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ABSTRACT 

Graphene and carbon nanotubes (CNTs) are among the most promising nanomaterials 

due to their exceptional mechanical strength, electrical and thermal conductivity. However, 

their effective implementation in macroscale systems remains challenging due to poor 

dispersibility, incompatibility with polar media, and difficulties with scalable processing. 

Overcoming these limitations is essential to bridge the gap between the remarkable intrinsic 

properties of these nanomaterials and their practical applications. 

This dissertation is a study of the design of functional graphene- and CNT-based 

composites, with an emphasis on sustainable, scalable processing methods. The main objectives 

included understanding the amphiphilic properties of graphene and CNTs to enable the 

stabilisation of Pickering emulsions, as well as investigating the influence of CNT morphology, 

including aspect ratio and crystallinity, on the thermophysical performance of paraffin-based 

nanocomposites and developing a biomimetic approach for graphene modification to achieve 

stable aqueous dispersions and electroconductive coatings. 

Overall, the research provides new insights into how morphology, surface chemistry, 

and interfacial interactions govern the macroscopic properties of carbon nanostructure-based 

systems. The development of sustainable routes and multifunctional composites paves the way 

for scalable, environmentally responsible applications of graphene and CNTs in modern 

technologies. 

 

 

 

 



5 

 

ABSTRAKT 

Grafen i nanorurki węglowe należą do najbardziej obiecujących nanomateriałów ze 

względu na ich wyjątkową wytrzymałość mechaniczną oraz przewodność elektryczną i cieplną. 

Jednak ich skuteczne wdrożenie w systemach makroskopowych pozostaje wyzwaniem ze 

względu na słabą dyspergowalność, niekompatybilność z mediami polarnymi oraz trudności w 

skalowalnym przetwarzaniu. Pokonanie tych ograniczeń jest niezbędne, aby wypełnić lukę 

między niezwykłymi właściwościami tych nanomateriałów a ich praktycznymi 

zastosowaniami. 

Niniejsza rozprawa doktorska jest studium poświęconym projektowaniu 

funkcjonalnych kompozytów zawierających grafen i nanorurki węglowe, z naciskiem na 

zrównoważone i skalowalne metody przetwarzania. Główne cele obejmowały zrozumienie 

właściwości amfifilowych grafenu i nanorurek węglowych w celu umożliwienia stabilizacji 

emulsji Pickeringa; zbadanie wpływu morfologii nanorurek węglowych, w tym współczynnika 

kształtu oraz krystaliczności, na właściwości termofizyczne parafinowych nanokompozytów, 

w niniejszej pracy została również zaproponowana łagodna modyfikacja grafenu w celu 

uzyskania stabilnych dyspersji wodnych i powłok elektroprzewodzących. 

Badania dostarczają nowych informacji na temat tego, w jaki sposób morfologia, 

chemia powierzchni i oddziaływania międzyfazowe wpływają na właściwości makroskopowe 

systemów zawierających nanostruktury węglowe. Opracowane zrównoważone metody i 

wielofunkcyjne kompozyty otwierają drogę do skalowalnych, przyjaznych dla środowiska 

metod przetwarzania  grafenu i nanorurek węglowych dla nowoczesnych technologii. 
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GLOSSARY 

AR  Aspect ratio 

AFM  Atomic force microscopy 

CNT(s) Carbon nanotube(s) 

CVD  Chemical vapour deposition 

DMF  N,N-dimethylformamide 

EMI   Electromagnetic interference 

FBCVD Fluidised bed chemical vapours deposition 

FLG  Few–layered graphene 

GNR  Graphene nanoribbon  

GO  Graphene oxide 

HRTEM High–resolution transmission microscopy 

MLG  Multi–layered graphene 

MWCNT(s) Multi–walled carbon nanotube(s) 

NMP  N-methylpyrrolidone 

RDF(s)  Radial distribution function(s) 

rGO  Reduced graphene oxide 

SEM  Scanning electron microscopy 

SLG  Single–layer graphene 

SWCNT(s) Single–walled carbon nanotube(s) 

PCM(s) Phase–change material(s) 

RAM(s) Radar absorbing material(s)  

WCA   Water-contact angle 
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1. INTRODUCTION 

As science and industry enter a new era, true innovation must be centred on sustainability, 

energy efficiency, and recycling. Global initiatives like the 2030 Agenda, as well as European 

circular-economy goals, define policies that shift the emphasis away from linear production 

toward engineering materials for longer lifespans, reuse, and resource recovery.1 

The world community must shift toward recyclable, waste-free, environmentally friendly 

materials with low ecological impact to meet this rapidly growing challenge. This approach 

requires a ‘cradle-to-grave’ strategy that incorporates ‘green chemistry’ principles into both 

the raw material selection and the entire processing path.2 According to this paradigm, 

improved functionality entails not only improved technical characteristics but also improved 

circularity, decreased toxicity, and lower energy use. 

Nanomaterials, owing to their extraordinary physicochemical properties, represent one of 

the most promising pathways to meet the growing demand for functional, application-tailored 

materials.3 Even a small amount of nanoadditives can significantly increase the strength, 

hardness, elasticity and durability of a material, allowing components with better performance 

parameters to be created with less raw material consumption. 

Among the wide spectrum of nanomaterials, graphene and carbon nanotubes (CNTs) stand 

out as the most promising, multifunctional nanomaterials. Their exceptional mechanical, 

electrical, or thermal properties, tunable morphology, and high surface-to-volume ratio offer 

options far beyond those of traditional bulk materials. They are therefore desirable candidates 

for cutting-edge technologies spanning biological and electronic applications, energy 

conversion and storage, environmental cleanup, and catalysis.4 
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However, there are still significant obstacles to be addressed despite this enormous 

potential. In addition to leveraging their extraordinary qualities, ongoing research aims to 

responsibly develop nanomaterials in line with the principles of the circular economy and green 

chemistry. 

1.1. Carbon nanotubes and graphene 

CNTs are quasi-one-dimensional nanoparticles consisting of cylindrical nanostructures 

made entirely of carbon atoms organised in a hexagonal lattice, like a rolled-up sheet of 

graphene. Strong sp2-hybridised covalent bonds hold the carbon atoms in CNTs, giving them 

exceptional mechanical strength and stability. These structures have diameters typically in the 

nanoscale range and lengths ranging from a few micrometres to several millimetres or even 

centimetres.5 The global recognition of CNTs is attributed to Sumio Iijima, who in 1991 

reported detailed high-resolution transmission electron microscopy (HRTEM) images and 

a comprehensive structural analysis of multi-walled carbon nanotubes (MWCNTs), igniting 

worldwide scientific interest in these nanomaterials.6 

Depending on the number of concentric walls, CNTs can be divided into different groups. 

A single graphene sheet that has been smoothly rolled into a cylindrical shape, usually with a 

diameter of 0.4 to 2 nm, forms single-walled carbon nanotubes (SWCNTs). MWCNTs, on the 

other hand, are made up of several concentric cylinders.7 

The chiral vector (Cn), which joins two crystallographically identical sites on a graphene 

sheet, is frequently used to characterise the geometric structure of CNTs (Fig. 1). In this 

expression, n and m are integers, while a1 and a2 are the unit vectors of the hexagonal 

honeycomb lattice. The number pair (n,m), which defines a CNT's symmetry and classifies it 

into configurations like armchair (n,n) or zigzag (n,0), and chiral if n differs from m, determines 

the topology of the CNT in its entirety.8 
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Fig. 1 Chirality vector and types of CNTs. 

Actually, vacancies, dislocations, Stone–Wales defects (rotated carbon bonds that form 

pentagon-heptagon pairs), and occasionally foreign atoms integrated into the lattice are among 

the structural imperfections that CNTs frequently have (Fig. 2).9 The electrical, mechanical, and 

chemical characteristics of CNTs can all be strongly impacted by these defects.10 These defects 

may weaken tensile strength and Young’s modulus, because they break the network of sp2 

bonds;11 however, they may allow plastic deformation before fracture, yielding an increase in 

ductility.12 They also may scatter electrons and phonons, resulting in a decrease in charge 

mobility.13 

 

Fig. 2 Defect types in CNTs.14 
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Defects in CNTs may arise during synthesis due to improper temperature conditions or 

catalyst impurities.15 The carbon feedstock may not decompose completely when the 

temperature is too low, resulting in incomplete graphitisation or amorphous carbon deposits.16 

On the other hand, too high a temperature causes catalyst coarsening, resulting in discontinuous 

growth, vacancies, or open-ended nanotubes.17,18 In addition, they can also be introduced during 

post-synthetic treatments, such as surface functionalization,19 oxidation,20 or ultrasonic 

dispersion.21 Covalent functionalisation of CNT, like chlorination,22 fluorination,23 coupling 

using diazonium salts with the subsequent elimination of nitrogen molecules24 or oxidation20 

and amination,25 typically involves attaching the functional groups, which requires breaking of 

C-C within CNTs structure. These generate vacancies, sp3-hybridised sites, or disrupted π-

conjugation within the sp2 carbon network. Similarly, oxidation leads to etching, shortening and 

hole formation.26 Ultrasounds, which are frequently used for the deagglomeration of CNTs, 

subject CNTs to high local shear forces and cavitation, which results in bending, scission and 

defect formation.27 

Another remarkable nanocarbon allotrope is graphene, for which it took six decades to 

go from early, contentious theoretical predictions to effective experimental isolation. 

