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Preface  

The advancement of hybrid materials and nanocomposites has opened new frontiers in the 

development of multifunctional systems that combine high mechanical performance with intelligent 

functionalities. Hybrid materials, defined as intimate mixtures of organic and inorganic components, 

exhibit unique synergistic properties that arise from interactions at their interfaces rather than from the 

individual characteristics of each constituent. When these interfaces operate at the nanoscale, the 

resulting nanocomposites often display exceptional mechanical, electrical, and thermal properties, 

making them highly versatile for advanced technological applications. 

Within this evolving field, particular attention has been directed toward smart polymer composites, a 

class of materials capable of responding to external stimuli such as stress, strain, temperature, or 

electric fields. Among them, self-sensing composites have emerged as a promising solution to 

revolutionize structural health monitoring (SHM). Conventional SHM systems depend on external 

sensors embedded within structures to track their condition. Although effective, these systems add 

complexity, cost, and weight, and often struggle to detect internal or micro-scale damage in real time 

due to wiring and data acquisition limitations. In contrast, self-sensing materials integrate the sensing 

capability directly within the material itself by embedding conductive nanofillers which form internal 

percolative networks that autonomously detect structural changes acting as artificial neurons that 

perceive and transmit signals in response to mechanical stimuli. Changes in electrical resistance 

caused by cracks, delamination, or deformation thus serve as immediate indicators of damage, 

enabling continuous, in-situ monitoring without the need for external sensors. 

Beyond self-sensing, recent research efforts have also focused on self-healing composites, which 

introduce an additional level of intelligence by enabling materials to autonomously repair damage after 

mechanical failure or environmental degradation. These systems combine physical responsiveness 

with chemical adaptability, allowing polymer chains to reconfigure or re-bond through reversible 

interactions such as hydrogen bonding, ionic cross-links, or dynamic covalent chemistry. The 

integration of self-healing and self-sensing functionalities thus paves the way for truly autonomous 

structural materials, capable not only of detecting damage but also of responding to it, restoring 

mechanical integrity and extending service life. 

This thesis investigates the design, synthesis, and characterization of multifunctional hybrid 

composites integrating these functionalities through three main research streams: 

1. X@rGO (X = SiO₂ nanoparticles or Halloysite nanotubes) has been designed to integrate the high 

surface area and conductivity of reduced graphene oxide with the reinforcement and chemical 
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stability of ceramic phases. The filler has been embedded in epoxy matrix for glass fiber 

reinforced polymer composite (GFRPs) as reinforcement and conductive unit for self-sensing 

applications. Moreover, the same filler was introduced in polydimethylsiloxane (PDMS) 

enhancing reinforcement and imparting electrical conductivity to the matrix film that can be 

exploited for potential applications as a stretchable piezoresistive sensors.    

2. CNTs@ZnO has been developed to combine the exceptional electrical conductivity of carbon 

nanotubes with the dynamic ionic crosslinking ability of zinc oxide. When incorporated into 

carboxylated rubber matrices (e.g. XNBR), these hybrids enable self-healing through reversible 

Zn2+-COOH interactions, while simultaneously imparting electrical conductivity for damage 

monitoring that can be exploited in many applications such as the O-ring production. 

3. GFRPs incorporating modified glass fibers coated with reduced graphene oxide (rGO) and self-

healing polymers were produced to extend these concepts to structural composites. This 

strategy demonstrates the potential for lightweight, robust, and multifunctional composite 

systems capable of in-situ damage detection and recovery for many applications (e.g. 

automotive, structural or wind industries). 

Structure of the thesis 

Chapter 1 reports a general scenario on smart polymer composite for self-sensing, focusing on the 

introduction of carbon-based filler in GFRPs by matrix or fiber surface modification, and for self-healing 

with a particular attention to the ionomer’s strategy. Later, a focus on the material employed in these 

systems is presented, especially referring to ceramic- and carbon-based filler.  

Chapter 2 focuses on the synthesis and characterization of the hybrid filler X@rGO based on silica 

nanoparticles and commercial halloysite. It begins with Stöber method for the synthesis of SiO2 NPs 

with a diameter of 70 nm. Then, the surface functionalization with alkoxysilane (APTES) occurs. The last 

step is the anchoring of graphene oxide in water and the thermal reduction in H2/N2 atmosphere of the 

filler. The hybrid filler X@rGO is then embedded in a PDMS matrix and characterized in terms of 

mechanical, thermal, and dielectric properties, highlighting how the presence of rGO-modified fillers 

influences crosslinking dynamics, conductivity, and interfacial polarization phenomena. Lastly, 

SiO2@rGO has been embedded in an epoxy matrix for GFRPs composite and tested the interfacial 

adhesion fibre-matrix in presence of the hybrid filler with a micromechanical test.  

Chapter 3 overviews the synthesis and characterization of the hybrid filler CNTs@ZnO through a soft-

chemistry approach starting from a zinc precursor (i.e. zinc acetate dihydrate) that hydrolyses and 

condensates on the carbon nanotubes surface. The interaction between hybrid filler and carboxylic 
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group termination of stearic acid as a polymer model compound to assess the availability of ZnO has 

been tested. Lastly, the nanocomposite of CNTs@ZnO in XNBR matrix have been developed and tested 

in terms of mechanical, electrical and self-healing properties. 

Chapter 4 outlines the optimization of rGO/EMAA coating though spray-coating method for the physical 

modification of the glass fiber surface. The manufacturing process of the 4-ply laminates by hand lay-

up has been developed and the mechanical properties of the laminates have been tested. Finally, 

healing tests of the specimens have been conducted through an optimized healing protocol.  

Chapter 5 presents a comprehensive summary of the thesis, synthesizing the main findings and results 

obtained throughout the research. It also discusses future perspectives, identifying areas that require 

further optimization to improve material properties and performance, and proposes potential directions 

for continued research and development. 
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1. Introduction 

1.1 Hybrid materials and Nanocomposites 

According to the International Union of Pure and Applied Chemistry (IUPAC)1, Hybrid Material is 

composed of an intimate mixture of inorganic components, organic components or both types of 

components, usually interpenetrating on scale of less than 1µm. On the other hand, the term 

Nanocomposite is defined as a composite in which at least one of the phase domains has at least one 

dimension of the order of nanometres. While nanocomposites fall within the category of hybrid 

materials, not all hybrid materials qualify as nanocomposites. This distinction is critical, as extensive 

research has demonstrated that nanoscale dimensions exert a deep influence on the resulting material 

properties, often yielding behaviours and performance characteristics that differ substantially from 

those of systems lacking nanoscale features. 

The properties of hybrid materials are not merely the sum of their individual components. Instead, they 

emerge from the strong synergy generated by the extensive hybrid interface. This organic–inorganic 

interface, defined by the type of interactions, bonding energy, and connectivity, plays a dominant role in 

modulating a large number of properties such as optical behaviour, mechanical strength, separation 

efficiency, catalytic activity, and resistance to chemical and thermal stresses2. 

The nature of the interactions between the organic and inorganic components defines two distinct 

classes of hybrid materials3. In Class I hybrid materials, the organic and inorganic components interact 

through weak interactions such as van der Waals forces, hydrogen bonding or electrostatic interactions. 

In contrast, Class II hybrid materials involve phases that are wholly or partially connected by strong 

chemical bonds, characterized by significant orbital overlap, including covalent or ionic bonds. The 

interaction mechanisms between organic and inorganic species, also govern their properties. Weak 

interactions (e.g. hydrogen bonding, van der Waals forces) may allow dynamic processes such as 

aggregation, phase separation, or leaching, whereas strong interactions (e.g., covalent bonds) provide 

greater stability, as seen in nanoparticle/polymer networks. The choice of interaction strength can be 

tailored to the desired properties; for instance, weak interactions enable component mobility, while 

specific interactions such as coordination or electron transfer can significantly influence electronic 

behaviour4. 

Beyond the nature of the interface and the intended application, an equally critical aspect in designing 

hybrid networks lies in the chemical pathways employed to synthesize the material. A summarized 

global view of the different approaches to generate a hybrid material is presented in Figure 1.1.  
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Figure 1.1 Schematic illustration of the different pathways for synthetizing hybrid materials2. 

Three different bottom-up strategies have been highlighted to design advanced materials5. Route A is 

soft chemistry strategy which includes sol-gel chemistry and solvo- or hydrothermal synthesis. These 

low-cost strategies produce amorphous nanocomposite hybrid materials with various microstructures, 

high versatility, and useful properties, making them suitable for commercial applications such as films, 

powders, or monoliths. Despite these advantages, they often suffer from size polydispersity and local 

chemical heterogeneity. Advancing academic understanding and achieving precise control over their 

local and semi-local structure will be crucial for tailoring properties in future applications. Route B 

corresponds to the hybridization of Nanobuilding Blocks (NBBs) via assembling or intercalation. These 

NBBs are nanometric, monodispersed and with a defined structure which is maintained in the final 

nanocomposite (i.e. clusters, modified nanoparticles, clays, nanocore-shells, etc…). Nanobuilding 

blocks can be functionalized with polymerizable ligands, organic spacers, or dendrimers, enabling 

diverse architectures and organic–inorganic interfaces through various assembly strategies. Stepwise 

synthesis further provides precise control over their semi-local structure. Route C, based on self-

assembly strategy, focuses on the organization of growing inorganic or hybrid networks, where organic 

surfactants act as templates. Within this framework, organic–inorganic hybrid phases stand out for their 

versatility, enabling the design of a wide spectrum of nanocomposites: from ordered dispersions of 

inorganic domains in hybrid matrices to controlled nano segregation of organic polymers within 

inorganic frameworks. This ability to tune architecture at the nanoscale paves the way for the 

development of functional materials with tailored properties. 
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1.2 Smart polymer composites 

In recent years, the rise of smart materials and technologies has paralleled the development of hybrid 

and composite materials. The official and standard definition of Smart material has not been published 

by IUPAC, but this term refers to a material whose properties are modulated by external stimuli, enabling 

application in various fields (e.g. structural monitoring, packaging, automotive, aerospace, and medical 

devices). These external stimuli can range from strain, stress, temperature, light, chemicals (including 

pH), electric and magnetic fields, hydrostatic pressure, radiation, and more.  

Among the various smart materials, the class of Smart polymer composite has been reaching significant 

attention in the last years thanks to their versatility in various fields of application. These materials are 

composed of a nano- or micro-filler with an organic (like natural fibers) or inorganic (e.g. graphene oxide, 

ceramics and glass fiber) nature, embedded in a polymer (i.e. thermosetting and thermoplastic). In the 

next sections two types of smart polymer composite have been deeply exploited: self-sensing and self-

healing composites.   

1.2.1 Self-sensing composites 

The use of advanced GFRPs in structural applications has grown rapidly in recent years, driven by major 

industries such as aerospace, automotive, wind energy, and construction. Their widespread adoption 

stems from their outstanding mechanical performance (e.g. high stiffness and fatigue resistance 

provided by reinforcing fibers within the polymer matrix) combined with low production costs, chemical 

stability, and design flexibility, which make them attractive alternatives to metals and ceramics. Given 

these applications, safety and long-term reliability are essential to ensure the secure use of composite 

materials, especially for components with extended service lives, such as turbine blades designed for 

25 years or car frames expected to endure over 200,000 km. However, achieving high-performance 

structures remains challenging, as they often operate under severe conditions involving complex 

multiaxial cyclic loads, high stress or strain levels, and occasional extreme events. These factors can 

progressively reduce the material stiffness—by as much as 30–40% before final failure. Moreover, 

defects and damage such as voids, fiber wrinkling, delamination, or impact-induced flaws can develop 

throughout the lifecycle of GFRPs, affecting the matrix, fibers, and particularly their interfaces. 

Early identification of structural damage or potential failure is crucial to ensure operational safety. 

Conventional non-destructive testing (NDT) techniques, such as visual inspection, ultrasonic, 

thermographic, infrared, radiographic, and electromagnetic testing, are widely employed to detect 

defects and failures. However, these methods depend on scheduled periodic inspections carried out by 

external operators, which can lead to delayed detection and increased maintenance costs. 
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To address these limitations, structural health monitoring (SHM) technologies have recently emerged 

as a promising alternative. These systems enable in situ and real-time detection of damage by 

integrating sensors directly into the structure, allowing continuous monitoring and early identification 

of potential failures. This capability is particularly valuable for detecting internal damage, which often 

goes unnoticed using conventional techniques like visual inspection. 

In general, SHM relies on permanently embedded or surface-mounted sensors and actuators (e.g. 

acoustic emission or optical fiber sensors) that record the real-time response of the material under 

service conditions. The operating principle of SHM can be compared to that of a biological nervous 

system: the sensors act as sensory receptors that detect structural changes and transmit the 

information to a central processing unit (Figure 1.2a), which then interprets the signal and triggers an 

appropriate response. 

Figure 1.2 a) Analogy between the human body and smart structures with SHM systems; b) Schematic 

representation of a cross-ply composite incorporating a conductive filler network, illustrating the 

associated stiffness reduction and increase in electrical resistance under service loading. The red 

dashed line indicates the conduction pathway through the percolating network6. 

Research in the field of structural health monitoring has increasingly shifted toward the development of 

smart materials with intrinsic self-sensing capabilities, capable of monitoring their own structural 

integrity without the need for external sensors, cables, or wiring. This new generation of materials offers 

a significant reduction in both cost and weight compared to traditional SHM systems, while also 

simplifying the overall design and integration process. In these self-sensing composites, the monitoring 

functionality is achieved through the incorporation of electrically conductive fillers—such as carbon 

nanotubes, graphene nanoplatelets, carbon black, or metallic nanowires—into the polymer matrix of 

glass fiber-reinforced polymers (GFRPs). These fillers not only contribute to the mechanical 

reinforcement of the composite but also act as “artificial neurons,” enabling the material to detect and 

respond to damage events in real time. When uniformly dispersed within the epoxy matrix, the 
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conductive fillers create a percolated conductive network throughout the composite 7. Under normal 

operating conditions, this network ensures stable electrical conductivity. However, when structural 

damage occurs (e.g. microcrack initiation, fiber–matrix debonding, or delamination) the local 

conductive pathways are disrupted. These interruptions lead to a measurable increase in electrical 

resistance, which directly correlates with the extent of the damage. Consequently, variations in the 

composite’s electrical resistance can be used as a reliable damage-sensing parameter, allowing for the 

quantitative evaluation of the material’s health state without the need for destructive mechanical 

testing. This concept forms the basis of self-sensing SHM materials, which combine reinforcement 

capability and sensing functionality within a single, multifunctional structure. 

Figure 1.2b presents a schematic representation of the self-monitoring mechanism in a GFRPs, where 

the dashed red line illustrates the electrical conduction pathway formed through the percolating 

network of conductive fillers. Electrical conductivity in such systems arises from two main 

mechanisms: ohmic conduction, occurring through direct contact between adjacent filler particles, 

and tunnelling conduction, which takes place across the nanometric gaps separating individual 

particles or agglomerates7. Throughout the study, a comprehensive damage analysis of the composites 

is performed to evaluate the primary damage mechanisms (e.g. crack initiation, crack propagation, and 

fiber failure) under different loading conditions, including static, fatigue, and impact tests. The self-

monitoring performance of the material is assessed by tracking the changes in electrical resistance 

during mechanical loading, thereby correlating variations in conductivity with the progression of 

damage and demonstrating the self-sensing capability of the composites. The main advantage of this 

approach lies in its non-invasive and in-situ nature, offering high sensitivity to both matrix and interfacial 

damage. Moreover, it provides remarkable versatility and design flexibility, as the sensing performance 

can be tailored by adjusting the type, size, shape, and concentration of conductive fillers. These fillers 

can be incorporated into the composite matrix using various physical and chemical techniques, such 

as direct mixing with the resin, surface coating of the glass fibers, or chemical grafting. Nonetheless, 

achieving appropriate processing conditions is essential to ensure uniform filler dispersion and 

distribution, which promotes the formation of a stable conductive network while preserving the 

mechanical integrity of the GFRP. 

The fiber–filler/matrix interface is a critical factor in the progressive damage of GFRPs, as stress 

concentrations arise from mismatched thermal expansion coefficients. This interface is better 

described as an interphase, a transition region where the physical, chemical, and mechanical 

properties gradually evolve from fiber to matrix and are strongly influenced by fiber surface topography 

and processing conditions8. Adhesion at the interface can occur through several mechanisms, 

including mechanical interlocking, electrostatic attraction, interdiffusion, and chemical bonding, with 
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their contribution depending on surface characteristics. The incorporation of carbon-based fillers (e.g., 

CNTs, graphene, GO) enhances these mechanisms by increasing surface roughness, improving 

wettability, and promoting polymer chain penetration. Functionalized nanofillers can additionally form 

covalent or van der Waals bonds with both fibers and matrix, leading to stronger adhesion, more 

efficient load transfer, reduced voids, and a more uniform stress distribution. 

Beyond strengthening, nanofillers also improve electrical conductivity and piezoresistive response, 

imparting multifunctionality by simultaneously enhancing both the mechanical performance and the 

self-sensing capability of GFRPs. However, achieving homogeneous filler dispersion and distribution, 

minimizing aggregation and tailoring the filler/matrix interface remain critical to ensuring a robust 

conductive network while preserving the intrinsic mechanical performance of GFRPs. 

1.2.1.1 Introduction of carbon-based filler in GFRPs 

Achieving self-sensing behaviour requires the filler content to exceed the percolation threshold, where 

a continuous 3D conductive network is formed within the matrix. CNTs, due to their high aspect ratio, 

typically reach percolation at very low loadings (0.01–1 wt.%), whereas rGO generally requires higher 

contents (0.1–2 wt.%), depending on exfoliation and processing conditions9. 

Several strategies have been reported for incorporating carbon-based fillers into GFRPs, including 

matrix modification via mechanical mixing, as well as fiber modification through physical, chemical, 

thermal, or coating treatments. 

Matrix modification 

 In this approach, carbon-based fillers are first dispersed in the resin, after which GFRP composites are 

fabricated using the manufacturing techniques described in Section 1.3.1. The main challenges of this 

method concern achieving uniform filler dispersion within the matrix while preventing aggregation and 

excessive increases in viscosity. Graphene and its derivatives tend to strongly agglomerate due to van 

der Waals forces and 𝜋-𝜋 interactions between lamellae, whereas the high aspect ratio of CNTs 

promotes the formation of entangled clusters. As a result, careful optimization of filler loading is 

essential. To address these issues, physical dispersion techniques such as ultrasonication or three-roll 

milling are often employed to break down aggregates, enhance homogeneity, and prevent the presence 

of clusters larger than the inter-tow spacing of the fibers. 

