered significantly. Aerogels prepared
out of 0.25 wt.% GO slurry (0.25:CU_GOag(5:0)) displayed an average apparent
density of 3.1 ± 0.1 mg cm-3, while aerogels prepared with 0.5 wt.% GO (0.5:CU_-
GOag(5:0)) experienced a 87% increase to 5.8 ± 0.2 mg cm-3. A 100% increase
was not achieved due to slight deviations in the GO concentration of the commer-
cial CU_GO suspension, arising from water evaporation and slurry thickening after
successive freeze-casting batches.
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Figure 4.10: Apparent densities for lab-scale GO aerogels freeze-cast from 0.25 and
0.5 wt.% GO suspensions with and without additives in formulation. Frozen at 5 °C
min-1.

The inclusion of additives in the formulation led to an apparent density raise from
5.2 ± 0.2 to 8.6 ± 0.2 mg cm-3 (a 65% increase) after doubling the concentration of
GO in the suspension formulation from 0.25 to 0.5 wt.% (0.25:CU_GOag(5:50 ) vs
0.5:CU_GOag(5:50)). As the PVA additive content incorporated in suspension (10
wt.% in H2O) was related to the solid GO content, modifying the GO concentration
also introduced varying contents of extra water with the PVA additions, not taken
into account in the formulation and reflected in a non-linear increase of the aerogel
densities obtained. A range of GO aerogels of 3 – 9 mg cm-3 could be produced
through these changes, agreeing with values reported in the literature for equal GO
concentration in suspension [152, 154, 182]. All aerogels proved equally self-standing,
with those produced from thicker 0.5 wt.% suspensions expected to deliver network
channels of higher GO agglomeration.

Modifying the freezing rates had an expected negligible effect on the apparent
density of the produced aerogels (Figure 4.11), obtaining a relative reduction of 5%
from 11.7 ± 0.1 to 11.2 ± 0.1 mg cm-3 when testing 2 and 10 °C min-1 (0.5:CU_-
GOag(2:50) and 0.5:CU_GOag(10:50)) attributed to weighing inaccuracies. The
aerogels displayed in this figure were produced using different supplies of GO, PVA
and sucrose only for test purposes, resulting in a marginal increase in weight com-
pared to the aerogels from Figure 4.10.
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Figure 4.11: Apparent densities for lab-scale 0.5:CU_GOag aerogels with additives
in suspension, freeze-cast at 2 and 10 °C min-1 freezing rates.

The cooling distribution profile applied during freeze-casting is a crucial defining
factor in the sample morphology [13, 14, 83]. An important consequence of modi-
fying freezing rates resides in the impact on the internal structure of the aerogels,
especially the channel widths. As introduced in Section 1.3, slower cooling rates dur-
ing freeze-casting allow the solid particles to relocate around the growing ice crystals
and provide widened channels. In contrast, faster rates entrap the solids at shorter
distances delivering thinner channels [14].

The insulating nature of pre-annealed GO aerogels hinders the evaluation of their
internal structure through electron microscopy unless sputtered with a metallic coat-
ing that prevents electron charging. For such reason, FESEM of the green aerogels
studying their internal structure was not included in this section until the partial
restoration of graphitic domains in the GO sheets performed via thermal annealing.

4.4.2 Scaled-up graphene oxide aerogels

One key theme of this chapter relates to optimising the graphene phase morphology,
obtaining a fine interconnected structure with self-standing properties while limit-
ing flake agglomeration. After validating the production of lab-sized self-standing
GO aerogels, achieving sample scalability comprised an essential milestone aiming
to produce a tough and electrically conductive ceramic-based composite for indus-
trial applications, be it in aerospace, transportation or military fields (e.g. ceramic
bearings, shield protection and ultra-lightweight components to name a few [73]).
Laboratory-sized samples did not meet the physical dimensions required for these
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applications or machining specimens for mechanical testing.

The flexibility of the freeze-casting technique permitted exploring a range of aero-
gel sizes and shapes (as shown in Figure 3.3a). The volumetric space available for
sintering in the SPS graphitic dies during later stages (cylindrical dies of 20 - 30 mm
in diameter) has been used as a reference to produce scaled-up aerogels. Cylindrical
scaled-up CU_GOag (30 mm diameter, 33 mm height) were successfully freeze-cast
using PLA moulds selected for their ease of manufacture and quick availability com-
pared to Teflon (Figure 4.12a). The self-standing behaviour of the scaled-up aero-
gels was preserved under similar conditions as smaller aerogels shown previously,
using 0.25:CU_GOag(5:50) and 0.5:CU_GOag(5:50) formulations, verifying the di-
rect scalability of the envisioned freeze-casting processing. However, this setup was
not compatible with later consolidation stages via SPS sintering due to the alignment
direction of freeze-cast GO aerogels coinciding with the pressure direction applied
during SPS, which would crush the aerogel’s tailored structure in the process.

10 mm

10 mm

a

b

Figure 4.12: a) Scaled-up 30 mm 0.5:CU_GOag aerogel. b) Scaled-up 30 mm
0.5:ICL_GOag⊥ sample using the improved 4-piece mould with the perpendicular
axis of revolution. The arrow indicates the freezing direction.

30 mm scaled-up aerogels were alternatively obtained using the improved 4-piece
freeze-casting mould with a cylindrical axis of revolution perpendicular to the freez-
ing direction. 0.25:ICL_GOag(5:50) and 0.5:ICL_GOag(5:50) were produced from
ICL_GO suspensions to validate the upgrade in GO precursor for future steps (Fig-
ure 4.12b). Extended freeze-casting times were required based on the reduced area of
contact of the GO suspension with the copper plate, which affected the heat trans-
mission inside the mould. However, the self-standing behaviour of the produced
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aerogels was not compromised, as seen in the provided figures.

To differentiate scaled-up aerogels produced with the perpendicular alignment
from standard aerogels, the symbol (⊥) has been included in their labelling. The
apparent density of scaled-up 0.25:ICL_GOag(5:50)⊥ and 0.5:ICL_GOag(5:50)⊥
aerogels was found of 5.5 ± 0.4 and 9.1 ± 0.6 mg cm-3, respectively. These values
appeared on similar ranges to lab-sized equivalent aerogels from Figure 4.10 (5.2
± 0.2 and 8.6 ± 0.2 mg cm-3), with slight deviations attributed to the selection of
another GO precursor of different starting GO concentration.

4.5 Self-standing highly-structured graphene aerogels

As-produced freeze-cast GO aerogels were partially reduced via thermal annealing.
Thermally-driven GO reduction methods have been known to increase the risk of
structure disruption by sudden material expansion compared to other chemical re-
duction methods (e.g. through hydrazine-based agents) [127]. A thermal reduction
approach was still beneficial in this work to maximise the atomic C/O ratio in GO
sheets obtained and withdraw from hydrazine’s corrosive and highly flammable be-
haviour in favour of a safer method.

TGA of freeze-cast 0.5:CU_GOag(5:50) was performed and compared with CU_-
GOfzd characterised in the previous section to determine the weight loss evolution
across temperature and evaluate the effect of additives in the aerogels (Figure 4.13).

Figure 4.13: Comparison of TGAs performed on CU_GOfzd and freeze-cast
0.5:CU_GOag(5:50) aerogels at 5 °C min-1 under N2 atmosphere.
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Both curves exhibited similar behaviour, with analogous initial dips in weight
assigned to humidity removal in the samples and the functional groups attached to
GO expected below the 250 °C mark. Beyond this temperature range, a more ex-
tended weight reduction was found in the aerogels, reaching the 900 °C annealing
mark with an 8% extra reduction attributed to the additives included in the formu-
lation. Overall, the addition of sucrose and PVA additives had a marginal effect in
the thermogravimetric profile, assuming a 65% reduction in weight for the aerogels
at 900 °C used in future calculations.

A reduction temperature of 900 °C was selected in the general processing, ensur-
ing a sufficient degree of reduction and limiting the temperature-induced defects in
the GO sheets triggered by the release of carbon dioxide [139, 153]. Previous reports
have stated that from the 800 °C temperature mark onwards, restoration of electri-
cal conductivity is achieved to a great degree while still not undergoing substantial
disruption of the graphene-based sheets [153, 226].

As seen from the TGA results, a sudden release of oxidised groups attached to the
GO sheets can be expected throughout the initial 250 °C of GO aerogel annealing.
Undergoing an uncontrolled heating rate during this temperature range can also lead
to structural damage by sudden expansion given the aerogel’s fragile consistency and
ultralow densities (3 – 10 mg cm-3). After implementing an extended annealing cycle
to compensate for the fixed heating rate of the tubular furnace (described in Section
3.2.4), reduced GO aerogels could be produced without visible disruption of the
structure previously caused by a sudden release of volatiles (Figure 4.14a). This
modification permitted the batch production of lab-scale GO aerogels of 10 - 20 mm
in diameter, successfully extended to the production of 30 mm scaled-up samples
(Figure 4.14b,d,e) without compromising the integrity of the aerogels.
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Figure 4.14: a,b) Exploded CU_rGOag aerogel vs undamaged CU_rGOag scaffolds
(19 mm diameter) after adjusting the carbonisation step at 900 °C. c) Registered
heating rate of the Carbolite tubular furnace during GO annealing. d) Batch reduction
of CU_rGOag aerogels. e) 30 mm CU_rGOag⊥ aerogel.

4.5.1 Effect of formulation parameters on structural properties

Modifying the freeze-casting parameters (concentration of the slurry, freezing rate
and additives ratio) influenced the self-standing behaviour and the structural align-
ment of graphene-based aerogels obtained after thermal annealing. Before settling
on a formulation, the effect of applying these conditions was studied by density
measurements and FESEM.

Apparent density measurements were performed on lab-scale CU_rGOag scaffolds
to evaluate the change in density and loss of material after thermal annealing at
900 °C (Figure 4.15), compared to previous values presented in Figure 4.10 for green
aerogels. These results include aerogels prepared with 0.25 - 0.5 wt.% GO slurry with
and without additives in suspension (0.25:CU_rGOag(5:0) vs 0.25:CU_rGOag(5:50)
and 0.5:CU_rGOag(5:0) vs 0.5:CU_rGOag(5:50)). Although the self-supporting
behaviour of the reduced aerogels was not affected, the samples were also found
more fragile and susceptible to static electricity due to the extremely lightweightness
of the material after reduction, with apparent densities of 1.5 - 4 mg cm-3.
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Figure 4.15: Comparison of apparent densities of lab-scale CU_GOag aerogels
before and after thermal annealing, as a function of the additive content (0 and
50%) and the GO concentration in the precursor slurry (0.25 - 0.5 wt.%).

Densities were similarly reduced by an approximate of 50 – 60% in all CU_rGOag

samples, reaching 1.4 - 2.4 (± 0.1) mg cm-3 values for both 0.25:CU_rGOag(5:0) and
0.25:CU_rGOag(5:50) and 2.8 - 3.7 (± 0.1) mg cm-3 for 0.5:CU_rGOag(5:0) and
0.5:CU_rGOag(5:50). The substantial weight reduction anticipated by the TGA
measurements was verified, attributed to the removal of oxidised groups from the
graphene sheet as displayed in the XPS C1s spectra (Figure 4.5).

Upon carbonisation, the reduction in apparent density was slightly higher in
0.5:CU_rGOag(5:50) samples. This could be attributed to the elimination of larger
quantities of additives and oxidised groups attached to the rGO because of their
higher GO concentration (0.5 wt.% GO suspension) without entailing significant
volumetric shrinkage. The apparent density of scaled-up 0.25:ICL_GOag(5:50)⊥ and
0.5:ICL_GOag(5:50)⊥ aerogels of 30 mm diameter (Figure 4.12b) was also verified
after carbonisation, yielding 2.1 ± 0.3 and 4.3 ± 0.1 mg cm-3 respectively. Despite
the increase in dimensions, these values matched those from lab-sized aerogels, with
analogous density reductions of 53 – 60% after carbonisation.

The internal structure of 0.25:CU_rGOag(5:50) scaffolds was examined by FE-
SEM (Figure 4.16). The extremely low density 1.4 mg cm-3 combined with the small
flake size delivered a highly broken structure and poorly interconnected network, in
which aligned channels can be guessed although completely disrupted. Despite the
partial loss of alignment in the scaffold, the rGO network interconnection was still
preserved, which explains the self-supporting capability of aerogels produced from
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0.25 wt.% GO suspensions.

20 µm20 µm

a b

20 µm

Figure 4.16: FESEM of 1.4 mg cm-3 0.25:CU_rGOag(5:50) aerogels showing a
disrupted freeze-cast structure. a) Cross-sectional plane to the freezing direction. b)
Parallel plane to the freezing direction.

Increasing the GO concentration in suspension from 0.25 to 0.5 wt.% had an
acute effect in preserving the structural alignment of the freeze-cast aerogels even
after thermal reduction, as revealed by FESEM images of the 3.7 mg cm-3 0.5:CU_-
rGOag(5:50) aerogels (Figure 4.17) highlighting the cross-section of parallel and per-
pendicular planes to the direction of freezing.

ba

c d

Figure 4.17: FESEM images of 3.7 mg cm-3 0.5:CU_rGOag(5:50) aerogels. a)
Cross-sectional plane to the freezing direction. b) Parallel plane to the freezing direc-
tion. c and d) rGO sheets at higher magnification.
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The unidirectional alignment granted by freeze-casting was verified in the parallel
cross-section, displaying a channel width of 15 - 20 ± 4 µm). Similarly, the normal
cross-section plane shown a quasi-honeycomb structure created by the interlocking
of rGO flakes, which is in agreement with previous works in the literature regarding
the production of elastomeric graphene networks following a similar freeze-casting
approach and conditions [152, 154, 176, 182]. Graphene walls in the structure ap-
peared comprised of stacked layers of rGO sheets, with an approximate thickness
smaller than 20 nm based on high-magnification FESEM images obtained at 60 kX.
Although this value coincides with previously reported aerogels, higher precision
would require the use of complementary techniques such as Transmission Electron
Microscopy (TEM).

The direct comparison of perpendicular cross-sections in 0.25:CU_rGOag(5:50)
and 0.5:CU_rGOag(5:50) at similar magnifications demonstrates the disruption of
the obtained internal structure (Figure 4.18) when limiting the GO content in sus-
pension to 0.25 wt.%.

20 µm20 µm

a b

Figure 4.18: Cross-section comparison of freeze-cast alignment showing the effect
of GO concentration in the honeycomb-like structure. a) 0.25:CU_rGOag(5:50). b)
0.5:CU_rGOag(5:50 aerogels).

Despite achieving lower scaffold densities and potentially reducing the agglom-
eration in the graphene structural walls, 0.25:CU_rGOag(5:50) appears excessively
damaged to maintain the envisioned structure in the target composite. It is worth
noting that 0.25 wt.% GO comprises a particularly diluted GO suspension, with
similar works in the field commonly settling with GO suspensions of higher loading
(0.5 – 1 wt.%) as a precursor. The reduction in GO content in suspension was pro-
posed to reduce the agglomerates of GO flakes in the scaffold walls, which could be
improved by increasing the quality grade of the GO precursor selected.
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The apparent density of lab-scale rGO aerogels freeze-cast with 2 – 10 °C min-1

freezing rates (0.5:CU_rGOag(2:50) and 0.5:CU_rGOag(10:50)) was also studied
(Figure 4.19), comparing the changes in apparent density to the green aerogels pre-
viously displayed on Figure 4.11.

° °° °

Figure 4.19: Comparison of apparent densities of lab-scale CU_GOag aerogels
before and after thermal annealing, as a function of the freezing rate (2 vs 10 °C
min-1).

The apparent density of 0.5:CU_rGOag(2:50) changed from 11.7 ± 0.1 mg cm-3

to 5.7 ± 0.1 mg cm-3 after carbonisation (a 51% reduction), with 0.5:CU_rGOag(10:50)
going from 11.2 ± 0.1 mg cm-3 to 4.8 ± 0.1 mg cm-3 (a 57 % reduction). Although
green bodies from both formulations were almost equal in density, the carbonisation
led to higher shrinkage of 0.5:CU_rGOag(2:50) structures. It has been widely re-
ported that lower freezing rates result in an increase of the channel widths from the
freeze-cast structures given the increased time for solid particle mobility during the
advancing freezing front [14, 85, 86]. Therefore, an inner structure with increased
channel width could be subjected to higher shrinkage upon thermal treatment than
a finer structure achieved with higher freezing rates.

The microstructure of 0.5:CU_rGOag(2:50) and 0.5:CU_rGOag(10:50) scaffolds
was evaluated by FESEM to support this hypothesis and study the experienced
change in densities (Figure 4.20). Comparing the perpendicular cross-section to the
direction of freezing at similar magnifications shown the difference between each
structure. While aerogels obtained at 2 °C min-1 displayed broader channels similar
to the honeycomb-like structure from 5°C min-1 rates, the structural alignment of
10 °C min-1 aerogels was lost entirely. As both 0.5:CU_rGOag(2:50) and 0.5:CU_-
rGOag(10:50) aerogels were annealed under similar conditions, this disruption was
not attributed to the carbonisation step. At these reduced aerogel sizes (19 mm
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diameter, 15 mm height), the applied temperature gradient during freeze-casting
could lead to freezing front velocities exceeding the critical velocity. Above it, the
graphene sheets could be trapped in the frozen solvent without producing the desired
structuring as covered in Section 1.3.

20 µm20 µm

Ice growth

a b

Figure 4.20: FESEM of cross-sectional freeze-cast structure in a)0.5:CU_-
rGOag(2:50) and b) 0.5:CU_rGOag(10:50).

Focusing only on the non-damaged domains, the difference in channel widths
obtained for each freezing rate (2, 5 and 10 °C min-1) was highlighted in Figure 4.21.
0.5:CU_rGOag(2:50) scaffolds exhibited 33 ± 3 µm wide channels, lowering to 21 ±
4 µm for 0.5:CU_rGOag(5:50) and 16 ± 2 µm for 0.5:CU_rGOag(10:50), similarly
showing the reduction in ice crystal thickness during freeze-casting because of the
increased freezing velocity.

° °° °° °° °° °° °

Figure 4.21: Average channel widths of 0.5:CU_rGOag aerogels as a function of
the freezing rate (2 - 10 °C min-1).