The breakthrough occurred in 2004, when Geim and colleagues successfully isolated a stable 

monolayer of graphene through mechanical exfoliation. For this pioneering work, Geim 

and Novoselov received the 2010 Nobel Prize in Physics. Since then, graphene has become one 

of the most intensively studied 2D materials worldwide. 

Graphene is a 2D material, at the atomic scale arranged in a hexagonal lattice, where 

each vertex is occupied by a single carbon atom exhibiting sp2 hybridisation, where the carbon-

carbon bond length in this configuration is 0.142 nm.28 A strong hexagonal structure is produced 

by the three σ bonds that each carbon atom makes inside the plane. The π-bonds, which are 

aligned perpendicular to the lattice plane, are the main source of the remarkable electrical 
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conductivity of graphene.29 According to ISO/TS 80004-13:2017 standard, there are several 

variants of graphene, which vary primarily in shape, chemical modification, structural quality, 

and number of layers.30 Fig. 3 displays the primary varieties of graphene. One atomic layer of 

carbon atoms organised in a perfect hexagonal lattice makes up the first category, known as 

pristine single-layer graphene (SLG).31 This is the purest form with the highest mechanical 

strength (Young’s modulus ~1 TPa, tensile strength ~130 GPa),32 optical transparency 

(~97.7 %),33 and electrical conductivity of any form of graphene (106 S·m-1).34 The second 

category is few-layer graphene (FLG), made up of 2-10 graphene layers stacked together and 

held by weak van der Waals forces.35 The third category is multi-layer graphene (MLG) in the 

form of graphene nanosheets, which consists of up to 15-30 layers. Beyond this range, the 

material acts less like isolated graphene sheets and more like thin graphite.36 Additional 

examples are graphene nanoribbons (GNRs), which are thin graphene strips having distinct 

edge patterns like zigzag or armchair that are usually less than 50 nanometers wide.37 Very often 

in the literature, one can find studies regarding graphene oxide (GO) or reduced graphene oxide 

(rGO); however, these forms of graphene differ fundamentally from pristine graphene and, 

strictly speaking, are not considered as ‘true’ graphene. GO is heavily decorated with oxygen-

containing functional groups, such as hydroxyl, epoxy, and carboxyl groups, which disrupt  sp2 

hybridisation and break the continuity of the π-electron system.38. In contrast, rGO is obtained 

by partially removing these oxygen functionalities from GO through chemical, thermal, 

or electrochemical reduction.39 Even though rGO retains some of the sp2 network and electrical 

conductivity, it still contains residual oxygen groups and structural defects that hinder it from 

reaching the electrical performance and structural perfection of pristine graphene. 
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Fig. 3 Structural variants of graphene and its analogues. 

Generally, production methods in nanomaterials science are typically divided into two 

basic categories: top-down and bottom-up approaches. The bottom-up method builds structures 

from their smallest constituents, such as atoms, ions, or molecules, which are then assembled 

via chemical or physical processes to form larger, more distinct structures. The structure, 

morphology, and characteristics of the final material can be precisely tailored during this 

process, which often enables the production of high-quality, low-defect products.40 Chemical 

vapour deposition (CVD),41 arc discharge,42 laser ablation,43 and, particularly for graphene, 

epitaxial growth on specific substrates like SiC44 are standard bottom-up techniques for carbon 

nanomaterials. In contrast, the top-down method starts with bulk material and uses lithographic, 

chemical, or mechanical methods to break it down into nanoscale structures gradually. Although 

this approach is usually faster and more scalable, the material may acquire defects and 

irregularities.45 Mechanical exfoliation (the Scotch tape method),46 liquid-phase exfoliation,47 

ball milling,48 and patterning techniques such as electron-beam lithography to produce 

nanoribbons are a few examples of top-down processes for CNTs and graphene.49 
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Currently, CVD is the predominant technique for CNT synthesis (Fig. 4), owing to its ability 

to provide accurate structural control of CNTs and to enable large-scale production.50  

On a small scale, the process is carried out in a quartz reactor, into which a carbon-containing 

gas or liquid, such as acetylene,51 ethylene,52 liquid hydrocarbons (e.g., toluene,53 xylenes54), 

or alcohols55 is introduced as the carbon source. CVD is typically a catalytic process in which  

Ni-, Co-, and/or Fe-based catalysts are commonly used.56 

 

Fig. 4 Scheme of CVD. 

In this process, high temperatures (600-1200 °C) are used to decompose the carbon feedstock 

and to synthesise CNTs on the surfaces of metallic catalyst particles.57 By controlling the 

temperature, one may influence the diameter and growth rate of CNTs.58 For the large-scale 

production, fluidised bed chemical vapour deposition (FBCVD) reactors are employed.  

The upward gas flow in a vertical reactor fluidises the catalyst particles.59 This processing 

enhances contact between particles, improving both process efficiency and cost-effectiveness.  

The reactor architecture also enables scalability, making it ideal for producing CNTs in large 

quantities.60 Numerous variations of the CVD method exist, including plasma-enhanced 

CVD,61 hot filament CVD,62 radio frequency63 and microwave-enhanced CVD.64 Additionally, 

water-65, carbon dioxide-66, oxygen-67, and ethanol-assisted68 CVD have been studied.  

The comparison of the frequently used methods for CNTs synthesis is presented in Table 1. 
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Table 1: Summary of characteristics of the most frequently used methods for CNTs 

synthesis69,70 

Characteristics CVD Laser ablation Arc discharge 

Condition High temperature 

(600-1000 °C) 

Argon/Nitrogen gas at 

6.6×104 Pa 

Helium  

at 6.6×103 Pa 

Carbon source Mainly hydrocarbons 

(liquid or gas) 

Pure graphite Pure graphite 

Yield per carbon <90-95% 80-85% <75% 

CNTs type Both SWCNTs and 

MWCNTs; 

Only SWCNTs Both SWCNTs and 

MWCNTs 

Advantages Low cost, easy scale-

up; long CNTs; high 

purity 

High yields, high purity  

of SWCNTs 

CNTs with few defects; 

No catalyst needed 

Disadvantages Carbon sources may be 

hazardous 

High cost High cost, short and 

entangled CNTs are 

obtained; very often, the 

produced CNTs must be 

purified. 

 

CVD is also one of the most widely used techniques for producing high-quality 

graphene, particularly for applications that require large area, uniform films. Thin films or foils 

of metals like copper or nickel are the most widely used substrates for graphene CVD.71 This is 

because the surface characteristics of these metals have a significant impact on the structure 

and quantity of graphene layers that are produced. Once the substrate is ready, it is placed inside 

the CVD reactor and heated to the target growth temperature, typically between 900 and 

1050 °C for copper substrates.72 
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Table 2: Summary of characteristics of the most frequently used methods for graphene 

synthesis73,74 

Characteristics CVD Liquid-phase 

exfoliation 

Mechanical 

exfoliation 

Epitaxial growth 

Process condition High 

temperatures 

(900-1050 °C) 

Disperse graphite in 

solvents or 

surfactant solutions 

Physically peel 

layers from 

graphite using 

adhesive tape 

Heating of single-

crystal SiC (>1300 °C) 

in vacuum or inert gas 

Carbon source hydrocarbons graphite graphite Ultrathin SiC film 

Yield of 

monolayer 

graphene 

~90% 3-5% 70-95% 1-20 monolayer flakes 

per cm2 

Graphene type Large-area 

monolayer or 

few-layer 

graphene films 

Graphene flakes 

(single- to few-

layer) in dispersion 

Monolayer and 

few-layer 

graphene flakes 

High-quality, wafer-

scale graphene 

Advantages High-quality, 

continuous 

sheets, 

scalability, 

Scalable, low-cost, 

easy processing 

Inexpensive and 

fast, high 

crystallinity 

Excellent crystallinity, 

uniform films, no 

transfer needed; 

suitable for electronic-

grade graphene 

Disadvantages Transfer from 

metal to the 

target substrate 

can introduce 

defects 

High range of  

thickness and flake 

size; solvent 

removal needed 

Not scalable, 

random flake size 

Expensive substrates, 

high cost 
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Additionally, recent studies aim to eliminate petroleum-based feedstocks used in the 

synthesis of CNTs and replace them with sustainable raw materials such as essential oils,75 plant 

extracts,76 or agricultural biomass.77 This change is part of a broader strategy of reducing 

dependency on fossil fuels while valuing inexpensive, abundant, and frequently waste-derived 

natural resources. However, there are still obstacles to overcome to scale up these green 

synthesis pathways to industrial levels, such as controlling structural parameters and achieving 

consistent CNT quality.78 Simultaneously, new synthetic approaches are being developed. For 

instance, desired CNT products were directly produced from collected carbon dioxide via 

molten-salt-based CO2 electrolysis.79 This method demonstrates how the manufacturing of 

nanomaterials, carbon capture and utilisation can be combined to transform greenhouse gases 

into valuable carbon nanostructures. 