GF modification  

An alternative strategy for introducing carbon fillers into GFRPs involves fiber surface modification 

through coating or chemical grafting. Since GFs are typically coated with a sizing layer (mainly silane 
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coupling agents, film formers, and additives) to protect against damage and improve matrix adhesion, 

tailoring or removing this layer can enhance compatibility with carbon-based fillers.  

- Fiber coating: Coating is a surface modification technique for GFs, in which layers of a carbon-

based filler suspension are deposited, with the stability of the dispersion being crucial to 

achieve a uniform and homogeneous film. As shown in Figure 1.3, several methods can be 

employed for this purpose, including dip-coating10,11, doctor blade coating12, chemical vapor 

deposition (CVD)13, electrophoretic deposition (EPD)14,15, and spray-coating16,17. 

Figure 1.3 Schematic illustration of GFRP coating techniques: (a) dip-coating, (b) doctor blade 

coating, (c) EPD, (d) spray coating, and (e) CVD6. 

 

- Chemical grafting: The fiber/epoxy interface is critical in GFRPs for efficient load transfer, but in 

the absence of primary bonds, only weak secondary interactions occur, which deteriorate under 

wet conditions as water molecules disrupt the interface. To overcome this, compatibilizing 

agents18, particularly organofunctional silanes, are widely employed. Their effectiveness 

depends on silane type, layer thickness, and substrate pretreatment, but under moisture 

exposure, the key factor is the formation of strong chemical bonds between silane, glass fibers, 

and epoxy. Through hydrolysis and condensation, silanes form a thin siloxane film that bonds 

with the matrix, creating a robust polymer/siloxane/glass interphase described by the 

Plueddemann model (Figure 1.4)19. 
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Figure 1.4 Schematic representations of (a) bonding between siloxane and polymer chains, and 

(b) the polymer/siloxane/glass fiber interphase6. 

 A key-role is played by the interphase between glass fiber and epoxy, in fact is important to modify the 

interface to tune the mechanical properties of the composite. Various techniques exist to evaluate 

fiber/matrix interfacial strength in continuous fiber composites, ranging from micro-scale tests on 

individual fibers to macro-scale tests on full laminates. The main micromechanical methods for 

evaluating the fiber–matrix interface in fiber-reinforced polymers are the fiber fragmentation20,21, 

microbond (droplet strip-off)22,23, single-fiber pull-out 24,25, and single-fiber push-out tests 26,27. All 

primarily generate interfacial shear stress, enabling the determination of the interfacial shear strength 

(IFSS). 

- The fiber fragmentation test measures fiber breakage under tension to estimate the critical fiber 

length for effective stress transfer but is limited to transparent, ductile matrices and relies on 

simplifying assumptions. 

- The microbond test uses small polymer droplets on a fiber that are stripped off to evaluate 

adhesion, offering simplicity and low material use, though stress field complexities may affect 

accuracy. 

- The single-fiber pull-out test directly measures the force required to extract a fiber from a 

solidified droplet, providing detailed force–displacement data and versatility across fiber–matrix 

systems. 

- The push-out test applies to real composite slices, pushing fibers out with a micro-punch. While 

sample preparation is demanding, it allows testing under more realistic composite conditions. 

Overall, micro-scale tests offer controlled evaluation of interfacial properties, but their small-scale 

setups and simplified conditions may not fully replicate the behaviour of real composite materials 

under service environments. 

Macro-mechanical testing methods evaluate the interfacial strength of fiber-reinforced composites at 

the laminate level, offering a more realistic representation of material performance than micro-scale 

tests. These methods induce shear stresses that often lead to interfacial or interlaminar failure; when 
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the failure is adhesive (fiber–matrix debonding), the measured shear strength directly reflects the 

interfacial shear strength (IFSS). 

The three most common macro-mechanical tests are: 

- Iosipescu shear test employs a notched specimen in a specialized fixture to generate a region 

of pure shear, providing detailed data on shear modulus, ultimate shear strength, and stress–

strain behavior28. 

- ± 45° tensile test uses a laminate with fibers oriented at ± 45° to the loading axis; shear stresses 

arise during tension, allowing the calculation of in-plane shear modulus and strength, often 

revealing interfacial failure mechanisms29. 

- Short-beam shear (SBS) test applies a three-point bending setup with a low span-to-thickness 

ratio to promote interlaminar shear failure. Despite mixed stress states and potential stress 

concentrations, it remains a simple, rapid, and widely used method for assessing interlaminar 

shear strength (ILSS)30. 

Overall, macro-scale tests provide practical insights into fiber–matrix adhesion under realistic 

structural conditions, though results may be influenced by other failure mechanisms beyond the 

interface. 

1.2.2 Self-healing composites 

Inspired by natural systems, self-healing (SH) materials possess the capability to repair or restore 

damage by mimicking mechanisms observed in living organisms, such as plants and human skin. To 

define the fundamental requirements for successful self-healing, van der Zwaag31 identified three key 

concepts and a fourth is necessary to allow a more comprehensive classification of the different 

generations of self-healing materials:  

− Localization: The self-healing process depends on the depth of the damage in the material 

network. It can be superficial (e.g. scratches, microcrack, cut), deep (e.g. fiber debonding or 

delamination) or at molecular scale such as breakage of material network.  

− Temporality: The second factor refers to the time gap between the occur of the damage and its 

repair (i.e. diffusion of the healing agent or reformations of bonds). 

− Mobility: To decrease the temporality and optimize the healing process, the mobility, which 

promotes the healing agent diffusion as well as the restoring of the bonds, is crucial.  

− Mechanism: The process can occur through an extrinsic or intrinsic mechanism leading to a 

classification of the SH materials32–34. The first class consists of a release of an external agent, 

typically stored in microcapsules or vascular networks, widely used in thermosetting matrices. 

This strategy, however, is generally restricted to repairing a single localized damage event. 
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Moreover, the applications remain limited due to weak interfacial interactions between the 

capsules and the polymer matrix, as well as the risk of premature capsule rupture during 

composite fabrication. Such events may not only prevent healing but can also act as crack 

initiators, ultimately impairing the mechanical properties of the material. On the other hand, 

intrinsic self-healing, widely applied to elastomer matrix systems, is based on the chemistry of 

dynamic reversible bonds which can be covalent (i.e. Diels-Alder35, Disulfide bond36,37, Schiff 

base38, Boronic ester bonds39,40 and Vitrimers41) or non-covalent (i.e. H bonding, 𝜋- 𝜋 stacking, 

Host-guest interactions, metal-ligand coordination and ionic interactions) bonds. This last class 

of reversible supramolecular SH material will be deeply discussed in the next Section.   

1.2.2.1 Intrinsic self-healing: ionomers strategy 

A major challenge in designing self-healing polymers lies in reconciling two seemingly contradictory 

requirements: on one hand, outstanding mechanical properties demand a stable and rigid covalent 

network, while on the other, efficient self-healing relies on mobile and flexible polymer chains42. In this 

context, ionomers43 have emerged as a promising class of materials. 

Ionomers typically contain up to 15 mol% of ionic groups incorporated into the polymer backbone, 

which are partially or fully neutralized to form salts44–46. The ionic interactions in these materials often 

involve electrostatic interactions between carboxylate or sulfonate anions and counter cations 

originating from Group 1, Group 2, or transition metals. According to the Eisenberg model47, these ionic 

species first associate into multiplets, which subsequently aggregate into larger clusters. Clusters are 

generally described as assemblies of multiplets surrounded by confined polymer chains with reduced 

mobility, giving rise to distinct ionic domains (Figure 1.5).  

Crucially, the dynamic nature of these ionic domains, enabled by the ion-hopping mechanism (i.e. 

where ionic associations undergo thermo-reversible breaking and reformation) endows ionomers with 

their SH ability, while simultaneously maintaining good mechanical performance48,49. 

Figure 1.5 Hierarchy of ionic domains that act as restricted regions in the polymer network.  
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Metal oxide nanoparticles such as zinc oxide (ZnO) have attracted broad interest in the field of polymer 

engineering due to their high stability, good photocatalytic activity, antibacterial activity, and non-

toxicity50. Additionally, ZnO nanoparticles represent a common material used in rubber vulcanization 

systems as a crosslinker or accelerator. Recent studies have highlighted the introduction of ZnO as an 

effective and versatile approach to generate reversible ionic dynamic interactions within rubbery 

matrices51. On a molecular level, the Zn²⁺ cations from ZnO can interact ionically with the carboxylic 

groups of a polymeric matrix, forming thermoreversible associations51,52, as shown in Figure 1.6.  

Figure 1.6. Schematic representation of Zn2+ coordinating carboxylic groups of the polymeric matrix.  

In a similar context, Xu et al.53 developed self-healing supramolecular elastomers through a controlled 

vulcanization process of natural rubber (NR) incorporating ionic cross-links. In this study, the authors 

deliberately adjusted the vulcanization conditions to prevent the formation of a conventional covalent 

cross-linked network, instead promoting the creation of reversible ionic cross-links by in situ 

polymerization of zinc dimethacrylate within the NR matrix. The resulting ionic supramolecular network 

exhibited enhanced chain mobility and dynamic behaviour, allowing fully cut surfaces to autonomously 

rejoin and recover their original mechanical properties after the self-healing process. Remarkably, 

healing efficiencies of 90–100% were achieved at room temperature within minutes. Specifically, Zn2+ 

coordinated with two carboxylic groups forms ionic clusters that can be readily graft-polymerized onto 

rubber chains through peroxide-induced vulcanization. In this configuration, Zn2+ ions serve as salt 

bridges between grafted polymer chains, contributing to the formation of a dynamic ionic network and 

facilitating the self-healing process. However, in polymer nanocomposites where the filler system is 

independent of the reversible supramolecular network, the addition of fillers often compromises the 

self-healing ability, despite improving mechanical strength. To overcome this limitation, Xu et al.54 

performed an in-situ reaction of methacrylic acid with zinc oxide within natural rubber to generate ionic 

cross-links. The residual ZnO particles introduced only minor hindrance to the reformation of ionic 

bonds due to the natural affinity between Zn2+-rich ionic domains and ZnO. As a result, the 

homogeneously dispersed residual ZnO enhanced the mechanical performance of the material, while 

the system with an methacrylic acid/ZnO molar ratio of 2:1.4 achieved a healing efficiency of 53% after 

1 minute, increasing to 76% after 5 minutes. 
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Recently, Shi et al.55 developed thermoplastic silicone elastomers based on cross-linking interactions 

between ZnO and carboxylic acid groups grafted onto the side chains of polydimethylsiloxane (PDMS). 

The researchers achieved an optimal balance between mechanical strength and self-healing 

performance by employing a catalytic ring-opening polymerization of three vinyl-functional PDMS 

precursors initiated by trimeric phosphazene base. The carboxyl-functionalized PDMS (PDMS-g-COOH) 

was subsequently synthesized through a thiol–ene click reaction, and the final composite was obtained 

by reinforcing PDMS-g-COOH with ZnO nanoparticles. By adjusting the molecular weight of the PDMS 

precursors and the COOH/ZnO molar ratio, the team was able to tailor the mechanical and self-healing 

properties through the formation of dynamic salt-bonding networks. The resulting PDMS-g-COOH/ZnO 

nanocomposites demonstrated an impressive self-healing efficiency of 83.5% at 80°C after 4 hours, 

with a notable mechanical strength exceeding 5 MPa. In this system, the high-molecular-weight PDMS-

g-COOH served as the primary network backbone, maintaining overall toughness, while the COO-/Zn2+ 

coordination bonds acted as dynamic cross-links, effectively dissipating stress during deformation and 

enabling autonomous recovery. 

 

1.3 Materials employed in these systems 

1.3.1 GF 

Glass fibers (GF) are synthetic fibers produced from silica-based, or other glass formulations, extruded 

into filaments with micrometric diameters. Fibers are generally classified as either natural (e.g., jute, 

flax, cellulose) or synthetic (e.g., carbon, glass, boron) 56–58. Synthetic fibers typically provide higher 

stiffness, strength, and fatigue resistance than natural ones, while also exhibiting good compatibility 

with polymer matrices. This compatibility minimizes fiber aggregation and enhances moisture 

resistance59. While natural fibers offer sustainability, renewability, and biodegradability, their ability to 

significantly improve the mechanical performance of composites is limited. Consequently, synthetic 

fibers, particularly GF, have been widely favoured in structural applications. 

GFs remain the most widely employed reinforcement in FRPs and can be classified according to their 

length and chemical composition, both of which critically influence the physical and mechanical 

behaviour of glass fiber–reinforced polymers. Fiber length governs orientation and thus dictates the 

structural performance of the composite60,61. 

Continuous fiber–reinforced composites, composed of long fibers typically arranged in tows or woven 

into uni-/bi-directional fabrics, enable highly efficient load transfer and superior mechanical strength. 
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In contrast, discontinuous fiber–reinforced composites, which use shorter fibers in chopped strand 

form (3–12 mm) or milled form (0.15–4 mm)62, require careful design to ensure effective load transfer 

and to reduce crack initiation and propagation. Since the interfacial adhesion and overall strength of a 

composite scale directly with fiber length (for a given fiber volume fraction), shorter fibers generally 

result in reduced strength and fracture resistance63. 

Nevertheless, discontinuous fiber systems are attracting growing interest due to their cost-

effectiveness, processing flexibility, and ability to achieve isotropic properties. They serve as an 

intermediate solution between continuous fiber laminates and neat polymers, offering enhanced 

stiffness and strength compared to the latter. Such materials are particularly relevant in civil engineering 

applications (e.g., pavements, concrete reinforcement) where wear resistance is critical64, as well as in 

automotive applications, where manufacturing efficiency and reduced cost are major advantages. 

The classification of GF according to their chemical composition is summarized in Table 1.1, where the 

capital letter (namely E, C, S, A, D, R) is used to discriminate the percentages of inorganic materials used 

to produce the fibres.  

Table 1.1 Chemical compositions expressed in weight percent and physical properties of different GFs6. 

In general, GF are primarily composed of silica (SiO₂), which accounts for approximately 55–70 % of their 

content, followed by alumina (Al₂O₃) and various other metal oxides. These additional oxides are 

incorporated to finely tune the mechanical, electrical, and corrosion-resistant properties of the fibers. 

Among the different types, E-glass fibers (i.e. mainly consisting of SiO₂, CaO, and Al₂O₃) are the most 

widely used in GFRPs. They combine high strength, thermal stability, and electrical resistivity with 

excellent resistance to common chemical agents, abrasion, and vibration, as well as remarkable 

flexibility. These attributes explain their prevalence as the standard reinforcement in GFRPs.  

Despite their many advantages, GFs also present drawbacks, such as a lower stiffness-to-density ratio 

compared to carbon fibers and, as previously noted, difficulties in disposal at the end of their service 

life64. GFRPs produced through multiple manufacturing steps, are particularly challenging to recycle or 
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reuse, making waste management a pressing research topic65–67. Mechanical grinding enables the direct 

reuse of fibers as chopped fillers in various applications, while chemical and thermal processes have 

been extensively investigated to recover GFRPs. However, these latter methods remain costly and 

environmentally burdensome, largely due to the significant energy required to reach the very high 

processing temperatures involved68. 

Manufacturing techniques of GFRPs 

The main techniques used for the fabrication of GFRPs, particularly those employing thermosetting 

matrices, are summarized in Figure 1.7. Several manufacturing methods have been reported, including 

hand lay-up69, resin transfer molding (RTM)70, vacuum-assisted RTM (VARTM)71,72, filament winding73, 

pultrusion74, compression molding75, and automated fiber placement (AFP)76,77. The selection of a 

specific technique depends primarily on production costs and the targeted characteristics of the final 

composite, such as size, geometry, and mechanical performance. These methods differ mainly in the 

procedures used to combine the polymer matrix with the fibers (e.g., open mold, closed mold, resin 

bath) and in the curing processes applied. 

Figure 1.7 Schematic illustration of manufacturing techniques for GFRPs production: a) hand lay-up, b) 

resin transfer molding (RTM), c) vacuum-assisted resin transfer molding (VARTM), d) filament winding, 

e) pultrusion, f) compression molding, g) automated fiber placement (AFP)6. 
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1.3.2 Nanofiller  

1.3.2.1 Carbon-based filler 

Carbon nanotubes (CNTs) 

CNTs are carbon-based nanomaterials consisting of a single graphitic sheet (graphene) rolled into a 

cylindrical structure, with diameters in the nanometer range and lengths extending to the micrometer 

scale or beyond78. They can occur as single-walled CNTs (SWCNTs), composed of a single cylindrical 

layer, or as multi-walled CNTs (MWCNTs), where multiple concentric cylinders are nested within one 

another. Compared with other carbonaceous fillers, such as carbon black, CNTs exhibit exceptionally 

high aspect ratios and outstanding structural and functional properties, including superior mechanical 

strength and electrical conductivity79. These features arise from the sp² carbon–carbon bonding, which 

imparts very high tensile strength and low electrical resistivity—although the latter may be influenced 

by structural defects80. CNTs are also highly elastic, allowing them to recover their original shape after 

deformation. Owing to this unique combination of properties, they have been extensively investigated 

as reinforcing agents in composite materials to produce ultralight, mechanically robust systems81. 

CNTs also exhibit exceptional electrical and thermal conductivity (10⁶–10⁷ S m⁻¹ and 3000–3500 W 

m⁻¹K⁻¹, respectively)82, arising from the strong carbon–carbon bonds that enable them to withstand high 

electric currents and elevated temperatures. When incorporated into polymer composites, CNTs can 

impart electrical functionality, which is strongly influenced by their concentration, alignment, 

morphology, and dispersion within the matrix. Their geometry and resulting structure critically 

determine electrical, thermal, and mechanical performance, allowing CNTs to display either metallic-

like conductivity or semiconducting behaviour. In the case of SWCNTs, this electronic behaviour is 

dictated by the graphene rolling direction, described by the chiral vector 𝐶ℎ
⃗⃗⃗⃗ = 𝑛𝑎1⃗⃗⃗⃗ + 𝑚𝑎2⃗⃗⃗⃗ = (𝑛,𝑚), 

represented in Figure 1.8. Depending on this configuration, CNTs can adopt armchair, zigzag, or chiral 

geometries83,84: armchair structures exhibit metallic conductivity, while zigzag and chiral forms present 

variable bandgap energies depending on diameter, spanning from metallic to semiconducting85. 