The removal of PVA and sucrose additives from the GO suspension was ad-
ditionally tested in aerogels after carbonisation, aiming to simplify the suspension
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formulation and reduce flake agglomeration after freeze-casting. Even if all tested
freeze-casting conditions (from Table 4.3) led to obtaining lab-sized self-supporting
CU_rGOag aerogels of smaller dimensions, removing additives in suspension neg-
atively affected the consistency of scaled-up aerogels, which collapsed after freeze-
drying and subsequent annealing steps. The inclusion of additives proved more rele-
vant in maintaining the coherence of aerogels produced from the improved ICL_GO
precursor, as shown after comparison of scaled-up 30 mm 0.5:ICL_GOag(5:0)⊥ and
0.5:ICL_GOag(5:50)⊥ samples (Figure 4.22).

10 mm

10 mm
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b

Figure 4.22: Self-standing 30 mm 0.5:ICL_GOag(5:0)⊥ (left) vs 0.5:ICL_-
GOag(5:50)⊥ (Right). a) After freeze-drying for 72 hours. b) After carbonisation
at 900 °C.

4.5.2 Selection of freeze-casting conditions

A significant advantage of applying a freeze-casting approach for manufacturing
highly porous graphene aerogels resides in its flexibility in achieving self-supporting
structures with a wide range of channel morphologies and external shapes. The ex-
tended research performed during the 2010s permitted narrowing the starting range
of additive selection and ratio, freeze-casting rates and GO concentration in this
work, producing self-supporting scaffolds relatively quickly. The results presented
in this chapter verified how changes in the freeze-casting conditions are reflected in
the aerogels density (1.5 - 9 mg cm-3), microstructure (15 – 35 µm channel widths)
and loss of internal alignment, which should be adapted to the constraints of the
graphene/ceramic composite processing strategy.
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As the envisioned structure in the bioinspired graphene/ceramic composite is
directly inspired from the hierarchical structure of nacre (or mother-of-pearl), it is
intended to achieve a parallelism between ceramic-graphene phases in the manufac-
tured composite and the inorganic-organic phases of nacre. This could be translated
into two constraints: the relative weight ratio between the two constituent phases
(consisting of 95 wt.% of CaCO3 vs 5 wt.% of organic material in nacre) and the
spacing of roughly 0.5 µm between layers of soft organic matrix arising from ceramic
block thickness in nacre’s brick and mortar structure [66, 181]. Tuning the weight
ratio between hard and soft constituents appears crucial to resemble the structure of
nacre. However, adding excessive reinforcing material in the composite can signifi-
cantly detriment the matrix’s properties (in the case of alumina matrix, a reduction
in hardness, strength, and wear resistance).

GO’s light-weight behaviour and flake aspect ratio permitted obtaining self-
supporting rGO aerogels with apparent density values of 1.5 - 4 mg cm-3 as seen
in Figure 4.15. From these low-density levels, the graphene-based scaffolds were not
expected to comprise more than 1 wt.% of the total composite weight, which ex-
tensively meets the 5 wt.% threshold of nacre-like materials. Limiting the graphene
content is essential to prevent the loss of mechanical properties of the ceramic matrix
selected and reduce the presence of graphene agglomerates in the scaffold, which can
negatively impact the properties of the final composite.

All configurations for freeze-casting of CU_GO suspensions outlined in Table 4.3
proved successful in achieving self-supporting aerogels that withstood the carbonisa-
tion step suitable for integration in the main strategy. However, aerogels produced
from diluted 0.25 wt.% GO suspensions (0.25:CU_rGOag) exhibited a disrupted
structure that did not maintain the intended microstructural alignment. An ex-
cessively low content of solids in suspension could result in a reduction of freezing
velocity of the solidification front during freeze-casting, because of the increase in
solvent quantities [101], preventing the obtention of the desired internal structure.

Regarding the selection of freezing rates, increasing the applied freezing rate
up to 10 °C min-1 was attractive to obtain thinner channels in the scaffold with
less agglomeration of rGO sheets forming the structural walls, closer to the natural
compounds taken as reference. However, after comparing 0.5:CU_rGOag(5:50) and
0.5:CU_rGOag(10:50) (Figure 4.21), the reduction in channel widths obtained was
very limited while also experiencing significant structural damage under 10 °C min-1

rates. Therefore, the application of freezing rates above 5 °C min-1 was eventually
discarded. The inclusion of PVA and sucrose additives on a 0.5:0.5 ratio in the GO
suspension formulation (as inspired by previous works [152, 177, 183]) was reinforced
after testing the carbonisation of scaled-up 30 mm GO aerogels produced with the
ICL_GO precursor.

Based on these results, the formulation of GO scaffolds selected for the following
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stages in the processing strategy was settled on a freezing rate of 5 °C min-1 and
the inclusion of PVA and sucrose additives x:GOag(5:50), with x being the GO
concentration in the precursor suspension (0.25 - 0.5 wt.%), which was kept for all
aerogels produced in the following experiments. Moving forward in the document,
the labelling system of the aerogels has been simplified from x:GOag(5:50) to simply
x:GOag.

After settling on these conditions, the only differences between as-produced aero-
gels resided in the GO precursor selected and the GO concentration in suspension
(0.25 and 0.5 wt.%). Despite the partial structural disruption experienced in aero-
gels cast from 0.25 wt.% GO, these were still produced for various tests based on the
efficient use of the GO precursor (being in a more diluted state) while maintaining a
moderate interconnection of graphene flakes verified by their self-standing behaviour.

4.5.3 Electrical characterisation

Epoxy/rGO composites were produced by infiltration of lab-sized graphene-based
aerogels to verify the structural resistance of the rGO aerogels on an infiltration
procedure based on vacuum casting as well as evaluating the restoration of electrical
capabilities provided by the graphene network embedded in an insulating material
(Figure 4.23). Prismatic specimens of various dimensions were cut and polished by
following the procedure from Section 3.2.7.

The characterised aerogels were prepared using both GO precursors (CU_GO
and ICL_GO), and the two selected GO concentrations in suspension (0.25 and 0.5
wt.% GO), leaving a total of four aerogel configurations (0.25:CU_GOag, 0.25:ICL_-
GOag, 0.5:CU_GOag, 0.5:ICL_GOag) infiltrated in the epoxy before and after car-
bonisation.
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Figure 4.23: a) Epoxy infusion of 0.5:CU_rGOag aerogels. b) Prismatic
epoxy/0.5:CU_rGOag specimens (20 × 3 × 4 mm3).

Owing to the insulating behaviour of epoxies, any display of electrical conductiv-
ity in the material was conferred by the embedded graphitic network. Measurements
along the transversal and parallel axes to the freeze-cast freezing direction of rGO
scaffolds for each configuration were collected and displayed in Figure 4.24.

Figure 4.24: Electrical conductivity of epoxy/rGO composites along the parallel and
transversal axes to the freeze-casting direction in the rGO network.

The directional alignment of embedded rGO scaffolds in the epoxy was confirmed
in these tests, with measurements parallel to the alignment direction being one order
of magnitude higher than the measures along transversal axes (12 – 14 S m-1 vs 0.5 –
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5 S m-1, respectively). Aerogels produced from 0.25 and 0.5 wt.% GO suspension led
to similar conductivity ranges, retaining some form of directional alignment beyond
the structural disruption verified in the former’s through FESEM (Figure 4.16).

Despite the differences in lateral size from each GO precursor (shown in Sec-
tion 4.3.1), changing from CU_rGOag to ICL_rGOag did not modify the electrical
conductivity. Moreover, the transversal conductivity appeared maximised in the
epoxy/0.25:CU_rGOag composite compared to the rest of the samples. This could
result from the smaller GO flake size from CU_GO delivering a less anisotropic
behaviour during freeze-casting of the scaffold.

Overall, the inclusion of embedded CU_rGOag and ICL_rGOag in the epoxy
resin matrix granted a moderate increase of electrical conductivity in the composite
compared to the epoxy’s insulating behaviour. It should be remembered that the
900 °C temperature selected for annealing graphene-based aerogels is a relatively
low temperature of graphitisation, which significantly limits the restored electrical
conductivity.

Previous work using random mixing procedures of ceramic and graphene rein-
forcements had reached network percolation at 0.2 – 10 wt.% ratios (Figure 1.22)
[23–31], showing an exponential rise in electrical conductivity by additions of suffi-
cient reinforcement to consolidate a continuous network inside the composite. The
continuity of the embedded rGO network was ensured in the specimens presented
here by the followed freeze-casting processing approach, maintaining the original 15
– 20 µm channel widths as confirmed via FESEM (Figure 4.25). Despite the small
contribution of graphene to the epoxy/rGO composite (0.5 - 4 wt.% depending on
the selected configuration), a continuous graphene network was maintained.

20 µm 10 µm

Figure 4.25: FESEM of epoxy/0.5:CU_rGOag microstructure, showing the main-
tained alignment of the embedded aerogel.

In the literature, epoxy/graphene composites of similar characteristics have been
reported with a range of electrical conductivity of 0.1 – 120 S m-1 along the align-
ment direction depending on the quality of graphene precursor (FLG vs rGO) and
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content in the composite (0.01 - 2 wt.%) [169, 180, 227]. Few works have reported
conductivity values above 200 S m-1 [176] using GO as a precursor, by reaching re-
markably higher reduction temperatures above 1500 °C. The results presented here
match this range of electrical conductivities on the lower end of the spectrum, based
on the selection of rGO as the graphene phase and the low temperature of car-
bonisation. Although the followed measurement procedure could not provide high
accuracy (as illustrated by the error bars from Figure 4.24), this method has been
previously reported for analogous graphene-based composites [182, 213, 214]. An au-
tomated procedure of higher measuring accuracy (such as a four-point probe) would
be advisable in future testing to account for the lower conductivity values.

As mentioned in Section 1.4.2, one of the main drawbacks of selecting GO as a
graphene precursor resides on its poorer restoration of electrical conductivity com-
pared to bottom-up synthesis approaches, limiting its use in electronic devices [130].
Although a different graphene precursor would be prioritised for such applications,
the dispersibility and water affinity of GO still justify its selection in the water-based
processing strategy from this work, still managing to achieve conductivities of 10 –
15 S m-1 suitable for electrical sensing capabilities [176, 182].

4.6 Enhancement of the graphene scaffolds hierarchy by
decoration with alumina nanoparticles

The hierarchy of freeze-cast graphene-based aerogels was extended by the decora-
tion of the rGO sheets with as-produced alumina nanoparticles (NPs). The sol-gel
production of alumina NPs has been predominantly accomplished by employing pre-
cursors such as aluminium isopropoxide [46, 228, 229], aluminium chloride [230–232],
also in penta- or hexahydrate form [233, 234], or aluminium nitrate [46, 235].

In this work, aluminium-L-lactate was selected as a promising precursor for alu-
mina NPs due to its environmentally-friendly and non-toxic behaviour along with
its possibility of delivering water-based gelation of aluminium hydroxide compati-
ble with GO colloidal suspensions. The processing route employed in this study was
inspired by former works of Zhang et al. (2003), (2007) on the production of alumina-
based glasses [189, 190] and Tan et al. (2013) [236] on continuous alumina gel fibres,
who produced the aluminium lactate in situ by combining aluminium nitrate and
lactic acid.

According to the first works on the aluminium lactate-based approach by Zhang
et al. (2007) [190], the interaction of the aluminium lactate with the [H]+ from the
acidic pH in default water solutions results in a positively charged ion of hexahydrate
aluminium. He et al. (2019) [237] expanded the work by studying the lactate-based
gel formation process across a range of pH (3 - 11). By increasing the concentration
of [OH]- through ammonia additions in solution, the hydrolysis reactions triggering
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the cross-linking of lactate ligands could be altered. While in the acidic medium
the attack with [H]+ led to the formation of a six-hydrated aluminium compound
Al(H2O)6, the increase of pH leads to the substitution of lactate with hydroxide
groups, obtaining a combination of Al(lact)(OH)2 and Al(lact)2(H2O)(OH) species
facilitating the network formation upon polycondensation (Section 1.1.2.1). The
authors concluded that decomposition of lactate ligands occurred around 250 °C, with
crystallization of γ-alumina around 800 – 1000 °C after thermogravimetric analysis
through the formation of Al-O-Al bonds.

4.6.1 Synthesis of alumina nanoparticles

Aluminium hydroxide gels were produced by gelation of an aluminium lactate pre-
cursor in water and converted to aluminium oxide through thermal treatment. 0.2
M lactate solutions in water exhibited by default an acidic pH typically around 3.2
- 3.4. In this acidic medium, the attack with [H]+ would lead to the formation of
a six-hydrated aluminium compound Al(H2O)6 as described by Zhang (2003) [189].
To facilitate the formation of aluminium hydroxide Al(OH)3 instead, the concentra-
tion of [OH]- in solution was increased by shifting to a basic pH of 10 [237], which
resulted in a noticeable change in the colour of the solution from clear to a cloudy
white (Figure 4.26a).

a b

Figure 4.26: a) Production of aluminium hydroxide gel after NaOH additions and
mechanical stirring. b) Aluminium hydroxide gel at two different states of ageing, 1
week (left) vs 1 day (right) showing the evolution of the water supernatant phase.

After ageing, the mixture appeared divided into two distinct phases: the alu-
minium hydroxide gel concentrating at the bottom part of the container and a su-
pernatant phase containing the excess NaOH and H2O in the mixture (Figure 4.26b).
The low concentration of NaOH dropwise additions used for tuning the pH of the
lactate sol also introduced additional water in the system, which was collected in the
supernatant formed after ageing. After retrieving the water supernatant and leaving
the samples for further ageing at room temperature, centrifugation of the remaining
gel helped separate the extra water and obtain proper gelation of the aluminium
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hydroxide network.

Aluminium hydroxide gels were thermally annealed at 900 °C in similarity with
the partial reduction applied to graphene-based scaffolds and evaluated through X-
ray diffraction to study the crystallographic phases of the material (Figure 4.27).
The obtained pattern confirmed a mixture of aluminium oxide phases in a partially
amorphous configuration, with the most characteristic 2θ peaks obtained at roughly
38, 44, 54, 72 and 79 °. Besides the amorphous structure, the γ-alumina crystallo-
graphic phase was predominantly confirmed after comparison with an XRD pattern
reference from the ICDD database (00-029-0063).

Figure 4.27: XRD spectrum of freeze-dried aluminium hydroxide gel thermally
treated at 900 °C.

Beyond a stable α crystalline structure in the hexagonal system, alumina can ex-
hibit other seven metastable crystallographic phases, some of which are easily induced
via heat treatment through a phase transformation sequence (including temperatures
of reference) [232, 238, 239]:

Amorphous → γ(750°C) → δ(900°C) → θ(1200°C) → α (4.1)

The γ phase is characteristic of lower consolidation temperatures (below 1000 °C)
before achieving the thermodynamically stable alpha phase. This is in concordance
with He et al. (2019) [237], in which gels of similar nature synthesised at pH 9 and
thermally treated above 600 °C displayed a mixture of three AlOx species: AlO4,
AlO5 and AlO6. However, the alumina obtained from this process is expected to
reach the α phase once integrated into the composite processing strategy, because of
the 1300 – 1500 °C temperatures reached during the sintering stage.
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Thermogravimetric analysis of the freeze-dried aluminium hydroxide gel showed
a decrease in weight at an approximate 250 °C mark, followed by a sharp secondary
drop at 350 °C (Figure 4.28). This decrease was expected based on the decomposi-
tion of lactate ligands favouring Al-O-Al bonds in the compound [237], which is later
accentuated by the coordination shifts of AlOx species at progressively higher tem-
peratures. The initial 10% reduction below 150 °C could be attributed to removing
the remaining humidity and volatiles in the sample.

Figure 4.28: Thermogravimetric study of the selected freeze-dried hydroxide gel.
Average of three runs performed under N2 atmosphere.

At the 900 °C annealing temperature previously selected as the partial reduc-
tion temperature for graphene-based scaffolds, the lactate ligands are assumed to be
entirely removed (as confirmed by the XRD spectrum), reaching a stable threshold
above the 450 °C mark. The overall 65% decrease in weight confirmed by these TGA
measurements was used to derive the calculations regarding the aluminium hydrox-
ide added to the GO precursor to determine the alumina concentrations decorating
the surface of the rGO aerogels.

4.6.2 Integration with graphene oxide suspensions

As-produced aluminium hydroxide gels were mixed with GO suspensions to produce
0.5:CU_GOag(nN) scaffolds. The ratio n was defined as the Al2O3/C wt./wt. ratio
to be obtained in the aerogels after thermal reduction at 900 °C.

mgraphene = n×mAl2O3 (4.2)
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The mass of graphene and alumina in the final material was related to their se-
lected precursors using the previous sections’ characterisation results. A 65% weight
reduction from GO to rGO was assumed after partial reduction at 900 °C based on the
TGA performed on 0.5:CU_rGOag (Figure 4.13), of which 96 wt.% was attributed
to carbon material based on the XPS spectra from freeze-dried GO (CU_rGOfzd)
also presented in Table 4.2. From the additional TGA measurements of freeze-dried
aluminium hydroxide gel (Figure 4.27), a yield of 35% alumina was obtained at 900
°C, from which the following relationships were derived:

mgraphene = 0.96× 0.35× C ×mGOsus

mAl2O3 = 0.35×mAl(OH)3

(4.3)

with C being the wt/wt % of the original GO suspension.

By substitution of each variable the following relationship was identified:

0.96× 0.35× C ×mGOsus = n× 0.35×mAl(OH)3 (4.4)

The mass of aluminium hydroxide gel added to the GO suspension directly de-
pended on the chosen Al2O3/C ratio n, the mass of GO suspension and its wt.%
concentration C. The purity of the aluminium lactate powder used as a precursor
was considered, omitting the remaining material from the calculations (95% accord-
ing to the supplier), as well as the stoichiometric yield from aluminium lactate to
aluminium hydroxide in the sol preparation.

The amount of lactate precursor corresponding to the calculated hydroxide gel
added to the GO suspension was derived from the following assumptions:

1. 100% conversion of aluminium lactate into aluminium hydroxide in the gel
(without intermediate species).

2. No aluminium lactate was lost while retrieving the water supernatant during
the gel formation.

3. Homogeneous distribution of hydroxide gel in the container.

4. Water from the aluminium hydroxide gel added to the GO suspension could
be negligible and did not modify the concentration of the slurry.