1.2. Properties and applications of CNTs and graphene 

Because of their unique structures, individual graphene and CNTs have exceptional 

mechanical, optical, magnetic, thermal, and electrical properties. Some applications of CNTs 

and graphene are shown in Fig. 5. sp2-Nanocarbons have a remarkable strength-to-weight ratio 

due to their low atomic mass and strong bonds. For this reason, individual CNTs and graphene 

perform better than steel, Kevlar®, and even diamond.80 The tensile strength of graphene was 

found to be 130 GPa (mechanically exfoliated graphene membrane measured by the use of 

nanoindentation in an atomic force microscope (AFM))32. For SWCNTs, the tensile strength 

was found to be 52 GPa, and for MWCNTs, it was 63 GPa (the force was read from the 

deflection of the calibrated AFM cantilever, whereas the elongation was measured from SEM 

images).81 These values are far greater than those of steel (~1-2 GPa).82 Graphene and 

MWCNTs exhibit tremendous stiffness, as seen by their Young's modulus of approximately 

1 TPa (similar to diamond).81 The elastic strain limit of graphene is 20–25%,83 while that of 

CNTs is roughly 10–16%.84 Therefore, graphene and CNTs have been used in a variety of 
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materials engineering domains. In polymer composites,85 ceramics,86 and metals,87 they are 

used as reinforcing agents to greatly increase their resistance to deformation and fracture.88 

Carbon nanoparticles are also used in lightweight, long-performing, structural components for 

the automotive,89 aerospace,90 and space industries,91 because of their exceptional strength-to-

weight ratio. Furthermore, the addition of carbon nanomaterials to coatings results in markedly 

improved resistance to scratches,92 impacts,93 and abrasion.94 

 

Fig. 5 Application of CNTs or graphene: (A) Flexible and highly sensitive humidity sensors 

based on wearable CNTs nanocomposite for real-time monitoring of multiple respiratory 

indicators (Reproduced by permission of Springer (CC-BY 4.0)95; (B) Thick SWCNTs-based 

electrodes for energy storage96; (C) Graphene-based tribotronic transistor (Reproduced by 

permission of Elsevier (Permission number: 6138960512920))97; (D) Graphene delivering 

drugs into the inside of a cell (Reproduced by permission of Springer Nature (Permission 

number: 6138960274014)).98 
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Applying a current annealing of the suspended graphene and maintaining a measurement 

environment like a high vacuum (<5·10-5 mTorr) and low temperature (5 K) allowed to reach 

charge carrier mobilities of graphene of up to 200 000 cm2·V-1·s-1.99 The intrinsic electrical 

conductivity was found about 106 S·m-1.34 Individual metallic SWCNTs can reach 

conductivities between 106-107 S·m-1 and maintain current densities above 109A·cm-2. 

In general, MWCNTs have slightly lower conductivities, typically between 

105 and  106 S·m-1.100 CNTs are used in nanoelectronics as field-effect transistors,101 whereas 

graphene is being investigated for applications in flexible circuit designs102 and high-speed 

electronic devices103 because of its extraordinarily high carrier mobility. Both nanomaterials are 

ideal candidates for chemical104 and biosensing105 applications due to their remarkable 

sensitivity to environmental stimuli. Additionally, mechanical flexibility and transparency of 

graphene make it a particularly appealing material for solar cells106 or touch panels.107 Finally, 

graphene and CNTs are thought to be potential electrode materials for energy storage devices, 

such as advanced batteries108 and supercapacitors.109 

CNTs and graphene exhibit the highest thermal conductivities ever reported for solid 

materials, reaching values of several thousand W·m-1·K-1. Compared to copper, which has a 

thermal conductivity of roughly 400 W·m-1·K-1, the values for these structures are over an order 

of magnitude higher.110 The measured thermal conductivity at room temperature for suspended 

metallic SWCNTs was found to be 3500 W·m-1·K-1,111 whereas for MWCNTs was 

3000 W·m-1·K-1.112 However, the molecular dynamics (MD) simulations revealed even higher 

values (6600 W·m-1·K-1) for SWCNTs.113 The reduction in the number of walls in MWCNTs 

enhances heat conduction.114 For SGL, thermal conductivity is in the range of 3000-5300 

W·m-1·K-1.115 Because of these characteristics, graphene and CNTs are becoming more and 

more significant nanomaterials designable for heat management for contemporary electronics 

and energy systems. As effective heat spreaders, ultrathin graphene foils or fibres composed of 
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aligned CNTs stabilise the temperature of integrated circuits,116 RF/power devices,117 and 

LEDs.118 In polymer composites, elastomers, and 3D-printed materials, the addition of 

graphene or CNTs increases the thermal conductivity of the overall system.119,120 When added 

to phase-change materials (PCMs), graphene or CNTs significantly improve conductivity, 

reducing heat charge and discharge times and stabilising the structure during melting.121,122 

Additional fields of nanocarbon exploitation include improved flame retardancy,123 fast thermal 

sensors and bolometers (low heat capacity, short response time),124 thin-film heaters for de-icing 

(CNT/graphene coatings),125 and battery and power-electronics engineering, where graphene 

layers minimise the risk of thermal runaway by balancing cell temperatures.126 

1.3. Dispersion, Network Formation, and Interfacial Compatibility in CNT/Graphene 

Composites 

Despite their excellent properties, the potential of CNTs and graphene remains 

underexploited. The record-breaking properties of individual nanostructures, such as high 

electrical and thermal conductivity, excellent mechanical strength, and low weight, rarely 

translate directly into target components. At the macro level, issues such as contact resistance, 

aggregation, and poor adhesion at contact surfaces, along with variations in batch quality and 

process constraints, dominate. The following factors are crucial for achieving truly 

(multi)functional composites: (1) the intrinsic properties of CNTs/graphene, such as thickness 

(number of layers or walls), lateral size/diameter, interfacial compatibility with the polymer 

matrix, and sheet and wall quality; (2) the quality of dispersion and spatial distribution within 

the composite; and (3) the filler loading (Fig. 6). 
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Fig. 6 Determinants of thermal and electrical conductivity in polymer composites with 

graphene or CNT 3D networks. Reproduced with the permission of Springer (CC BY 4.0).127 

Both graphene and CNTs can approach quasi-ballistic transport over submicron scales.128 

Graphene conducts electricity largely in-plane through its delocalized π-electron network, 

whereas CNTs conduct along the tube axis. Their thermal conduction is largely phonon-

dominated, with exceptionally high in-plane (graphene) and axial (CNT) thermal conductivities 

when lattices are well-ordered.129 Therefore, strong electron and phonon scattering may be 

introduced by defects such as vacancies, oxidation sites (both sp2 or sp3 sites), or contamination. 

These defects also increase contact/junction resistance.130 Consequently, carrier mobility 

significantly decreases, and in composites, the network becomes limited by imperfect junctions 

rather than the intrinsic conductivity of the nanocarbons. Moreover, larger graphene flakes and 

few-layer sheets, as well as longer, high-aspect-ratio CNTs, reduce edge/junction scattering and 

lower the percolation threshold, boosting both electrical and thermal performance.131 High 

aspect ratio (AR) also enables easier alignment via self-assembling. Maintaining the length and 
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quality of the filler while ensuring pristine CNT interfaces (through low-energy dispersion and 

minimal defects) is essential to achieve the enhancements. 

The development of a three-dimensional (3D) network of CNTs or graphene within the 

matrix is an essential challenge. This network, composed of overlapping bundles of CNTs or 

connected graphene flakes, appears as a continuous pathway extending throughout the sample 

(Fig. 7). 

 

Fig. 7 Dependence of composite electrical conductivity on filler content. Visualisation of 

conduction via physical contacts and tunnelling in a CNT-polymer network. Reproduced with 

the permission of Elsevier (Permission number: 6138961414253).132 

 Conductive nanostructures start to group and come into contact with one another as the 

filler loading rises. Most particles connect with their neighbours to form a continuous, sample-

spanning 3D-conducting network when a critical concentration, known as the percolation 

threshold, is reached. At this stage, the composite acts as an electrically or thermally conductive 

material and offers linked channels for charge transport.127 Functionally, exceeding the 

percolation threshold results in a sharp drop in volume resistivity and a step change in thermal 

and/or electrical conductivity. With an adequate interfacial adhesion, the same network also 

improves modulus, strength, and damage tolerance. Increased contact density between fillers, 
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reduced nanometer-scale gaps that promote electron tunnelling and phonon transmission, and 

strong junctions that efficiently transfer stress from the matrix to the stiff nanocarbon 

framework lead to a more effective load transfer and enhanced conductivity.132 

A uniform dispersion of the nanomaterials is necessary to ensure the formation of 3D 

conductive networks between CNTs or graphene sheets. On the other hand, crosslinking 

between CNTs or graphene sheets is an additional or complementary method to create a 3D 

architecture. The formation of chemical or physical links between adjacent nanostructures can 

be achieved through non-covalent interactions such as π-π stacking,133 hydrogen bonding,134 

van der Waals forces,135 or covalent bonding.136–138 

Homogeneous dispersion in the matrix or liquid ensures uniform formation of conductive 

paths, effective stress transfer, and maximum utilisation of the contact area between the 

nanofiller and the surrounding material. This phenomenon enables the production of composites 

with significantly improved mechanical strength, thermal and electrical conductivity, and 

structural stability. However, this process is difficult because graphene and CNTs have a strong 

tendency to form agglomerates due to van der Waals interactions and π-π stacking between 

carbon planes/sheets.139,140 Consequently, the particles form dense clusters, limiting effective 

contact with the matrix and therefore lowering the conductivity. In the literature, there have also 

been many inconsistencies regarding whether CNTs and graphene are entirely hydrophobic or 

can become wettable under certain conditions.141–143 The problem of nonuniform dispersion 

may be solved by using mechanical methods such as ultrasound or high-shear mixing. However, 

prolonged ultrasonication may cause defects in the graphene or CNT structures, which reduce 

their properties.144 Choosing the right solvent (e.g., N-methylpyrrolidone (NMP),  

N,N-dimethylformamide (DMF)) or using a matrix with similar polarity also improves the 

stability of the dispersion.145,146 However, another important aspect that must be considered is 

that, from the technological standpoint, if possible, the solvents with lower toxicity and 
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volatility are commonly used, especially ethanol or water.147 Furthermore, reducing the usage 

of volatile organic compounds or highly toxic substances is consistent with the current 

movement toward more sustainable and environmentally friendly material processing. 