Figure 1.8 Schematic representation of the chiral vector and the three structures of SWCNTs6. 
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For MWCNTs, two main structural models have been described: the Parchment model, where a single 

sheet is rolled multiple times, and the Russian Doll model, consisting of concentric SWCNTs with 

interlayer distances similar to graphite. Both models exhibit high electrical conductivity, but MWCNTs 

generally provide greater tensile strength and enhanced chemical stability, since inner walls are 

shielded from external reactions86. 

CNTs are typically synthesized using three main techniques: arc discharge87–90, laser ablation91,92, and 

chemical vapor deposition (CVD)93–95. All methods rely on supplying energy to a carbon source in the 

presence of a catalyst, producing carbon atoms or clusters that recombine to form nanotubes. The 

energy source varies—thermal (CVD), laser irradiation, or electrical discharge—and the choice of 

technique significantly affects CNT morphology, including diameter, length, purity, and defect density, 

thereby influencing their mechanical and electrical performance96,97. While graphite is used in arc 

discharge and laser ablation, CVD allows a wider range of carbon precursors, from fossil-based 

hydrocarbons (natural gas, acetylene, benzene, xylene, toluene) to renewable alternatives such as 

turpentine, eucalyptus, castor, coconut, and palm oils. Notably, waste cooking oils, such as recycled 

palm oil, represent a low-cost and environmentally attractive precursor for CNT synthesis98. 

CNTs have been widely investigated as reinforcements in GFRPs to improve their mechanical and 

multifunctional properties. Panchagnula et al.99 reported that incorporating MWCNTs into an epoxy 

matrix by ball milling increased tensile strength and hardness at loadings up to 0.4 wt.%. In another 

study100, CNTs were grafted onto glass fiber surfaces via CVD, which slightly reduced fiber tensile 

strength due to localized thermal degradation but improved interlaminar shear strength (ILSS) through 

CNT bridging, thereby enhancing flexural performance while maintaining overall tensile properties. 

Moreover, the intrinsic electrical conductivity of CNTs has enabled their integration into GFRPs for self-

sensing applications, further broadening their technological relevance101–103. 

Graphene and its derivates 

Graphene is a single layer of graphitic carbon that can be synthesized via top-down or bottom-up 

approaches104. In top-down methods, graphene is typically exfoliated from graphite, offering relatively 

high yields. Conversely, bottom-up techniques rely on the controlled deposition of graphene onto 

substrates through processes such as chemical vapor deposition, plasma-enhanced CVD, or epitaxial 

growth on silicon carbide105. While these approaches allow precise control overgrowth and yield 

contamination-free graphene, they remain limited by low scalability and high production costs. 

A critical challenge associated with graphene sheets is their intrinsic instability, as they tend to re-stack 

or agglomerate via van der Waals interactions to form graphite, the thermodynamically more stable 

structure. To overcome this issue, graphene can be derived from the reduction of graphene oxide (GO). 
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GO consists of single atomic layers of graphite decorated with oxygen-containing functional groups, 

distributed on basal planes and edges, resulting in a hybrid structure of sp² and sp³ carbons. GO is 

commonly synthesized through the oxidation of graphite (or graphite oxide), where the introduction of 

oxygen functionalities facilitates exfoliation into monolayers by mild sonication or simple stirring. 

Although complete reduction of GO to pristine graphene is not achievable, the properties of graphene 

can be partially restored by reducing GO to reduced graphene oxide (rGO) (Figure 1.9). 

Figure 1.9 Schematic representation of the structure of graphene, GO and rGO6. 

The reduction of graphene oxide can be achieved by chemical, thermal, or electrochemical 

processes106–109. In thermal reduction, high temperatures under an inert atmosphere are required to 

prevent sample combustion. Chemical reduction is widely employed; however, common reductants 

such as hydrazine hydrate and sodium borohydride are hazardous, being both toxic and potentially 

explosive110. To address these limitations, recent research has focused on eco-friendly alternatives, 

including metals (e.g., zinc, iron, aluminum)111–113, alkaline solutions (sodium or potassium 

hydroxides)114, sugars (e.g., glucose, fructose, cellulose)115,116, and other green substances117,118. Despite 

these advances, issues such as metal contamination and incomplete deoxygenation remain major 

challenges. Among the proposed options, L-ascorbic acid, a naturally occurring compound found in 

plants and food, has emerged as a particularly attractive green, effective, and low-cost reducing 

agent119. 

Due to its low density and high intrinsic strength, graphene is a promising filler in polymeric composites, 

imparting excellent mechanical performance120–123. Its most remarkable property is the extraordinary 

electrical conductivity, arising from its zero-bandgap semimetal nature, which makes it particularly 

suited for applications such as self-monitoring structural health systems, despite current cost 

limitations124–126. rGO, although inferior to pristine graphene due to residual structural defects and 

heteroatoms, is still highly valuable. It retains many of graphene’s advantageous properties—such as 

good conductivity and mechanical reinforcement—and is already widely used in applications including 

sensors and structural composites. Several studies report rGO as an effective filler in glass fiber–

reinforced polymers, enhancing their mechanical strength and electrical conductivity127–129. Moreover, 



 
 

 

21 
 

rGO-based GFRPs are being actively investigated for structural health monitoring, enabling the design 

of smart, lightweight materials with multifunctional properties130–133. 

 

1.3.2.2 Silica and silicates 

Silica 

Silica (SiO₂) nanoparticles have attracted considerable interest as nanofillers, owing to their versatility 

and their ability to enhance a broad spectrum of properties in polymer composites. In particular, SiO2 

NPs have unique physicochemical properties such as high thermal and chemical stability, tunable 

porosity, and hydroxyl groups enriched surface that can be functionalized with organic compounds to 

enhance compatibility between the inorganic filler and the organic polymer matrix, further improving 

the composite's performance134. 

Silica can be synthetized through top-down or bottom-up strategies. Top-down method reduces the 

bulk material’s size via mechanical or chemical process, while bottom-up method involves the 

chemical synthesis starting from molecules or atoms. Among bottom-up approaches, the sol–gel 

process is one of the most widely employed, as it allows precise control over nanoparticle size, shape, 

porosity, and morphology through the careful adjustment of reaction parameters (e.g. temperature, pH, 

and the presence of templating agents). The Stöber’s method135 is a renowned process to synthesize 

silica nanoparticles with controlled and uniform size. The process is an ammonia-catalysed sol–gel 

reaction, where tetraethyl orthosilicate (TEOS) undergoes hydrolysis in the presence of water and a low-

molecular-weight alcohol such as ethanol, followed by condensation to yield Si-O-Si bonds (Figure 

1.10). The process is commonly catalysed by ammonia, leading to the formation of spherical 

nanoparticles with sizes ranging from ≈ 20 nm to several micrometres. The ability to precisely control 

particle size and morphology is crucial for tailoring the performance of silica-based nanocomposites.  

Figure 1.10 Stöber synthesis of SiO2 NPs through hydrolysis and condensation of the precursor (TEOS). 

Halloysite 

An alternative class of silica-based materials is represented by clays, which are particularly attractive 

from a sustainability perspective due to their natural abundance and low cost. Depending on the 
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specific type of clay, these materials exhibit a combination of advantageous properties for adsorption 

applications, including high surface area, significant porosity, excellent mechanical strength, and 

notable chemical and thermal stability. The most widely employed clays are hydrated phyllosilicates, 

which can be described by the general chemical formula (𝐶𝑎,𝑁𝑎,𝐻)(𝑀)2(𝑆𝑖, 𝐴𝑙)4𝑂10(𝑂𝐻)2 ∙ 𝑛𝐻2𝑂, 

where 𝑀 corresponds to metals such as aluminium, magnesium, iron, or zinc. Their structure is 

composed of alternating layers of tetrahedral SiO4 units and octahedral AlO6 or MO6 units136. The 

classification of phyllosilicates is largely determined by the stacking arrangement of these layers:  

- 1:1 Silicates: each tetrahedral sheet is linked to a single octahedral sheet, forming alternating 

layered structures (e.g. kaolinite and halloysite).  

- 2:1 Silicates: two tetrahedral sheets are sandwiching on octahedral sheet, such as in 

montmorillonite, smectite, and vermiculite.  

In the thesis work, Halloysite has been chosen, between the clays, as reinforcing inorganic filler for 

polymer composites. In fact, halloysite clay present exceptional physicochemical properties as high 

aspect ratio and mechanical strength, high hydrophilic due to hydroxyl groups on both inner and outer 

surfaces that can be used for further functionalization to enhance compatibility with a polymer matrix. 

The 1:1 layer structure has a single sheet of water molecules in-between with a spacing of 10.1 Å. 

Therefore, the clay has a hydrated form with a composition of 𝐴𝑙2𝑆𝑖2𝑂5(𝑂𝐻)4 ∙ 2𝐻2𝑂 which irreversibly 

changes to a dehydrated form at relatively low temperatures or upon being directed to conditions of low 

relative humidity137. As represented in Figure 1.11, the structure is tubular and shows different groups 

at the surface: Al-OH are present in the internal surface while Si-OH in the external one, providing the 

possibility of a selective functionalization of the surfaces.   

Figure 1.11 Structure of Halloysite clay138.  
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1.4 Aims of the thesis 

Considering this background, the principal aim of the thesis is to develop and optimize filler materials 

able to impart self-healing and/or self-sensing properties to multifunctional polymer 

nanocomposites.  

In particular, the research activity has been articulated through three main actions: 

1) The preparation and exploitation in different polymer matrices of new class of hybrid 

filler, X@rGO, where X = SiO2 NPs and Halloysite, which synergistically combine the 

properties of ceramic and carbon-based materials. When embedded in an elastomer (e.g., 

PDMS), X@rGO not only acts as a reinforcing filler, but upon its loading exceeds the 

percolation threshold, a conductive network is established within the matrix, enabling 

potential applications as a stretchable piezoresistive sensors. Moreover, the incorporation 

of this hybrid filler into an epoxy matrix used for the fabrication of GFRPs enhances the 

fibre–matrix interfacial adhesion, leading to improved mechanical properties. Additionally, 

when a conductive network is established within the epoxy matrix, the material can function as 

an “artificial neuron”, enabling self-sensing capabilities. 

 

2) The development of CNTs@ZnO hybrid filler for application in self-healable rubber 

composites. The decoration of carbon nanotube’s structure with zinc oxide nanoparticles 

(ZnO NPs) imparts both reinforcement and self-healing properties, through a reversible 

association-dissociation mechanism, to rubber carboxylated matrix (i.e. XNBR). Additionally, 

the high electrical conductivity of CNTs, when a well-connected 3d network is established 

inside the matrix, leads to a multifunctional nanocomposite with self-healing and self-

sensing properties. 

 

3) The manufacturing and characterization of GFRPs incorporating carbon-based fillers. 

Spray-coating the glass fiber surface with rGO units dispersed in an acrylic polymer (EMAA) 

imparts electrical conductivity and extrinsic self-healing capability, resulting in a 

multifunctional nanocomposite with both self-repairing and self-sensing properties. 
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2. Smart nanocomposite with Hybrid filler X@rGO 

In this chapter, the synthesis, characterization, and functional evaluation of a smart nanocomposite 

systems based on hybrid fillers (X@rGO) are presented. The hybrid fillers were developed by combining 

inorganic NPs (SiO₂ or Halloysite) with reduced graphene oxide (rGO) to integrate the structural, 

mechanical, and electrical advantages of both components; these were then embedded in PDMS-

based smart composites to impart enhanced mechanical and electrical properties to the resulting 

nanocomposites for future self-sensing applications. 

Section 2.1 describes the preparation and characterisation of the pristine inorganic materials. Silica 

NPs were synthesised via the Stöber method, while commercial halloysite nanotubes were used as 

received. Their morphology, texture, and thermal stability were analysed through different techniques. 

In the following Section 2.2, the synthesis of the hybrid materials (X@rGO) is detailed. The synthesis 

pathway involved three main steps: (i) surface functionalization of the inorganic phase with 3-

aminopropyltriethoxysilane (APTES), (ii) attachment of graphene oxide (GO), and (iii) thermal reduction 

to obtain rGO. Different characterization analyses were employed to confirm successful grafting, 

assess the degree of reduction, and evaluate morphological changes. These analyses provided insights 

into the interfacial interactions between the inorganic phase and the rGO sheets. Section 2.3 discusses 

the incorporation of the hybrid fillers into a PDMS matrix to assess their functional behaviour in polymer 

nanocomposites. The resulting materials were analysed for their mechanical, thermal, and dielectric 

properties, highlighting how the presence of rGO-modified fillers influences crosslinking dynamics, 

conductivity, and interfacial polarization phenomena. Section 2.4 reports the manufacturing process of 

GFRPs with SiO2@rGO embedded in the matrix. Firstly, GF were coated with silica layer and the effective 

coating confirmed with a morphological analysis (SEM). Then, single fiber push-out tests were 

performed to evaluate interfacial shear strength (IFSS) when the hybrid filler SiO2@rGO is dispersed in 

the matrix. At the end, Section 2.5 summarizes all the results reported in the Chapter.  
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2.1 Preparation of naked fillers  

The preparation of the hybrid filler (X@rGO) involved two different inorganic fillers (X = SiO2, Halloysite) 

that were used as support. For SiO2 NPs synthesis, the Stöber’s method1 has been employed (as 

reported in Section 1.3.2.2). The process is an ammonia-catalysed sol–gel reaction where the silica 

precursor (i.e. tetraethyl orthosilicate, TEOS) undergoes hydrolysis and further condensation to form 

NPs with controlled size and shape. For Halloysite, a commercial nanoclay has been purchased by 

Sigma-Aldrich and utilized as received.  

2.1.1 Experimental procedure of SiO2 NPs 

Materials 

Tetraethyl orthosilicate (TEOS, ≥99%) and ammonia solution (NH4OH, 25 %) were purchased from 

Sigma-Aldrich. Ethanol (EtOH, ≥99.8%) was purchased from Carlo Erba. 

Synthesis 

A two-neck round-bottom flask was charged with 484 mL of EtOH and 26.8 mL of NH4OH solution. The 

solution was stirred at 700 rpm at RT and 25.75 mL of TEOS has been added dropwise to the reaction 

flask. The reaction has been stirred for 24 hours at RT. The resulting product was isolated by 

centrifugation at 9000 rpm for 30 minutes and washed two times with ethanol and one time with distilled 

water. The final product was dried overnight in an oven at 80 °C.  

2.1.2 Characterization of SiO2 NPs 

TEM analysis 

TEM analysis has been conducted to study the morphological features of the synthetized spherical 

silica NPs. As shown in Figure 2.1, the SiO2 NPs present a homogeneous distribution of the shape and 

dimensions with a diameter of 70 ± 4 nm.  
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Figure 2.1 TEM micrographs at different magnitudes of Silica NPs. 

Nitrogen physisorption  

The nitrogen adsorption–desorption isotherm (77 K) was recorded for the SiO₂ NPs. As shown in Figure 

2.2a, the isotherm exhibits characteristics of a type IV with a H3 hysteresis at high relative pressure, 

according to IUPAC classification2. This type of isotherm suggests a structure with a limited amount of 

mesopores. Moreover, for values of p/p0 > 0.8, there is a significant increase in adsorbed volume 

ascribable to the filling of interparticle spaces. The specific surface area (SSA) and the pore volume have 

been calculated with a Brunauer–Emmett–Teller (BET) and Barrett-Joyner-Halenda (BJH) models and the 

values are 64 ± 3 m2 g-1 and 0.425 cc g-1 respectively.  

The pore size distribution, derived from the BJH model applied uniquely to the desorption curve, reveals 

distribution centred around at 34.8 nm, as shown in Figure 2.2b. In other words, the mesoporous 

features observed in the type IV isotherm are likely associated with interparticle voids generated by 

aggregation, indicating that the NPs tend to exist in an aggregated state. 

Figure 2.2 a) Nitrogen adsorption-desorption (77K) isotherm of SiO2 NPs; b) Cumulative pore volume 

and pore size distribution curves of SiO2 NPs calculated by BJH model for mesoporous analysis. 
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TGA 

The TGA analysis has been employed to determine the number of hydroxyl groups available on the silica 

surface. This is particularly relevant to calculate the amount of APTES necessary for a good coverage of 

the NPs during the surface functionalization process (Figure 2.3). In fact, these groups represent the site 

of condensation of the silane molecules over the silica particles. The thermogram of bare SiO2 generally 

shows two main steps of weight loss: the first step between 30 and 150 °C is related to the loss of 

water/solvent molecules adsorbed on the surface. The second mass loss observed between 150 and 

1000 °C is associated to the decomposition or desorption of surface-bound OH groups (𝑂𝐻𝑠𝑢𝑝) 

covalently bonded over the silica surface. Thus, the moles of 𝑂𝐻𝑠𝑢𝑝 groups per gram of SiO2 NPs is 5.32 

mmol g-1, calculated with the Equations A.18 provided in the appendix.    

Figure 2.3 TGA thermogram of SiO2 NPs. 
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2.1.2 Characterization of Halloysite  

TEM analysis 

The morphological characterization of Halloysite has been performed by TEM analysis (Figure 2.4). In 

detail, the filler exhibits a tubular structure with a diameter of 45 ± 15 nm and a length ranging from 500 

nm to 2 µm, consistent with the Technical Data Sheet provided by Sigma Aldrich (i.e. 30-70 nm and 1-3 

µm, respectively). 

 

Figure 2.4 TEM images at different magnitudes of commercial Halloysite nanoclay. 

Nitrogen physisorption  

The nitrogen adsorption–desorption isotherm (77 K) was recorded for commercial Halloysite nanoclay. 

As shown in Figure 2.5a, the isotherm exhibits the typical features of a type IV isotherm with H3 

hysteresis at high relative pressure. This isotherm indicates the presence of a limited fraction of 

mesopores. Furthermore, at relative pressures (p/p₀) above 0.8, the pronounced rise in adsorbed 

volume can be attributed to the filling of interparticle voids.  

The specific surface area (SSA), calculated with BET model, is 59 ± 4 m2 g-1 consistent with the value 

provided from the Technical Data Sheet (i.e. SSA 64 m2 g-1). On the other side, the pore volume, 

calculated with BJH method, is 0.530 cc g-1, lower than the known value of 1.26-1.34 mL g-1. This 

phenomenon can be explained following the curves shown in Figure 2.5b. In fact, during the analysis, 

the instrument could not fill all the pores and reach a plateau for the cumulative pore volume, probably 

because of the presence of macropores deriving from the aggregation of the tubular structure of the 

halloysite.  