Three different GO/Al(OH)3 suspension mixes were produced by following Equa-
tion 4.2, settling the n ratio on 0.01, 0.02 and 0.05, aiming to limit the effect on the
graphene structure. To differentiate GO/Al(OH)3 mixes from standard GO slur-
ries, an updated labelling system was applied with an additional tag highlighting
the n ratio of the mixture. 0.5:CU_GO(0.01N), 0.5:CU_GO(0.02N), and 0.5:CU_-
GO(0.05N) suspensions were freeze-dried and heated up under air up to 1000 °C to
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compare the alumina residue left in the crucibles and verify the increase of hydroxide
gel added to the precursor suspension. An oxidising atmosphere was selected to per-
mit the elimination of carbon from the system. The weight of the alumina residue
for each sample was contrasted by subtracting the weight of its crucible measured in
advance, as shown in Table 4.4.

Table 4.4: Relative alumina residue for each GO/Al(OH)3 configuration after TGA
up to 1000 °C at 5 °C min-1.

Sample Id Sample wt.
(mg)

Alumina residue
(mg)

Relative wt.
of residue (%)

0.5:CU_GO(0.01N) 4.0 0.6 15
0.5:CU_GO(0.02N) 4.0 0.6 15
0.5:CU_GO(0.05N) 3.7 1.2 33

The collected data verified an increase of alumina residue between 0.5:CU_-
GO(0.01N) and 0.5:CU_GO(0.05N). However, the expected evolution of alumina
weight under an increasing quantity of hydroxide from 0.5:CU_GO(0.01N) to 0.5:CU_-
GO(0.02N) was not represented correctly, obtaining seemingly identical residue weights
after thermal treatment. Visual inspection verified an increase in alumina residue
remaining in the crucibles after calcination, matching the increasing Al(OH)3 con-
tent added to each aerogel during freeze-casting (crucibles 3 to 5 from Figure 4.29).
The discordance with the registered weights from Table 4.4 was attributed to an
insufficient precision in the balance, which could not measure differences under 0.1
mg reliably.

1 2 3 4 5 6

Figure 4.29: Alumina residue in crucibles after 1000 °C carbonisation of
GO/Al(OH)3 aerogels on air. 1) 0.5:CU_GO. 2,3) 0.5:CU_GO(0.01N). 4)
0.5:CU_GO(0.02N). 5,6) 0.5:CU_GO(0.05N).

4.6.3 Hierarchical graphene scaffolds decorated with alumina nanopar-
ticles

Cylindrical graphene-based aerogels (19 mm diameter, 13 mm height) were success-
fully decorated with alumina nanoparticles by adding the aluminium hydroxide gel
in the GO slurry formulation, following the freeze casting and carbonisation applied
for 0.5:CU_GOag scaffolds. Decorated aerogels were easier to cleave and appeared
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more brittle than the almost identical non-decorated aerogels that exhibited a more
characteristic elastic behaviour (Figure 4.30).

10 mm

Figure 4.30: Visual comparison of thermally reduced aerogels. Left: 0.5:CU_-
rGOag. Middle: 0.5:CU_GOag(0.02N). Right: 0.5:CU_GOag(0.05N).

The apparent density of 0.5:CU_GOag(nN) at increasing n values before and
after carbonisation is displayed in (Figure 4.31). 0.5:CU_GOag(0.01N) aerogels de-
livered apparent densities of 9.2 ± 0.2 mg cm-3 in similarity with non-decorated
0.5:CU_GOag. After thermal reduction, the densities were lowered to 2.8 ± 0.1 mg
cm-3, comprising a 70% reduction. 0.5:CU_GOag(0.02N) and 0.5:CU_GOag(0.05N)
aerogels reached progressively higher densities because of the increase in aluminium
hydroxide gel mixed with the GO suspension, (10.0 ± 0.1 and 12.1 ± 0.1 mg cm-3

respectively), leading to 3.2 ± 0.1 mg cm-3 and 4.2 ± 0.05 mg cm-3 after carbon-
isation. Both configurations resulted in a 68% and a 60% reduction of density,
respectively. These values of density reduction contrast the 52% reduction obtained
for non-decorated 0.5:CU_rGOag aerogels (Section 4.5.1).

Although the self-supporting capabilities of GO aerogels were not affected by the
extra weight additions of aluminium hydroxide gel during freeze-casting, the addi-
tional density reductions could be explained by the carbonisation process, removing
more material from the graphene scaffold because of the transformation of aluminium
hydroxide into alumina nanoparticles.
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Figure 4.31: Comparison of apparent densities of 0.5:CU_GOag(nN) aerogels be-
fore and after thermal annealing as a function of the Al2O3/C ratio n of nanoparticles
(n = 0.01 - 0.05).

The extent of reduction in the graphene sheets has an acute effect on the aero-
gel densities obtained due to the carbonisation step, closely related to the sp2:sp3

hybridisation ratio in the materials. XPS characterisation was applied to each of
the deposited configurations (0.5:CU_rGOag(0.01N), 0.5:CU_rGOag(0.02N) and
0.5:CU_rGOag(0.05N)) to determine the evolution of this sp2:sp3 ratio and ad-
ditionally evaluate the crystallization of alumina structure after carbonisation and
quantify its atomic percentage in the scaffolds. After comparing the relative atomic
percentage of the main elements present in the reduced scaffolds (Table 4.5), an
expected increase of aluminium element was confirmed from 0.9 to 4.3 at.%. in
0.5:CU_rGOag(0.01N) and 0.5:CU_rGOag(0.05N).

Table 4.5: Relative at.% of detected elements by the XPS general survey of
0.5:CU_rGOag scaffolds. Al2O3/C ratio n of nanoparticles increased from 0.01 to
0.05.

Relative at. %
Sample C O Al S Na Si N

0.5:CU_rGOag 94.2 3.5 0 0.5 0.2 1.6 0
0.5:CU_rGOag(0.01N) 94.8 2.9 0.9 1.2 0.2 0 0
0.5:CU_rGOag(0.02N) 95.3 2.5 1.2 0.4 0 0 0.5
0.5:CU_rGOag(0.05N) 87.1 7.9 4.3 0.1 0.4 0 0

The change in aluminium content displayed by the XPS analysis remarked the
differences in alumina content deposited in 0.5:CU_rGOag(0.01N) and 0.5:CU_-
rGOag(0.02N) aerogels, which was anticipated from the analysis of apparent density
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although not verified by the alumina residue comparison presented in Table 4.4.
The oxygen content also appeared remarkably higher in 0.5:CU_rGOag(0.05N), in
contrast with the other two configurations. Despite the apparent oxygen contribu-
tion from higher alumina deposition in the structure, it could also represent a lesser
removal of oxidised groups attached to the graphene oxide flakes during thermal
annealing in these aerogels. Silicon impurities were not detected in any of the ex-
amined aerogels. Binding energy peaks for other components such as S, Na, and
N were detected and included in the relative atomic disclosure. These components,
however, were also expected to appear as a result of the early oxidation stages from
GO synthesis based on Hummers method (Section 1.4.2.1) [127].

The XPS C1s spectra from each 0.5:CU_rGOag(nN) formulation after increasing
the Al2O3/C ratio was compared and displayed in Figure 4.32.

0.5:CU_rGOag(0.01N)

0.5:CU_rGOag(0.02N)

0.5:CU_rGOag(0.05N)

Figure 4.32: Comparison of XPS C1s spectra for 0.5:CU_rGOag(nN) with increas-
ing Al2O3/C ratio n (top = 0.01, middle = 0.02, bottom = 0.05).
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As in plain 0.5:CU_rGOag aerogels, the epoxide, carbonyl and carboxyl groups
binding energies were obtained at 286.0, 287.0 eV and 288.6 eV approximately, with
minimal contributions as a result of the reduction step at 900 °C. Increasing the
Al2O3 content in 0.01N, 0.02N, and 0.05N scaffolds resulted in a reduction in the
carbon sp2:sp3 hybridisation ratio of 12.7, 7.59 and 5.9 respectively. This suggests
that higher additions of aluminium hydroxide gel in the GO slurry could inhibit
the restoration of the graphitic sp2 domains in the GO sheet, maintaining a higher
percentage of GO’s original sp3 carbon.

The binding energies from O1s spectra were also compared and presented in
Figure 4.33. A peak at 531.5 eV increased in percentage with Al2O3 content in
0.01N, 0.02N and 0.05N scaffolds, attributed to the increased quantities of aluminium
oxide decorating the aerogels despite the minor contribution of oxygen to the general
surveys (Table 4.5). This signal masked the carbonyl peak found in non-decorated
CU_rGOag at similar binding energies (Figure 4.6). The deconvolution between the
hydroxyl and the epoxide groups was found at approximately 532.5 and 534 eV.

0.5:CU_rGOag(0.01N)

0.5:CU_rGOag(0.02N)

0.5:CU_rGOag(0.05N)

Figure 4.33: Deconvolution of XPS O1s spectra for 0.5:CU_rGOag(nN) (top =
0.01, middle = 0.02, bottom = 0.05).
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The Al2p spectra were examined to determine the oxidation state of aluminium
in the aerogel, with 0.5:CU_rGOag(0.05N) presented as an example in Figure 4.34.
The deconvolution of the signal resulted in one single 2p peak, yielding two different
signals (2p1/2 and 2p3/2) with pre-defined area ratios. This is a characteristic trait
for p orbitals called spin-orbit splitting [240], relating to the parallel or anti-parallel
coupling between the electron spin and the defining vector of the orbital angular
momentum.

Figure 4.34: Al2p binding energy for 0.5:CU_rGOag(0.05N), deconvoluted in 2p1/2

and 2p3/2 peaks.

The binding energy of the 2p peak was obtained at 74.7 eV. This matches the
characteristic peak of γ-alumina reported at 74.6 eV [241], which was anticipated by
the XRD measurements on aluminium hydroxide gel presented in Figure 4.27. This
analysis of the 2p spectra verified that the aluminium hydroxide from the precur-
sor was not transformed into the aluminium metal instead of alumina, which was
considered based on the inert atmosphere applied during carbonisation of the rGO
scaffolds at 900 °C.

The internal structure of all configurations of decorated 0.5:CU_rGOag(nN) was
observed under FESEM to confirm the morphology and distribution of the alumina
nanoparticles on the graphene network, compared with aerogels processed without
alumina decoration. Each configuration’s internal structure was highly dependent
on the aerogels cutting and deposition direction, with the two representative images
for each of the three mixing conditions displayed in Figure 4.35.
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Figure 4.35: Internal structure of graphene-based aerogels decorated with alumina
nanoparticles at low magnification by FESEM. (a, b) 0.5:CU_rGOag(0.01N) (c, d)
0.5:CU_rGOag(0.02N) (e, f) 0.5:CU_rGOag(0.05N)

All three configurations maintained the expected directional alignment provided
by the freeze-casting processing. Despite exhibiting partial damage to the scaffold
internal structure, unidirectionally aligned channels of 10 - 25 µm width were pre-
served for every condition, as expected from the selected 5 °C min-1 freezing rate
and starting GO concentration in the slurry [152]. In 0.5:CU_rGOag(0.01N) aero-
gels (Figure 4.35a,b), the perpendicular cross-section validated the honeycomb-like
structure previously presented for 0.5:CU_rGOag without any NP addition. Due
to the low level of deposited alumina NPs, the internal structure of these aero-
gels closely resembled non-decorated aerogels. This contrasted with the structure of
0.5:CU_rGOag(0.02N) (Figure 4.35c,d), which appeared significantly affected. Al-
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though maintaining an overall freeze-casting alignment (with reduced channel widths
of 5 – 15 µm), wrinkled and shredded graphene sheets were prominent. This change
in the morphology could result from NaOH additions introduced in the preparation
of GO/Al(OH)3 mixes because of the pH tuning of the hydroxide gels, resulting in
substantial deterioration of the expected unidirectional structure.

0.5:CU_rGOag(0.05N) aerogels (Figure 4.35e,f) mainly shown the preservation of
a unidirectional freeze-cast structure, highlighting the compatibility of the alumina
NP decoration with the intended hierarchical structuring of the scaffolds. These
aerogels could be easily cut parallel to the freeze-casting direction because of the re-
duced elasticity from containing the highest quantities of alumina in the formulation.
Although maintaining the expected channel widths (10 - 20 µm), graphene sheets
appeared partially damaged at higher magnifications (Figure 4.35e,f), potentially
due to the increased weight of alumina in the suspension.

The alumina NPs decoration was examined more closely by FESEM of higher
magnification (Figure 4.36). The deposited particles appeared homogeneously dis-
tributed throughout the graphene flakes of 0.5:CU_rGOag(nN) scaffolds upon veri-
fying several locations of the aerogels.

a

200 nm

200 nm 300 nm

200 nm

b

c d

Figure 4.36: High-magnification FESEM images of as-produced alumina nanopar-
ticles deposited on the rGO flakes in a) 0.5:CU_rGOag(0.01N) aerogels, b)
0.5:CU_rGOag(0.02N) aerogels and c) 0.5:CU_rGOag(0.05N) aerogels. d) High-
magnification of rGO sheets from non-decorated 0.5:CU_rGOag scaffolds.
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From these FESEM images, the increase of alumina NP content in the scaffolds
was not translated into a change in the decoration profile (although the variations
in alumina content have already been presented as part of the XPS analysis). For
comparison purposes, an rGO flake from a non-decorated 0.5:CU_rGOag scaffold has
been included (Figure 4.36d), in which no particles or additional impurities could
be identified in the sheet surface at similar magnification range. This confirmed the
positive outcome of adding the aluminium hydroxide species to a highly oxidised
graphene precursor in combination with speed mixing and selecting an adequate
slurry formulation.

The alumina NPs also appeared remarkably smaller than initially anticipated (<
20 nm) based on previous works on the deposition of ceramic nanoparticles via gela-
tion and thermal treatment (around 100 nm from Wang et al. (2016) [108]). The
small size of the as-produced particles hindered its thorough examination using FE-
SEM, only identified above 40 kX magnification resulting in higher picture blurriness.
Additional techniques of higher resolution, such as transmission electron microscope
(TEM), would be required to examine the morphology of the as-produced nanoparti-
cles in further detail. As 0.5:CU_rGOag(0.05N) rendered decorated graphene sheets
with higher alumina content without inducing structural damage to the scaffolds,
this formulation was selected for future steps.

Aiming to put into perspective the enhanced strategy of nanoparticle production
developed in this work, analogous decorated rGO aerogels were prepared with com-
mercial water-based nano-alumina suspensions in the 0.5 wt.% CU_GO precursor
slurry and following similar processing steps. Although the commercial nanoparticles
decorated the graphene scaffolds homogeneously due to the intense speed-mixing ap-
plied, FESEM imaging of these newly produced scaffolds (labelled as CU_rGOag(US-
N)) showed how the deposited commercial nanoparticles appeared in the range of 50
- 150 nm size, much larger than previous as-synthesised nanoparticles (Figure 4.37).
Commercial alumina particles still exhibited some degree of agglomeration, contrast-
ing with the as-produced alumina nanoparticles from the aluminium hydroxide gel.
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Figure 4.37: Collection of FESEM images from CU_rGOag(US-N) scaffolds dec-
orated with 2 wt.% commercial alumina nanoparticles. a) Freeze-cast structuring.
b,c,d) Higher magnification images exhibiting the increased size of the decorating
particles.

Although alumina nanoparticles are available commercially in several formats and
could be alternatively selected, there are various advantages in producing the par-
ticles in-situ using the aluminium lactate precursor route described in this chapter.
Beyond the intrinsic benefit of validating a scarcely explored precursor route for novel
applications, the particle size obtained from each route is significantly different. Via
the aluminium lactate-based synthesis, nanoparticles of substantially reduced parti-
cle size could be produced and homogenously distributed across the graphene flakes.
It also enables an environmentally-friendly water-based approach without the forma-
tion of toxic agents (e.g. chlorine in the case of aluminium chloride-based synthesis
[231, 232]).

This processing technique could be extended to the deposition of other ceramic
nanoparticles such as titania or silica by integrating analogous lactate-metal com-
pounds in the formulation GO slurries, with additional applications in the field of
catalysts and drug-carriers based on the reduced dimensions of the produced NPs
beyond the processing of structural composites that is the aim of this work. By
providing an extra layer of hierarchy in the composite, a positive effect on the me-
chanical properties of the envisioned graphene/ceramic material could be expected
by providing extrinsic toughening mechanisms [15]. Additionally, the introduction
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of bimodal alumina (from mixing the as-produced alumina NPs and water-based
alumina slurry) could increase the densification of the composite during sintering,
as seen in works of similar nature [184]. To evaluate the effect of the NP-deposition
on the material’s properties, it is first necessary to achieve consolidation of the bulk
composite and subject it to further characterisation and testing.

4.7 Conclusions

Two different graphene precursors: CU_GO (commercial supply) and ICL_GO
(produced from Imperial College London through an improved Hummers method
[148]) were used to produce water-based GO suspensions, comparing their GO flake
lateral size, and elemental composition. Extended characterisation (XRD, TGA,
Raman, XPS and viscosity measurements) was applied to CU_GO, selected as the
testing precursor throughout this work based on its higher availability.

The conformation of ultralight rGO aerogels up to 30 mm in diameter by freeze-
casting and carbonisation to 900 °C was validated in this chapter. A range of 1.5
– 4 mg cm-3 rGO aerogels was successfully produced, adjusting the formulation
parameters to 0.25 - 0.5 wt.% GO concentration in water, 0.5:0.5 ratio of PVA:sucrose
additives to GO solid content and 5 °C min-1 freezing rate. The structural alignment
of rGO aerogels produced from 0.5 wt.% GO suspensions was maintained, displaying
channel widths of 15 – 30 µm, whilst scaffolds made from 0.25 wt.% GO experienced
higher structural disruption due to insufficient solid material in suspension.

Scaled-up 30 mm aerogels were successfully freeze-cast using an improved 4-
piece mould concept in which the alignment direction of the produced scaffolds was
perpendicular to the geometry’s axis of revolution. This upgrade permitted the
integration of scaled-up aerogels with a later sintering stage without crushing the
tailored structure, otherwise caused by the alignment of the freezing and sintering
pressure directions. Scaled-up ICL_GO aerogels also demonstrated the effect of
PVA and sucrose additions in the GO suspension formulation to preserve their in-
tegrity and self-standing behaviour. Graphene/epoxy composites were produced by
resin infusion of rGO aerogels setling a preliminary infiltration procedure for future
graphene/alumina composites and producing specimens for electrical conductivity
testing. The specimens displayed an electrical conductivity of 10 – 15 S m-1 along
the freezing direction, confirming the effective reduction of the rGO aerogels at 900
°C and the preservation of directional alignment in the composite.