This issue can be resolved by properly altering the surface of nanomaterials. Chemical 

functionalization, which introduces mainly nitrogen- or oxygen-containing groups to the carbon 

surface by oxidation or substitution reactions, is one of the most popular methods. Frequently, 

acid treatments using nitrating mixtures,148 KMnO4,
149 and piranha solution150 or 

amination151,152 and sulfonation153 processes are used to introduce carboxyl (-COOH), hydroxyl 

(-OH), carbonyl (-C=O), amine (-NH2), and sulfonic (-SO3H) groups. This treatment makes 

graphene or CNTs more hydrophilic and dispersible in aqueous systems. However, the choice 

between GO and oxidised CNTs does not fully meet the standards of sustainable chemistry, as 

both require the use of strong oxidising agents. The harsh chemicals pose environmental and 

health risks, generating hazardous acidic waste and potentially releasing toxic byproducts (NOx, 

etc.). Such processes are energy-intensive and conflict with the principles of green chemistry, 

making them less suitable for sustainable applications. Moreover, the use of strong oxidising 

agents results in deterioration of the sp2-nanoarchitecture, thereby hampering the transport of 

electrons/phonons. As an alternative, non-chemical techniques are employed, such as the 

adsorption of polymers154 or surfactants,155 which stabilise the suspension through steric and 

electrostatic effects. However, standard surfactants can be toxic to aquatic life, non-

biodegradable, and derived from non-renewable petrochemical sources,156 which makes them 

not the best candidates for sustainable processing.  

To summarise, reducing defect density, eliminating impurities, and suppressing 

agglomeration or restacking that reduces accessible surface area are critical issues that must be 

resolved if actual advancements in the use of these nanomaterials are to be made. Developing 

appropriate interface engineering techniques to guarantee the successful transfer of inherent 
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qualities into composite systems is equally crucial. Future advancements in controlled 

synthesis, scalable processing, and targeted functionalization will be essential to unlocking 

graphene and CNTs full technological potential and paving the way for their integration into 

next-generation multifunctional materials.  
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2. AIMS AND SCOPE OF THE WORK  

Contemporary research must focus not only on design, fabrication, and integration of 

graphene and CNTs within polymer and hybrid matrices, but also on scalable, sustainable 

processing methods. From the perspective of carbon nanostructure processing, which is often a 

bottleneck for scalable technologies, many problems related to substrate and hydrophilic liquid 

compatibility arise. There is also a gap in the literature regarding the hydrophobic-hydrophilic 

properties of carbon-based nanostructures such as graphene and CNTs. Although many studies 

have focused on the fundamental physicochemical properties of carbon nanostructures, such as 

morphology, electrical conductivity, thermal conductivity, and mechanical strength, there is still 

a significant lack of understanding of their behaviour at phase interfaces (e.g., between a carbon 

nanostructure and a polar or non-polar medium).157–159 

The goal of the research in PhD dissertation is to take a step towards closing the gap between 

outstanding properties of individual carbon nanostructures and their utility in composite 

systems, including Pickering emulsions, phase change materials, or conductive coatings used 

in textonics. The herein studies explore how effective 3D conductive networks that dictate 

mechanical, electrical, and thermal properties are formed through controlled synthesis, the 

presence of defects, dispersion quality, and the interfacial compatibility. A major objective is to 

establish environmentally responsible routes for producing and processing CNTs and graphene; 

therefore, mild functionalization or a low-energy regime is presented for the manufacturing of 

the functional system. The simplicity of the procedure makes it easy to scale up. The work 

consists of the main part focused on:  

• Understanding the amphiphilic properties of graphene [P1] and CNTs [P2] and 

defining the areas responsible for the amphiphilicity of these materials, which will 

allow for the maintenance of stable Pickering emulsions. 
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• Examination of how different CNT morphologies, including AR ratio, number of 

walls, and degree of crystallinity, affect the thermophysical characteristics of 

resulting paraffin-based composites as phase change materials [P3]. 

• Development of a biomimetic method for modifying graphene to give it hydrophilic 

properties and enable its stable dispersion in water and homogeneous conductive 

coating with enhanced electrical conductivity [P4]. 

This work offers essential insights into the structure-property-processing linkages that 

govern the performance of CNT- and graphene-based composites through deep structural 

characterisation and macroscopic property evaluation, including key functionalities.  
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3. RESULTS AND DISCUSSION 

3.1. Amphipathic Nature of Graphene Flakes 

There is no agreement on whether graphene might be partially hydrophilic. In the literature, 

one may find reports that pristine graphene160 may stabilise water-in-oil (W/O) emulsions; 

however, the authors do not define the structural regions of graphene responsible for these 

stabilising properties. The common belief that graphene is entirely hydrophobic, non-wettable, 

and challenging to process led to GO being the first choice.161 However, GO also fail to preserve 

the outstanding properties of graphene.162 This publication [P1] questions the common belief 

that graphene is entirely hydrophobic. It demonstrates that, even in its ‘pure’ form (lacking 

chemical modifications), graphene flakes can be located at oil/water interfaces and enhance the 

stability of emulsions. Moreover, in this work, the fundamental mechanism governing the 

stability of water/oil emulsions was investigated. It was also determined how the oil-to-water 

concentration influences this mechanism. Achieving success in this area could lead to novel 

methods for integrating graphene into liquid environments (such as inks,163 coatings,164 and 

composites165) while minimising the need for extensive chemical alterations (which can often 

compromise valuable properties). 

Herein, two types of flakes were selected: (1) G1 flakes having the thicknesses between 0.3 

and 1.7 nm, with around 70% being monolayers, and a specific surface area of about 

320 ± 20 m2·g-1 and (2) G3 flakes exhibiting slightly greater thicknesses (1-5 nm) but a smaller 

surface area of roughly 130 ± 5 m2·g-1. The use of two types of graphene enabled the 

investigation of how the thickness and specific surface area of the flakes affect their behaviour 

at the oil-water interface and their ability to stabilise emulsions. The initial experiments were 

not surprising. Graphene was practically non-wettable by water, floating on its surface, while it 

dispersed immediately in the oil phase, in this case n-decane (Fig. 8A). The situation changed 
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when graphene was placed into a biphasic system of n-decane and water, and the entire vial was 

shaken manually (Fig. 8 B). Manual shaking resulted in the formation of an emulsion. Graphene 

flakes likely promoted emulsification by forming an outer shell around the pseudo-spherical 

structures (Fig. 8 F, G). 

Furthermore, the specific type of emulsion formed in this system was established. The emulsion 

droplet is composed of an aqueous core encapsulated in the surroundings of n-decane. The 

emulsion droplets remained stable when introduced into n-decane, but they disintegrated 

immediately and completely upon interaction with water. These experiments suggested the 

formation of the water-in-oil emulsion (W/O) instead of oil-in-water (O/W) as the literature 

reported for GO. 

In the next step of the research, the effect of flake size and concentration on emulsion properties 

was examined; therefore, three sets of samples were prepared using different concentrations of 

G3 and G1 graphene flakes, along with commercial graphite flakes. In contrast to graphene, 

graphite flakes could not stabilise water/oil emulsions because graphite flakes were too thick 

and large to form droplet shells (Fig. 8 E). Interestingly, G3 flakes produced 

thermodynamically stable emulsions in the water/oil system even at low concentrations 

(Fig. 8 C), despite having a smaller surface area than G1. At higher concentrations, the droplets 

became more compact and uniform, though gaps in coverage remained visible. Graphene flakes 

that were not bound were also seen between the droplets, probably serving as connectors to 

strengthen the three-dimensional network of droplets. The structure of lyophilised graphene 

flake assemblies was also examined (Fig. 8H,I). Scanning electron microscopy (SEM) images 

showed only incomplete remnants of droplet shells composed of flakes.  
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Fig. 8 Formation of water/oil emulsions stabilised by graphene flakes: (A, B) Optical images 

of Pickering emulsions formed at different concentrations of G3 and G1 graphene flakes in 

water/n-decane mixtures, (C) graphite in a similar water/oil system; (D, E) Optical microscopy 

images of emulsion droplets stabilised by G3 and G1 graphene flakes. (F, G) SEM images of 

lyophilised G3 and G1 graphene nanostructures. Reproduced by permission of Wiley. 

(CC-BY 4.0).166 

The experiments clearly demonstrated that graphene could stabilise water-oil emulsions and 

that the type of emulsion obtained differs from those stabilised by GO. As a result, the 

subsequent phase of the study aimed to investigate the mechanism underlying the amphiphilic 

properties of graphene flakes. To do that, in line with my experiments, Dr Karolina Milowska 

(University of Cambridge, CIC NanoGUNE) performed density functional theory (DFT) 

calculations, MD simulations, and Monte Carlo (MC) simulations. Primary, DFT calculations 

were employed to evaluate the interaction energy (Eint) between graphene flakes, water, and  

n-decane. To this end, eight graphene flakes were analysed. For those systems, DFT revealed 

more negative Eint values for the oil interactions with the basal surface of the flake than with 



31 

 

the edges. Variations in the interaction energies between different edge types and a n-decane 

molecule were minor compared with the pronounced difference between surface and edge sites. 