Moreover, a “cavitation” phenomenon can be observed (black arrow, Figure 2.5a) at ≈ 0.46 p/p0, which 

occurs during the desorption process in ink-bottled-shape pores3. In these pores, as the pressure is 

reducing, the condensed gas may suddenly vaporize inside the cavity and subsequently collapse. This 
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results in an artificial feature in the desorption isotherm and an ambiguous pore size distribution. Such 

cavitation does not correspond to a real pore size and can mask the actual desorption process. In this 

case the artificial peak is the one at 3.7 nm, that can be calculated, starting from the relative pressure 

value of cavitation in the isotherm, following the Kelvin Equation which relates the relative pressure to 

pore radius (Equation 2.1): 

ln
𝑝

𝑝0
= −

2𝛾𝑉𝑚

𝑟𝑅𝑇
                       Eq.2.1 

where 𝛾 is the surface tension of liquid nitrogen, 𝑉𝑚 is the molar volume of N2, R is the gas constant, T is 

the temperature and  𝑟 is the pore radius4.  

Figure 2.5 a) Nitrogen adsorption-desorption (77K) isotherms of commercial Halloysite; b) Cumulative 

pore volume and pore size distribution curves of Halloysite calculated by BJH model for mesoporous 

analysis. 

TGA 

Differently from silica nanoparticles, the TGA analysis of the halloysite cannot be used to evaluate the 

number of hydroxyl groups on the surface to further calculate the moles of APTES (Figure 2.6). In fact, 

the mass loss between 150 and 1000 °C is associated to the decomposition or desorption of surface-

bound OH groups, but in the same step there’s the elimination of the water trapped in the structure of 

the tubular filler. Therefore, the number of 𝑂𝐻𝑠𝑢𝑝 groups per unit area, considering all the 

∆𝑤𝑡.% 150−1000°𝐶  as surface hydroxyl groups, would be vastly overestimated. Consequently, the 

quantity of APTES to add would be greater than necessary involving its self-condensation to silica, 

undermining the success of the functionalization.  

For this reason, a study of different stoichiometric ratio between the hypothetical moles of OHsup and 

the moles of APTES has been conducted (see Section 2.2.3).    
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Figure 2.6 TGA thermogram of commercial Halloysite nanoclay. 
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2.2 Synthesis of X@rGO  

In this section, the synthesis and characterization of the hybrid filler X@rGO have been widely 

described. The synthesis process can be divided in three steps as shown in Scheme 2.1.  

The first step is the surface functionalization with APTES. Starting from the number of 𝑂𝐻𝑠𝑢𝑝 of bare 

silica NPs (calculated from the TGA curve, Figure 2.3), the moles of APTES per gram of SiO2 were 

calculated in a stoichiometric ratio 2:1. In the case of halloysite, a deep study is necessary to 

understand the right amount of organ silane to use in the functionalization reaction. In particular, the 

𝑂𝐻𝑠𝑢𝑝 (mol g-1) cannot be determined for this type of filler because during the TGA analysis, the water 

trapped in the structure is lost in the same range of temperatures used for the calculation too. The 

chosen one was 2:1 (molOH g-1 : molAPTES g-1), assuming that only half of the weight loss between 150-1000 

°C is due to the available 𝑂𝐻𝑠𝑢𝑝 (see Section 2.2.3). 

The second step of the process is the attachment of graphene oxide in water solution through 

electrostatic interactions between the amine groups of the APTES and the oxygenated groups of GO (i.e. 

carboxylic, epoxydic and carbonylic groups)5.  

Lastly, the third step involves the reduction of the filler to eliminate the oxygenated groups of GO in order 

to obtain the final hybrid filler X@rGO with an increased electrical conductivity.  

 

Scheme 2.1 Scheme reaction of the hybrid filler (X@rGO) synthesis. 
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2.2.1 Experimental procedure of X@rGO 

Materials 

Halloysite nanoclay was purchased from Sigma-Aldrich. 3-Aminopropryltriethoxysilane (APTES, 98 %) 

was purchased from abcr. Graphene oxide (GO) water dispersion (0.4 wt.%) was purchased from 

Graphenea. Toluene (99 %) was purchased from Thermo Fisher Scientific. Ethanol (EtOH, ≥ 99.8 %) was 

purchased from Carlo Erba.  

Synthesis 

In a two-neck round-bottom flask, 5.0 g of X (i.e. SiO2 NPs or commercial halloysite) were dispersed in 

120 mL of toluene using an ultrasonic bath for 5 minutes, and the temperature mixture was brought to 

120 °C through a silicon oil bath. APTES (2.96 mL for SiO2, 5.56 mL for halloysite) was added dropwise, 

and the reaction mixture was stirred for 24 hours under reflux. The resulting product (X@APTES) was 

isolated by centrifugation, washed two times with toluene (9000 rpm, 20 min) and one time with ethanol 

(9000 rpm, 30 min) and dried in an oven at 80 °C overnight.  

In a one-neck round-bottom flask, 5.0 g of X@APTES were dispersed in 250 mL distilled water using an 

ultrasonic bath for 15 minutes. 25 mL of GO solution (0.1 g, 2 wt.% of X@APTES) was dispersed in a 

beaker with 250 mL of distilled water by ultrasonication for 20 minutes. The GO dispersion was added 

dropwise to the X@APTES dispersion under stirring. The reaction mixture was sonicated for 15 minutes 

and then stirred for 1 hour. The resulting product (X@GO) was isolated by centrifugation at 9000 rpm for 

30 minutes and washed two times with distilled water. The final product was dried overnight in an oven 

at 80°C.  

To obtain the reduction of GO to rGO, the product (X@GO) has been treated for 2 hours at 600 °C in a 5 

% H2/N2 reducing atmosphere with a heating rate of 5 °C min-1. The final product has been recovered and 

named X@rGO.  
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2.2.2 Characterization of SiO2@rGO 

TGA and CHNS 

The TGA analysis has been used to evaluate the degree of functionalization of SiO2 with APTES and, 

secondly, to quantify r-GO in the hybrid filler SiO2@rGO.  The TGA thermographs of each product of the 

synthesis steps (i.e. SiO2, SiO2@APTES, SiO2@GO and SiO2@rGO) are reported in Figure 2.7 from 150 to 

1000 °C. 

 

Figure 2.7 TGA thermograms of the products of each step of the SiO2@rGO synthesis, reported between 

150 and 1000 °C. 

The estimation of the moles of APTES effectively deposited on SiO2 surface is calculated taking into the 

account the weight loss of SiO2@APTES between 150 and 1000 °C following the Equation A.20, deeply 

described in the appendix.  In particular, the degree of functionalization, expressed as mass percentage 

and number of molecules per unit area, is reported in the Table 2.1 and demonstrates a good surface 

coverage of SiO2 obtained with APTES. 

Table 2.1 Functionalization degree of SiO2@APTES.  

 

 

 𝑤𝑡.%(𝑌) 𝜎[𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
/𝑛𝑚2] 

SiO2@APTES 4.23 7.39 
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The functionalization degree was further analysed by elemental CHNS measurements (Table 2.2). The 

nitrogen content has been used to calculate the amount of APTES expressed as 𝜎[𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑛𝑚2], 

through the Equation A.21 from the appendix. Its value of 6.94 molecules nm-1 is consistent with the 

value obtained from the TGA, confirming the effective SiO2 functionalization. 

Table 2.2 CHNS elemental analysis results of SiO2@APTES.  

 

 

 

It should be noted that the sample after the attachment of GO and before the reduction (i.e. SiO2@GO) 

has an unexpected minor weight loss compared to the one of SiO2@APTES. This phenomenon can be 

explained taking into account that the reaction environment used for the attachment of GO is water. In 

fact, after the functionalization with APTES, some molecules of silane can be just physiosorbed on the 

surface of the silica, without involving a covalent bond with the hydroxyl groups of silica. When the filler 

is dispersed in water for the attachment of GO, these APTES molecules undergo a condensation 

reaction to produce silica, decreasing the quantity of silane loss in the TGA analysis of SiO2@GO and 

may be detached from the surface of silica. For this reason, SiO2@APTES has been dispersed in water 

for a few hours without adding GO, to evaluate the quantity of silane lost or self-condensed on the 

surface. As shown in the Figure 2.8, the difference in the ∆𝑤𝑡.% 150−1000°𝐶 is 2.06 ± 0.5 wt.%, confirming 

that part of APTES is effectively lost due to the dispersion of SiO2@APTES in water. 

 C (wt.%) H (wt.%) N (wt.%) S (wt.%) 

SiO2 0.27 1.3 0.08 0.292 

SiO2@APTES 3.72 1.477 1.00 0.247 
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Figure 2.8 TGA thermograms of SiO2@APTES and SiO2@APTES_H2O, reported between 150 and 1000 

°C. 

Moreover, the quantity of rGO attached to the filler can be calculated from the TGA thermogram of 

SiO2@GO compared to SiO2@APTES. In fact, during the reduction treatment, APTES is thermally 

degraded, while the GO has been partially reduced to rGO. Consequently, the ∆𝑤𝑡.% 150−1000°𝐶  of 

SiO2@rGO is due only to the degradation of r-GO which is 2.2 ± 0.2 wt.%, consistent with the nominal 

value of 2 wt.% used in the synthesis.  

ATR-FTIR 

The presence of APTES was further confirmed by ATR-FTIR analysis (Figure 2.9). The FTIR spectrum of 

SiO2 NPs reveals characteristic vibrational features. The broad band in the 3700–3200 cm-1 region and 

the signal at 1633 cm-1 are assigned to O–H stretching and bending vibrations of physiosorbed water, 

respectively. The intense bands at 1060 and 805 cm-1 correspond to the symmetric and asymmetric Si–

O–Si stretching, while the peak at 954 cm-1 is attributed to Si–OH stretching6. 

For SiO2@APTES, additional signals confirm the successful surface modification with the APTES chains. 

The bands at 2980 and 2932 cm⁻¹ arise from asymmetric C–H stretching of the -CH2 groups of the APTES 

chains. Furthermore, the attenuation of the Si–OH stretching signal at 954 cm-1 indicates consumption 

of surface hydroxyl groups during the grafting reaction. Collectively, these spectral features qualitatively 

confirm the successful functionalization of silica with APTES. 
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The FTIR spectra of SiO₂@GO and SiO₂@rGO are not reported, as they do not show significant 

differences, likely due to the low GO and rGO content (2 wt.%), which is insufficient to generate new 

detectable peaks. 

Figure 2.9 ATR-FTIR normalized spectra of bare SiO2 NPs and SiO2@APTES. 

TEM 

TEM analysis has been conducted to study the morphological features of the hybrid filler SiO2@rGO 

compared to bare SiO2 and SiO2@APTES. First, the surface functionalization with APTES did not modify 

the morphological properties of SiO2 NPs. The micrographs in Figure 2.10 clearly show the rGO sheet 

with the incorporated silica particles with same shape and dimension of the beginning, but the surface 

appears to be rough (blue narrow) with respect to the one of the naked filler (Figure 2.1). This 

phenomenon can be explained by the self-condensation of the physiosorbed APTES on the surface 

during the attachment of GO performed in water, as explained before in the TGA section.  As Garcia et 

al.7 reported in their study, when the grafting degree is high, the free chains of silane can self-condense 

to form silica nano-texturization in water, similarly to what happened during the SiO2@rGO synthesis 

process. 
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Figure 2.10 TEM images at different magnitudes of SiO2@rGO. 

Nitrogen physisorption  

The nitrogen adsorption–desorption isotherm (77 K) was recorded for the SiO₂@rGO. As shown in Figure 

2.11a, the isotherm exhibits characteristics of a type IV with a H3 hysteresis at high relative pressure, 

according to IUPAC classification2. This isotherm indicates a structure with a relatively low content of 

mesopores. At relative pressures (p/p₀) above 0.8, the sharp increase in adsorbed volume is attributed 

to the filling of interparticle voids. The SSA and the pore volume, calculated with BET and BJH models, 

are 58 ± 2 m2 g-1 and 0.439 cc g-1. As expected, these values are not significantly different from the ones 

of the SiO2 NPs (64 ± 3 m2 g-1, section 2.1.2). 

Applying BJH model to the desorption curve, the pore size distribution has been derived revealing a 

distribution centred around at 24.1 nm, as shown in Figure 2.11b. This value is not related to the 

diameter of pores of the filler but is associated with interparticle voids generated by aggregation. In this 

case, a phenomenon of cavitation can be detected in the desorption branch of the isotherm and in the 

pore size distribution curve because of the artifact peak at 3.9 nm.  
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Figure 2.11 a) Nitrogen adsorption-desorption (77K) isotherms of SiO2@rGO; b) Cumulative pore 

volume and pore size distribution curves of SiO2@rGO calculated by BJH model for mesoporous 

analysis. 

Raman 

Raman spectroscopy has been used to characterize and evaluate possible differences in SiO2@GO and 

SiO2@rGO samples after the reduction treatment. In crystalline graphene, the characteristic Raman 

peaks are the G band and the 2D band, corresponding to first- and second-order Raman modes (≈1585 

and 2700 cm-1). The G band is the most intense and is related to the vibration mode E2g, characteristic 

of carbon-carbon vibration in the plane of the aromatic layers8. In the spectrum of GO, these peaks 

broaden due to the high concentration of defects introduced by oxidation. This structural disorder also 

gives rise to a strong D band (≈ 1350 cm-1), associated with the A1g breathing mode defect-activated. 

The appearance of this band reflects the significant disruption of the graphene basal plane caused by 

oxidation and the subsequent partial reduction of GO9.  

 

Figure 2.12 Representation of A1g and E2g vibration modes of GO.  

In the spectra presented in Figure 2.13, the two bands G and D are set at 1600 and 1332 cm-1 

respectively. The first one is representative of the domain of carbon sp2 hybridization, while the second 
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of the C sp3 hybridization. To evaluate the effectiveness of the reduction, Latorrata et al.10 reports the 

variation of the intensities of the two bands (ID/IG).  In this case, no significant variation is observed, 

which is reasonable since the reduction temperature is not high enough to induce the structural 

disorder that typically occurs above 1000 °C11. 

 

Figure 2.13 Raman spectra of SiO2@GO and SiO2@rGO. 

XPS 

XPS analysis has been used to evaluate the effectiveness of the reduction process performed on the 

hybrid filler. In fact, three different treatments have been executed for the reduction of X@GO: 400 °C in 

N2, 600 °C in N2, and 600 °C in H2/N2. For the fitting, a product of Gaussian and Lorentzian curves 

imposed to have the same FWHM (each sample) and an asymmetric Lorentzian curve to account for C 

sp2 have been employed12. Deeply, the C1s signal has been fitted using 4 symmetric GL(30) and one 

asymmetric curve as reported in Figure 2.14. 3 GL(30) are attributed to different chemical arounds of 

carbon, 1 GL(30) is attributed to a mixed contribution attributable to both the graphitic C1s plasmon 

and to carbonates, and the asymmetric curve is used to identify the contribution of graphitic C sp2. 

GL(30) curves are centered at 286.2 ± 0.1 eV (C-O bond of alcohols and ethers, violet), 287.5 ± 0.1 eV 

(carbon oxygen sp2 bond of ketones and aldehydes, green), 288.8 ± 0.1 eV (carbon of carboxylic acids, 

blue) and one located at 290.9 ± 0.1 eV (yellow) related to carbonates and C sp2 plasmon13. The 

asymmetric curve is placed at 284.5 ± 0.1 eV (C sp2, red) and has been used to calibrate the spectrum14–

16.  
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Figure 2.14 XPS spectra of C1s region for SiO2@GO, SiO2@rGO treated at 400 °C and 600 °C in N2, and 

SiO2@rGO treated at 600 °C in H2/N2. 

The determination of the relative percentage of the 5 contributions is presented in Table 2.3 for all the 

samples analysed. Respect to the SiO2@GO, all the sample reduced in nitrogen atmosphere did not 

present any significant differences, while the one reduced in H2/N2 atmosphere shows a clear increment 

in the C sp2 contribute and a marked reduction in all the other components confirming the positive 

outcome of the reduction treatment.   
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Table 2.3 Relative percentage of the five contributions for the four samples investigated with XPS.  

 

2.2.3 Characterization of Hallo@rGO 

TGA and CHNS 

The TGA analysis has been used to evaluate the degree of functionalization with APTES and, secondly, 

to quantify the rGO in the filler Hallo@rGO, as already explained for SiO2-based materials. The TGA 

thermographs of each product of the synthesis steps (i.e. Halloysite, Hallo@APTES, Hallo@GO and 

Hallo@rGO) are reported in Figure 2.15.  

 

Figure 2.15 TGA thermograms of the products of each step of the Hallo@rGO synthesis, reported 

between 150 and 1000°C. 

 SiO2@GO SiO2@rGO 
(400 °C, N2) 

SiO2@rGO 
(600 °C, N2) 

SiO2@rGO 
(600 °C, H2/N2) 

C sp2 (red) 26.6 26.8 37.5 74.0 

C-O (violet) 23.4 20.9 22.9 11.8 

C=O (green) 31.3 27.5 18.0 9.2 

O-C=O (blue) 14.7 19.0 17.3 2.2 
Plasmon + 
carbonates (yellow) 4.0 5.8 4.3 2.8 
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For the calculation of the functionalizing agent three percentages of weight loss (150-1000 °C) of 

halloysite has been used to calculate the 𝑂𝐻𝑠𝑢𝑝 and, consequently, the moles of APTES to use in the 

reaction (Figure 2.16a). The TGA analysis has been performed but the difference in the functionalization 

is minimal, for this reason the moles of surface OH has been calculated starting from considering just 

the 50% of the ∆𝑤𝑡.% 150−1000°𝐶  for the Equation A.18, in order to avoid high self-condensation of 

APTES.   

In particular, the degree of functionalization, expressed as mass percentage and number of molecules 

per unit area, is reported in the Table 2.4. 

Table 2.4 Functionalization degree of Hallo@APTES.  

 

 

CNHS measurements have been performed to confirm the functionalization degree (Table 2.5). The 

nitrogen content has been used to calculate, through the Equation A.2 from the appendix, the 

𝜎[𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑛𝑚2] which its value is 8.77 molecules nm-1, consistent with the value obtained from the 

TGA.   

Table 2.5 CHNS elemental analysis results of Hallo@APTES.  