An additional level of hierarchy was implemented by deposition of as-synthesised
alumina nanoparticles through a promising sol-gel route based on an aluminium
lactate precursor. An aluminium hydroxide gel was obtained by gelation of a lactate
sol and integrated with GO suspensions at various mixing ratios. rGO aerogels
were homogeneously decorated with alumina nanoparticles under selected C/Al2O3
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wt./wt. ratios verified by XPS (0.01 – 0.05) maintaining the alignment obtained
through freeze-cast processing. FESEM characterization confirmed the as-produced
nanoparticles (< 20 nm) were smaller in size and better distributed than commercial
alternatives under similar conditions, produced at lower cost and through a water-
based approach.
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Chapter 5

Infiltration of graphene-based
scaffolds with alumina/PF127
slurries

5.1 Introduction

The production of hierarchical graphene/ceramic composites using a scaffold and
infiltration approach has not been presented in the literature other than by exploit-
ing polymer-derived ceramic matrices [14, 176]. Through this method, a polymeric
matrix can infiltrate the graphene aerogel in similarity with epoxy/graphene pair-
ings (readily reported in recent years), later transformed into a ceramic phase by
pyrolysis at higher temperature [185]. This promising approach cannot be extended
to the infiltration of water-based advanced ceramic slurries due to the hydrophobic
(water-repelling) behaviour of graphene aerogels after carbonisation.

This chapter studies the introduction of an amphiphilic additive (a triblock
copolymer commercially labelled Pluronic-F127) in the ceramic formulation to over-
come the critical challenge of graphene’s hydrophobicity (Figure 5.1). Additions of
PF127 can modify the alumina surface interaction, inspired by its use as a surfac-
tant in traditional ceramic processing and its recent surge in popularity as a particle
carrier upon higher loadings in 3D-printing inks [36, 213, 242].
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Figure 5.1: Second stage of the composite processing strategy: Optimising the infil-
tration of graphene-based scaffolds with water-based alumina slurries.

After characterisation of the alumina powder selected in this work, water-based
Al2O3 slurries were produced with varying PF127 content in solution. Wettability
measurements between spin-coated graphene-based films and alumina slurries with
PF127 in their formulation were performed to evaluate the effect of the copolymer
additions. The optimisation of alumina solid loading and PF127/Al2O3 ratio in
the slurries was studied in more depth by infiltration tests on cylindrical lab-scale
sized graphene aerogels and alumina slurries prepared from a range of formulations.
The selected conditions were extended to scaled-up graphene aerogels of 30 mm
diameter to obtain graphene/alumina green bodies ready for final densification via
SPS sintering.

5.2 Background on Pluronic F-127

5.2.1 Structure and properties

Pluronics are commercially labelled triblock copolymers containing polyoxyethylene
(hydrophilic external chains) and poloxypropylene (hydrophobic central chain) in the
form of [PEO]a-[PPO]b-[PEO]a (Figure 5.2). The a and b subscripts in the formu-
lation refer to the series of groups concatenated in the chain, which vary depending
on the Pluronic type. The notation of the Pluronic starts either with L (liquid), P
(paste) or F (flakes), with the first two numbers referring to the molecular weight
of the [PPO] unit, and the last number signifies the weight fraction of the [PEO].
Pluronic F127 has been used throughout this work, with a and b comprising 101 and
56 groups, respectively.
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a b a

Figure 5.2: Depiction of triblock copolymer chain in Pluronics ([PEO]a-[PPO]b-
[PEO]a).

Pluronics are known for their thermoresponsive behaviour and amphiphilic prop-
erties owing to the mix of hydrophobic and hydrophilic groups in its formulation
[35, 243]. These copolymers have been conventionally used as surfactants [244],
drug-delivery carriers (0.5 - 2 wt.% of solid material) and for wound or burn healing
purposes in the field of pharmaceutics [245]. PF127, in particular, has become a
widespread selection because of its good colloidal stability, low toxicity and ability
to reverse thermal gelation.

PF127 combines high molecular weight and large size of hydrophobic PPO chains,
exhibiting an adaptative rheological behaviour with tendency to self-assemble into
micelles upon reaching a critical concentration in suspension. This concentration is
addressed in the literature as the critical micelle concentration (CMC), a temperature-
dependent property established at 0.45 wt.% at 25 °C in the case of PF127 [246].
Above this concentration threshold, a phenomenon of dehydration occurs in the cen-
tral PPO blocks, attracting neighbouring PPO blocks that act as the core of newly
formed micelles with the PEO external chains creating the micelle’s outer surface
[243]. Therefore, the ability of the triblock copolymer to self-assemble in micelles is
highly dependent on the hydrophobic PPO units, with the hydrophilic ending blocks
not having a substantial role in the process beyond increasing the molecular weight
of the copolymer [247].

The combination of high molecular weight along with higher concentrations of
the copolymer in water can lead to massive cross-linking if activated by sufficient
temperature, which removes the hydration layer covering the PF127 molecules [248].
When micellisation achieves a critical volume fraction, a change of viscosity occurs
in the solution [247] because of the increase in the freely available dehydrated groups
of the copolymer.

Lenaerts et al. (1987) [35] conducted a rheological study of 15 – 30 wt.% PF127
aqueous solutions from 15 to 30 °C, finding an exponential relationship between vis-
cosity and temperature with a slope dependent on the concentration of Pluronic
(Figure 5.3). An initial decrease in viscosity of the samples is first shown, which is
related to a rise in the activation energy in similarity with other colloidal systems.
The second part corresponds to the gelation of the Pluronic system when the concen-
tration is increased, and it is associated with conformational changes in the polymer.
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This gelation process is fully reversible after returning to 4 – 5 °C [245].

Figure 5.3: PF127 thermoreversible gelation as a function of temperature and con-
centration in water. From Lenaerts et al. (1987) [35].

5.2.2 PF127 resurgence for 3D-printing applications

The thermoresponsive behaviour of triblock copolymers has been known for more
than 30 years generally applied as surfactants ( < 2 wt.% of solids in suspension).
Pluronics have been re-explored during the last decade at higher concentrations
(above 15 wt.%) in the robocasting field (robotic-assisted deposition) by exploiting
their amphiphilic behaviour and thermoreversible gelation capabilities for manufac-
turing 3D inks [36, 213, 242, 249].

The seed for this application was proposed by Franco et al. (2010) [242], who
prepared water-based calcium phosphate 3D-printing inks using PF127 solutions.
The addition of the copolymer permitted obtaining high-loading ceramic inks that
displayed a shear-thinning behaviour (decrease of viscosity under shear strain con-
ditions), flowing through the printing nozzle and settling after deposition. Once
deposited, the high concentration of Pluronic in the inks (20 – 30 wt.%) at room
temperature led to the system gelation, providing self-standing printed lines.

PF127-based robocasting works have been expanded since, with other notable
reports improving the working conditions and extending the technique to other ma-
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terials. Muller et al. (2015) [249] applied a nano-structuring strategy to PF127-based
inks to enhance cell encapsulation capabilities and enable 3D-printing of biologically
relevant materials). Feilden et al. (2016) [36] applied PF127 to 3D-printing of 40
vol.% advanced ceramic inks based on Al2O3 and SiC and demonstrated the me-
chanical properties of the sintered printed parts. The authors provided a viability
map (Figure 5.4) that narrowed the printing conditions incorporating the most sig-
nificant limitations. The strength and toughness displayed by 3D-printed alumina
parts after sintering (18.6 GPa and 3.31 MPa m1/2 respectively) were slightly lower
but comparable to commercially available materials.

Figure 5.4: Viability map for SiC and Al2O3 ink highlighted in the printable do-
main. From Feilden et al. (2016) [36].

Graphene-based inks have also been recently explored by exploiting PF127’s ther-
moresponsive capabilities. Garcia-Rocha et al. (2017) [213] produced electrically
conductive reduced graphene oxide (rGO) electrodes for electrochemical energy stor-
age applications by one-step printing of mixed materials using GO/PF127 and cop-
per/PF127 inks. GO inks were prepared using a 25 wt.% PF127 solution, adding the
as-prepared GO flakes on a GO/PF127 weight ratio of 1:1. The 3D-printed 0.4 mm
filaments exhibited adequate viscoelastic flow at room temperature and maintained
their consistency upon freezing, freeze-drying and thermal reduction. Similarly, 3D-
printed GO, and GNP filaments were prepared by Moyano et al. (2019) [250] from
inks containing 30 wt.% of PF127 in water (in their work, Poloxamer 407, a different
proprietary name), resulting in electrical conductivity of 2470 and 860 S m-1 for GNP
and GO filaments, respectively.

Even if applied to the field of 3D-printing and robocasting, these last works
highlight the possibilities of integrating amphiphilic PF127 with chemically-derived
graphene precursors as a promising agent to help translate graphene’s 2D potential
into a 3D setting for integration with ceramic-based composites.
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5.3 Methodology

5.3.1 Alumina slurry preparation and characterisation

Commercial alumina powder was first characterised via helium pycnometry to deter-
mine its density and XRD for its crystallographic phase and degree of crystallinity.
The physical state and aggregation of the as-received powder were evaluated by
FESEM, also serving as initial estimations of particle size using an average of 50
particles per area of examination. More thorough particle size measurements were
obtained by wet laser diffraction of the powder.

Water-based alumina suspensions up to 25 wt.% Al2O3 solid loading were pre-
pared by suspending alumina powder in DI H2O and PF127 mixtures. The obtained
PF127/Al2O3 wt./wt. ratio in suspension was labelled as Al2O3(rP), with r being
0, 0.07 and 0.15. The alumina slurries were prepared by first dissolving the PF127
copolymer in DI H2O, preparing batches of 1, 5 and 15 wt.% in H2O. PF127/H2O
mixtures were kept in a fridge at 5 °C for at least 24 hours without stirring to prevent
excessive foaming. Once fully homogenised, the calculated quantities of alumina were
added to the mixture on a precision scale, speed-mixed for 10 minutes until complete
homogenisation. Due to the micellisation of PF127 [243, 247], some degree of foam-
ing was expected to occur during the mixing process, although partially controlled
by the application of speed-mixing steps.

A 24 h ball-milling step was applied to the alumina slurries after preparation.
Its effect on the deagglomeration of 25 wt.% Al2O3(0P) suspensions was evaluated
through particle-size analysis and viscosity measurements using a rotational vis-
cometer. Extended viscosity measurements were applied to 12.5 and 25 wt.% Al2O3

suspensions with a progressive increase in the PF127/Al2O3 ratio (0P, 0.07P and
0.15P), under a rotation speed range of 5 - 250 rpm and an average spindle torque
of 50 - 80% at 20 °C.

5.3.2 Wettability tests for graphene/alumina pairs

The wettability of water-based alumina slurries on graphene-based materials such as
GO and partially reduced GO was studied by contact angle measurements via the
sessile drop technique (Section 3.4.1.7). The contact angle (CA) between droplets
from various PF127/Al2O3 suspensions and spin-coated graphene-based films (0.37
wt.% GO) before and after thermal reduction at 400 °C (labelled as CU_GOf and
CU_r(400)GOf) was studied. The structural integrity of the spin-coated films was
examined by FESEM, with their degree of thermal reduction evaluated through
Raman Spectroscopy and XPS.

The PF127/Al2O3 suspensions were similarly prepared with 0.1 - 25 wt.% Al2O3

125



solid loading and a fixed PF127/Al2O3 ratio of 0.15P. In these CA measurements,
this ratio was set to 0.15 as a starting point for studying the potential effect of the
amphiphilic addition. All alumina suspensions were kept at room temperature. Due
to the small quantity of PF127 present in every mixture (below 4 wt.% in the most
concentrated sample), gelation was not expected [35, 245]. Therefore, maintaining
lower working temperatures using an ice bath was not a requirement for this set
of experiments. To ensure good dispersion, mechanical stirring up to 300 rpm was
applied to the alumina suspensions before deposition on the substrate.

5.3.3 Infiltration testing of alumina slurries on graphene-based aero-
gels

A range of infiltration tests was designed to study the viability of achieving the
target graphene/alumina composite by infiltrating lab-scale graphene scaffolds with
water-based PF127/Al2O3 suspensions and optimise the PF127/Al2O3 wt./wt. ratio.
Cylindrical 0.25:CU_rGOag (13 mm diameter and 19 mm height) were produced
following the freeze-casting and carbonisation procedure at 900 °C from Section 4.5.
The weight and apparent density of the aerogels were measured before and after the
thermal treatment. 0.25:CU_GOag and 0.25:CU_rGOag scaffolds were deposited
on top of 15 mL PF127/Al2O3 suspension batches of 12.5 and 25 wt.% alumina
loading contained in a 25 mL glass beaker. Several PF127/Al2O3 wt./wt. ratios in
suspension were tested from 0 to 1.

The prepared suspensions were homogenised by speed-mixing for 10 min and
mechanical stirring at 400 rpm while cooled down to 4 °C under an ice bath. Lower
temperatures were preferred to prevent potential gelation of the ceramic mixtures
containing higher quantities of PF127 (above 15 wt.% in H2O) caused by the dehy-
dration of hydrophobic bonding of central [PPO] groups in the copolymer [243].

The infiltration tests were divided into batches of eight runs, using eight aerogels
produced in a single freeze-casting session. A series of timestamps were identified
and registered to compare the infiltrating performance during each test:

1. Aerogel dropped on top of the slurry, defining t = 0 sec.

2. One-third of the aerogel’s volume infiltrated in the slurry.

3. Two-thirds of the aerogel’s volume infiltrated in the slurry.

4. Aerogel fully immersed in the ceramic slurry.

The infiltration of two-thirds of aerogel volume was selected as the endpoint
to compare different tests (Figure 5.5) to compensate for uncontrolled factors such
as tilting, surface flatness and inaccuracies from the camera positioning. A Nikon
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D5100 camera was used to record each infiltration test and evaluate the different
time stamps for each condition during the initial 10 minutes of infiltration.

Figure 5.5: Schematic displaying four key timestamps identified for each infiltra-
tion, highlighting the selected endpoint for comparing different tests.

The infiltration tests were also performed on cylindrical 0.25:CU_rGOag(0.05N)
(13 mm diameter and 19 mm height) decorated with alumina nanoparticles (NPs)
from the aluminium hydroxide gel procedure presented in Chapter 4. The scaffolds
were similarly deposited on top of 15 mL PF127/Al2O3 suspension batches of 12.5
and 25 wt.% Al2O3 after equivalent freeze-casting, freeze-drying and carbonisation
at 900 °C.

5.3.4 Preparation of graphene/alumina green bodies

Lab-scaled 0.5:CU_rGOag aerogels (13 mm diameter and 19 mm height) successfully
infiltrated with 12.5 and 25 wt.% alumina slurries from the infiltration tests were
frozen and freeze-dried for a minimum of 48 h. The selected PF127/Al2O3 ratios
from the infiltration tests on lab-scaled aerogels were extended to the infiltration of
scaled-up cylindrical aerogels (0.25:CU_rGOag⊥ and 0.5:CU_rGOag⊥) of 28 mm
diameter and 30 mm height.

The PF127/Al2O3 slurries were mixed in the required quantities and wet ball-
milled for 24 hours. The slurries were additionally speed-mixed for 10 minutes,
deposited dropwise on top of the graphene scaffolds to enhance soaking and reduce
the effects of viscosity of the alumina slurries in the absence of vacuum. After infil-
tration, the scaled-up aerogels were frozen and freeze-dried for 72 hours, producing
rGO/PF127/Al2O3 green bodies ready for consolidation via SPS sintering.
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5.4 Processing oxide structural ceramics: Aluminium ox-
ide

5.4.1 Characterisation of alumina powders

The commercial alumina powder used to prepare the ceramic slurries in this work
(BA15W) was first characterised through various techniques to determine the powder
morphology and crystallographic phase. The real density of the powder as measured
via helium pycnometry was found to be 3.96 ± 0.007 g cm-3. This density value sits
in the standard range for commercial alumina of 3.95 - 3.99 g cm-3 and was used as a
reference for density measurements of sintered alumina materials from later stages.

According to the XRD spectrum from Figure 5.6, the as-received alumina powder
appeared highly ordered, predominantly in the α-alumina crystallographic phase
[251] after comparison with the ICDD reference spectrum [00-00-1243].

Figure 5.6: XRD spectrum of alumina powder compared with an ICDD reference
spectrum for α-alumina.

XRD validated the high percentage of crystalline α phase on the alumina powder
used throughout the work. Being the most stable alumina phase (as introduced
in 4.6.1), no crystallographic changes were expected once included in the general
composite processing.

As-received alumina powders were characterised by FESEM to evaluate their
physical state and the processing method employed. The powder appeared agglom-
erated in quasi-spherical beads of 10 – 40 µm (Figure 5.7a). This morphology is
characteristic of spray-dried powders, a processing technique in which by the atom-
isation of a ceramic slurry under a gas/liquid mixing step, agglomerated alumina is
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dried in the shape of the original water droplets from the processing stage [1].

20 µm 200 nm

a b

Figure 5.7: FESEM of as-received alumina powder. a) Spray-dried morphology at
low magnification. b) Agglomeration of the alumina nanoparticles (particle size of
100 nm).

Closer examination of the spray-dried beads revealed the actual size of the alu-
mina particles, sitting in average particle size of 100 ± 12 nm (Figure 5.7b). The se-
lection of alumina powder with dimensions below the micrometric scale was intended
to ensure the infiltration of the particles within the interconnected 3D graphene-
based scaffolds. Alumina particles of bigger diameter than the graphene network’s
structural channels (5 – 30 µm) would result in the physical blockage of alumina,
preventing the strategy’s success. Therefore, tuning the formulation of produced
water-based alumina slurries was still necessary to deagglomerate the spray-dried
powders and get closer to the sub-micrometric level.