Water molecules tend to interact with the edges of the flake rather than its basal surface. These 

findings clearly demonstrate that the basal plane of graphene flakes is hydrophobic, whereas 

their edges exhibit hydrophilic character (Fig. 9 B). 

 

Fig. 9 Interactions between graphene flakes and oil-water systems: (A) DFT-based evaluation 

of interaction energies in eight small graphene structures; (B) A schematic illustration of 

graphene amphiphilic nature; (C) Radial distribution functions (RDFs) for edge carbon-water 

oxygen, surface carbon-water oxygen, edge carbon-oil carbon, and surface carbon-oil carbon 

pairs. A snapshot of the final simulation state is displayed in the inset. Reproduced by 

permission of Wiley. (CC-BY 4.0).166 
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Further, MD simulations of all small flakes in oil/water mixtures were carried out. All of 

these simulations consistently show that water molecules favour interactions with the flake 

edges, while oil molecules are predominantly positioned above and below the basal plane 

(Fig. 9 C). Notably, the graphene flake is no longer completely flat. This asymmetric adsorption 

generates uneven stresses across the flake: edges experience stronger polar interactions with 

water, while the basal plane is ‘pushed/pulled’ by oil molecules. 

Next, it was compared with the experimental results to determine whether the amphiphilic 

behaviour of graphene flakes depends on their size. We have designed 2 larger flakes, ΓA and 

ΓB, and carried out MD, which proved our hypothesis that flake-solvent interactions are indeed 

influenced by flake size. As the flake size grows, the probability of finding a water molecule 

close to its edge becomes lower. Moreover, as flake size increases, the difference in interaction 

strength between oil molecules and edge carbons versus surface carbons becomes smaller. 

These results corroborate the hypothesis that smaller flakes have a more pronounced 

amphiphilic nature.  

Further, it was experimentally determined whether the oil-to-water ratio affects emulsion 

stability. A series of solution experiments in which the graphene mass and the water volume 

were held constant was conducted. Meanwhile, the volume of n-decane was varied from 0 to 

4 mL. This variation led to a shift from an unstable regime, characterised by loosely formed 

emulsions, to a stable regime with densely packed emulsions (Fig. 10 B). The critical transition 
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point was observed at a lower oil concentration for water/G3 mixtures (0.75 mL) than for 

water/G1 mixtures (1.5 mL) (Fig. 10 C).  

Fig. 10 Influence of the oil-water ratio on the stability of W/O emulsions: 

(A) Scheme of preparation of the emulsion stabilised by graphene flakes; (B) Optical images 

of Pickering emulsions with different n-decane amounts formed with the used of G3 and G1 

graphene flakes; (C) Graph showing the percentage of aqueous phase separation as a function 

of the amount of added n-decane, (D) RDFs of Γ1 flakes under various oil-water ratios at 300 K 

and 1 bar. Reproduced by permission of Wiley. (CC-BY 4.0).166 
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Again, working in parallel with Dr Karolina Milowska, the MD determined that the 

systems with and without oil show that the minimum distance between flake carbons and free 

water oxygens decreases in the presence of oil but increases progressively as oil concentration 

increases. This finding indicates that the amphiphilicity of these nanostructures depends more 

on environmental conditions. In practice, this implies that emulsion stability can be controlled 

by simply adjusting the oil-to-water ratio. 

The stability over time of graphene G3 stabilized water/n-decane emulsions was also 

verified. The emulsion remained stable even after 6 months because G3 flakes create cohesive 

interfacial films that serve as efficient physical barriers at the oil-water interface by preventing 

droplet coalescence. This behaviour sets graphene flakes apart from many traditional molecular 

surfactants, which are susceptible to desorption and instability under comparable conditions.  

Changing the n-decane to toluene (a nonpolar but aromatic solvent) does not affect the ability 

of graphene flakes to stabilise emulsions. The results clearly showed that changing the solvent 

did not affect the emulsion stability. Moreover, in the literature, one may find studies that use 

heptane167 and even ordinary cooking oil160 instead.  MD simulations also showed that graphene 

flakes interact similarly with both n-decane and toluene. Water molecules are mostly found 

close to the edges of the flake, whereas oil molecules tend to be found above and below it. 

To summarise, in all of these experiments, it was demonstrated that graphene flakes behave 

as true 2D amphiphiles with distinctly defined hydrophilic and hydrophobic regions. The ratio 

of edge to surface atoms determines the amphiphilic characteristics of graphene, which are 

diminished as their size increases due to the diminishing contribution of hydrophilic edges. 

Therefore, the only flakes that can successfully stabilise water/oil mixtures are those that fall 

within a specific lateral size range, large enough to maintain stability and small enough to 

maximise edge effects. It was also shown how altering the oil-to-water ratio can regulate the 

stability of water/oil emulsions stabilised by graphene flakes. 
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3.2. Amphipathic Nature of Short and Thin Pristine Carbon Nanotubes 

After understanding the mechanism of emulsion stabilisation by graphene, the next natural 

step was to examine whether other nanocarbon forms also exhibit amphiphilic properties. This 

time, the experiments began with 1D carbon forms, i.e., CNTs, including both MWCNTs and 

SWCNTs. Chosen CNTs differed not only in the number of walls but also in their length, 

diameter, and number of defects. The literature reports some evidence of pristine CNT-

stabilised water- oil emulsions.168 Nevertheless, the majority of research continues to 

concentrate on the functionalized CNTs.169–171 The specific structural region of pure CNT that 

contributes to emulsion stability has not yet been determined. In the publication [P2], it was 

demonstrated that CNTs possess distinct hydrophilic and hydrophobic regions, thereby 

exhibiting one-dimensional amphiphilic properties.  

The study began with the selection of representative CNTs differing in the number of walls 

and morphology to verify the influence of the size on the possible amphiphilic properties, 

i.e. SWCNTs Tuball™ (length=5 μm, diameter=2 nm), in-house synthesised MWCNTs 

(length=770 μm, outer/inner diameters=70/30 nm) and Nanocyl NC7000™ MWCNTs 

(length=1.5 m, outer/inner diameter=10/5 nm, 9 wt.% Al2O3, 1 wt.% Fe phases). Additionally, 

(1) purified Nanocyl NC7000™ MWCNTs by the two-step acid-base protocol and (2) oxidised 

Nanocyl NC7000™ MWCNTs using the nitrating mixture were used. The experimental setup 

followed assumptions similar to those used for graphene. Upon manual shaking, some of the 

studied MWCNTs (pristine, purified, and, for comparison, also oxidised Nanocyl NC7000™ 

MWCNTs) formed stable emulsions. These emulsions were most stable when prepared from 

purified MWCNTs. An optical microscope was used to show spherical structures of the 

emulsion droplets. The determined emulsion type for the pristine and purified Nanocyl 

NC7000™ MWCNTs was O/W; however, for the oxidised MWCNTs, the emulsions were W/O, 

which shows some similarity to GO. The emulsion made from pristine MWCNTs exhibited 



36 

 

stability for several hours, whereas the emulsion made from purified MWCNTs remained stable 

for 1.5 months before collapsing, as determined visually. This simple approach indicated that 

short MWCNTs behave like amphiphilic species. 

To link the properties enabling emulsion stabilisation with the CNT surface, the next step 

in the research was to determine the wettability angle of films made from the studied CNTs. 

The correlation is shown in the Fig. 11.  

Fig. 11 Wettability investigations of CNT films with different morphological and surface 

physicochemical properties. Reproduced by permission of Wiley. (CC-BY 4.0).172 

The analysis of water contact angle (WCA) showed that long and thin Tuball SWCNTs, as 

well as long and thick in-house MWCNTs, were extremely water-repellent (WCA ~161° and 

~157°, respectively), which explains why no emulsion was obtained when these tubes were 

used. Whereas pristine and purified Nanocyl NC7000™ MWCNTs, which are short and thin, 

displayed amphipathic behaviour to stabilise O/W emulsions (WCA ~140° and ~133°, 

respectively). The most hydrophilic CNTs were oxidised Nanocyl NC7000™ MWCNTs (WCA 

~108°), leading to a reversal of the emulsion type to O/W. 
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Fig. 12 SEM images of CNT fragments self-assemble into nanostructured shells. Reproduced 

by permission of Wiley. (CC-BY 4.0).172 

As the next step, SEM was used to analyse how CNTs spontaneously organize themselves 

into nanostructured shells (Fig. 12). This shell was composed of two different constituents: 

(1) standing, outward-pointing CNTs perpendicular to the surface of the droplet, resulting in 

increased surface exposure to the oil phase and (2) a series of layered, tightly packed, 

intertwined nanotubes arranged isotopically, preventing direct interaction between the water 

droplet and the oil phase. Together, such an arrangement enabled the formation of a 3D network 

that provides mechanisms to enhance the emulsion stability. 

A physicochemical characterisation of CNTs provided a deeper explanation of the 

mechanisms underlying their interactions with water and oil. For that, transmission electron 

microscopy (TEM), Raman spectroscopy, and thermogravimetric analysis (TGA) were used. 