 

 

 

The TGA thermograms of Hallo@APTES and Hallo@GO in Figure 2.15 present a similar weight loss in the 

range 150-1000 °C. This phenomenon can be explained by considering the reaction environment during 

GO attachment. Following functionalization with APTES, some silane molecules may remain only 

physiosorbed on the surface, without forming covalent bonds with surface hydroxyl groups. Upon 

dispersion of the filler in water for GO grafting, these loosely bound APTES molecules undergo self-

condensation reactions to form silica, thereby reducing the amount of silane loss observed in the TGA 

analysis of Hallo@GO. As shown in Figure 2.16b, Hallo@APTES_H2O has been dispersed in water for a 

few hours in the absence of GO to evaluate the quantity of silane lost or self-condensed on the surface 

during the experimental treatment to anchor GO. The difference in the ∆𝑤𝑡.% 150−1000°𝐶 is 2.01 wt.% 

which is the same percentage of GO added to the reaction, for this reason the two curves (Hallo@APTES 

and Hallo@GO) have almost the exact same weight loss.  

 𝑤𝑡.%(𝑌) 𝜎[𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
/𝑛𝑚2] 

Hallo@APTES 3.74 8.24 

 C (wt.%) H (wt.%) N (wt.%) S (wt.%) 

Halloysite 0.43 1.652 0.45 0.353 

Hallo@APTES 3.36 1.979 1.39 0.171 
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Figure 2.16 TGA thermograms reported between 150 and 1000°C of a) different ratios for 

functionalization of Hallo@APTES, and b) Hallo@APTES before and after been washed with distilled 

water.  

Furthermore, the actual content of rGO in the filler can be quantified from the TGA thermogram (Figure 

2.15). During the reduction treatment, APTES undergoes thermal degradation, while GO is partially 

reduced to rGO. As a result, the weight loss (∆𝑤𝑡.%(150−1000°𝐶)) observed for Hallo@rGO is solely 

attributed to the degradation of reduced graphene oxide, amounting to 2.4 ± 0.3 wt.%, which is in good 

agreement with the nominal loading of 2 wt.%. 

ATR-FTIR 

The presence of APTES was further qualitatively confirmed by ATR-FTIR analysis (Figure 2.17). The FTIR 

spectrum of commercial halloysite nanoclay reveals characteristic vibrational features. The peaks at 

3547 and 1647 cm-1 are assigned to O-H stretching of inner layer of water molecules. The intense bands 

at 3691 and 3622 cm-1 correspond to the inner-surface Al-OH stretching vibrations, while the Al-O-Si is 

at 525 cm-1. The peaks at 1118 and 1005 cm-1 are related to the Si-O vibration and the Si-O-Si asymmetric 

stretching. The three peaks at lower wavenumber (795, 749 and 678 cm-1) are assigned to Si-O stretching 

while the one at 908 cm-1 is related to external-surface OH stretching17–19. 

For Hallo@APTES, additional signals confirm the successful surface modification as observed for SiO2 

fillers. The bands around 2931 and 2887 cm⁻¹ arise from asymmetric C–H stretching of silane. 

Furthermore, the attenuation of the Si–OH stretching signal at 903 cm-1 implies the consumption of 

𝑂𝐻𝑠𝑢𝑝 during the grafting reaction. 
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The FTIR spectra of Hallo@GO and Hallo@rGO are not reported, as they do not show significant 

differences, likely due to the low GO and rGO content (2 wt.%), which is insufficient to generate new 

detectable peaks. 

 

Figure 2.17 ATR-F TIR normalized spectra of commercial Halloysite and Hallo@APTES. 

TEM 

TEM analysis has been conducted to study the morphological features of the hybrid filler Hallo@rGO 

compared to bare Hallo and Hallo@APTES. As observed for SiO2, no modifications on the morphology 

of halloysite structures were observed after the surface functionalization with APTES. The micrographs 

in Figure 2.18 show the rGO sheet (yellow arrow) with the incorporated halloysite. It’s clearly notable 

that the structure of the nanoclay is in part disrupted because of the high temperature used for the 

reduction of the filler. Some of them maintained the same shape and dimensions (purple arrow), while 

others have a shorter length and an opened structure because of the loss of water molecules stuck in 

the channel (red arrow).  
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Figure 2.18 TEM micrographs at different magnitudes of Hallo@rGO. 

Nitrogen physisorption  

The nitrogen adsorption–desorption isotherm (77 K) was obtained for Hallo@rGO. As illustrated in 

Figure 2.19a, the curve corresponds to a type IV isotherm with an H3 hysteresis loop at high relative 

pressures, indicating the presence of a small fraction of mesopores. In addition, the sharp increase in 

adsorbed volume at p/p₀ > 0.8 is associated with the filling of interparticle voids. The SSA and the pore 

volume, calculated with BET and BJH models, are 62 ± 2 m2 g-1 and 0.481 cc g-1. As expected, these 

values are not significantly different from the ones of the commercial Halloysite nanoclay.  

The pore size distribution is wider than the one of commercial halloysite. This can be explained by the 

thermal degradation of the structure of part of the filler during the reduction treatment. Moreover, also 

in this case cavitation is present in the isotherm and with an artifact peak in Figure 2.19b.  

Figure 2.19 a) Nitrogen adsorption-desorption (77K) isotherms of Hallo@rGO; b) Cumulative pore 

volume and pore size distribution curves of Hallo@rGO calculated by BJH model for mesoporous 

analysis. 
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Raman 

Raman spectroscopy was employed to characterize and compare Hallo@GO and Hallo@rGO samples. 

As shown in Figure 2.20, the spectra display two characteristic bands: the G band at ≈1600 cm⁻¹, 

associated with sp² carbon domains, and the D band at ≈ 1332 cm⁻¹, related to sp³ hybridized carbon. 

As discuss for the silica-based filler, no significant variation of the ratio ID/IG has been detected probably 

due to the lower temperatures that do not affect the structural disorder.   

Figure 2.20 Raman spectra of Hallo@GO and Hallo@rGO. 
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2.3 Functional properties of polymer composite 

In this Section, the incorporation of the hybrid filler X@rGO into a PDMS matrix was evaluated and their 

functional behaviour in terms of mechanical and conductive properties has been widely discussed. The 

production of the polymer composite was made through a solvent casting process where the polymer 

is dissolved in a suitable solvent, the filler is embedded and then the mixture is molded forming a 

uniform layer and then dried to evaporate the solvent. This is done with the use of suitable temperature 

to favourite the curing of the matrix. 

The resulting materials were characterized in terms of their mechanical, thermal, and dielectric 

properties, revealing that the incorporation of rGO-modified fillers affects the crosslinking behaviour, 

enhances electrical conductivity, and influences interfacial polarization processes. 

2.3.1 Experimental procedure of the composite 

Materials 

Sylgard 184 Silicone Elastomer Kit (PDMS) was purchased from Dow Corning. Dichloromethane (DCM). 

rGO powder was purchased from Sixth Element.  

Procedure 

In a round-bottom flask, 2.0 g of PDMS were dispersed in 4 mL of DCM by ultrasonication for 15 min. The 

curing agent (10:1) has been added and sonicated for 15 min more. After that, X@rGO and rGO powder 

is added with different loading and sonicated for 30 min. The solution mixture was cast in a Teflon mold 

with a diameter of 7 cm and let the solvent evaporate under the hood for 24 h. The film is then cured at 

105 °C for 5 h and one hour more with controlled vacuum (pressure of 250 mbar). 

Different loadings of X@rGO have been used to make the composite and summarized in the Table 2.6. 

These amounts (expressed as wt.%) are calculated with respect of the mass of PDMS used for the film 

preparation.  
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Table 2.6 Different loadings of the filler X@rGO for all the composites produced with the PDMS matrix.  

 

2.3.2 Characterization of the composite 

TGA 

TGA analysis has been used to evaluate the thermal stability of the composites and to calculate the 

effective loading of the fillers in the final materials. This is done by comparing the weight loss measured 

between 30 and 1000 °C obtained for the nanocomposites prepared with X@rGO to the one measured 

for bare PDMS. Results are summarized in Figure 2.21 and in Table 2.7. 

The thermal profile of bare PDMS displays the typical degradation pathway already observed in the 

literature20 with a residual weight of 50 wt.%, probably deriving from silica formation induced by the TGA 

thermal treatment. For Hallo@rGO composites, a significant decrease in the thermal stability is 

detectable (Fig. 2.21a), ascribable to the scarce filler-matrix interaction or to segregation phenomena. 

Accordingly, the expected filler content matches with the values retrieved from TGA weight loss at 1000 

°C. Conversely, the thermal stability of SiO2@rGO15%, SiO2@rGO30% and SiO2@rGO30%_2%rGO 

samples remains almost similar to that of PDMS, suggesting a better affinity between the hybrid filler 

and the siloxane polymer. This may explain the discrepancy among the nominal residual masses and 

those obtained at the end of the thermal degradation, which results similar and lower for each hybrid 

filler loading. In particular, we may infer that the enhanced filler-rubber interaction inhibit PDMS 

degradation and transformation into silica, finally leading to a minor inorganic content. These results 

find support in the enhanced mechanical properties of SiO2@rGO composites if compared to 

Hallo@rGO composites (see next section). 

 

 PDMS 
(g) 

Curing 
agent 

(g) 

SiO2@rGO 
(wt.%) 

Hallo@rGO 
(wt.%) 

rGO 
powder 
(wt.%) 

PDMS 2 0.2 - - - 

SiO2@rGO15% 2 0.2 15 - - 

SiO2@rGO30% 2 0.2 30 - - 

SiO2@rGO30%_2%rGO 2 0.2 30 - 2 

Hallo@rGO15% 2 0.2 - 15 - 

Hallo@rGO30% 2 0.2 - 30 - 

Hallo@rGO30%_2%rGO 2 0.2 - 30 2 
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Table 2.7 Weight loss percentages from the TGA analysis and calculated from the nominal loading of 

X@rGO.  

 

 

 

 

 

 

Figure 2.21 TGA curves of a) SiO2@rGO and (b) Hallo@rGO composites.  

DSC 

Dynamic differential scanning calorimetry was employed to analyse the curing kinetics of 

nanocomposite mixtures made of silicone-based matrix containing X@rGO hybrid filler. In literature, the 

typical exothermic peak of the PDMS curing reaction occur in the range from 90 to 110°C21. The curves 

related to the curing of PDMS in presence of SiO2@rGO are reported in Figure 2.22a. The addition of 

different filler contents results in a slight, though not meaningful, shift toward higher. Controversy, the 

presence of Hallo@rGO shifts the exothermic peak significantly to higher temperatures and a marked 

decrease in the peak area is observed (Figure 2.22b) in respect to pure PDMS. This behaviour can be 

attributed to a reduced filler-matrix compatibility, which leads to a delayed curing of the PDMS in the 

presence of the halloysite-based hybrid filler. This phenomenon is commonly observed when the filler 

partially inhibits the polymer crosslinking process 22,23.  

 Expected weight loss (wt%) Calculated weight loss  
during TGA (wt.%) 

SiO2@rGO15% 57.5 56.9 

SiO2@rGO30% 65 57.6 

SiO2@rGO30%_rGO2% 64 57.0 

Hallo@rGO15% 57.5 57.4 

Hallo@rGO30% 65 64.9 

Hallo@rGO30%_rGO2% 64 61.0 
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Figure 2.22 DSC curves of in-situ curing of PDMS in the presence of a) SiO2@rGO and b) Hallo@rGO.  

2.3.3 Functional properties of the composite  

Dielectric Spectroscopy 

Dielectric spectroscopy has been used to study the electrical properties of the composites. The hybrid 

filler X@rGO has been dispersed in a polymeric matrix (i.e. PDMS) with different loading to evaluate the 

formation of a conductive network. In Figure 2.23b is reported the real part of the conductivity, 𝜎′, for all 

samples at room temperature. For the PDMS neat, the conductivity reached a plateau at low 

frequencies (≈ 10-14 S cm-1) due to ionic conductivity of the matrix. Also, samples SiO2@rGO30%_rGO2% 

and Hallo@rGO30%_ rGO2% show a plateau but at higher value of 𝜎′ due to the electronic conductivity 

of rGO24.  The elevated conductivity of these samples is further evidenced by their high 𝜀′ values (Figure 

2.23a). This behaviour clearly indicates the formation of a continuous conductive network in the PDMS 

composite. The rest of the samples do not exhibit a plateau in conductivity with values similar to the 

one of neat matrix. In this case, the conductive pathway is not formed in the composite, though certain 

conductivity-related phenomena lead to increased absolute values most likely associated with 

interfacial polarization25. In Figure 22a, the real part of the dielectric permittivity is reported for all the 

samples at room temperature. For insulating materials, 𝜀′ is frequency independent, except at low 

frequencies where conductivity effects prevail26. In contrast, nanocomposites that are conductive or 

near the electrical percolation threshold show higher and frequency-dependent 𝜀′ values, primarily due 

to interfacial polarization and conductivity-related processes. For PDMS neat 𝜀′ is constant at ≈ 3.5, 

while for the other samples the values are higher but exhibit similar behaviour of the matrix. Only 

SiO2@rGO30%_rGO2% and Hallo@rGO30%_rGO2% values are significantly higher and increase in a 

non-linear way with the frequency resulting in the only two composites with electrical properties.  
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Figure 2.23 Dielectric permittivity (a) and conductivity (b) of the X@rGO/PDMS composites as a function 

of frequency.  

 

DMA 

Dynamic Mechanical Analysis has been performed to evaluate the viscoelastic properties of the 

composites with different loadings of X@rGO. Figure 2.24a illustrates Tanδ as a function of temperature. 

The neat PDMS sample gives a main transition corresponding to the glass transition temperature, Tg, at 

≈ -120 °C and a relaxation peak at ≈ -50 °C. The same behaviour can be detected for all the other samples 

except for SiO2@rGO30%_rGO2% and Hallo@rGO30%_rGO2%. In this case, a shift to higher 

temperature can be observed for the second relaxation peak (i.e. -50 °C) corresponding to the formation 

of conglomerates or clusters arising from the interaction between rGO and the polymer chains of the 

matrix27. These interactions shift the polymer relaxation peak to higher temperatures, as the increased 

network constraints restrict the molecular mobility of the polymer chains28,29. The second peak arising 

at ≈ -90 °C for these two composites may be also linked to an interaction of the rGO content and PDMS 

matrix. 

Storage Modulus, 𝐸′, has been reported in Figure 2.24b as a function of the temperature. It is clearly 

notable that increasing the loading of X@rGO filler in the composite results in a higher value of 𝐸′. These 

trends provide clear evidence of the reinforcing effect imparted by both silica and halloysite-based 

fillers to the polymeric matrix.  
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Figure 2.24 Tangent Delta (a) and Storage Modulus (b) of the X@rGO/PDMS composites as a function of 

temperature.  
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2.4 Introduction of SiO2@rGO in GFRPs 

Glass fiber-reinforced polymer composites are extensively employed in structural and transportation 

applications due to their outstanding strength-to-weight ratio. In these materials, the mechanical 

performance is largely dictated by the fiber–matrix interphase, which is the critical zone between fiber 

surface and the polymer matrix chains that must be strategically designed and precisely engineered to 

achieve optimal mechanical properties of the final composite. The single-fiber push out test represents 

a powerful micromechanical technique for evaluating the fiber–matrix interfacial properties in GFRPs 

under conditions closely resembling those encountered in real engineering applications. This method 

enables quantitative assessment of parameters such as interfacial shear strength (IFSS), debonding 

energy, and interfacial frictional stress, which are critical for understanding load transfer mechanisms 

at the microscale. 

Parizi M. et al.30 reported in their work the modification of the fiber surface with silica coatings with 

different porosity to evaluate the improvement on the adhesion fiber-matrix. They discovered that the 

introduction of a mesoporous silica coating on the glass fiber surface led to the highest specific surface 

area, pore size, and adhesion energy, resulting in a significant enhancement of the composite’s 

mechanical performance. The modified fibers provided up to a 31% increase in Young’s and flexural 

modulus compared to composites reinforced with untreated woven GFs. This improvement is attributed 

to more efficient stress distribution and uniform load transfer across the polymer–GF interphase, 

facilitated by the mesoporous coating. 

Moreover, the introduction of fillers in the matrix has been deeply studied in literature to enhance the 

interfacial adhesion in GFRPs. The observed improvements can be attributed to the toughening effect 

of the nanoparticle-reinforced matrix, which mitigates stress concentrations and enhances energy 

dissipation during deformation, thereby promoting more efficient stress transfer and greater resistance 

to interfacial debonding. Gorbatikh L. et al31 studied the influence of CNTs dispersed in the matrix onto 

the interfacial properties. IFSS value of GFRPs increase from 57 to 84 MPa adding carbon nanotube 

resulting in a moderate enhancing of the adhesion GF-epoxy matrix.  Tian Y. et al32 studied the influence 

on the interfacial shear strength of silica content mixed in the epoxy matrix in carbon fiber reinforced 

polymers (CFRPs). IFSS, analysed with a micro-droplet test, increased by 38% after the addition of 20 

wt.% silica NPs. The SEM analysis of the CF surface showed that, as the silica content increases, a 

greater amount of matrix residue adheres to the fiber surface, indicating a stronger interfacial adhesion 

between the carbon fiber and the silica-modified epoxy matrix. 
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Starting from these considerations on the effects of surface coatings and the addition of fillers in the 

epoxy matrix, five different samples have been tested micromechanically:  

- Neat GF 

- Silica coated GF  

- Silica coated GF with SiO2@rGO hybrid filler embedded in the epoxy matrix 

- Silica coated GF with SiO2 NPs and rGO powder embedded in the epoxy matrix 

- Silica coated GF with rGO powder embedded in the epoxy matrix 

 

2.4.1 Silica coating of GF 

2.4.1.1 Experimental procedure 

Materials 

(1-Hexadecyl)trimethyl-ammonium bromide (CTAB, 98%) and sodium hydroxide pellets (NaOH, 98 %) 

were purchased from Alfa Aesar. Tetramethyl orthosilicate (TMOS, ≥98.0%) was purchased from Fluka. 

Ammonia solution (NH4OH, 25 %) was purchased from Sigma-Aldrich. Hydrochloric acid (HCl, 37%) 

was purchased from VWR Chemicals. Ethanol (EtOH, ≥99.8%) was purchased from Carlo Erba. 