The particle size distribution of the as-received Al2O3 powder was further studied
through wet laser diffraction (Figure 5.8). The degree of stirring and ultrasonication
applied was adjusted to ensure the breakage of the spray-dried agglomerates. Both
the histogram frequency and the cumulative density have been presented to obtain
a visual display of the median diameter of the particles (D50).

Under lower stirring (600 – 800 rpm) and before the application of ultrasonication
(Figure 5.8a), a D50 of 28.6 µm was obtained (indicated by the 50% cumulative den-
sity), verifying the expected median of spray-dried beads as examined by FESEM
imaging. Increasing the mechanical stirring above 1200 rpm resulted in a signifi-
cant breakage of agglomerates (Figure 5.8b), achieving a median particle size of 0.5
µm. The particles still exhibited agglomeration, with diameters five times above
the sizes found through high-magnification FESEM. The application of ultrasonica-
tion reduced the size of alumina particles significantly, as seen in the distribution
from Figure 5.8c. A 20% level of ultrasonication was sufficient to obtain a D50 of
63 nm, smaller than diameters observed in FESEM, which indicated the splitting
of alumina particles. As ultrasonication increased, the diameters obtained appeared
progressively smaller approaching 20 nm, which led to discarding the latest set of
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Figure 5.8: Particle-size distribution of alumina powder, including number and
cumulative densities under a) lower stirring rate (600 - 800 rpm) and no ultrason-
ication, b) higher stirring rate (above 1200 rpm) and no ultrasonication, c) higher
stirring rate and 20% ultrasonication.

values and settling the processing on purely mechanical stirring.

These initial characterisation results confirmed that the formulation of water-
based alumina suspensions required careful tuning to deliver disaggregated alumina
particles able to infiltrate the internal channels from graphene-based aerogels pro-
duced in Chapter 4. Balancing the breakage of agglomerates in the slurry without
incurring potential particle disruption from excessive ultrasonication was needed.
This was approached by producing water-based slurries of various solid loading, in-
troducing a 24 h ball-milling stage and PF127 additions in suspension.
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5.4.2 Formulation of water-based alumina slurries using PF127

Alumina powders were transformed into slurry form using water as the medium, aim-
ing to settle a general cost-effective and environmentally-friendly approach. Water-
based alumina slurries of 0.1 - 25 wt.% solid loading were readily produced through-
out the work, intended as the selected formulations to infiltrate graphene-based aero-
gels described in the previous chapter as structural scaffolds. A 24 h wet ball-milling
step (detailed in Section 3.2.1.1) was integrated into the processing of the water-
based alumina slurries to help with the deagglomeration of as-received spray-dried
alumina powder and improve their rheological behaviour [188].

The particle size of the alumina powder in a 25 wt.% slurry before and after
ball-milling was evaluated to determine the effect of the milling step in breaking the
agglomerates (Figure 5.9).

a

b

Figure 5.9: Particle size distribution of 25 wt.% Al2O3 slurries: a) without wet
ball-milling, b) after 24 h wet ball-milling.

Laser diffraction measurements did not show any effect of ball-milling in the
particle diameters, with similar size distributions registered before and after the
milling stage. The D50 obtained was roughly equal (1.32 µm before and 1.33 µm after
milling) as represented by the cumulative density curves, only differing in the reduced
spread of the distribution after milling. These slight variations could be caused by
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differences in the alumina sample tested (accounting for the effects of gravity or small
inhomogeneities in the slurry), not sufficient to indicate a detrimental effect on the
agglomeration after milling.

The 1200 rpm mechanical stirring applied during particle size analysis could
cause sufficient deagglomeration (verified in previous particle size distributions of
as-received Al2O3 powder) to offset any effect of the ball-milling stage. For such
reason, the rotational viscosity of 25 wt.% Al2O3 slurries before and after applying
the 24 h ball-milling step was additionally evaluated (Figure 5.10).

Figure 5.10: Viscosity profile comparison of 25 wt.% Al2O3 suspensions before and
after a ball-milling step.

After the milling step, the viscosity profile of the slurries was lowered without
affecting the non-Newtonian trend, validating the enhanced deagglomeration while
increasing the stability of the readings. Below 10 rpm, the viscosity of non-milled 25
wt.% Al2O3 slurries dropped from 4000 - 4500 to a 1000 - 1500 mPa s range, which
could enhance the integration with the graphene phase while maintaining equal solid
loadings. From these results, the ball-milling step was considered an improvement
for better infiltration of graphene aerogels in the ceramic suspension. Rotational
viscometry measurements were additionally settled as a valuable tool to study the
influence of later PF127 additions to the slurry formulation.

PF127 was added to the alumina suspensions on various PF127/Al2O3 wt./wt.
ratios to bridge the interaction with the hydrophobic graphene phase and permit the
infiltration of the ceramics. The inclusion of PF127 additions in various quantities
(from a surfactant level to a 3D-ink carrier as explained in Section 5.2) resulted in
micellisation upon mixing with the water solvent, leading to foaming of the suspen-
sions as seen in Figure 5.11, which was controlled by the application of speed-mixing
and wet-ball milling.
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Figure 5.11: 25 wt.% Al2O3(0.15P) suspension after 24 hours of ball-milling show-
ing the foaming effect of PF127 additions.

The viscosity of 12.5 and 25 wt.% alumina slurries under increasing amounts of
PF127 (0P, 0.07P and 0.15P) was studied by rotational viscometry (Figure 5.12).
Two different spindles were used for each graph due to the difference in viscosity
range (TL6 on top vs TL5 on bottom), which prevented their direct superposition.
All alumina suspensions exhibited a typical non-Newtonian profile, implying a de-
pendency of the fluid’s viscosity with the shear rate and a shear-thinning behaviour
[252]. The viscosity of 12.5 wt.% slurries remained in the 8 - 65 mPa s range across
the 20 - 250 rpm working range with stable values over time. The additions of PF127
appeared to have a mixed effect on the displayed viscosity. 0.07P seemed to increase
the overall viscosity, with higher additions (0.15P) lowering the viscosity to an in-
between point, still maintaining a similar trend in the same viscosity range. 12.5
wt.% suspensions containing no PF127 were found at the lower torque at the highest
spindle speeds, for which only one point could be included in the graph without
incurring unstable readings. Achieving more measurements would require the use of
specific low-viscosity test kits.
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Figure 5.12: Rotational viscosity measurements of alumina suspensions at increas-
ing PF127/Al2O3 ratios (0, 0.07 and 0.15) for (a) 12.5 wt.% and (b) 25 wt.% solid
loadings.

25 wt.% suspensions with equivalent PF127/Al2O3 ratios maintained a similar
non-Newtonian trend. The increase in solid loading had a remarkable effect dis-
placing the curves on the Y-axis, an effect most noticeable at lower speeds, with a
sharper increase in viscosity towards the 1000 - 2000 mPa s range. In similarity with
the 12.5 wt.% suspensions, increasing the PF127 content to 0.07P and 0.15P led to
a slight increase of viscosity in the slurry, with the former giving the highest values
of viscosity.

From these measurements, the change in viscosity between 12.5 and 25 wt.%
loading slurries appeared remarkable and was considered during infiltration tests.
The effect of modifying the PF127/Al2O3 ratio in suspension remained marginal,
not affecting the overall trend. A rheometer should be applied in the future to fully
expand on the viscosity of these suspensions and their non-Newtonian behaviour.
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5.5 Integration of hierarchical graphene scaffolds on alu-
mina matrix by infiltration

Initial tests were performed to measure the wettability of PF127/Al2O3 suspensions
against graphene-based films deposited on silicon substrates as a first step towards
defining the formulation of the ceramic suspensions. These films were produced to
simplify the interaction between the alumina phase (in droplet form) and freeze-
cast graphene-based aerogels by substituting the latter with a flat surface that could
provide more consistent contact angles (CA) between the two materials.

5.5.1 Characterisation of graphene-based films

To preserve their integrity, adequate control of the thermal reduction of spin-coated
CU_GOf films was required. An annealing temperature of 400 °C was selected
instead of the 900 °C applied to previous freeze-cast graphene aerogels to ensure a
balance between sufficient temperature capable of removing the functional groups
attached to GO [138] and excessive temperature that could damage the continuity
of the film [139, 153]. To highlight this, partially-reduced films are labelled CU_-
r(400)GOf. The CU_r(400)GOf films exhibited sufficient thickness showing no trace
of the underlying silicon substrate upon FESEM examination. However, at the
substrate edges, the advancing front of the film as a result of spin-coating was visible
(Figure 5.13).

rGO film

Si substrate

Figure 5.13: Edge of spin-coated CU_r(400)GOf film revealing the silicon substrate
underneath.

The contact angle (CA) tests were directed to the centre of the substrates to
prevent any negative effect from the lack of edge covering. The limited thermal
reduction of the GO films partially maintained their electrically insulating behaviour,
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which hindered obtaining higher resolution images via FESEM.

Different areas of CU_GOf and CU_r(400)GOf films were studied by Raman
Spectroscopy (Figure 5.14) to account for localised annealing effects expected from
the lower reduction temperature selected, which could selectively alter the GO struc-
ture and provide distinct Raman measurements depending on the region of exam-
ination. Raman spectra obtained for these measurements using custom equipment
appeared of particularly low intensity, with D and G shifts not surpassing the 300
counts, a noticeable difference compared to the commercial unit used for the study
of CU_GOfzd in Section 4.3.1.

a b

Figure 5.14: Raman spectra from two different film areas. a) CU_GOf films. b)
CU_r(400)GOf films.

The influence of the silicon substrate in these measurements was noticeable be-
cause of the sharp peak present at 520 cm-1, characteristic of a typical silicon wafer.
In the case of CU_rGOf, D and G shifts appeared at 1342 and 1600 cm-1 with a
D/G ratio of 0.86 in the first location selected and at 1361 and 1600 cm-1 with a
D/G ratio of 0.82 in the second location, analogous to the Raman on CU_GOfzd

with the prominent D band representative of the defective graphene structure in the
sheets [149] [140, 156]. CU_r(400)GOf measurements displayed a substantial drop
in intensity, increasing the background noise and slightly deviating the characteristic
shifts. D and G shifts were obtained at 1342 and 1606 cm-1 in the first location with
a D/G ratio of 0.81 and 1354 and 1600 cm-1 with a D/G ratio of 0.88 for the second
one. Differences between CU_GOf and CU_r(400)GOf measurements appeared al-
most negligible, with the D/G ratio displayed by each film being highly dependent
on the region of examination. D/G ratio in CU_r(400)GOf films was even lower
than in previously discussed CU_GOfzd material despite the partial reduction at 400
°C.

In all locations examined before and after annealing, the D/G ratio fluctuated
between 0.80 and 0.89. Based on these results, 400 °C seemed an excessively low tem-
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perature to identify any substantial changes in graphitic sp2 domains restoration and
GO’s defective structure via Raman Spectroscopy. The deviations in the obtained
D/G ratios seemed more related to local areas of the GO film selectively annealed
to different levels by the incident Raman laser. As a result, the presented evolution
of D/G ratios after partial reduction was considered not fully representative of the
whole sample to predict a trend in wettability measurements.

CU_GOf and CU_r(400)GOf were additionally characterised by XPS to deter-
mine if the partial reduction at 400 °C applied to the GO films would be able to
trigger a different hydrophobic response during wettability tests. The atomic per-
centage of elements identified in an XPS general survey is presented in Table 5.1.
The silicon substrate underneath the films exhibited a non-negligible contribution
slightly accentuated upon thermal annealing due to the elimination of functional
groups present in the GO films.

Table 5.1: Relative at.% of elements from general XPS survey of CU_GOf and
CU_r(400)GOf films.

Material Relative at. %
C O S Na Si N

CU_GOf 64 30.6 0.9 0.2 1.9 2.5
CU_r(400)GOf 79.1 15.9 0 0.5 2.9 1.6

This decrease of functional groups attached to the graphene films is demonstrated
by the oxygen atomic contribution in the annealed samples, which is reduced to half
despite the low temperature of reduction selected. From an initial C:O ratio of
2.09 (similar to the 2.35 ratio primarily registered for CU_GOfzd samples although
dependent on the region of examination), a C:O ratio of 4.97 was obtained in the
film after annealing. Although comprising an increase above 200%, it highlights the
difference between applying 900 °C reduction temperatures, which raised the C:O
ratio to 48.8 as seen in Section 4.3.1.

As shown in the XPS of CU_GOfzd (Figure 4.2), traces of sulphur and sodium
impurities were expected to appear in the material because of the typical mix of
sulphuric acid and sodium nitrate used during the Hummers based synthesis of CU_-
GO suspensions [143]. In this analysis, the nitrogen impurities associated with the
sodium nitrate were also present, diminishing after partial reduction of the films.
The C1s spectra analysis for CU_GOf and CU_r(400)GOf is presented in Figure
5.15. In contrast with the XPS of CU_rGOfzd reduced at 900 °C presented in the
previous chapter (Figure 4.5), the graphitic structure of the films was restored to a
lesser degree at 400 °C, with carbon evolving from an atomic sp2:sp3 hybridisation
ratio of 0.27 into 2.35. Moreover, the carbon related to the epoxide and carbonyl
groups was substantially lowered upon partial reduction of the films, implying the
effective elimination of functional groups decorating the graphene flakes of the film.

137



CU_GOf

CU_r(400)GOf

Figure 5.15: Comparison of C1s XPS spectra of CU_GOf (top) and CU_-
r(400)GOf (bottom).

The analysis of the O1s binding energies also reflected the lower degree of graphitic
restoration in CU_r(400)GOf, obtaining a different evolution of the oxidised group
signals compared to CU_rGOfzd (Figure 5.16). The overall envelope between the
CU_GOf and CU_r(400)GOf was quite similar, with shifts towards higher binding
energies not as significant as seen after 900 °C annealing. The relative contribution
associated with the carbonyl (C = O) group also changed from 21.8 to 37.8%, a
lower increase than the 45.1% from CU_rGOfzd at 900 °C.

CU_GOf

CU_r(400)GOf

Figure 5.16: Comparison of O1s XPS spectra of CU_GOf (top) and CU_-
r(400)GOf (bottom).
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The XPS characterisation of the films verified a noticeable transformation of
sp3 carbon into sp2 carbon and the substantial elimination of several epoxide and
carbonyl groups from the graphene sheets at this temperature of partial reduction.
This is in accordance with the thermogravimetric analysis performed on CU_GOfzd

(Figure 4.7) that predicted a substantial weight decrease above 250 °C annealing.
Therefore, it was concluded that the temperature of annealing selected (400 °C)
was sufficient to modify the hydrophobic behaviour of pre- and post-annealed films
without causing further damage to the spin-coated films [139], allowing to determine
the effect of including PF127 additions in the alumina suspensions during wettability
measurements.

5.5.2 Contact angle study between graphene-based films and alu-
mina slurries

PF127 was selected as an intermediate agent in the slurries formulation to modify the
hydrophilic alumina surface interaction with the hydrophobic graphene phase. The
CA of PF127/Al2O3 suspensions dispensed on the spin-coated graphene-based films
was evaluated. The slurries formulations used in these wettability measurements
have been reported in Table 5.2, tested on two sets of equivalent CU_GOf and
CU_r(400)GOf films.

Table 5.2: Formulation of PF127/Al2O3 slurries produced for wettability tests
against GO and rGO films.

Al2O3 wt.% PF127 wt.% PF127/Al2O3
wt./wt. ratio

0.1 - -
1 - -
5 - -
12.5 - -
25 - -
0.1 0.015 0.15
1 0.15 0.15
5 0.75 0.15
12.5 1.875 0.15
25 3.75 0.15

The PF127/Al2O3 wt./wt. ratio was fixed at 0.15 in these CA tests (labelled as
Al2O3(0.15P)), envisioned as a starting point in the context of selecting an optimum
formulation for the graphene/ceramic composite. The summary of CAs obtained has
been included in Figure 5.17, comparing the performance of alumina suspensions in
the absence of PF127 (0P) on CU_GOf and CU_r(400)GOf (Figure 5.17a) and the
inclusion of 0.15 PF127 in the alumina droplet against CU_r(400)GOf films (Figure
5.17b).
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Figure 5.17: (a) Average contact angle of Al2O3(0P) droplets with increasing solid
loading (0.1 - 25 wt.%) on CU_GOf and CU_r(400)GOf. (b) Average contact angle
of Al2O3(0P) and Al2O3(0.15P) droplets against CU_r(400)GOf.

The registered CA averages of Al2O3(0P) droplets shifted from a 35 – 50 ° to a 70
– 75 ° range against CU_GOf and CU_r(400)GOf, respectively, after increasing the
concentration of alumina in suspension (Figure 5.17a). This increase was expected
from the depletion of sp3 carbon and carbon-oxygen links in GO films, along with a
higher presence of sp2 carbon after annealing, which augmented the hydrophobicity of
the film. Although far from the super-hydrophobic behaviour reported for graphene
nanoplatelets and fully-reduced GO sheets around 120 – 150 ° [253], partial reduction
at 400 °C proved sufficient to alter the droplet response, for which a sharper change
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would be expected in CU_rGOag aerogels annealed at 900 °C. As the Al2O3 solid
loading increased to 12.5 and 25 wt.%, the obtained CAs were progressively higher,
indicating the effect of selecting increased solid loading in the slurries.

A significant increase in wettability was obtained after adding PF127 in the alu-
mina suspensions, drawing closer the behaviour of CU_GOf and CU_r(400)GOf

(Figure 5.17b). Measured CA averages of Al2O3(0.15P) droplets on CU_r(400)GOf

decreased when increasing the alumina solid content of the suspension. The am-
phiphilic effect of the copolymer addition was intensified on the 12.5 - 25 wt.%
Al2O3 solid content range, with barely any difference in the reported CAs for GO
films before and after partial reduction. This could be explained by the higher pres-
ence of PF127 in the alumina droplet, interacting equally with both the hydrophilic
oxidised groups of GO and the hydrophobic regions of sp2 carbon. It should be
considered that this drop in hydrophobicity would also be related to the increase of
PF127 content in the slurry, arising from maintaining an equal PF127/Al2O3 ratio.
The viscosity of the alumina slurries at higher solid loadings (12.5 and 25 wt.%) was
also significantly increased as shown in Figure 5.12, which could pin the deposited
droplet and limit its spread on the spin-coated film.