The morphology and purification effectiveness of the MWCNTs were compared. Pristine 

Nanocyl NC7000™ MWCNTs display residual aluminium-based catalyst particles together 

with CNT bundles (Fig. 13 A). 
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Fig. 13 Analysis of the structural features of pristine and purified MWCNTs: A, C) TEM images 

of pristine MWCNTs; B, D) TEM images of purified MWCNTs; E) TEM images of MWCNTs 

extracted from water; F) open-ended MWCNTs isolated from n-decane; G) TGA curves of 

different MWCNT samples; H) the corresponding DTG profiles; I) deconvoluted Raman 

spectra of pristine and purified MWCNTs. Reproduced by permission of Wiley.  

(CC-BY 4.0).172 
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Upon purification, MWCNTs became more individualised and free of catalyst residues and 

catalyst support (Fig 13 B), but also some new defects in the wall structures were introduced 

(Fig. 13 C) compared to the pristine one (Fig. 13 B). The morphology of MWCNTs extracted 

from water, n-decane, or a water/n-decane mixture was analysed. When extracted from water, 

MWCNTs showed increased coarseness, while for those extracted from n-decane it was found 

that n-decane molecules were inside the tubes due to possible capillary action through the open 

ends of CNTs. TGA analysis also revealed that n-decane evaporation occurs in two distinct 

stages: (1) evaporation of n-decane adsorbed on the outer wall (T ~150 °C); and (2) evaporation 

originating from the nanotube interior (T ~195 °C). 

An additional key factor is the level of CNT crystallinity. Based on the deconvoluted Raman 

spectra, the ID/IG ratio was determined. Upon purification of Nanocyl NC7000™ MWCNTs 

ID/IG ratio increased from 0.65 ± 0.04 to 0.73 ± 0.03, which indicates a slightly greater number 

of defects for the purified MWCNTs. Whereas, the majority of the defects were of the 

sp3-carbon type (ID/ID′ ~12.2). Despite the use of harsh conditions for the purification, a slight 

amount of the carboxylic and phenolic-type groups was introduced. 

Further, to explore the origin of CNTs amphipathic character and their ability to stabilise 

water/oil mixtures, as with graphene, Dr Milowska carried out DFT, MD, and MC simulations 

on various oil/water/CNT systems. The interaction between water and n-decane molecules with 

different configurations towards CNTs was determined (Fig. 14). For water and CNT edges, 

the value of Eint is more negative than for water and the lateral surface of CNTs, indicating that 

the water molecule is nearer to the edges of the CNT. Oil molecules tend to associate more 

strongly with the lateral walls of CNTs. The sidewalls of open-ended CNTs exhibited 

hydrophobic character, whereas their edges displayed hydrophilic behaviour. When CNTs are 

capped, the cap does not interact with water; however, the oil interacts even more strongly with 

the cap than with the lateral surface. These findings imply that CNT caps exhibit greater 
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hydrophobicity than the nanotube sidewalls, and that fully capped CNTs possess only regions 

of varying hydrophobicity. 

 

Fig. 14 (A) Interaction energies of open-ended and capped (12,12)-CNTs; (B) Scheme showing 

the amphiphilic behaviour of open-ended CNTs and the hydrophobic behaviour of capped 

CNTs. Reproduced by permission of Wiley. (CC-BY 4.0).172 

Also, the influence of CNT size on their amphiphilic properties was examined. The results 

were in good agreement with the experiments: shorter, smaller CNTs and those with fewer walls 

can better stabilise O/W emulsions.  

Another important parameter that influences emulsion stability is the oil-to-water ratio. The 

stability of MWCNTs (2.0 mg·mL-1) in a non-equivolumetric system of water and n-decane 

was examined (Fig. 15). Below 20 wt.% and above 56wt.% of n-decane the emulsions were not 

stable. The maximum emulsion fraction was achieved with 32 wt.% of n-decane. At higher oil 
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contents, solvents tend to locate further from the CNTs; therefore, the emulsions become less 

stable. Also, an increase in the oil-to-water ratio reduces the difference in interaction strength 

between CNT sidewalls and edges.  

 

Fig. 15 (A) Emulsions stabilised by purified MWCNTs prepared with n-decane/water ratios of 

0, 2, 5, 10, 20, 32, 50, 56, 80, and 100 wt.% n-decane, imaged directly after mixing and after 1, 

3, and 7 days; (B) Time evolution of the emulsion fraction. Reproduced by permission of Wiley. 

(CC-BY 4.0).172 

Based on the knowledge about the stability of the emulsions, the paint with the potential 

application in the flexible textronics were prepared. To ensure a sufficient amount of conductive 

material for the formation of an optimal conductive network, the concentration of  

5 mg·mL-1  in n-decane:water = 32:68, v/v. The coatings are characterised by a low electrical 

resistance of 105 Ω (10×5 cm) after 4 layers applied by hand brush (thickness ~ 200 μm).  

In summary, the study aimed to unravel the amphipathic nature of thin, short MWCNTs and 

their ability to stabilise water-in-oil emulsions. Theoretical modelling and experimental 

techniques verified that CNT edges had a greater affinity for water, while the sidewalls interact 

preferentially with oil molecules. Hydrophobic domains are linked to the sp2-hybridised outer 
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and inner sidewalls as well as the closed caps, while hydrophilic regions are derived from open 

ends and vacancy defects along with polar functions like carboxyl and phenol-like groups. Their 

physicochemical characteristics and changes in the oil-to-water ratio can affect emulsion 

stability. Owing to this anisotropy, short and thin CNTs may, similarly to graphene, act as 

Pickering stabilisers. 
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3.3.Carbon nanotube-paraffin composites as heat storage material 

The publication [P3] focused on the application of CNTs as a functional filler in paraffin 

nanocomposites. It was examined how CNTs with different structural features, such as the 

number of walls and AR, affect the thermophysical behaviour of novel paraffin-based 

nanocomposites, with a view to their potential use as PCMs. Such improvements are significant 

since conventional paraffin PCMs suffer from low thermal conductivity and low phase change 

enthalpy, which limit their large-scale application. Due to their exceptional thermal and 

structural properties, CNTs offer an efficient means to tailor the heat transfer performance and 

stability of PCM systems. This approach contributes to the development of advanced energy 

storage materials suitable for sustainable technologies. 

A series of paraffin-based nanocomposites with nanofiller concentrations of 0.5, 1, 2, 5, or 

10 wt.% was prepared by melting. Similarly to the previously described study, three types of 

CNTs were used: Tuball™ SWCNTs, Nanocyl NC7000™ MWCNTs, and in-house MWCNTs. 

In-house MWCNTs were synthesised using CVD method. To simplify the overall process, 

carbon nanomaterials were used without catalyst purification. The morphology of all CNTs 

used in this study was compared, as it is a key factor contributing to the improvement in the 

thermal conductivity of paraffin-based nanocomposites. As presented in Fig. 16A-F, in-house 

MWCNTs are characterised by a relatively large diameter (60-80 nm) and length (770 μm) 

compared to  Tuball SWCNTs (1.6 nm in diameter and >5 μm in length) and Nanocyl 

NC7000™ MWCNTs (10 nm in diameter and 1.5 μm in length). The in-house MWCNTs and 

Tuball SWCNTs tend to align parallel to one another, forming structures that resemble long 

fibrous strands, whereas the Nanocyl NC7000™ MWCNTs showed a tendency to create coiled, 

entangled networks that aggregate into bundles. 
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Fig. 16 SEM micrographs of (A) Nanocyl NC7000™ MWCNTs, (B) in-house MWCNTs, and  

(C) Tuball SWCNTs; and TEM micrographs of (D) Nanocyl NC7000™ MWCNTs,  

(E) in-house MWCNTs, and (F) Tuball SWCNTs. Reproduced with permission of Elsevier.173 

Further, the microscopic features of the prepared paraffin-based nanocomposites were 

analysed. Using the melting procedure, homogeneously dispersed solid nanocomposites were 

obtained without the use of any additional stabilisers. SEM analysis also revealed different 

arrangements of CNTs within the nanocomposite, like protruding ribbons for longer CNTs (in-

house MWCNTs or Tuball SWCNTs) or tangled web-like structure (Nanocyl NC7000™ 

MWCNTs) (Fig. 17A-D).  
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Fig. 17 SEM images of the nanocomposites: (A) pure paraffin; (B) paraffin with 2.0% Nanocyl 

NC7000™ MWCNTs; (C) paraffin with 2.0% in-house MWCNTs; (D) paraffin with 2.0% 

Tuball™ SWCNTs; (D) Thermal conductivity of paraffin-based nanocomposites; (E) 

Percentage improvement in thermal conductivity of paraffin nanocomposites relative to pure 

paraffin. Reproduced with permission of Elsevier.173 
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In the next step, the thermal conductivity of pristine paraffine and paraffin-CNT 

nanocomposites was measured. The thermal conductivity of pure paraffin was  

0.271  W·m-1·K-1. The addition of CNTs contributed to the improvement of the thermal 

conductivity of paraffin, reaching the maximum value at 2 wt.% of CNTs loading for all types 

of CNTs (Fig. 17 E). In-house MWCNT nanocomposites demonstrated the most favourable 

performance, reaching over 1.5x improvement of thermal conductivity at 2.0 wt.% loading of 

CNTs (Fig. 17 D). This represents a remarkable achievement compared to the data reported in 

the literature (Fig. 18), as the in-house MWCNTs showed the greatest improvement in thermal 

conductivity among all MWCNT nanocomposites. 