Procedure 

A piece of wGF (6x6 cm) was immersed in a 1 M NaOH/EtOH solution overnight to clean the surface. The 

GF was then washed in acetone, later in ethanol, and finally in water. GF was dried in an oven at 80 °C 

for 10 min. CTAB (160 mg) was dissolved in a mixture of water (70 mL) and ethanol (30 mL) by sonication 

for 15 min. After the CTAB was completely dissolved, ammonia solution (60 μL) and TMOS (480 μL) were 

added sequentially under stirring. The solution was stirred for only 10 s before increasing the 

temperature up to 60 °C and immersing the wGF. After 24 h of reaction, the coated wGF was gently 

rinsed with water and immersed in a 0.1 M HCl/EtOH solution for 10 min to completely remove any trace 

of CTAB. Finally, the sample was dried in an oven at 80 °C overnight. 
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2.4.1.2 Characterization of Silica coated GF 

SEM 

SEM analysis has been used to evaluate the morphological features of the silica coated GF. As shown 

in Figure 2.25, the procedure successfully coated all the GF surface with a homogeneous amorphous 

layer decorated with a superficial layer of spherical SiO2 NPs with a diameter of 352 ± 21 nm.     

Figure 2.25 SEM micrographs at different magnitudes of silica coated GF.  

 

2.4.2 Push out test 

Test procedure 

To prepare the specimens for push out test (Figure 2.26), a thin cross-sectional slice of the composite 

is extracted such that the fibers are oriented perpendicular to the surface. The slicing process must be 

conducted with high precision to minimize mechanical or thermal damage to the surrounding matrix. 

The thickness of the slice is a key parameter: it must be sufficiently small to allow the embedded fibers 

to be completely pushed through without bending or fracture, yet thick enough to preserve interfacial 

integrity and representative mechanical behaviour. 

During testing, the specimen is carefully positioned on a supporting stage with a micro-fabricated 

groove or aperture beneath the targeted fiber. This configuration ensures that the fiber, once dislodged, 

can move freely into the open space, thereby eliminating any counterforce that could artificially 

increase the measured load. 

A flat-ended conical punch is then aligned coaxially with the selected fiber using an optical microscope 

and the punch is advanced at a controlled displacement rate. From the resulting curve, the interfacial 

shear strength can be derived using appropriate micromechanical models that consider the fiber 

radius, embedded length, and applied force. In this way, the single-fiber pushout test provides a 

quantitative and reproducible method for probing the local interfacial behaviour in composite 

materials, enabling direct correlation between microstructural features (e.g., surface treatments, 

coatings, or interphases) and macroscopic composite performance. 
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Figure 2.26 Schematic representation of the preparation of the specimen for push out test.  

 

Experimental results 

The results of the samples tested with push out method are reported in Figure 2.27 in terms of Interfacial 

Shear Strength. Firstly, the presence of the silica coating on the glass fibers (blue circle), compared to 

the neat GF, didn’t increase the adhesion fiber-matrix, but in fact decreased the IFSS. This feature may 

be addressed to a non-effective infiltration by the epoxy due to a limited porosity of the silica coating.  

The sample with SiO2@rGO embedded in the matrix (red triangle) shows a significant improvement in 

IFSS suggesting a compatibilizer role inside the matrix. Differently, the sample with the same amount of 

SiO2 and rGO but non bounded in a hybrid structure (yellow star) result in a lower value of IFSS. This 

trend can be explained considering that in the hybrid filler, silica may act as a carrier for rGO in the 

matrix, preventing separation phase and agglomeration of the two components. In this way rGO results 

to be more dispersed and with a more extensive sheet structure, increasing the contact surface with the 

epoxy resin improving the fracture toughness in shear mode33. 
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Figure 2.27 IFSS values reported for the five samples tested though push out method. 
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2.5 Conclusions 

In this chapter, a hybrid filler based on reduced graphene oxide (X@rGO, with X = SiO₂ nanoparticles or 

Halloysite nanoclay) was successfully synthesized, thoroughly characterized, and incorporated into a 

PDMS polymer matrix to assess its structural and functional properties. 

The preparation of bare fillers highlights their intrinsic morphological and textural features: silica 

nanoparticles with uniform spherical shape (≈ 70 nm) and halloysite with tubular morphology (45 ± 15 

nm diameter, 0.5 – 2 µm length).  

The hybridization pathway consists of three steps: APTES functionalization, attachment of GO and 

subsequent thermal reduction to rGO. TGA, CHNS, ATR-FTIR, TEM, BET, Raman, and XPS analyses 

confirmed the successful deposition of APTES, the effective anchoring of GO, and its partial reduction 

under a H₂/N₂ atmosphere. For both SiO2@rGO and Hallo@rGO, a rGO content of ≈ 2 wt.% is retrieved, 

in line with nominal values, while morphological analyses reveal the preservation of SiO2 structure and 

a partial degradation of halloysite during high-temperature treatment. 

When incorporated into PDMS, the hybrid fillers impart improved thermal degradation and 

reinforcement as well as electrical conductivity. TGA allows to assess the effective filler loading, while 

DMA analysis shows that, increasing X@rGO content, the storage modulus generally increases, proving 

the reinforcing capability of the novel fillers. Moreover, in composites containing an additional small 

fraction of free rGO, a shift in the polymer relaxation peak toward higher temperatures is detected, 

evidencing filler–matrix interactions that constrain chain mobility. 

Dielectric spectroscopy further demonstrates that only for SiO₂@rGO30%_rGO2% and 

Hallo@rGO30%_rGO2% composites a continuous conductive network is developed, as testified by 

their high conductivity and frequency-dependent permittivity. The other samples behave similarly to 

neat PDMS, with interfacial polarization effects contributing only marginally to their dielectric response. 

Finally, the micromechanical investigation through the single-fiber push-out test highlights the crucial 

influence of interfacial engineering on the adhesion behaviour of GFRP composites. The application of 

a silica coating on glass fibers, despite improving surface coverage, does not enhance the interfacial 

shear strength, likely due to limited porosity hindering proper epoxy infiltration. On the other hand, the 

incorporation of SiO₂@rGO hybrid fillers into the epoxy matrix leads to a remarkable increase in IFSS, 

confirming the synergistic effect between silica nanoparticles and graphene oxide. In the hybrid 

structure, silica acts as a carrier, improving rGO dispersion and preventing agglomeration, which 

promotes stronger interfacial bonding and more efficient stress transfer. These results demonstrate that 

combining surface modification with tailored hybrid nanofillers represents an effective strategy to 
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optimize the fiber–matrix interphase and enhance the overall mechanical performance of GFRP 

composites. 

In conclusion, these findings provide a solid foundation for the design of multifunctional smart 

nanocomposites that exploit synergistic effects between inorganic carriers and graphene-derived 

nanostructures. Moreover, the exploitation of X@rGO in GFRPs may be a suitable way to obtain 

composite with electrical conductivity and enhanced mechanical properties, trough the increase of 

adhesion GF-matrix, for structural monitoring applications.  
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3. CNTs@ZnO smart nanocomposite for self-healing applications 

This chapter provides a comprehensive overview of the materials, synthesis procedures, and 

characterization techniques employed to develop smart nanocomposites, based on the use of an 

innovative filler composed of CNTs decorated with ZnO NPs (CNTs@ZnO). Thus, the development of this 

new hybrid filler and its incorporation in a carboxylate polymer matrix (XNBR) for self-healing 

applications is herein described.  

The chapter is divided in three sections. Section 3.1 presents the synthesis and characterization of 

CNTs@ZnO through a soft-chemistry approach starting from a zinc precursor that hydrolyses and 

condensates on the CNTs surface. Section 3.2 investigates the interaction between this hybrid filler and 

the carboxylic group terminations of stearic acid, used as a polymer model compound to assess the 

availability of ZnO to form zinc stearate-like complexes, through thermal calorimetric studies (DSC). 

Lastly, in Section 3.3 CNTs@ZnO were embedded in a XNBR matrix and the resulting nanocomposites 

were tested in terms of mechanical, electrical and self-healing properties. All the results of the chapter 

are then summarized in Section 3.4. 

3.1 Synthesis of CNTs@ZnO 

The synthesis conditions for the preparation of CNTs@ZnO were optimized starting from a literature 

protocol1 that employs a soft-chemistry approach to surface functionalize CNTs with ZnO NPs, as 

illustrated in Scheme 3.1.  

Scheme 3.1 Scheme reaction of CNTs@ZnO synthesis. 

The optimized procedure involves two main steps. In the first step, CNTs undergo an acid treatment, 

necessary to introduce oxygen-containing functional groups (such as hydroxyl, carbonyl, and carboxyl 

groups) onto their surface, thereby improving their reactivity and ability to interact with the inorganic 

species. In the second step, ZnO nanocrystals are anchored onto the CNT surface through a 

precipitation process, starting from a Zn(II) precursor solution. A crucial step is the addition of distilled 

water into the reaction mixture to promote the transformation of the stable complexes formed between 
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Zn(II) ions and the solvent (dimethylformamide, DMF)2, that otherwise hinder the precipitation of ZnO 

NPs. In fact, the addition of water promotes the hydrolysis reaction of these Zn(II) complexes into the 

respective hydroxide form, followed by their condensation, ultimately leading to the formation of ZnO 

NPs, as illustrated in Scheme 3.2. 

 

Scheme 3.2 Schematic representation of the hydrolysis and condensation of Zn²⁺ ions upon water    

addition. 

3.1.1 Experimental procedure of CNTs@ZnO 

Materials 

Carbon Nanostructure Pellets ATHLOS100 (CNTs) were purchased from Cabot Corporation. N,N-

Dimethylformamide (DMF, 99 %) was purchased from Thermo Fisher Scientific. Sulfuric acid (H2SO4, 95-

97 %) was purchased from Sigma Aldrich. Nitric acid (HNO3, 68 % v/v) was purchased from VWR 

Chemicals. Zinc acetate dihydrate (Zn(CH3COO)2·2H2O, 98.0-101.0 %) and sodium hydroxide pellets  

(NaOH, 98 %) were purchased from Alfa Aesar. Hydrophilic PTFE membranes (diameter 47 mm, pores 

0.2 µm) were purchased from Pall Corporation.  

Synthesis 

In a single-neck round-bottom flask, 500 mg of pristine CNTs were dispersed in 47 mL of a solution of 

H2SO4/HNO3 in a ratio 3:1 v/v using an ultrasonic bath for 2 h. The reaction mixture was filtrated in a 

vacuum filtration system with a hydrophilic PTFE membrane and washed with an aqueous solution of 

NaOH 0.1 M, till the CNTs aqueous dispersion reached neutral pH. The resulting product (CNTs_TA) was 

then dried overnight in a vacuum oven at 80 °C. 

For the second step, in a round-bottom flask, 40 mg of CNTs_TA were dispersed in 200 mL of DMF and 

a suitable amount of distilled water by ultrasonication (Table 3.1). Then, two different amounts of 

Zn(CH3COO)2·2H2O were added to the reaction mixture (Table 3.1) and sonicated for 1 h. The amounts 

of Zn(II) precursor were selected in order to obtain a final ZnO loading equal to 80 and 90 weight 

percentage (wt.%) of the total sample weight (CNTs@ZnO80% and CNTs@ZnO90%, respectively). The flask 

was heated at 95 °C and left under stirring for 5 h. The reaction mixture was filtered in a vacuum filtration 
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system with a hydrophilic PTFE membrane and washed several times with distilled water and EtOH. The 

final product was dried in a vacuum oven at 80 °C overnight.  

Table 3.1 Resume of reagents quantity used for the synthesis of CNTs@ZnO90% and CNTs@ZnO80%, 

starting from 40 mg of CNTs_TA. 

 

 

 

3.1.2 Characterization of CNTs@ZnO 

FTIR 

The effective modification of the CNTs surface through the acid treatment has been evaluated by FTIR 

analysis, by comparing the spectrum of CNTs_TA with that of bare CNTs (Figure 3.1).  

In both spectra, the main features result from the O–H vibrations at 3444 cm-1 and 1640 cm-1, which are 

assigned respectively to the stretching and bending mode of the O–H groups of adsorbed water. The 

peak at 1398 cm-1 observed in both spectra can be connected to the C=C aromatic vibrations typical for 

the CNTs structure. Besides, the intense peaks at 1091 and 802 cm-1 can be assigned to the symmetric 

and asymmetric Si–O–Si stretching of the fiberglass contained in the CNTs (< 7% from the Technical 

Data Sheet).  

After the oxidative treatment, the main difference is connected to the appearance of a new peak with 

low intensity at 1736 cm-1, likely due to the carbonyl stretching of the arising -COOH groups. Besides, 

the intensity of the peak at 1261 cm-1, refereed to the O–C=O vibration of oxygen-based groups, 

increases, suggesting that a higher amount of these groups is formed.  

 H2O (mL) Zn(CH3COO)2·2H2O (g) 

CNTs@ZnO90% 8.0 0.92 

CNTs@ZnO80% 4.5 0.46 
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Figure 3.1 ATR-FTIR spectra of pristine CNTs and CNTs_TA. 

TEM 

TEM images were first collected on bare CNTs (Figure 3.3 a-b), showing a smooth surface structure with 

a diameter of 9 ± 2 nm and a length greater than 5 µm, in according to the Technical Data Sheet provided 

by Cabot. After the surface functionalization with ZnO, TEM micrographs of CNTs@ZnO evidence the 

formation of additional NPs on the surface of CNTs with an average size of 20 ± 3 nm by using both the 

ZnO loadings (Figure 3.2 b-c). No phase separation or segregation was detected in both CNTs@ZnO 

samples, meaning that the growth of ZnO NPs mainly occurs on the surface of CNTs.  

To validate the experimental procedure used to prepare CNTs@ZnO and in particular highlight the key 

role of water in the growth of ZnO NPs, TEM analysis was also performed on CNTs@ZnO prepared 

without adding H2O during the synthesis of ZnO NPs. Interestingly, as shown in Figure 3.2a, no ZnO NPs 

were obtained, confirming that water is crucial to promote the condensation of the zinc precursor to 

ZnO on the CNTs surface. 
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Figure 3.2 TEM images of CNTs@ZnO synthesis without water (a) or with the addition of X mL of H20 for 

CNTs@ZnO90% (b) and CNTs@ZnO80% (c).  

Only for CNTs@ZnO90% sample, the growth of ZnO NPs was also investigated as a function of the reaction 

mixture at different time intervals after 1 h of sonication starting when the temperature is increased (t = 

0 min, 30 min, 1 h, 2 h, 5 h). The NPs formation and their morphological evolution during the reaction (T 

= 95 °C) was followed by TEM analysis. At the initial stage (t = 0), the CNTs are mainly coated with an 

amorphous phase (green arrows), while only a few ZnO (yellow arrows) can be observed (Figure 3.3 c–

d), in contrast to the clean surface of the pristine CNTs_TA shown in Figure 3.3 a–b. After 30 minutes, 

the amorphous phase is still present; however, Figures 3.3e–f reveal the formation of aggregates 

exhibiting a flower-like morphology (brown arrows), indicating the onset of ZnO crystal growth. At 1 h, 

these aggregates spread across the CNT surface, and well-defined crystalline ZnO NPs with an average 

diameter of ≈ 20 nm become clearly distinguishable (Figure 3.3 g–h). After 2 h, the NPs progressively 

assemble into larger aggregates (blue arrows, Figure 3.3 i–j) yielding in ZnO NPs with diameters 

exceeding 50 nm at 5 h of reaction (purple arrows, Figure 3.3 k–l). 

This TEM time-analysis highlights the progressive evolution from amorphous phases to crystalline ZnO 

nanostructures, with particle size and morphology strongly dependent on the reaction time. Such 

findings provide important insight into the nucleation and growth mechanism of ZnO on CNTs, 

suggesting a transition from isolated nuclei to aggregated crystalline domains. 
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Figure 3.3 TEM micrographs at two different magnifications of a-b) CNTs_TA and CNTs@ZnO90% at 

different reaction times: c-d) 0 min; e-f) 30 min; g-h) 1h; i-j) 2h; k-l) 5h. 

XRD 

The structural characterization of CNTs@ZnO has been performed using powder-XRD. Although CNTs 

are generally classified as non-crystalline materials, their periodic structure produces a characteristic 

XRD pattern (Figure 3.4) with two distinct large peaks around 25.6° and 42.8°. The peak at ≈ 25°, known 

as the Bragg reflection (002), is typically sharper and more intense than the (100) peak at ≈ 43° 3,4. The 

XRD patterns of both CNTs@ZnO90% and CNTs@ZnO80% additionally display the characteristic peaks of 

ZnO, consistent with the crystalline wurtzite phase belonging to the hexagonal P63mc space group5.  
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Figure 3.4 XRD pattern of CNTs_TA, CNTs@ZnO90% and CNTs@ZnO80%. At the bottom, reference 

diffractograms of ZnO Wurtzite is reported. 

XRF 

XRF analysis has been performed to investigate the composition of both bare CNTs and CNTs@ZnO. 

According to the spectra shown in Figure 3.5, the most intense peaks in the spectra of CNTs and 

CNTs_TA are observed at 6.40 and 7.06 keV and correspond to Kα1 and Kβ1 signals of iron. Besides, 

small traces of calcium and nickel can be detected from the peaks at 3.69 and 7.48 keV, respectively, as 

shown in Figure 3b. These metal traces may be derived from the catalyst used for the CNTs synthesis 

through chemical vapor deposition process6.  In the case of CNTs@ZnO, the two major peaks are related 

to the presence of zinc (8.64 and 9.57 keV, Kα1 and Kβ1 respectively) and the intensities of the other 

metals become very low, confirming the predominant presence of zinc in the functionalized samples 

and the successful surface functionalization. 
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Figure 3.5 a) XRF spectra of CNTs, CNT_TA and CNTs@ZnO90% reported as an example for functionalized 

CNTs@ZnO samples; b) magnification of the spectra on the y-axis to highlight low intensity peaks.   

ICP-OES and TGA 

ICP-OES analysis has been performed to quantify the amount of ZnO anchored on the CNTs structure. 

In Table 3.2 are reported the nominal moles and weight percentages of zinc and zinc oxide, calculated 

with respect to the final weight of the filler, starting from the nominal amount of zinc precursor used in 

the reaction. These nominal values of Zn and ZnO perfectly fit with those obtained by ICP-OES analysis. 

Moreover, TGA analysis has been used to evaluate both the thermal stability of the CNTs and to confirm 

the effective amount of ZnO loaded onto CNTs in both CNTs@ZnO90% and CNTs@ZnO80% samples 

(Figure 3.6). Regarding their thermal stability, virgin CNTs show a significant weight loss at temperatures 

of 600-700 °C and a residual mass of ≈ 5 wt.% at 1000 °C. This observation suggests the presence of 

inorganic species that do not degrade at high temperatures and can be reasonably connected to metal-

based species (mainly oxides) that are formed starting from the metal contaminations already 

highlighted by XRF results. Moreover, from the Technical Data Sheet, a low content of fiberglass (< 7 

wt.%) which remains at the end of the analysis is present in the samples. Differently, CNTs_TA shows an 

initial step of weight loss till 150 °C where the weight loss is related to the release of physically adsorbed 

water. Then, the dominant weight loss (start ≈ 250 °C) occurs at lower temperature with respect to the 

bare CNTs and is ascribable to the loss of the oxygen in the functional groups and, at higher temperature, 

to the decomposition of the structure7. The residual mass for CNTs_TA is almost 10 wt.% and may be 

partially assigned to the metal contaminations and the fiberglass content, as observed before. 