Commonly, CAs measured through the sessile drop technique in similar works
are provided without an adequate evaluation of equilibrium states, without reporting
the settling times [254] or by selecting only 0 – 2 seconds without providing further
justification [255]. Longer deposition times may be necessary to obtain a fully-stable
contact angle in equilibrium, including an analysis of the advancing and receding
contact angles for a complete evaluation [210]. This was illustrated by the dynamic
behaviour exhibited by one iteration of 5, 12.5 and 25 wt.% of Al2O3(0.15P) droplets
against CU_r(400)GOf (Figure 5.18), with CAs slightly dependent on the deposition
time (10 vs 30 seconds).
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Figure 5.18: Comparison of the average contact angle registered between 10 and 30
seconds of deposition. a) Al2O3(0P) on CU_r(400)GOf b) Al2O3(0.15P) on CU_-
r(400)GOf.

The CA obtained for Al2O3(0P) droplets deposited on CU_r(400)GOf was highly
stable (Figure 5.18a), decreasing only slightly (1 – 2 °) throughout the first 30 seconds
of deposition. PF127 additions favoured a higher film spread, lowering the average
CAs 5 – 6 ° when comparing the 10- and 30-seconds mark from droplet deposition
(Figure 5.18b). These variations appeared not significant to modify the behaviour
against the rGO films. These results showed that the addition of PF127 on the
ceramic slurry formulation enhances the wettability of a hydrophobic surface such
as the CU_r(400)GOf, with a more comprehensive approach being out of scope for
the presented work.

5.5.3 Lab-scale infiltration of alumina into graphene-based aerogels

The wettability studies on CU_GOf films showed the positive effect of PF127 in
wetting the hydrophobic surface of graphene-based films with a hydrophilic alumina
suspension. These tests were expanded by evaluating the infiltration capabilities of
cylindrical laboratory-scale 0.25:CU_GOag and 0.25:CU_rGOag aerogels (13 mm di-
ameter, 15 mm height, Figure 5.19) after adjusting the PF127 content in the alumina
suspension.
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Figure 5.19: Sample set of 8 analogous lab-sized aerogels (13 mm diameter, 15
mm height) produced for infiltration tests. Left half: 0.25:CU_GOag. Right half:
0.25:CU_rGOag.

The infiltration tests were designed to find an optimum formulation of the ceramic
slurry regarding the concentration of alumina, PF127 content, and GO reduction
degree for graphene-based aerogels. From the Al2O3(0.15P) taken as a reference
in previous wettability tests, PF127 in suspension was both decreased towards 0 –
1 wt.% behaving like a general surfactant in traditional ceramic processing [1] and
increased towards 15 – 25 wt.% inspired by its use as an amphiphilic carrier in novel
ceramic inks for 3D-printing [36, 213]. The infiltration tests covered the following
variables:

1. Reduced vs non-reduced GO aerogels.

2. 12.5 and 25 wt.% alumina solid loadings.

3. PF127/Al2O3 wt./wt. ratio.

Combining these different parameters led to 8 testing conditions displayed in
Figure 5.20 (tested on 0.25:CU_GOag and 0.25:CU_rGOag aerogels) with the two
axes highlighting the increase of total PF127 wt.% in the mixture and the alumina
solid loading in suspension, respectively. The PF127/Al2O3 wt./wt. ratio for every
condition was included inside each cell.
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Figure 5.20: a) Configurations selected for the initial infiltration tests. Organ-
ised by wt.% of PF127 in solution, alumina solid loading, reduction state of the GO
foams and PF127/Al2O3 ratio. b) Display of stages from foam deposition in sus-
pension to complete infiltration. In the example, an rGO aerogel deposited in a 0.15
PF127/Al2O3 suspension fully infiltrating after 70 seconds.

After one iteration, the infiltration endpoint (2/3 of volume) achieved for every
aerogel was compared with the PF127/Al2O3 ratio in suspension (Figure 5.21). In
12.5 and 25 wt.% Al2O3(0P) suspensions, the change in hydrophobic behaviour from
aerogels before and after carbonisation was verified, as anticipated by previous CA
wettability tests. 0.25:CU_GOag infiltrated in the alumina slurry successfully in less
than 20 seconds, whereas 0.25:CU_rGOag was ultimately repelled for an indefinite
amount of time.

Upon adding PF127 and increasing the PF127/Al2O3 ratio in suspension, the in-
filtration time of 0.25:CU_rGOag was progressively reduced, validating the expected
effect of PF127 additions. The infiltration time for 0.25:CU_GOag also increased
slightly under higher PF127/Al2O3 ratios, matching infiltration times for reduced
GO foams. A possible explanation could lie in the higher number of functional
groups present in CU_GO before carbonisation, delivering an amphiphilic interac-
tion that could interact with hydrophobic [PPO] and hydrophilic [PEO] groups from
PF127 in suspension.

Increasing the alumina solid loading in suspension from 12.5 to 25 wt.% ap-
peared to influence infiltration times beyond selecting a PF127/Al2O3 ratio, with
0.25:CU_rGOag infiltrating at slightly faster rates due to the higher contents of
PF127. However, this increase in alumina solid loading also accompanied an in-
crease in the viscosity of the suspensions (shown in Figure 5.12) that could hinder
the infiltration of the aerogel at lower PF127/Al2O3 ratios from the higher slurry
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Figure 5.21: First iteration of infiltration conditions based on PF127/Al2O3 ratio
in the alumina slurry.

thickness.

A second repetition of the conditions from Figure 5.20 was performed and com-
pared with previous results. Although maintaining the overall behaviour when in-
creasing PF127/Al2O3 ratio in suspension, infiltration times were comparatively
longer, obtaining a significant translation along the time axis. The experienced vari-
ability was attributed to several factors. An excessive settling time of PF127/Al2O3

suspensions could result in a thin layer of supernatant water in the slurry, neglect-
ing the contact of the foam with PF127/Al2O3 and preventing further infiltration
(Figure 5.22). To minimise this effect, speed-mixing was applied immediately before
deposition of the aerogel, replacing the magnetic stirring step.

Figure 5.22: Infiltration test showing a 0.25:CU_GOag aerogel deposited on a 25
wt.% Al2O3(0.03P) suspension. The attached schematic shows the water supernatant
hypothesis.

A secondary factor could include the extreme lightweightness of tested 0.25:CU_-
GOag and 0.25:CU_rGOag, which were subjected to tilting and drifting once de-
posited in the beaker in combination with the high viscosity of 25 wt.% alumina sus-
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pensions (Section 5.4.2). Obtaining an array of aerogels with equivalent behaviour
is highly difficult for two main reasons: GO synthesised through Hummers based
methods is subjected to localised structural changes due to the heavy oxidation of
exfoliated graphene sheets [127], in combination with the intrinsic variability of the
freeze-casting process. As the 900 °C thermal reduction applied to GO scaffolds
removed the great majority of attached oxidised groups (verified by TGA and XPS
measurements in Section 4.3.1), focusing on 0.25:CU_rGOag guaranteed a consistent
hydrophobic response to highlight the influence of PF127 from previous wettability
tests.

An updated experiment setup was designed based on the results of previous
iterations, leading to higher efficiency and reliability of aerogel infiltration. The
improved setup was exclusively focused on 12.5 wt.% alumina slurries, which reduced
their viscosity significantly. Although higher solid loadings would be required in
the composite processing route, this limitation allowed repeatability with lab-scale
aerogels directly deposited on top of the alumina slurry. The conditions of the
updated infiltration tests have been displayed in the schematic from Figure 5.23:

0 0.01 0.03 0.07 0.15

Surfactant

behaviour
Pluronic F127 content

in solution

Inspired by 3D

printing inks

12.5 wt.%

Al2O3

Figure 5.23: Updated conditions for improved infiltration tests. Limited to
0.25:CU_rGOag, 12.5 wt.% alumina loading and PF127/Al2O3 of 0 - 0.15P.

As the PF127/Al2O3 ratios were limited to much lower quantities (< 0.15P),
gelation of PF127 was not expected, allowing to remove the temperature control of 4
°C. These improvements permitted the succession of quicker tests and prevented the
formation of a water supernatant layer in the beaker, obtaining better repeatability
and consistent times for each timestamp. New infiltration times up to the selected
endpoint (2/3 of aerogel volume) for three equivalent 0.25:CU_rGOag scaffolds were
averaged and arranged in Figure 5.24.

These registered times were in concordance with the expected behaviour from CA
measurements when increasing the amount of PF127 in suspension, substantially
reducing the standard deviation from previous infiltration results. In 12.5 wt.%
Al2O3(0P) suspensions infiltration never occurred as expected from the hydrophobic
behaviour of the reduced scaffold. This was only slightly improved in 12.5 wt.%
Al2O3(0.01P), with PF127 additions in the range of surfactant wt.% from ceramic
processing, although not sufficient to accomplish the infiltration of the aerogels.
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Figure 5.24: Infiltration times registered for 0.25:CU_rGOag scaffolds in 12.5 wt.%
alumina slurries with increasing PF127/Al2O3 content. Averaged on three measure-
ments.

Using 12.5 wt.% Al2O3(0.03P), infiltration of rGO aerogels was significantly
enhanced, changing the trend entirely and obtaining progressively reduced times
(around 30 seconds). These conditions already verified a drastic change in the hy-
drophobic response of CU_rGOag after PF127 additions in suspension. However, at
these low quantities of PF127 complete infiltration was never reached, as freezing and
freeze-drying of the mixture revealed the slurry did not fully infiltrate the scaffold.
As efficient infiltration was provided for 0.07 and 0.15 PF127/Al2O3 ratios, these
conditions were selected for the general processing route.

5.5.3.1 Infiltration tests on lab-scaled aerogels with alumina NP-decoration

The infiltration capabilities of lab-sized aerogels with the extended hierarchy pro-
vided by alumina nanoparticles decoration (from Section 4.6.3) was also tested. An
equivalent array of thermally-reduced aerogels (13 mm diameter and 19 mm height)
was infiltrated, substituting 0.25:CU_rGOag for 0.25:CU_rGOag(0.05N) samples
while following the infiltration conditions presented in Figure 5.23. The obtained in-
filtration times for the decorated graphene aerogels was compared to non-decorated
ones and displayed in Figure 5.25.

The infiltration profile obtained for decorated 0.25:CU_rGOag(0.05N) showed
a similar trend to plain 0.25:CU_rGOag aerogels. However, infiltration was found
slower for every tested PF127/Al2O3 ratio in the decorated samples, inhibiting the
infiltration at 0.01P ratios completely. These results suggested that the introduction
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Figure 5.25: Infiltration of 0.25:CU_rGOag(0.05N) aerogels in 12.5 wt.% alumina
slurries with increasing PF127/Al2O3 content, compared to previous non-decorated
0.25:CU_rGOag. Averaged on three measurements.

of aluminium hydroxide gel (alumina NPs precursors) in the GO suspension formula-
tion hindered the interaction of the hydrophilic alumina surface with the hydrophobic
graphene phase despite PF127 additions.

The introduction of basic aluminium hydroxide gels (pH 10) in the GO suspension
could affect the hydrophobicity of the aerogels produced, even though traces of NaOH
in the graphene aerogels were not significant after carbonisation (verified by the XPS
surveys on decorated 0.25:CU_rGOag(0.05N) aerogels). This could be avoided by
improving the production of NP-decorated graphene aerogels by freeze-drying the
NP precursor (aluminium hydroxide gels) before integrating with GO suspensions.
As the infiltration of decorated graphene aerogels with enhanced hierarchy appeared
slightly more challenging, the scalability of the graphene/alumina processing strategy
was focused on non-decorated aerogels exclusively.

5.5.4 Scaled-up graphene/alumina green bodies

Conditions selected from infiltration tests on lab-scale aerogels (0.07P and 0.15P
ratios) were applied to infiltrate scaled-up 0.25:ICL_rGOag⊥ and 0.5:ICL_rGOag⊥
(28 mm diameter and 30 mm height). Green bodies were produced integrating
both the improved ICL_GO precursor and the 4-piece freeze-casting mould with
the perpendicular axis of revolution from Figure 3.3b. Even if Al2O3(0.07P) slurries
appeared sufficient to enable the infiltration from the results in Figure 5.24, 0.15P
ratios were also tested, as the scaffold infiltration could be hindered by the increase
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in viscosity from selecting alumina solid loadings of 25 wt.% Al2O3 (demonstrated
in Figure 5.12) and the scaled-up aerogel dimensions.

Constraints derived from selecting the SPS equipment for final consolidation
stages were applied to adjust the alumina slurry loading. Higher quantities of PF127
copolymer in the pre-sintered composite could comprise an increase in volatiles inside
the SPS graphitic dies, released during the following sintering stage. At the range
of solid loadings in this work (12.5 - 25 wt.% Al2O3), the quantity of PF127 should
be limited to avoid obtaining a binary PF127/Al2O3 composite, in which the latter
could not be negligible. A compromise was needed between restricting the amount
of PF127 in the Al2O3 slurries and losing its beneficial effects towards overcoming
the hydrophobic behaviour of graphene scaffolds.

Another constraint related to the minimum quantity of solid material required
to produce a dense composite that could be manufactured into specimens for me-
chanical testing. Enough alumina weight was needed in the SPS dies so that the
physical dimensions of sintered ceramic/graphene discs could meet the dimensional
requirements from ASTM standards (Figure 5.26).

Figure 5.26: Preferred region of operation: high alumina loading and low quantity
of PF127 in suspension

The ultra-low weight of the supporting rGO scaffolds (40 – 85 mg after thermal
annealing at 900 °C) was considered negligible and expected to account for < 1
wt.% of the total composite weight after embedding in the alumina matrix [183].
From the guidelines provided by C1161-18 (flexural strength of advanced ceramics)
and C1421-18 (determination of fracture toughness of advanced ceramics at ambient
temperature) [256, 257], a disc thickness of 3 mm was set as the objective, including
potential grinding and polishing steps.

Based on the 3.96 g cm-3 Al2O3 powder density as measured by helium pycnome-
try, 4 g of material were needed in the SPS dies to produce 20 mm sintered discs with
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a minimum height of 3.5 mm. 4×2.25 = 9 g of solid alumina were required to obtain
30 mm discs matching the exact thickness requirement, adjusted after calculating
the volume difference from both setups:

V30mm

V20mm
=

π152H

π102H
= 2.25 (5.1)

In the case of selecting diluted 12.5 wt.% Al2O3 slurries, 72 g would be necessary
to meet the 9 g of alumina solid weight. The volume corresponding to this weight
was estimated by a simple rule of mixtures excluding the contribution of varying
PF127, obtaining 65.28 cm3.

Vtotal = mAl2O3 × ρAl2O3 +mH2O × ρH2O (5.2)

This volume was required to infiltrate the scaled-up ICL_GOag aerogels fully.
However, 30 mm ICL_GOag aerogels only occupied an average volume of 24.03 cm3

based on the dimensions of the 4-piece freeze-casting mould, not enough to support
the amount of 12.5 wt.% Al2O3 slurry needed to produce specimens of sufficient
thickness. Applying the same calculations to 25 wt.% Al2O3 slurries, the slurry
weight required to guarantee the 9 g of alumina solid material in the 30 mm SPS
dies was reduced to 36 g. This weight corresponded to a slurry volume of 29.28 cm3,
which validated the almost complete filling of the 24.03 cm3 volume available in the
scaled-up ICL_GOag aerogels.

From these calculations, the infiltration scalability was solely focused on 25 wt.%
Al2O3 slurries, with the PF127/Al2O3 ratios of 0.07P and 0.15P derived from tests
on lab-scale aerogels. The increase in viscosity of the 25 wt.% Al2O3 slurries proved
excessive to allow the infiltration by aerogel deposition in suspension in the absence
of vacuum, as performed with earlier tests on lab-scale rGO aerogels. However, the
vacuum-driven infusion processing applied for epoxy/rGO composites in the previous
chapter (Section 4.5.3) could not be used due to the foaming effect occurring with
PF127 in higher quantities arising from its micellisation capabilities (Figure 5.11)
[247].

The PF127/Al2O3 slurries were deposited dropwise onto the scaled-up rGO aero-
gels until complete infiltration (reversing the aerogel deposition protocol employed
for infiltration tests with lab-scale samples). After infiltration and freezing, the
scaled-up ICL_GOag scaffolds appeared homogeneously covered by the slurry for
both 0.07 and 0.15 PF127/Al2O3 ratios (Figure 5.27). Removing the ice by freeze-
drying revealed the rGO scaffolds underneath, validating the infiltration conditions
and delivering scaled-up rGO/PF127/Al2O3 green bodies ready for final consolida-
tion through SPS.
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Figure 5.27: Infiltration and freeze-drying of scaled-up 0.5:ICL_rGOag⊥ aerogels.

5.6 Conclusions

The spray-dried commercial alumina powder used in this work was first characterised
through XRD, FESEM and particle size measurements. Water-based alumina slur-
ries of 12.5 and 25 wt.% solid loading were produced, evaluating the change in vis-
cosity and the introduction of the amphiphilic copolymer Pluronic F127 (PF127) in
suspension at various quantities. PF127 was included in the water-based alumina
slurries to control the surface response of the ceramic particles and permit the in-
filtration in hydrophobic graphene-based structures. Its effect was first validated by
wettability measurements between alumina slurries containing 0.15 PF127/Al2O3

wt./wt. ratio and rGO spin-coated films, obtaining reduced contact angles with in-
creased PF127 content in suspension. The films were partially reduced at 400 °C,
which preserved the film continuity and validated a significant elimination of oxidised
groups in the GO sheets as confirmed by Raman and XPS characterisation.

The optimum PF127/Al2O3 ratio in suspension was adjusted to 0.07 - 0.15 via
custom infiltration tests, performed by deposition of lab-scale rGO aerogels (13 mm
diameter, 19 mm height) on 12.5 wt.% alumina slurries. These infiltration tests were
aimed to reduce the PF127 quantities in suspension to a minimum without neglect-
ing the improvements in wettability with the graphene structures. Expanding the
tests to lab-scale rGO aerogels decorated with as-produced alumina nanoparticles
under similar conditions confirmed the infiltration capabilities were negatively af-
fected. From these results, the scalability of the processing route was focused on
non-decorated aerogels. Scaled-up graphene/alumina green bodies were obtained by
infiltration of ICL_GO aerogels (30 mm diameter) with the PF127/Al2O3 formula-
tion from previous tests, followed by freeze-drying.