 

Fig. 18 The thermal conductivity enhancement of our work CNTs was compared against 

literature data. For MWCNTs, the comparison was made for nanocomposites containing 1 wt.% 

of CNTs, while for SWCNTs, the reference point was 2 wt.% of CNT loading. Reproduced with 

permission of Elsevier.173 

Furthermore, the supercooling temperature of the nanocomposites (Table 3) was 

determined. Supercooling temperature of the pure paraffine was 3.9 °C, whereas the addition 
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of the nanofillers allowed it to be reduced to 2.4 °C (MWCNTs Nanocyl-0.5 wt.%). Here, CNTs 

could function as nucleating agents, promoting faster crystallisation.  

Table 3: DSC test data of PCM nanocomposites. Reproduced with permission of Elsevier.173 

 
onset 

Theating 

(℃) 

onset  

Tcooling  

(℃) 

peak  

Theating  

(℃) 

peak 

 Tcooling 

 (℃) 

ΔHheating 

(kJ/kg) 

ΔHcooling 

(kJ/kg) 

Paraffin 50.24 ± 0.07 54.10 ± 0.15 56.20 ± 0.45 50.57 ± 0.84 150.06 ± 0.23 154.18 ± 0.22 

MWCNTs 

Nanocyl-0.5% 

49.89 ± 0.03 52.25 ± 0.09 56.24 ± 0.50 49.84 ± 0.83 152.68 ± 0.39 157.84 ± 0.36 

MWCNTs 

Nanocyl-1.0% 

50.16 ± 0.10 54.37 ± 0.16 56.57 ± 0.50 50.45 ± 0.83 151,76 ± 0.69 161.73 ± 0.42 

MWCNTs 

Nanocyl-2.0% 

49.87 ± 0.04 54.23 ± 0.09 55.75 ±0.34 49.96 ± 0.85 157.68 ± 0.18 158.83 ± 0.34 

MWCNTs  

in-house-0.5% 

49.93 ± 0.01 54,28 ± 0.08 56.31 ± 0.43 50.03 ± 0.85 159.47 ± 0.14 163.54 ± 0.26 

MWCNTs  

in-house-1.0% 

47.42 ±0.05 55.82 ± 0.08 52,22 ±0.65 51.05 ± 1.07 150.23 ± 0.61 152.22 ± 0.15 

MWCNTs  

in-house-2.0% 

50.13 ± 0.12 54.15 ± 0.11 56.79 ± 0.61 50.45 ± 0.69 146.12 ± 0.36 156.94 ± 0.16 

SWCNTs 

Tuball-0.5% 

50.03 ± 0.02 54.48 ± 0.07 55.84 ±0.35 51.15 ± 0.68 158.83 ± 0.15 163.16 ± 0.29 

SWCNTs 

Tuball-1.0% 

47.64 ± 0.06 56.31 ± 0.11 56.79 ± 0.57 52.18 ± 0.86 148.35 ± 0.51 149.34 ± 0.58 

SWCNTs 

Tuball-2.0% 

50.18 ± 0.026 54.58 ± 0.120 55.65 ± 0.37 51.40 ± 0.67 159.06 ± 0.07 160.69 ± 0.13 

 

The phase change enthalpy also increased by about 6% for in-house MWCNTs and Tuball 

SWCNTs at 0.5% and 2.0% loading, respectively. Moreover, the 2.0 wt.% in-house MWCNT 

composite exhibited extreme stability over 50 cycles of subsequent heating and cooling. No 

aggregation was observed during the test. Both in-house MWCNTs and Tuball SWCNTs 

enhanced thermal stability by delaying decomposition to higher temperatures (Fig. 19 B). These 

higher enthalpies may result from the increased crystallinity of the CNTs and the paraffin, as 

well as from the 3D connections of the CNTs, their shape (i.e., aspect ratio), and their overall 

arrangement. The crystallinity of the studied CNTs was characterised using Raman 

spectroscopy and X-ray diffraction (XRD). Nanocyl NC7000™ MWCNTs are the most 

defective structure (IG/ID=0.54), in-house MWCNTs (IG/ID=1.48) with the moderate 
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graphitisation degree, but high anisotropy as determined by XRD, whereas the highly ordered 

structure can be assigned to Tuball SWCNTs (IG/ID=13.47). 

 

Fig. 19 XRD patterns (A) and TGA curves (B) of the examined CNTs and paraffin-CNT 

nanocomposites. Reproduced with permission of Elsevier.173 

To summarise, paraffin-based nanocomposites with various CNTs, differing in dimensions and 

shape, were prepared. Their overall thermal performance, potentially for use as a PCM energy 

storage device, was examined. All studied CNTs improved the thermal conductivity of the 

nanocomposite; however, in-house MWCNTs appear to be the most promising nanofillers 

(161% enhancement at 2.0 wt.% loading) due to their high AR and enhanced structural order. 

Both Tuball SWCNTs and in-house MWCNTs increased the phase change enthalpy and 

simultaneously reduced supercooling. This combination results in a significant overall 

improvement in the performance of heat storage systems. 
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3.4. Electroconductive coating based on the L-DOPA modified graphene 

In the quest for more sustainable techniques for nanocarbon structure functionalization, 

recent studies indicate that conventional surfactants can be replaced by naturally derived 

biomolecules, such as proteins, polysaccharides, and other bio-based macromolecules.174 

Furthermore, biomimetic strategies based on natural adhesion mechanisms have also drawn 

interest. For example, mussels are known to have exceptional adhesive properties; even under 

tremendous shear stress from water flow, they may adhere firmly to metal, wood, or stone.175 

Such bio-inspired molecular designs present a promising path toward stable, water-based 

dispersions and surface modification of graphene or CNTs. In the publication [P4], a new 

graphene-polylevodopa (PDOPA) hybrid that can be processed in water was synthesised. This 

approach enabled the production of easily paintable coatings with low surface resistance, which 

may find use in textronics, radar-absorbing materials (RAMs), or electromagnetic interference 

(EMI) shielding. 

Herein, graphene G3 of the previously depicted characteristics (Chapter 3.1) was used.  

 

Fig. 20 G3@PDOPA synthesis scheme. Reproduced by permission of ACS (CC-BY 4.0).176 
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Graphene and PDOPA were covalently attached via the growth-from polymerisation of 

L-DOPA (L-3,4-dihydroxyphenylalanine) monomer, as shown in Fig. 20. In this oxidative 

environment, the L-DOPA radicals were coupled with the carbon atom of the graphene flakes 

(both aromatic and aliphatic) and/or with the hydroxyl oxygens attached to the graphene 

surface, resulting in negatively charged PDOPA coated graphene. TEM analysis revealed that 

the G3 graphene was homogeneously coated by the PDOPA (10-20-nm-thick layers).  

 

Fig. 21 (A) Micrograph of pristine graphene dispersed in water; (B) micrograph of pristine 

graphene mixed with L-DOPA in water; (C) micrograph of functionalized graphene 

(G3@PDOPA) in water; (D) micrograph of a 1:9 (w/w) mixture of G3@PDOPA and pristine 

graphene; (E–G) WCA measured for graphene G3, PDOPA, and G3@PDOPA, respectively. 

Reproduced by permission of ACS (CC-BY 4.0).176 
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The dispersion stability of pristine and functionalized G3@PDOPA in water was 

verified. G3 was non-wettable by water and strongly aggregated (Fig. 21 A), whereas the 

G3@PDOPA yielded homogeneous and over one year stable dispersion in water (Fig. 21 C). 

A control experiment using graphene and non-polymerized L-DOPA was performed. However, 

such a noncovalent modification did not confer any enhancement (Fig. 21 B). Moreover, a 

mixture of the pristine graphene G3 and G3@PDOPA in the ratio of 9:1 was also prepared, 

which yielded a stable dispersion because of the formation of 3D network connections between 

the flakes (Fig. 21 D). The dispersion abilities of the studied materials are reflected in the WCA 

results, which confirm differences in their wettability and interaction with water. The WCA was 

the highest for the pristine graphene (158°), while after the modification, the G3@PDOPA 

WCA dropped (123°), which suggests a change in the hydrophilicity of the material. Also, 

dynamic light scattering (DLS) showed a reduction in the hydrodynamic diameter of 

G3@PDOPA compared to the pristine G3, which was too large to measure. Moreover, 

G3@PDOPA dispersion exhibits a highly negative ƺ-potential (-25.4 ± 1.52 mV), which is 

directly related to its stability. 

Combustion analysis, FTIR, Boehm titration, TGA, and Raman spectroscopy were also 

performed to analyse the interaction between PDOPA and the graphene surface. Combustion 

analysis confirmed that the levels of oxygen (~9%) and nitrogen (~1%) had risen, compared to 

pristine graphene (97% of C). The oxygen in G3@PDOPA was mainly in the form of carboxylic 

groups (1.10 mmol·g-1) and phenol-like groups (1.75 mmol·g-1), and a small amount of lactone 

groups (0.49 mmol·g-1), whereas the content of the amino groups was ~3.20 mmol·g-1. The 

results correlate with the absorption band locations in the FTIR spectra. TGA revealed a high 

PDOPA content (~23 wt.%) in the functionalized graphene. Moreover, the decomposition 

temperature of the PDOPA moieties in G3@PODPA shifted to a higher temperature 
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(300-400 °C) compared to the pristine PDOPA (200-300 °C), indicating the covalent bonding 

to the graphene surface.  