Moreover, the acid treatment could leave some inorganic salts (e.g. Na2SO4) that degrade at 

temperature higher than 1000 °C and is responsible for this higher inorganic residue at 1000 °C.  
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After the addition of ZnO, the residual mass at 1000 °C further increases, due to the presence of a higher 

content of inorganic material in the total mass of the samples. In these materials it can be assumed that 

this residual at 1000 °C is for the vast majority connected to ZnO NPs, whereas the contributions due to 

metal traces and the fiberglass content become negligible, based on the amount of Zn precursor used 

in the synthesis; moreover, it can be reasonably supposed that the salt sulphate detected in CNTS_TA 

has been probably fully eliminated with the additional washing steps performed during the ZnO 

anchoring procedure. Thus, based on these assumptions, the TGA thermographs were used to estimate 

the amount of ZnO in the CNTs@ZnO samples starting from the residual mass at 1000 °C. The TGA 

results confirmed the values obtained from the ICP-OES analysis on both the samples with different 

ZnO content, as shown in Table 3.2.  

Table 3.2 Nominal and calculated (ICP and TGA) content of Zn (expressed in mmol) and ZnO (expressed 

as weight percentage, wt.%) for CNTs@ZnO90% and CNTs@ZnO80%. 

 Zn  ZnO 

 Nominal 
(mmol) 

Measured 
ICP (mmol) 

 Nominal  
(wt.%) 

Measured  
ICP (wt.%) 

Measured 
TGA (wt.%) 

CNTs@ZnO90% 3.5 ± 0.1 3.7 ± 0.2  89.0 ± 0.4 90.8 ± 0.3 88.9 ± 0.1 

CNTs@ZnO80% 1.9 ± 0.2 1.8 ± 0.1  79.7 ± 0.3 78.3 ± 0.5 79.4 ± 0.2 
 

Figure 3.6 TGA thermograms of CNTs bare, CNTs_TA, CNTs@ZnO90% and CNTs@ZnO80%.  
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Nitrogen physisorption 

The nitrogen adsorption–desorption isotherms of CNTs_TA, CNTs@ZnO90% and CNTs@ZnO80% are 

presented in Figure 3.7. 

Figure 3.7 Nitrogen adsorption-desorption (77K) isotherms of a) CNTs_TA; b) CNTs@ZnO90%; c) 

CNTs@ZnO80%. 

According to the IUPAC classification8, the isotherms correspond to type IV with an H3-type hysteresis 

at high relative pressures. This behaviour indicates the presence of a limited amount of mesopores, 

most likely arising from interparticle voids within the network structure and CNTs agglomerates. For p/p₀ 

values above 0.8, a marked increase in adsorbed volume is observed, which can be attributed to the 

filling of these interparticle spaces. None of the three curves reach a plateau at a relative pressure of 1, 

suggesting incomplete mesopore filling.  

The specific surface area (SSA) and pore volume were calculated using the Brunauer–Emmett–Teller 

(BET) and Barrett-Joyner-Halenda (BJH) models, and the results are reported in Table 3.3. The SSA of 

CNTs_TA confirms the value (i.e. 150-350 m2 g-1) given by the data sheet of the commercial CNTs used 

for the synthesis of the filler. However, the SSA values of both CNTs@ZnO90% and CNTs@ZnO80% strongly 

decreases compared to CNTs_TA, most likely due to the gathering of some of the CNTs in bundles during 

the growth of ZnO NPs, as well as a reduction in the cumulative pore volume. 

Table 3.3 Specific surface area and cumulative pore volume of the samples based on BET and BJH 

models.  

 
 
 
 
 
 

 CNTs_TA CNTs@ZnO90% CNTs@ZnO80% 

SSABET (m2/g) 290 ± 7 64 ± 2 90 ± 2 

Pore volume (cc/g) 1.092 0.517 0.462 
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In fact, the pore size distribution, obtained from the BJH model applied to the desorption branch, shows 

the average pore diameters of 24, 34, and 21 nm for CNTs_TA, CNTs@ZnO90%, and CNTs@ZnO80%, 

respectively (Figure 3.8). These values are probably related to some holes in the network formed by the 

aggregation of the CNTs, that can be occluded after ZnO NPs decoration.  

Figure 3.8 Cumulative pore volume and pore size distribution curves of a) CNTs_TA; b) CNTs@ZnO90%; 

c) CNTs@ZnO80% calculated by BJH model for mesoporous analysis. 

XPS 

The XPS spectra were acquired for CNTs_TA and CNTs@ZnO to study the surface chemistry of the 

samples giving information about the elements and their chemical state.  

The Zn 2p3/2 core level (Figure 3.9e) exhibits a significant positive binding-energy shift of approximately 

+ 1.2 eV relative to bulk ZnO, compatible with the + 0.9 eV shift previously reported for similar systems9, 

and indicative of strong interactions at the ZnO/CNT interface. This shift is commonly attributed to the 

partial surface reduction and oxygen-deficient regions generated by the reactive carbon precursor, 

accompanied by the formation of interfacial Zn–C–O species. The presence of two characteristic loss 

features at 1035 and 1037.2 eV confirms that ZnO remains in the hybrid structure. The C 1s spectrum of 

CNTs@ZnO (Figure 3.9b) further reveals a chemically heterogeneous interface. The dominant 

component at 284.4 eV is characteristic of sp2 carbon associated with the graphitic backbone of the 

nanotubes (grey curve). A distinct feature at 285.2 eV (blue curve) is assigned to an interfacial state 

arising from electronic coupling between CNTs and ZnO, providing direct spectroscopic evidence of 

charge transfer across the heterointerface and consistent with the Zn 2p BE shift. Additional 

contributions at 286.0 and 289.8 eV (green and yellow curves) correspond to C–O/COOH and C=O 

species, respectively, likely originating from oxygenated groups of CNT surface. The O 1s core level 

(Figure 3.9d) corroborates this picture, showing a main component at 531.2 eV (blue curve) attributable 

to lattice oxygen in ZnO and confirming the retention of the oxide framework despite strong interfacial 

interactions. Higher-BE components provide additional evidence of chemical modification: 533.0 and 

534.1 eV assigned to C–O/COOH and C=O groups, respectively (green and grey curves).  
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The spectra of CNTs_TA confirm that the features ascribed to the ZnO/CNT interface disappear in the 

absence of ZnO. In the C 1s region (Figure 3.9a), the envelope is dominated by the sp2 peak at 284.4 eV 

(grey curve), and the interfacial component at 285.2 eV is absent, confirming its origin in ZnO–CNT 

coupling. Acid oxidation instead produces a strong contribution at ≈ 286.0 eV from C–O/COOH groups 

and only a weak high-BE tail at ∼289.8 eV associated with C=O species, reflecting the introduction of 

hydroxyl, ether, and carboxyl functionalities on the CNT surface. The O 1s spectrum (Figure 3.9c) mirrors 

this behaviour: it is dominated by oxygen bound to carbon, including a prominent C–O/COOH peak near 

533 eV and a higher-BE feature at 534.1 eV attributable to carbonyl or anhydride species. The Zn–O 

lattice signal at ∼ 531.2 eV, prominent in the hybrid filler, is absent here. A minor feature at ≈ 531.3 eV 

is likely due to quinone-like C=O groups rather than Zn–O.  

Overall, these results demonstrate that after the acid treatment an extensive oxidative functionalization 

of the CNT surface is detected. Besides, the presences of the 285.2 eV C 1s component in the hybrid 

filler reinforces the successful decoration of CNTs with ZnO NPs and the ZnO/CNT interfacial 

interaction. 

 

Figure 3.9. XPS spectra of C1s region for a) CNTs_TA and c) CNTs@ZnO; O 1s region for c) CNTs_TA and 

d) CNTs@ZnO; and Zn 2p3/2 region for CNTs@ZnO. 
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3.2 Interaction of CNTs@ZnO with SA 

To assess the availability of ZnO NPs attached to the CNTs surface to interact with the carboxylic groups 

of a polymeric matrix, stearic acid (SA) was selected as a model compound representative of a simple 

carboxylate-terminated polymer. The interaction was investigated using differential scanning 

calorimetry (DSC) which enables the detection of thermal transitions and the evaluation of possible 

reaction products10.  

Procedure 

SA (purchased from Sigma Aldrich) and CNTs@ZnO90% (1:1 molar ratio) were mixed in a mortar to obtain 

a homogeneous powder. Samples of 5–8 mg were weighed on a microbalance, compressed to ensure 

good thermal contact, and sealed in 40 μL aluminum pans with pierced lids. The DSC program consisted 

of six steps: (i) heating from 30 to 200 °C at 5 °C min⁻¹; (ii) isothermal step at 200 °C for 2 min; (iii) cooling 

to 30 °C at 5 °C min⁻¹; (iv) isothermal step at 30 °C for 2 min; (v) second heating to 200 °C at 5 °C min⁻¹; 

(vi) second cooling to 30 °C at 5 °C min⁻¹. All measurements were performed under a nitrogen flow of 50 

mL min⁻¹. A TGA analysis has been also performed on the mixture CNTs@ZnO/SA (1:1) and on three 

different references helpful to evaluate the different contributions: SA, CNTs@ZnO and commercial zinc 

stearate (purchased from Sigma Aldrich). The TGA program is reported in the Appendix. 

3.2.1 Results of SA+CNTs@ZnO 

DSC 

To investigate the interaction between ZnO NPs anchored on CNTs and the carboxylate groups of a 

polymeric matrix, the complexation of ZnO with SA was examined as a model system using DSC, after 

mechanically mixing. The results were compared to that obtained by the interaction of bare ZnO and 

SA10. During the first heating ramp, a weak endothermic peak between 55–60 °C was detected, likely 

associated with water evaporation. This was followed by a more pronounced endothermic event at ≈ 70 

°C, corresponding to the melting of free SA (Figure 3.10a, grey band)11. Notably, the SA melting was 

followed by an exothermic peak at 102 °C, attributed to surface interactions between molten SA and 

ZnO, initiated as the liquid acid approached the filler surface (purple band). Finally, an additional 

endothermic peak near 133 °C was assigned to the melting of reaction product (i.e zinc stearate–like 

complex) formed through the surface interaction between ZnO NPs and SA (light blue band). 
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Figure 3.10 DSC curves of heating and cooling ramps of first (a-b) and second (c-d) cycle of 

CNTs@ZnO90% mixed with stearic acid (1:1 molar ratio).  

During the cooling ramp (Figure 3.10b), the DSC curve displayed a sharp endothermic peak at ≈112 °C 

(light blue band), attributed to the crystallization of the Zn–SA complex. Interestingly, no crystallization 

peak of unreacted SA has been detected, suggesting the complete consumption of it in the zinc stearate 

formation process. Similar behaviour has been observed in the following heating and cooling cycles, 

proving the stability of the complex (Figure 3.10 c-d).  

Overall, these findings demonstrate that ZnO NPs decorating the CNT framework can interact with 

carboxylate groups, thereby anticipating their potential reactivity with -COOH groups of the matrix. 
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TGA 

To further elucidate the nature of the reaction products formed through the ZnO–SA interaction, TGA 

analysis was carried out on the mixture CNTs@ZnO/SA to evaluate the different contributions. The 

resulting TGA thermogram was compared to that of bare SA, bare CNTs@ZnO and commercial zinc 

stearate (purchased from Sigma Aldrich), that may arise as reaction product between ZnO and SA. 

These TGA profiles are reported in Figure 3.11. 

Figure 3.11 Thermal degradation profiles of the mixture CNTs@ZnO+SA compared to SA, zinc stearate 

and bare CNTs@ZnO.  

In detail, TGA curve of CNTs@ZnO interacting with SA reveals three different contributions to the weight 

loss. The one at higher temperature (light blue band) refers to the hybrid filler CNTs@ZnO degradation 

(Tonset = 450 °C). The one at lower temperature (grey band) is ascribable to a small amount of residual SA 

(Tonset = 150 °C) that did not completely interact with ZnO.  Interestingly, also a contribution related to 

zinc stearate (Tonset = 240 °C) is detected in after CNTs@ZnO/SA interaction, suggesting the formation of 

zinc stearate-like complexes during the interaction between ZnO NPs decorating the filler surface and 

carboxylic groups of stearic acid10.   
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3.3 Functional properties of XNBR composite 

This section provides a detailed description of the synthesis of the CNTs@ZnO polymer composite and 

the evaluation of its self-healing properties. The composite was fabricated using a solvent casting 

method, in which the filler was dispersed within the polymer matrix before the mixture was poured into 

a mold 12. Under controlled temperature conditions, solvent evaporation was promoted, leading to the 

curing of the matrix. 

As a suitable polymer matrix, a commercial carboxylated acrylonitrile butadiene natural rubber latex 

(XNBR), in which the polymer component is 41 wt.% (from the technical data sheet) was selected. For 

this reason, water has been chosen as solvent and PEG-1500 was added to facilitate the dispersion of 

the filler12,13. The curing of the matrix occurs thanks to the presence of ZnO NPs anchored on the CNTs 

structure which promote ionic interactions between Zn2+ species and the carboxylate groups of the 

matrix.  

Two different hybrid filler loadings (1 and 2 wt.%) were employed in the preparation of the 

CNTs@ZnO/XNBR composites. For comparison, a reference sample was also prepared by directly 

mixing ZnO nanoparticles and CNTs_TA into the XNBR matrix (denoted as CNTs+ZnO/XNBR). The 

quantities of the two fillers were adjusted to ensure that the ZnO content in the reference compound 

matched that of the CNTs@ZnO/XNBR composites. 

The intrinsic self-healing mechanism, as described in Section 1.2.2.1, is based on a thermoreversible 

association–dissociation process involving Zn²⁺–COOH ionic clusters. Accordingly, the self-healing 

behaviour of the composites was evaluated by introducing controlled damage (i.e., a macroscopic cut) 

and subsequently applying a thermal healing protocol designed to promote the reformation of ionic 

pairs within the polymer matrix. 

3.3.1 Experimental procedures 

Materials 

Chemigun® Latex 550 (XNBR) was purchased from Synthomer.  Zinc oxide (ZnO, wurtzite) was 

purchased from Zincol Ossidi. Polyethylene glycol (PEG-1500) was purchased from BASF Pharma.  

Composites preparation 

In a becker, PEG and filler were dispersed in distilled water using an ultrasonic probe for 15 minutes. 

Subsequently, XNBR latex has been added to the suspension under stirring and let for 1.5 h. The mixture 
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was transferred in a Teflon mode and put in an oven at 80°C overnight. The quantities of all reagents 

used in the different formulations are resumed in Table 3.4. 

Table 3.4 Content of all the reagents employed in the XNBR composite formulations.  

    Fillers 

 XNBR latex 
(mL) 

H2O 
(mL) 

PEG 
(mg) 

ZnO 
(mg) 

CNTs_TA 
(mg) 

CNTs@ZnO 
(wt.%) 

CNTs@ZnO_1 10 5 100 - - 1 

CNTs@ZnO_2 10 7 200 - - 2 

CNTs+ZnO_1 10 5 100 0.0375 0.0042 - 

CNTs+ZnO_2 10 7 200 0.0751 0.0083 - 
 

DMA analysis and healing protocol 

For the self-healing procedure, the samples were cut in half macroscopically, then placed in contact 

inside a petri dish and finally treated in an oven at 80 °C for 5 hours (Figure 3.12).  

Figure 3.12 Protocol utilized for healing efficiency determination.  

The healing efficiency of the polymer composites was calculated as the retention of mechanical 

properties (storage modulus value, E’, derived from DMA analysis) of healed sample compared with 

those of the virgin material: 

𝜂 (%) =  
𝐸′ℎ𝑒𝑎𝑙𝑒𝑑

𝐸′𝑣𝑖𝑟𝑔𝑖𝑛
∗ 100  (Eq.1) 

DMA was performed by an apparatus working in tensile mode. A pre-load of 0.1 N was applied to all the 

samples, and then an isothermal time sweep test (30 °C for 5 min) has been carried out applying a 

sinusoidal strain with frequency of 1 Hz and amplitude of 0.2 %. All the values of storage modulus, E’, 

and the calculated healing efficiency, η, are reported in Table 3.5. 
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3.3.2 Characterization of XNBR nanocomposite with CNTs@ZnO filler   

The CNTs@ZnO system was selected to facilitate ionic crosslinking via interactions between the 

carboxyl groups of XNBR and the Zn²⁺ ions of the oxide nanoparticles. During curing, ionic domains are 

formed that function as active crosslinking sites. These clusters immobilize segments of the polymer 

chains, thereby governing the mechanical response of the material. 

Figure 3.13 presents the ATR-FTIR spectra of pristine XNBR latex and of all the composite formulations 

investigated in this study. 

Figure 3.13 (a) ATR-FTIR spectra of pristine XNBR and of all formulations containing CNTs@ZnO hybrid 

filler or ZnO nanoparticles combined with CNTs_TA (CNTs+ZnO); (b) Enlarged view of the spectral region 

associated with carboxylate functional groups and the formation of ionic domains. 

In the XNBR matrix, several characteristic absorption bands can be identified: the asymmetric and 

symmetric –CH₂ stretching vibrations at 2922 and 2851 cm⁻¹, respectively; the nitrile –C≡N stretching 

at 2237 cm⁻¹; the C=O stretching of –COOH groups at 1726 cm⁻¹; the band at 1695 cm⁻¹ associated with 

intramolecularly hydrogen-bonded carboxylic acids; the –CH in-plane deformation of methylene groups 

at 1443 cm⁻¹; and the peak at 970 cm⁻¹ corresponding to the out-of-plane deformation of =CH groups 

linked to C=C double bonds14,15. 