The critical challenge of enabling the infiltration of a hydrophobic scaffold with
water-based alumina slurries was overcome, which comprises the main breakthrough
of this work.
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Chapter 6

Composite consolidation via Spark
Plasma Sintering

6.1 Introduction

Sintering is a crucial stage in processing ceramic-based materials to densify green
bodies, providing structural cohesion and mechanical strength. Spark Plasma Sinter-
ing (SPS) has stood out as a standard in non-conventional sintering combining direct
electrical current and uniaxial pressure, applied in graphene/ceramic pairs due to its
high reliability and reduced sintering times compared to conventional techniques [6].
Successful sintering of ceramic-based composites requires extensive optimisation of
the parameters involved, such as the temperature of consolidation, the duration of
isothermal dwelling, applied heating/cooling rates or uniaxial pressure. All these
parameters affect the mechanical and thermal stress exerted on the ceramic bod-
ies, which can be subjected to failure due to their reduced fracture resistance and
plasticity compared to metals.

This chapter presents the third stage in producing the novel graphene/ceramic
composite, targeting the consolidation of graphene/alumina green bodies by opti-
mising the sintering procedure (Figure 6.1). Taking inspiration from previous works
on SPS sintering of alumina and randomly oriented graphene/ceramic composites in
the literature [86, 157, 158, 171], starting sintering conditions were defined. These
include maximum temperatures of 1350 – 1500 °C, 50 MPa or pressure, heating and
cooling rates up to 100 °C min-1 and isothermal dwell times as low as 1 minute.
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Figure 6.1: Third stage of the composite processing strategy: Achieving a consoli-
dated graphene/ceramic composite using SPS.

Single-phase alumina samples were first produced to optimise the sintering cycles
and compensate for the challenges arising during ceramic-based materials’ sintering.
The degree of densification and grain microstructure in the discs were evaluated,
adjusting the parameters to deliver densified discs without failure. The selected
conditions were extended to lab-sized rGO aerogels infiltrated with water-based
PF127/Al2O3 slurries and freeze-dried presented in the previous chapter. The scala-
bility of the processing route was also approached by sintering scaled-up green bodies
of 30 mm in diameter. In both cases, the fracture surface of the SPSed composites
was studied to determine the preservation of the embedded rGO network and the
microstructure of the alumina matrices, evaluating the challenges for future works
in this field.

6.2 Methodology

6.2.1 Production of SPS discs

Dense 20 mm alumina discs (2 – 4 mm in height) were first produced by SPS sintering
of 3 – 4 g of BA-15W powder as a preliminary optimisation for sintering cycles of
graphene/alumina mixtures. As a standard procedure, a maximum temperature of
1350 - 1500 °C was achieved by applying a pulsating current sequence of 10-5-12-2
(ON time - OFF time - number of pulses - extra pause) combined with a maximum
uniaxial pressure of 50 MPa.

Various sintering conditions were tested by modifying the heating and cooling
rates to 50 - 100 °C min-1 and applying extended dwelling times (1 – 10 min) (Fig-
ure 6.2). Throughout the optimisation section, the sintering conditions have been
labelled as Al2O3(a:b:c:d) with a referring to the maximum isothermal temperature
(in °C), b the dwelling time (in min), c the heating rate applied (°C min-1) and d the
controlled cooling rate (°C min-1). The exerted pressure of 50 MPa was maintained
throughout all the cycles tested.
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Figure 6.2: Temperature (red line) and pressure (black line) profiles applied by the
SPS unit during sintering. Sintering stages comprise I: Cold pressing, II: Current-
assisted heating, III: Isothermal dwell, IV: Pressure release and V: Controlled cooling
step.

The microstructure and density of produced alumina discs were evaluated through
Field-Emission Scanning Electron Microscopy (FESEM). Before characterisation, the
graphite foil attached to the surface of the discs was removed with a scalpel knife,
cleaning the sample with isopropanol. The porosity of alumina discs sintered through
various parameters was evaluated by Archimedes density on an average of three spec-
imens (Equations 3.8 and 3.9 from Section 3.3.7) and compared to the density of raw
alumina powder obtained by helium pycnometry.

6.2.2 SPS of graphene/alumina green bodies

Lab-scale 0.5:CU_rGOag scaffolds (13 mm diameter, 19 mm height) infiltrated with
12.5 and 25 wt.% PF127/Al2O3 mixtures and freeze-dried for 72 hours were placed on
20 mm SPS graphitic dies (Figure 3.9) and protected with graphite foil. The freezing
direction in the rGO scaffolds was kept perpendicular to the SPS uniaxial pressing
direction. Additional BA15W alumina powder was added to ensure an approximate
weight of 4 g inside the graphitic dies, providing samples of sufficient thickness. The
assembled dies were cold-pressed up to 2 kN before fitting in the SPS chamber to
improve packing and compaction.

Sintered graphene/alumina composites (labelled 25:Al2O3/0.5:CU_rGOag) were
embedded in epoxy resin and polished for characterisation following the protocol
outlined in Sections 3.2.5 and 3.2.7. The specimens were evaluated through optical
microscopy and X-ray diffraction to study their microstructure and crystallography,
respectively. The fracture surface of the obtained graphene/alumina composites was
additionally characterised by FESEM, evaluating the preservation of the embedded
graphene-based scaffolds measuring the channel widths between the rGO walls using
ImageJ. Scaled-up 25:Al2O3/0.5:ICL_rGOag (30 mm diameter) were freeze-dried
for 72 hours and placed on 30 mm SPS dies (Figure 6.3), densified via SPS using
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the previous optimisation of the sintering cycles. The microstructure was similarly
examined via FESEM.

20 mm

Figure 6.3: Preparation of graphitic die assembly for scaled-up 5:Al2O3/0.5:ICL_-
rGOag samples.

6.3 Sintering of alumina discs by SPS

SPS was selected as the consolidation technique in this study to achieve improved
densification of the materials, which permitted fast sintering times and high heating
rates (50 – 100 °C min-1) to limit grain growth. The complexity of the equip-
ment required a greater understanding of sintering ceramic-based materials and the
performance of several optimisation runs, permitting great flexibility of sintering
parameters in terms of pressure, current-assisted heating and cooling.

SPS cycles were optimised for bulk alumina powder before defining a sintering
program suitable for graphene/alumina discs. The ceramic phase in the compos-
ite appeared more challenging to sinter [41] without including an internal graphene
network providing higher flexibility and resistance to the exerted thermal and me-
chanical stress. Many sintering parameters could be tested with the bulk powder
efficiently. This permitted avoiding the extensive composite processing required, ex-
trapolating the defined sintering cycles to the graphene/ceramic composite green
bodies.

6.3.1 Optimisation of SPS sintering cycle

Various sintering parameters were tested to achieve densification in the alumina,
limit the porosity and produce unbroken sample discs (Table 6.1). A 100 °C heating
pre-treatment of the alumina powder in the graphite die before insertion in the
SPS chamber was also tested to eliminate potential humidity traces in the sample.
However, it did not result in any noticeable effect on the integrity of consolidated
discs.
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Table 6.1: Summary of sintering parameters tested for 20 mm Al2O3 discs.

Heat rate
(C min-1)

Cool rate
(C min-1)

Max. P
(MPa)

Max. T
(C)

Dwell
(min)

Pressure
release

100 - 50 1250 1 -
100 - 50 1250 1 Y
100 - 50 1350 1 -
100 - 50 1350 1 Y
100 - 50 1500 1 -
100 - 50 1500 1 Y
100 100 50 1350 1 Y
100 100 50 1350 3 Y
100 100 50 1350 5 Y
100 50 50 1350 5 Y
100 50 50 1350 10 Y
50 50 50 1350 5 Y
50 50 50 1350 10 Y

20 mm alumina discs sintered upon 1 min dwelling times displayed a central
splitting crack after consolidation. A quick pressure release step was included after
the isothermal dwell to lower the mechanical stress exerted on the samples during the
cooling stage. As one main weakness of ceramic materials lies in their poor resistance
to thermal shock, natural cooling was also discarded, favouring smoother controlled
cooling rates of 50 – 100 °C min-1.

A comparison of two of the obtained sintering cycles for Al2O3(1350:5:50:50)
and Al2O3(1350:10:100:50) is displayed in Figure 6.4, highlighting the temperatures
and pressure achieved as well as both the hydraulic piston’s displacement and speed.
The most significant features were present in every test. A sudden rise in the pis-
ton displacement (pink curve) with a spike in the piston speed (blue curve) up to 2
mm min-1 were registered at the very beginning of the cycle. This was a consistent
behaviour for every sample, belonging to the quick compaction of the ceramic pow-
der during the initial pressing stage up to 10 kN. As the temperature increased, a
progressive rise in the piston displacement (almost 4 mm) was found starting circa
900 °C extended up to 1350 °C, showing a much more smoothed piston speed curve.
This secondary compaction is related to the actual sintering process of the alumina
grains and the reduction of the system’s total energy arising from both a reduction
in the interfacial energy and the surface area between particles (Section 1.1.2.2) [4].
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Figure 6.4: Examples of SPS graphs for 20 mm alumina discs showing sinter-
ing parameters: Temperature registered by the top pyrometer (black), exerted uni-
axial compression (red), piston displacement (pink) and piston speed (blue). a)
Al2O3(1350:5:50:50). b) Al2O3(1350:10:100:50).

After the isothermal stage, a sudden drop of force (blue curve) back to the contact
2 kN was applied from the pressure release stage, included to ease the mechanical
stress exerted to the ceramic disc during cooling (around 1500 seconds in Figure
6.4b). This pressure drop was translated into a subtle sample expansion, exerting
an outwards piston displacement of 1 mm. The sintered alumina disc shrank slightly
during cooling, shown by the progressive 0.5 mm piston displacement until reaching
room temperature. The fluctuations in piston speed (blue curve) obtained during
the cooling stage were attributed to artefacts in its calculation as the first derivative
of the piston displacement registered by the equipment. These sintering cycles also
confirmed that the length of the dwelling stage did not influence the densification
process itself, ending by the start of the isothermal stage (circa 1000 sec in Figure
6.4b) as demonstrated by the absence of piston displacement. Beyond this point,
maintaining higher temperatures could affect the sample’s microstructure and result
in the formation of pores and defects detrimental to the material’s performance.

Extending the isothermal stage proved essential in producing non-damaged 20
mm alumina discs with 100 °C min-1 heating and cooling rates for both maximum
temperatures of 1350 and 1500 °C. Increased dwelling times (3 – 10 min) maintaining
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equal heating and cooling rates were applied to reduce the thermal gradient between
the core and periphery of the sintered discs before rapid cooling and help prevent
cracking. As displayed in Figure 6.5, adjusting this parameter led to a higher per-
centage of unbroken discs, resulting in a more reliable production of alumina discs
without failure.

3 min 5 min 10 min

Figure 6.5: 20 mm discs consolidated by SPS of Al2O3(1350:100:50:X) with in-
creasing dwelling times. From left to right: 3, 5 and 10 min.

The selection of slower cooling rates of 50 °C min-1 did not result in more con-
sistency in achieving unbroken alumina discs, for which 100 °C min-1 were preferred
to accelerate the production. The careful application of pressure and temperature
was needed to avoid crack formation via the combination of mechanical and thermal
stresses. This is a critical issue for ceramic-based materials exhibiting barely any
plasticity compared to metals, thus resulting in more difficult manufacture and con-
formation [1, 38]. The insulating behaviour of alumina additionally provided poorer
heat distribution in the sample at higher temperatures, as the electrical current is
forced to circulate through the outer graphitic dies, exclusively hindering the SPS
heating mechanism by the Joule effect (Equation 1.5) [51, 53]. Although 1 min
dwelling times for have been previously reported in the literature [258], the alumina
in this work appeared highly sensitive to the thermal gradients between the core and
periphery of the discs.
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6.3.2 Characterisation of 20 mm alumina discs

One of the main advantages of selecting an SPS sintering procedure relies on the
possibility of achieving an adequate degree of densification in the material. 20 mm
alumina discs were compared through Archimedes density measurements after SPS,
presented for each test condition in Table 6.2. The effect of changing the isothermal
temperature (1350 – 1500 °C) and dwelling times (3 – 10 min) was evaluated by com-
paring the porosity (ϵ) obtained for the sintered alumina discs using the pycnometry
results of BA15 powder (3.96 g cm-3) previously presented in Section 5.4.1.

Table 6.2: Archimedes density and porosity values obtained for 20 mm SPS alumina
discs.

Sample IDs Heat rate
(°C min-1)

Max. T
(°C)

Dwell
(min)

Density
(g cm-3)

Porosity
(%)

Al2O3(1350:3:100:50) 100 1350 3 3.87 2.24
Al2O3(1350:5:100:50) 100 1350 5 3.94 0.55
Al2O3(1350:10:100:50) 100 1350 10 3.90 1.43
Al2O3(1500:5:100:50) 100 1500 5 3.89 1.70
Al2O3(1350:10:50:50) 50 1350 5 3.95 0.28

All tested cycles resulted in consistent high densification (97.8 - 99.7%) for the
provided conditions. The shortest dwelling times led to obtaining the highest poros-
ity value, although the individual effects from further dwelling extension or the
effect of temperature could not be properly evaluated. The highest densification
was achieved for Al2O3(1350:10:50:50) samples by providing longer times at max-
imum temperature combined with a slower heating ramp. However, this resulted
in slower processing times (with an increased operational cost) without significantly
improving densification. Increasing the maximum sintering temperature from 1350
to 1500 °C did not increase the real density of the SPS discs, with the influence
of dwelling time and heating rates appearing more significant after comparison of
Al2O3(1350:5:100:50) and Al2O3(1500:5:100:50) from Table 6.2.

Differences in the microstructure of the produced alumina discs obtained after
densification at these two temperatures (1350 vs 1500 °C) were evaluated by studying
the fracture surface via FESEM (Figure 6.6), maintaining the rest of the sintering
parameters. The average grain size obtained for 1350 °C was 0.7 ± 0.15 µm com-
pared to 1.2 ± 0.3 µm for 1500 °C, which showed slight grain growth associated with
higher sintering temperatures. The fracture mechanisms also appeared significantly
different, with sintered samples at 1350 °C displaying predominantly intergranu-
lar fracture with well-defined grain boundaries. In contrast, at 1500 °C the grain
boundaries were less obvious, indicating a higher degree of sintering with instances
of transgranular fracture. Grain coarsening was also identified in some areas from
the merging of neighbouring grain boundaries, which could affect the material’s me-
chanical strength.
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a b

Figure 6.6: FESEM of fracture surface of 20 mm discs. a) Al2O3(1350:5:100:50)
sintered at 1350 °C b) Al2O3(1500:5:100:50) sintered at 1500 °C.

The combination of pressure, temperature and heating rates affected the resulting
grain size of the densified alumina from the competing processes of densification and
grain coarsening during the final stages of sintering [4]. Higher temperatures can
maximise densification while triggering the formation of temperature-induced pores
that can provide potential locations for crack initiation. Excessive grain growth is
also detrimental to the mechanical strength and hardness of the ceramic matrices
[259, 260].

From these results, sintering parameters were settled on dwelling times above 5
minutes, heating rates of 100 °C min-1 and cooling rates of 100 °C min-1. The grain
microstructure was preserved by combining high heating rates and uniaxial pressure
enabled by SPS while achieving limited porosity. The sintering temperature could
be limited at 1350 °C without negatively affecting the densification of the alumina
matrix and still producing unbroken specimens. However, as a preliminary cycle op-
timisation towards graphene/alumina composites, the sintering isothermal tempera-
ture affects both the alumina matrix microstructure and the embedded rGO scaffold
phase. Higher temperatures of sintering permit an extended restoration of the sp2

graphitic domains from the rGO structure, leading to higher electrical conductivity
in the network that can be key for sensing and monitoring applications. Therefore,
1500 °C were preferred expecting to obtain a higher degree of graphitisation in the
graphene-based scaffold.
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6.4 Consolidation of hierarchical graphene/alumina com-
posites

6.4.1 Lab-scale graphene/alumina composites

Lab-scale 25:Al2O3/0.5:CU_rGOag green bodies (13 mm diameter, 19 mm height)
were sintered at a standard heating rate of 100 °C min-1, 1500 °C temperature and
5 min dwelling times according to the optimisation of the sintering cycles performed
in the previous section. From applying a partial thermal reduction of the aerogels at
900 °C before the integration with the alumina phase via infiltration, most oxidised
groups attached to the former GO structure in the network were priorly removed
from the material (as confirmed by XPS measurements of CU_rGOfzd from Figure
4.5).

An example of the applied sintering cycle for 25:Al2O3/0.5:CU_rGOag is in-
cluded in Figure 6.7. Similar to the graphs for plain alumina powder, a quick rise
of piston displacement (pink curve) with its corresponding speed derivative (blue
curve) was registered during the initial cold-pressing up to 10 kN. However, in these
graphs, a secondary jump in piston displacement of 1.5 mm was also recorded at
the end of the pressing stage, coinciding with a sudden spike in piston speed and a
pressure fluctuation (red curve). This spike was attributed to the breakage of the
embedded rGO aerogel, maximising packing and accommodating the uniaxial stress.
The sintering of the alumina phase similarly occurred near the isothermal stage (at
1000 sec), verified by the smoother rise in piston displacement.

Figure 6.7: SPS sintering graph for 20 mm 25:Al2O3/0.5:CU_rGOag discs. Sin-
tering parameters: Top pyrometer temperature (black), uniaxial compression (red),
piston displacement (pink) and piston speed (blue).

After the isothermal dwell, the response matched plain alumina discs (Figure
6.4), with a minor expansion of the piston of 0.5 mm after the pressure release
and progressive sample contraction during cooling until room temperature. In this
particular graph, a slight temperature fluctuation was also registered during the
cooling stage at around 1750 sec. It was attributed to disturbances in the applied
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pulsating current, which did not affect the displacement of the sample.

As discussed, higher sintering temperatures could induce bigger thermal shock in
pure ceramic discs during consolidation. However, it was expected that the embedded
graphitic scaffold would provide sufficient electrical conductivity to permit the flow
of electrical current through the sample during SPS sintering in contrast with pure
ceramic samples, lowering the thermal gradient between the core and the periphery
of the discs. The graphitic second phase could also influence the grain growth of
alumina at higher temperatures of sintering.