Raman spectra indicated the crystallographic defects introduced by the carbon atoms 

that participated in addition processes and polymerisation. For G3@PDOPA the ID/IG ratio 

increased to 0.88 (for comparison, pristine graphene exhibited ID/IG ~ 0.54). Similarly the ID/I2G 

ratio, which is a secondary tool for crystallographic defect determination, increased to 0.87 for 

G3@PDOPA (for pristine graphene ID/I2G ~0.80). These results suggest a partial conversion of 

sp2-into sp3-carbon atoms upon functionalization. Also, we have observed shifts in the D- and 

G-band positions. The G-band for G3@PDOPA was shifted toward higher frequencies 

(~5 cm-1), indicating that radical trapping during the polymerisation initiation step caused the 

electrons to retreat from the graphene π-system. 

The next stage of the research aimed to demonstrate the application potential of the 

obtained hybrid materials. For this purpose, paint containing a total graphene concentration of 

10% with varying ratios of G3@PDOPA to pristine G3 was prepared. The produced graphene-

based paints exhibited desirable shear-thinning behaviour, a feature of high-performance 

coating formulations. As the shear rate increased, their viscosity decreased dramatically, 

making them easy to mix and apply. However, they retained sufficiently high viscosity under 

static conditions to avoid sagging or phase separation. Furthermore, low yield stress indicated 

sufficient structural stability both during storage and after use. 

SEM imaging of the coatings obtained from the prepared paints applied onto a cotton 

textile was performed. Inhomogeneous coatings with noticeable agglomerates and large voids 

were produced by a pristine graphene formulation. The coatings containing G3@PDOPA 

exhibited uniform surface coverage, reduced porosity, and fine distribution of graphene flakes 

across the fabric, making it suitable for functional textile applications. 



53 

 

To demonstrate the coatings functionality, the sheet resistance of samples with different 

G3 to G3@PDOPA ratios was measured. For all of the samples, resistance decreased 

systematically with the addition of successive layers of paints (Fig. 22). However, for a coating 

composed of 10 wt.% of pristine graphene (9.8 kΩ), we obtained a lower resistance value 

compared to the 10 wt.% G3@PDOPA coatings ( 27.6 kΩ). The G3@PDOPA exhibited higher 

resistance due to its high PDOPA content.  

Fig. 22 Electrical resistivity of cotton fabrics coated with graphene-based paints containing a 

total graphene concentration of 10 wt.% (left), and sheet resistance measured after deposition 

of the final layer (right). Reproduced by permission of ACS (CC-BY 4.0).176 

However, more promising results may be obtained with the combination of G3 and 

G3@PDOPA in various ratios, where the most promising was 9 wt.% G3 and 1 wt.% 

G3@PDOPA. Here, the sheet resistance was reduced to 5.7 kΩ, which, after recalculating into 

sheet resistance, was  1.9 kΩ sq-1 or 0.21 Ω·m. In such a case, G3@PDOPA acts as a 

supramolecular dispersing agent,177 driven by π-π stacking interactions between graphene and 

the surfactant-like G3@PDOPA species. As a result, a stable 3D network emerged, leading to 

strong electrical conductivity and efficient charge-transport paths. 
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To summarise, it was demonstrated that pristine graphene flakes can be efficiently 

dispersed by the graphene@PDOPA nanohybrid, allowing the manufacture of stable, long-

lasting water acrylic paints. Based on that, flexible, printable or paintable coatings with 

electrical resistance as low as 1.9 kΩ sq-1, may be created. Such coatings may be applicable in 

textronics, RAMs or EMI shielding. This mild functionalization enables the elimination of 

standard surfactants, making the graphene production process more sustainable.  
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SUMMARY AND FURTHER PERSPECTIVE 

The dissertation focused on the application of carbon nanostructures, mainly graphene 

and CNTs, into functional composites with an emphasis on the sustainable approach. The 

introduction section describes the processes, structures, properties, and possible applications of 

the aforementioned 1D and 2D nanomaterials. The main technological challenges associated 

with processing graphene and CNTs must be addressed to effectively transfer their unique 

properties from the nanoscale to the macroscale, thereby fully exploiting their potential. 

The study of the amphiphilic properties of graphene and CNTs revealed that the 

structural anisotropy resulting from differences in surface and edge structure plays a key role 

in their amphiphilic behaviour [P1], [P2]. In both materials, amphiphilic properties are 

determined by the ratio of hydrophilic areas (associated with edges or defects) to hydrophobic 

regions (the basal plane). The appropriate selection of graphene flake or CNT size and 

morphology, along with control of the oil-water phase ratio, allows regulation of the stability 

of the Pickering emulsions. These results confirm that both graphene and CNTs can act as 

effective, low-dimensional interfacial stabilisers, eliminating the usage of standard fossil-fuel-

based surfactants. Removing many of the drawbacks of existing stabilisers enables these 

materials to find applications in a wide range of geological, biological, and environmental 

technologies. Graphene/CNT membranes, aerogels and sponges with switchable wettability 

(superhydrophobic/superoleophilic) may be used for oil spill removal, wastewater treatment 

and demulsification.178 Knowledge of CNTs or graphene amphiphilic properties also enables 

the design of the drug delivery system (Pickering emulsions as ‘microcapsules’ that protect 

active substances).179 Also, such graphene-stabilised Pickering emulsions may be used as 

microcapsule-based self-healing coatings, which have attracted considerable interest from 

researchers.180 
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The study of the thermal properties of the CNTs-paraffin nanocomposites containing 

various types of CNTs revealed that all tested nanostructures increased the thermal conductivity 

of paraffin even at low concentration [P3]. Among the analysed materials, the most promising 

were in-house MWCNTs, which, thanks to their high AR and crystallinity, provided a 161% 

increase in thermal conductivity at a 2.0% by weight content. In addition, both Tuball SWCNTs 

and in-house MWCNTs increased the phase transition enthalpy and reduced supercooling, 

thereby improving the stability and efficiency of heat accumulation and release processes. In 

particular, length, diameter, aspect ratio, and crystallinity of CNTs are crucial for achieving 

optimal thermal parameters. The results of these studies confirm that properly designed 

CNT/paraffin composites can significantly improve the efficiency and durability of modern 

thermal energy storage systems. An interesting area of research in the field of innovative 

materials is the development and characterisation of microencapsulated phase change materials 

(MEPCM). Microencapsulation of PCM is a more advantageous solution than its use in an 

unencapsulated form, as it provides better thermal and mechanical stability and eliminates 

active material leakage during phase change. Encapsulating the PCM core enables controlled 

operation and separation from the external environment, significantly extending the system's 

life and enabling its practical application in coatings, composites, and building materials. For 

such an encapsulation, graphene or CNT-stabilised Pickering emulsions may be used.181  

Graphene can be effectively dispersed using a graphene-PDOPA nanohybrid, enabling the 

production of stable, durable water-based acrylic paints containing graphene flakes [P4]. This 

enables the production of flexible, conductive coatings that can be printed or applied as paint, 

achieving a surface resistance of 1.9 kΩ/sq. Mild reaction conditions characterise the proposed 

graphene modification and avoid the use of conventional surfactants, which significantly 

improves the sustainability and environmental friendliness of the production process. These 

results confirm that PDOPA-based nanohybrids are a promising route to the production of 
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environmentally friendly, functional graphene coatings with broad application potential. Such 

graphene-based coatings not only enhance electrical conductivity but also create a diffusion 

barrier that slows down the penetration of oxygen, chloride ions, and water to the metal surface, 

thus providing effective anticorrosive protection.182 The strong infrared absorption of graphene 

enables these coatings to be used in de-icing, heating, or thermal energy storage systems.183 

Moreover, incorporating graphene into resins or varnishes enhances the hardness, wear 

resistance, and adhesion of coatings.184 Due to its large specific surface area, graphene can also 

enhance stress transfer within the composite, thereby improving the mechanical performance 

and durability of the coating system. 

 In my PhD dissertation, it was demonstrated that thanks to the amphiphilic nature and 

anisotropic structure of graphene and CNTs, they can effectively organise themselves at liquid-

liquid interfaces, forming stable emulsion systems and spatial 3D networks. These properties 

can be used to design functional composite materials, in which a 3D network made of graphene 

or CNTs provides effective electrical and thermal conductivity as well as high mechanical 

stability. Appropriate adjustment of morphology, size, and surface functionalization allows the 

unique properties of nanomaterials to be transferred from the nano to the macro scale, enabling 

their full potential to be exploited in multi-functional applications. In the next stage of research, 

it would be worthwhile to focus not only on the behaviour and interactions of individual CNTs 

or graphene flakes within the system, but also on the formation of a continuous 3D network 

through crosslinking or controlled assembly.  Moreover, an interconnected 3D network could 

further improve charge and heat transport efficiency, leading to higher, more isotropic electrical 

and thermal conductivities. It may also increase resistance to deformation, cracking, and 

fatigue, thereby extending the durability of the material under mechanical or thermal stress. 

Importantly, the degree and nature of crosslinking could be tailored to balance flexibility and 

rigidity, enabling the design of materials with tuneable mechanical and functional properties. 
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Overall, exploring strategies for 3D crosslinking of graphene and CNT networks represents a 

promising direction for developing next-generation multifunctional composites that combine 

high performance, structural integrity, and environmental stability. 
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