25:Al2O3/0.5:CU_rGOag samples sintered at 1500 °C were examined by XRD
after embedding in epoxy resin and polishing (Figure 6.8). The crystallinity of the
alumina matrix was preserved, showing the stability of the α-alumina phase after
comparison with the ICDD reference from Section 5.4.1.

Figure 6.8: XRD spectrum of 25:Al2O3/0.5:CU_rGOag embedded in epoxy, includ-
ing an ICDD reference of α-alumina.

While the XRD spectrum of CU_rGOfzd delivered a broad peak at around 20 –
25 ° (Section 4.3.1), the embedded rGO scaffold in the composite did not produce
any signal at 2θ values around 25 °. The increase in reduction temperature provided
by the SPS sintering (from 900 to 1500 °C) was expected to sharpen the rGO shift
and bring it closer to graphite’s characteristic [002] diffraction peak at 26.5 °, given
the higher restoration of sp2 domains and the further reduction in the graphene
sheets interplanar spacing without oxidising groups. However, as XRD is a surface-
sensitive technique, the incident X-rays could not be diffracted by the ultra-light rGO
scaffolds composing a marginal weight contribution to the overall composite. The
broader peaks of higher intensity around 13 and 30 ° were attributed to the organic
chains present in the resin used to embed the 25:Al2O3/0.5:CU_rGOag samples.
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The polished 25:Al2O3/0.5:CU_rGOag composites were examined by optical mi-
croscopy to identify the embedded rGO network in the alumina matrices (Figure 6.9).
The light polarisation applied in these images permitted identifying the ceramic ma-
trix and the infiltrated scaffold separately, with the latter exhibiting a darker shade
and a seemingly intricate structure. However, the directional alignment and mi-
crostructure of the graphene phase could not be confirmed, requiring higher quality
imaging.

100 µm 50 µm

Alumina

rGOEpoxy

Figure 6.9: Optical microscopy of lab-scale 25:Al2O3/0.5:CU_rGOag composites.

FESEM characterisation of the fracture surface of 20 mm 25:Al2O3/0.5:CU_-
rGOag discs after sintering at 1500 °C permitted obtaining more information about
the composite (Figure 6.10). The unidirectional alignment of the embedded graphene
scaffolds was maintained in the alumina matrix after the 1500 °C sintering tempera-
ture, exhibiting the former freeze-cast structure of the GO aerogels. After exploring
several fracture sections in the composite, the scaffold channel spacing ranged from
5 – 15 µm depending on the examination area. It is possible that the cylindrical
shape of the lab-sized CU_rGOag aerogels led to stress concentrations under SPS
pressing, with localised areas of the composite subjected to more significant com-
pression selectively reducing the channel width. Another explanation could lie in a
non-homogeneous infiltration of alumina material during previous steps, which would
explain the gaps in the ceramic matrix found upon sintering (Figure 6.10b).

Pull-out of rGO flakes was found along the fracture surface (Figure 6.10d), match-
ing other works in the field [86, 187, 261], which could constitute extrinsic toughening
mechanisms for deflecting crack propagation and increase the fracture toughness of
the composite material. Agglomeration of the rGO sheets was found after examining
the fracture surface of the composite. Limiting the GO content (below the 0.5 wt.%
GO concentration selected for the aerogel production) could help reduce agglomera-
tion while maintaining the unidirectional alignment provided by freeze-casting [152].
However, the relatively low GO flake lateral size of 9 µm found for CU_GO suspen-
sions (Figure 4.2) prevented lowering the GO concentration in suspension below 0.5
wt.% without a significant loss of alignment in the scaffolds during the freeze-casting
stage.
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Figure 6.10: FESEM characterisation showing the fracture surface of
25:Al2O3/0.5:CU_rGOag composites, sintered by SPS at 1500 °C. (a, b) Preser-
vation of alignment of the graphene scaffolds (5 - 15 µm channel widths) embedded
in the alumina matrix. (c, d) Higher-magnification image on graphene flake pull-out
at the fracture surface.

The alumina matrix was found fully sintered with a mean grain size of 0.97 ±
0.2 µm (Figure 6.11). These values are lower than those obtained for bulk alumina
powder sintered at 1500 °C without embedded graphene from Figure 6.6, which could
be associated with a grain boundary pinning effect limiting the grain growth in the
alumina matrix. The successful preservation of freeze-cast structural alignment of
rGO scaffolds embedded in the alumina matrix (after infiltration of water-based slur-
ries) constitutes a breakthrough in the production of hierarchical graphene/alumina
composites, which has not yet been reported to the best of the author’s knowledge.
This work poses an extension of previous works on polymer-derived ceramics (PDCs)
[176], maintaining a similar range of rGO channel widths in the obtained composite
and confirming the infiltration capabilities after introducing PF127 in the alumina
slurries and exploiting its amphiphilic behaviour [187].
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Figure 6.11: Embedded rGO network of graphene/alumina discs showing sintered
alumina grains (0.97 µm grain size). Slight hindering of alumina grain growth can
be appreciated on grains neighbouring the rGO channels.

6.4.2 Towards scaled-up graphene/alumina composites

Scaled-up PF127/Al2O3/rGO green bodies were densified at 1500 °C following the
same sintering parameters previously applied to lab-scale specimens, extended to
0.5:ICL_rGOag⊥ infiltrated aerogels. After sintering, the 30 mm discs obtained did
not achieve a minimum 4 mm thickness that would allow evaluating the mechanical
properties of the composite Figure 6.12.

Figure 6.12: 30 mm discs after SPS of scaled-up 25:Al2O3/0.5:ICL_rGOag⊥ green
bodies.

The fracture surface of scaled-up 25:Al2O3/0.5:ICL_rGOag⊥ composites after
sintering at 1500 °C was examined by FESEM (Figure 6.13) to get a better under-
standing of the microstructure. In some locations, the 25 wt.% Al2O3 slurry had
successfully infiltrated the rGO channels and transformed into a densified alumina
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matrix (Figure 6.13a). However, FESEM characterisation shows that the infiltration
was not fully complete, with several internal channels not wet by the alumina slurry
before freeze-drying the green body. The upper part of Figure 6.13b exhibited some
degree of the expected alignment of rGO channels mirroring the structure from lab-
scale specimens (Figure 6.10), maintaining channel widths of 5 µm after compression
in the SPS dies. However, this was only partially achieved in rGO channels, also ex-
periencing significant agglomeration of the flakes leading to the structure collapse,
as shown in the bottom part of the same picture. The inefficient infiltration of the
scaled-up aerogels also resulted in a significant imbalance between the graphene and
alumina phases (Figure 6.13c,d), with broader sections of exclusively sintered alu-
mina contrasting with the compressed rGO walls from the original aerogel structure.
This explained the lack of thickness obtained in the 30 mm sintered discs.

1 µm

5 µm

10 µm

10 µm

a b

c d

Figure 6.13: FESEM images showing the fracture surface of scaled-up
25:Al2O3/0.5:CU_rGOag⊥ composites, sintered by SPS at 1500 °C. a) Sintered alu-
mina matrix within rGO channels. b) Expected rGO alignment after successful infil-
tration of alumina (top section) vs collapsed aerogel structure (bottom section). (c,d)
Extra images with imbalanced graphene and alumina phases indicating the inefficient
infiltration.

From these results, it was derived that the scalability of the infiltration processing
route could not be resolved by simply extending the same conditions applied for lab-
scale aerogels, still requiring further optimisation of the processing route. Although
infiltration appeared successful upon PF127 additions in the ceramic slurry (Figure
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5.27 after freeze-drying), not enough alumina solid was deposited inside the channels.
This could result from the higher surface tension of the infiltrating ceramic slurry
in the scaled-up scenario, preventing the ascension through the rGO channels by
capillarity.

This concern was not present in the epoxy-infusion of rGO aerogels (from Section
4.5.3) as vacuum could be applied as the driving force to enhance infiltration of
the polymer and fill the internal cavities of the scaffold completely. In the case
of PF127/Al2O3 mixtures, the foaming effect caused by micellisation of PF127 in
water prevented the application of vacuum [243]. Manual infiltration was sufficient
to ensure the soaking of the channels in lab-scale aerogels of smaller dimensions, but
proved much more challenging in the scaled-up scenario.

Various strategies could be tested to overcome the lack of vacuum in the infil-
tration and achieve similar results. The scaled-up aerogel could be segmented into
several parts, with each section infiltrated separately and later re-stacked in the SPS
graphitic dies for combined sintering. Another approach could consist of successive
infiltration runs. Higher alumina solid weight could be ensured inside the graphene
channels by repeated cycles of infiltration and freeze-drying, preventing structural
collapse during SPS sintering.

Based on the successful infiltration of lab-scale aerogels of reduced dimensions
(13 mm diameter, 19 mm height), another limitation could rely on the produced
scaled-up structures during freeze-casting. Despite producing 30 mm 0.5:ICL_-
GOag⊥ aerogels, implementing the improved mould setup with a perpendicular axis
of revolution (Figure 3.3b) could have resulted in poorer heat transmission, because
of the reduced contact area with the copper plate connecting to the cold source in the
freeze-casting setup. Compared to standard cylindrical mould shapes, the rotated
shape can result in a branching structure as shown by a sample alumina scaffold
freeze-cast on the same mould, limiting the advancing freezing front and increased
casting times (Figure 6.14).

Figure 6.14: Channel alignment deviation in the 4-piece freeze-casting mould for
scaled-up conditions, including the cross-section of a test freeze-cast alumina sample.

Substituting the lower half of the improved freeze-casting mould with copper
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material could represent an additional improvement for future works on this theme
(Figure 6.15). This modification could enhance heat distribution in the lower section
of the mould, providing parallel freezing channels that can improve the alignment
and enhance the infiltration of the ceramic slurries after carbonisation. However, this
modification could entail other difficulties regarding mould manufacture and harder
assembly from switching from a 4-piece to an 8-piece setup.

Figure 6.15: Expected alignment improvement in freeze-casting using the proposed
mould concept (8-piece upgrade with a copper bottom section).

Achieving scalability is essential to enable the production of specimens for elec-
trical testing and evaluating the mechanical properties via strength and R-curve
measurements. Overcoming this threshold can lead to the production of electrocon-
ductive, tougher ceramic-based materials that meet the challenge of applying new
concepts for extended assembly in ceramic processing outlined in this decade [40].
This strategy also permits to translate properties the properties of graphene-like
precursors into 3D settings for engineering applications at an assumable cost and
through an environmentally-friendly processing route, helping settle the presence of
graphene outside the laboratory scale and into the industry.

6.5 Conclusions

SPS was selected as the consolidation technique in this project, allowing rapid sinter-
ing times (below 45 minutes) and limiting any effect on the material’s microstructure
[51]. The working parameters (heating and cooling rates, maximum temperature,
dwelling times and pressure cycle) were adjusted using the alumina powder from the
water-based alumina slurries as a baseline. A pressure release stage was included at
the end of the isothermal dwell to soften the applied stress to the sintered discs.

20 mm alumina discs were produced, exhibiting porosity values of 0.3 – 2.3%
across all tested parameters. FESEM characterisation confirmed a higher degree of
sintering at 1500 °C than 1350 °C, with the fracture surface exhibiting a combination
of transgranular and intergranular fracture. The integrity of 20 mm alumina discs
was also preserved after increasing dwelling times above 5 minutes, attributed to a
lower thermal gradient between the core and periphery of the produced discs. These
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sintering conditions were extended to graphene/alumina pairs.

The densification of lab-scale graphene/alumina green bodies (from infiltrated
rGO aerogels of 13 mm diameter, 19 mm height and 4 mg cm-3 in density) was
settled on maximum temperatures of 1500 °C and 100 °C min-1 heating/cooling
rates. The rGO scaffold’s alignment from the freeze-casting processing route was
preserved after infiltration and embedding in the alumina matrix as verified by FE-
SEM. Through this processing route, it was possible to limit the amount of graphene
material inside the ceramic-based composite (1 wt.%) while maintaining a directional
graphene interconnected network of 5 – 15 µm channel widths, with high prospects
for obtaining superior mechanical capabilities and added functionalities derived from
its restoration of electrical conductivity.

The scalability of the processing route was only partially accomplished, delivering
30 mm graphene/alumina discs of insufficient thickness for mechanical and electrical
evaluation. FESEM characterisation confirmed the internal wetting of scaled-up rGO
aerogels with the PF127/Al2O3 slurries was insufficient. Complementary strategies
such as applying successive cycles of infiltration and freeze-drying or improving the
stage of scaled-up aerogel production could be tested in the future to overcome this
issue.
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Chapter 7

General conclusions and future
research

7.1 Conclusions

This work has contributed to previous knowledge of graphene-based aerogels pro-
duced by freeze-casting water-based GO suspensions, approaching the limitations of
the process with a range of conditions (GO concentration, freezing rates and inclu-
sion of PVA/sucrose additives). Ultralight reduced GO aerogels of 1.5 - 4 mg cm-3

in apparent density were successfully obtained after freeze-drying and carbonisation,
preserving directional alignment and channel widths of 15 – 30 µm.

Two GO precursors from different sources (commercial vs as-synthesised at Im-
perial College London) were extensively characterised, studying the effect of car-
bonisation on the graphene sheets chemistry and verifying the partial restoration of
graphitic domains with an increase in electrical conductivity up to 10 - 15 S m-1.
Novel ideas were also integrated in the production of freeze-cast aerogels. Cylindrical
custom-made moulds with a perpendicular axis of revolution were tested, achieving
30 mm diameter aerogels with self-supporting capabilities and permitting integration
with SPS sintering. An extended hierarchical level was also studied by alumina NP-
decoration (< 10 nm) based on gelation of a scarcely researched alumina precursor
(aluminium-L-lactate) maintaining a water-based approach of low toxicity.

The main breakthrough of infiltrating water-based advanced ceramic slurries into
hydrophobic graphene-based scaffolds using a triblock copolymer agent in solution
(PF127) was validated, adjusting the PF127/Al2O3 wt./wt. ratio to 0.07 - 0.15
through wettability and infiltration tests. These conditions were successfully ap-
plied to lab-scale cylindrical rGO aerogels (13 mm diameter, 19 mm height) of 3 mg
cm-3 improving their wettability with hydrophilic alumina slurries (12.5 and 25 wt.%
solid loading). The graphene/ceramic green bodies were densified via SPS sintering
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maintaining the original freeze-cast aligned structure in the rGO scaffolds, displaying
channel widths of 5 – 15 µm and graphene pull-out on the fracture surface. These
experiments confirmed the potential of the proposed strategy for achieving hierarchi-
cal advanced ceramic composites containing a graphene interconnected network high
prospects for obtaining superior mechanical capabilities and added functionalities.

The scalability of the approach was not yet resolved as confirmed by the inefficient
wetting of scaled-up 30 mm rGO aerogels, which prevented the mechanical and
electrical evaluation of the composites following consolidation. The direct translation
of the infiltration conditions from the lab-scale scenario did not succeed, requiring
more extensive adjustment of the parameters involved in the future.

7.2 Future Research

The infiltration and consolidation of scaled-up rGO aerogels could not be fully
achieved due to time constraints and the effect of the COVID-19 pandemic on the
expected experimental workflow. Although validated for lab-scale specimens, upscal-
ing the processing route is essential to validate the effect of the hierarchical structure
on the mechanical performance of the composite (via bending and R-curve testing)
and evaluate the restoration of electrical conductivity.

Several areas require extended research to accomplish the scalability milestone.
The effect of selecting a GO precursor of higher quality (ICL_GO) could be studied
in more depth, exploiting the self-assembly behaviour of GO liquid crystal phases
more efficiently at the selected values of GO concentration and flake lateral sizes.
Alternative freeze-casting mould concepts could be explored to ensure the intended
stacking and alignment of rGO sheets in scaled-up samples, maintaining a perpen-
dicular axis of revolution to the SPS uniaxial pressure direction. Optimising the
mesostructure of scaled-up aerogels can improve the capillarity with the ceramic
slurries, reducing agglomeration of graphene sheets, which could be verified by com-
plementary imaging methods like CT scanning. Studying the heat distribution profile
and the advancing freezing front inside the moulds during freeze-casting would also
result in better understanding of the produced aligned structure. This could be
achieved by applying Finite Element Analysis (FEA) simulations to determine the
heat profile in the suspension or recording the advancing freezing front in-situ using
X-ray tomography.

Enhancing the graphene aerogel soaking with the PF127/Al2O3 slurry is also
necessary to increase the amount of alumina solid in the mixture and prevent the
structural collapse of scaled-up specimens. This could be achieved by successive
infiltration and freeze-drying runs, aiming to obtain sufficient solid ceramic weight
and provide sufficient thickness for mechanical and electrical characterisation of the
specimens. Additional characterisation (such as hardness and density measurements)
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could be performed on densified alumina and graphene/alumina SPS discs for a more
systematic evaluation of the sintering conditions and its effect on the composite
microstructure.

Resolving the processing scalability would permit comparing NP-decorated aero-
gels with the extended hierarchy and standard rGO aerogels. The NP-decoration
was successfully achieved at different concentration levels with a noticeable effect on
the infiltration times with PF127/Al2O3 slurries. However, any tangible effect on the
structural and mechanical properties in scaled-up composites still needs evaluation in
the future. The water-based aluminium lactate synthesis route to decorate the rGO
scaffolds could also prove valuable beyond the graphene/ceramic structural materials
proposed here, extrapolated to other ceramics nanoparticles such as titania or silica.
Embedding NP-decorated scaffolds in polymer-based matrices constitutes another
side path of great potential, which could confirm any increase in strength or ex-
trinsic toughening mechanisms through R-curve measurements provided by the NP-
decoration strategy without requiring water-based ceramic slurries. The graphene-
based scaffold would provide electrical conductivity similar to the hybrid composite
validated in this work, sufficient for sensing and monitoring capabilities.

The general processing strategy suggested has also given room for complemen-
tary approaches without the use of PF127 in the ceramic formulation. For example,
inverting the graphene and alumina phases appears a promising route, first consol-
idating an alumina scaffold through freeze-casting and freeze-drying of water-based
slurries, later infiltrated with GO suspensions. This opposite approach could ensure
sufficient alumina weight in the composite for SPS sintering (One of the main con-
straints from this work), producing aerogels of sufficient solid loading while allowing
the hydrophilic interaction with water-based GO suspensions before reduction.
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