Following curing in the presence of varying loadings of CNTs@ZnO hybrid filler or ZnO nanoparticles 

combined with CNTs_TA dispersed in the matrix, a noticeable decrease in the intensity of the absorption 

bands associated with –COOH groups at 1726 and 1695 cm⁻¹ is observed (Figure 7b). In addition, two 

new bands appear at 1611 and 1415 cm⁻¹, which can be assigned to the asymmetric and symmetric 

stretching vibrations of zinc carboxylate ion pairs16,17. Although these bands exhibit relatively low 
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intensity, likely due to the modest ZnO content employed (1–2 wt.%), their presence confirms the 

interaction between Zn²⁺ ions, originating from both ZnO nanoparticles and ZnO anchored onto the CNT 

structure, and the carboxylic groups of XNBR. 

3.3.3 Functional properties of the composite  

In order to assess the capability of the designed filler in imparting self-repairing properties to the XNBR 

elastomeric material, the recovery of the storage modulus was measured by DMA analysis. 

The results firstly revealed that, increasing the filler loading, the storage modulus increases thus 

unveiling the reinforcement capability of the CNTs@ZnO hybrid filler (Figure 3.14). Moreover, the E’ value 

after healing was retained after the repairing process, resulting in calculated healing efficiencies (η) 

generally satisfactory for all the tested compounds (Table 3.5). 

Table 3.5 Values of storage modulus, E’, and healing efficiency, η, for the XNBR composites. 

 E’ (MPa) η (%) 

CNTs@ZnO_1 2.59 ± 0.03 
97.3 

CNTs@ZnO_1_healed 2.52 ± 0.05 

CNTs@ZnO_2 2.77 ± 0.02 
85.4 

CNTs@ZnO_2_healed 2.34 ± 0.02 

CNTs+ZnO_1 2.33 ± 0.04 
98.7 

CNTs+ZnO_1_healed 2.30 ± 0.03 

CNTs+ZnO_2 2.54 ± 0.02 
107.0 

CNTs+ZnO_2_healed 2.72 ± 0.02 
 

Specifically, the CNTs@ZnO_1 sample exhibits a healing efficiency (η) close to 100%, whereas a slightly 

reduced value is observed for the CNTs@ZnO_2 composite containing 2 wt.% hybrid filler. This decrease 

can be attributed to the higher filler content, which may induce inhomogeneous dispersion and less 

efficient interfacial compatibilization, underscoring the need for further optimization of both synthesis 

and incorporation processes. 

In the case of CNTs+ZnO/XNBR composites, only the CNTs+ZnO_2 formulation shows a deviation from 

this trend, displaying a healing efficiency exceeding 100%. This suggests that the healing process may 

actually reinforce the material’s structural integrity. Such behaviour is likely due to additional 

crosslinking reactions or enhanced interfacial interactions promoted during thermal treatment, leading 

to improved mechanical performance 18. 
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Figure 3.14 Storage modulus values obtained for the composites before and after the healing protocol.  

Notably, the storage moduli of these composites are lower than those of materials incorporating 

CNTs@ZnO fillers with comparable ZnO contents (Figure 3.14). This observation highlights the 

synergistic contribution of the hybrid filler, whose overall performance exceeds that of the individual 

constituents. The enhanced mechanical behaviour is attributed to the effective dispersion of ZnO 

nanoparticles throughout the polymer matrix, promoted by the CNT network, which serves as a 

conductive scaffold and an efficient carrier for Zn species. As a result, ZnO aggregation is minimized, 

leading to a more homogeneous distribution and increased effectiveness of the inorganic phase. 

  



 
 

 

97 
 

3.4 Conclusion 

In this chapter, a novel hybrid filler based on carbon nanotubes decorated with zinc oxide nanoparticles 

(CNTs@ZnO) was successfully synthesized, characterized, and incorporated into a carboxylated nitrile 

butadiene rubber (XNBR) matrix for the development of self-healing nanocomposites. The synthesis via 

a soft-chemistry route enables the homogeneous growth of ZnO nanoparticles on the CNT surface, as 

confirmed by TEM, XRD, XPS, and TGA analyses. The results demonstrate that water addition plays a 

crucial role in promoting ZnO nucleation and crystallization, while maintaining good dispersion and 

intimate interfacial contact between the two components. The chemical and structural investigations 

confirm strong interfacial interactions between CNTs and ZnO, as evidenced by the binding energy shifts 

in XPS spectra and the reduced surface area observed by BET analysis. The DSC and TGA studies carried 

out on the CNTs@ZnO–stearic acid model system further demonstrate the capability of ZnO sites to 

react with carboxylic groups, forming zinc–carboxylate complexes analogous to zinc stearate.  

When embedded in the XNBR matrix, CNTs@ZnO significantly improves the mechanical properties of 

the composites, confirming its reinforcing effect. The hybrid filler also acts as an in-situ curing agent, 

promoting ionic crosslinking between Zn²⁺ and –COOH groups. Dynamic mechanical analysis reveals 

excellent self-healing efficiency for all the composites. However, slightly lower healing efficiencies are 

observed at higher filler loadings (2 wt.%), likely due to reduced dispersion and interfacial compatibility, 

suggesting the need for optimization of the synthesis and processing parameters. 

Overall, this study demonstrates that CNTs@ZnO is an effective multifunctional filler capable of 

imparting both reinforcement and self-healing functionality to elastomeric matrices. The synergistic 

interaction between the conductive CNT framework and the ionic ZnO domains provides a promising 

foundation for the development of next-generation smart elastomeric nanocomposites with 

autonomous repair capability and potential applications in flexible and dynamic engineering 

components such as O-rings and seals. 
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4. GFRPs: spray-coating modification with rGO and EMAA 

Over the past decade, incorporating thermoplastic additives has emerged as an effective strategy for 

developing self-healing fiber-reinforced polymers (FRPs). These materials heal through molecular 

interdiffusion of thermoplastic chains when heated above their glass transition temperature (Tg)1. This 

approach offers several advantages, including compatibility with commercial resins, multiple healing 

cycles, and ease of implementation. 

Depending on the miscibility between the thermoplastic and thermoset phases, systems can be 

classified as miscible or immiscible. Among immiscible systems, poly(ethylene-co-methacrylic acid) 

(EMAA) is one of the most widely used self-healing agents. EMAA can form covalent bonds with epoxy 

matrices and, upon heating, expands significantly more than the resin, generating pressure and flow 

that promote crack filling and interfacial rebonding. 

Various techniques have been developed to integrate EMAA into composites, including the use of 

particles, meshes, membranes, films, patches, and fibers2–5. The most effective configuration involves 

embedding EMAA between fiber layers, which enhances both stiffness and healing capability. However, 

industrial scalability remains a challenge due to complex processing steps (e.g. cryogenic grinding or 

extrusion) and non-uniform EMAA distribution, which can limit healing to localized regions6. 

In this work, the physical surface modification of GF has been reached through a versatile spray coating 

technique with rGO, to impart electrical conductivity to the system, and with EMAA that act as healing 

agent in the composite7. EMAA pellets are first dissolved with rGO in tetrahydrofuran (THF) and then 

precipitated in an ice batch, yielding a stable nanoparticle suspension suitable for spray application. 

After the GF modification, three different laminates have been produced through Hand Lay-up method: 

GF neat (as a reference), GF sprayed with EMAA and rGO (sGF), and GF sprayed with EMAA and rGO with 

also rGO embedded in the matrix (sGF/rGO). All the steps of the process are schematized in Figure 4.1.  

Figure 4.1 Schematic representation of all the steps of manufacturing process of the GFRPs. 
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The matrix chosen for the production of the laminates (Resoltech 1050) is an epoxy resin of bisphenol F 

diglycidyl ether (DGEBF 50–80%), bisphenol A diglycidyl ether (DGEBA 10–40%) and 1,6-hexanediol 

diglycidyl ether (Figure 4.2), and an amine curing agent based on a mixture of polyoxyalkane amine, 

aminoethylpiperazine and diethylenetriamine (Resoltech 1053S), with a ratio of 100:35. This system was 

chosen for its low viscosity (251 mPa*s) resulting in an effortlessly fiber impregnation by manual 

lamination, infusion or injection of large parts. 

Figure 4.2 Mixture of the epoxy matrix Resoltech 1050 employed in the laminates production. 

 

4.1 Experimental procedure of sprayed GFRPs composites 

Materials 

Reduced graphene oxide (AV-70, rGO) was purchased from Avanzare Materials. NUCRELTM 925 

(Ethylene Methacrylic Acid Copolymer, EMAA) was purchased from Dow Corning. Epoxy resin and 

Hardener 1050/1053S were purchased from Resoltech. Tetrahydrofuran (99.5 %, THF) was purchased 

from Thermo Scientific. E-Glass fibers (LT600 E10B-0/90 BIAXIAL E GLASS FABRIC-127CM) were 

purchased from Metyx Composites.  

Procedure 

The first step in the procedure involves the spray-coating modification of the GFs. 1.04 g of rGO (3 wt.% 

relative to the resin) was dispersed in 288.6 mL of THF. Then, 1.728 g of EMAA (5 wt.% relative to the 

resin) was added to the mixture (0.006 g mL-1) and dispersed using an ultrasonic bath at 60 °C for 30 min. 

Once the polymer was dissolved, the mixture was cooled in an ice bath turning from black to milky grey, 

indicating the formation of EMAA nanoparticles8. Consequently, the solution was sprayed onto the glass 

fiber surface (bidirectional woven of 15 x 20 cm cut with electrical scissors) using an air spray gun AB931 

(RS PRO) with a 0.22 L tank and a 0.3 mm nozzle. The solution was maintained dispersed through 

sonication during the coating process to prevent agglomeration and sedimentation. The air gun was 

cleaned after every two or three sprays to prevent the nozzle from clogging. The coated GF (sGF) was 

dried at 60 °C in an oven for 2 h.  
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The second step of the procedure is the 4-ply laminates production through the Hand Lay-up method. 

Firstly, the mixture epoxy/hardener was prepared though mixing and sonication to eliminate air trapped 

that leads to voids inside the final composite compromising the mechanical properties. In the case of 

the laminate with rGO dispersed in the matrix, the mixture (i.e. rGO/epoxy/hardener) was mixed with an 

asymmetrical centrifuge (FlackTek SpeedMixer™, model DAC 150.1 FVZ-K) for 4 cycles of 2 min at 1800 

rpm to reach a good homogeneity. The quantity of matrix to use in the manufacturing process was 

calculated with a ratio 70:30 of GF and epoxy, respectively. After the manual impregnation of the fibres 

conducted with the support of a rolling pin, the 4-ply laminates were set on a heated mould and cured 

at 80 °C for 3 h with vacuum bag to compact the laminate and remove the excess of matrix, as shown in 

Figure 4.1. 

The laminates were then cut with a precision cutting machine with cooling system, NEURTEK BRILLANT 

220, equipped with a diamond cutting disc with a thickness of 1.20 mm. The test specimens were cut 

for the healing and mechanical tests (i.e. three-point flexural, interlaminar shear strength and impact). 

All the standards and specimen’s dimensions for the different tests are reported in the specific sections 

of the Appendix. 

Table 4.1 Composition of the three different laminates produced with spray coating method (* weight 

percentage referred to the resin).  

 Sprayed In the matrix 

 EMAA 
(wt.%)* 

rGO 
(wt.%)* 

rGO 
(wt.%)* 

GF - - - 

sGF 5 3 - 

sGF/rGO 5 3 2 
 

4.2 Characterizations of the laminates 

SEM 

The morphology of the EMAA and rGO dispersion, before being exploited in spray coating process, has 

been studied with SEM analysis considering rGO as a reference. The typical wrinkled, thin and smooth 

surface of reduced graphene oxide flakes is highlighted in Figure 4.3 a-b (yellow arrows). Contrarily, the 

presence of EMAA leads to the formation of a thicker layer with a rougher and less-wrinkled surface full 

of prominences (red arrows) that may indicate the formation of a continuous amorphous phase of 

polymer and rGO (Figure 4.3 c-d).  
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Figure 4.3 SEM images at different magnifications of a-b) rGO, and c-d) EMAA/rGO dispersion.  

Taking into account this morphological aspect, the EMAA/rGO coating on the GF surface has been 

evaluated. The single fibers are uniformly coated with a continuous polymer/rGO layer, creating a 

continuous and homogeneous surface covering (Figure 4.4a). Moreover, EMAA/rGO mixture is visible 

both on the fiber surfaces and as aggregates bridging between them (Figure 4.4b) as expected from a 

coating technique applied directly to a bidirectional woven. This evidence indicates that the spray-

coating process not only enhanced the surface roughness of the fibers but also offered a scalable and 

efficient method for incorporating EMAA/rGO into the GF composite. 

Figure 4.4 SEM images at different magnifications of sGF. 
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Mechanical tests 

The mechanical properties of the laminates were studied to evaluate the effect of the EMAA/rGO 

modification. For each sample, five specimens were tested, and the average values are presented in 

Table 4.2 with the GF weight percentage and the thickness of the laminates. The curves for F3P and ILSS 

are shown in Figure 4.6.  

Table 4.2 Mechanical properties of the three samples prepared through Hand Lay-up method.  

 
% GF Thickness 

(mm) 

F3P ILSS Impact 

 σmax 

(MPa) 
Ef 

(MPa) 

τ12 
(MPa) 

acu 
(kJ m-2) 

GF 72.8 2.51 ± 0.04 257 ± 15 11 ± 1 22 ± 3 35 ± 4 

sGF 69.7 2.52 ± 0.06 207 ± 32 11 ± 1 20 ± 1 17 ± 3 

sGF/ rGO 59.1 3.7 ± 0.2 149 ± 14 4.2 ± 0.4 16 ± 2 11 ± 3 
 

The analysis of the fiber content in the laminates reveals that the GF wt.% closely matches the nominal 

70 wt.% for all samples, except for the laminate containing rGO dispersed within the matrix. In this latter 

case, the increased viscosity of the epoxy/rGO mixture (i.e. 2072 mPa*s) likely hindered proper resin 

flow and fiber impregnation during the lay-up process and restricted compaction and excess resin 

removal during vacuum bagging9. This resulted in poorer fiber wetting, reduced fiber packing density, 

and retention of more matrix in the laminate, leading to a higher overall matrix content and, 

consequently, an increased laminate thickness. This observation suggests that the addition of rGO 

significantly affects the rheological behaviour of the resin system, which can in turn influence the fiber–

matrix ratio, the degree of void formation, and the overall mechanical performance of the composite. 

Therefore, controlling the dispersion state of rGO and the processing viscosity becomes critical to 

ensure uniform impregnation and to avoid structural inhomogeneities in the final laminate. 

The mechanical characterization of the modified laminates provides important insights into the effects 

of rGO and EMAA on the structural performance of GFRPs. The incorporation of EMAA and rGO through 

spray-coating did not significantly alter the mechanical response of the composites compared to the 

neat reference, as the variations in flexural strength (σmax), flexural modulus (Ef) and interlaminar shear 

strength (τ12) remained within experimental uncertainty. This indicates that the spray-coating process 

itself does not compromise the fiber–matrix interfacial adhesion or the overall load transfer efficiency. 

However, when rGO was also introduced into the epoxy matrix (sGF/rGO), a notable reduction in both 

flexural modulus and interlaminar shear strength was observed. This behavior can be attributed to the 

increased viscosity of the epoxy/rGO mixture, which likely hindered complete fiber impregnation, 
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leading to the presence of voids and microstructural heterogeneities. These defects, together with 

potential rGO agglomeration, may have acted as stress concentrators, reducing the effective stiffness 

and promoting interlaminar delamination10. 

The Charpy impact results follow a similar trend: the incorporation of EMAA and rGO slightly decreases 

the impact resistance (acu), further supporting the hypothesis of reduced interfacial bonding and 

possible structural imperfections within the laminate. Moreover, the visual analysis of the specimens 

after the test suggests that a different type of damage occurred. Both samples sGF and sGF/rGO show 

a delamination of the composite (Figure 4.5 b-c, yellow arrows), while GF sample displays a crack in the 

middle of the specimen. 

Figure 4.5 Specimens of a) GF, b) sGF, and c) sGF/rGO after the Charpy impact test.  

Overall, the mechanical tests demonstrate that while rGO and EMAA surface modification does not 

significantly reinforce the mechanical strength of GFRPs, it enables functional enhancements without 

critically compromising their structural integrity. Optimization of the dispersion process and control of 

viscosity during lamination could further improve the mechanical performance of such multifunctional 

composites. 

Figure 4.6 a) F3P and b) ILSS representative curves for the samples GF, sGF, and sGF/rGO. 
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Electrical conductivity 

To perform resistivity measurements, a four-probe model was used: the outer probes inject a constant 

current at the desired intensity, while the inner probes measure the potential difference that develops. 

The contact between the probe and the sample must be stable and offer low resistance to current flow. 

Thus, copper strip electrodes were used to ensure proper electrical contact as direct connection using 

the crocodile clips commonly used in multimeters was found to be inadequate due to the sample’s 

thickness and surface roughness. The electrodes were fixed to the sample using an adhesive mixed with 

silver conductive paint, forming stable and highly conductive interfaces (Figure 4.7). 

The distance between the probes measuring the potential difference is highly significant. It is necessary 

to always maintain the same distance so that the results are comparable. In this work, the central 

electrodes were placed at a centre-to-centre distance of 10 mm, corresponding to the characteristic 

length used for calculating resistivity. This spacing ensured uniform current distribution within the 

measurement region while minimizing edge effects and contact interference. Meanwhile, the position 

of the outer electrodes does not affect the measurement. Once the measurements have been obtained, 

the resistivity value for each laminate is calculated using the following expression: 

𝜌 =
𝑉∗𝑠

𝐼∗𝑙
                                                                                                                                                                                              (Eq.4.1) 

where 𝑉 is the average voltage obtained for each current value (𝐼). 𝑠 is the cross-sectional area of the 

test piece calculated by multiplying the thickness of the test piece by its width, while 𝑙 is the distance 

between the internal electrodes. 

The power source used to introduce the current was a KEITHLEY 2400 multimeter operating in four-point 

mode. For data collection, all samples were subjected to different current intensities (1, 10, 20, 30, 40, 

50, 60, 70, 80, and 100 µA), and the voltage circulating within them was measured. The experiment was 

repeated three times. 

Figure 4.7 Arrangement of electrodes and instrument used for measuring resistivity. 
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The values of resistivity obtained for sGF and sGF/rGO are 6.6 ± 0.6 and 0.9 ± 0.3 kΩ·m, respectively. The 

curves of resistivity as a function of current are reported in Figure 4.8. For the sample sGF, ρ reached a 

plateau at higher values of current indicating that the conductive network is poorly interconnected and 

becomes fully activated only under strong electric fields, likely due to field-assisted tunnelling or local 

Joule heating11–13. In addition, the presence of a thin epoxy resin layer between the modified glass fibers 

and the measurement electrodes likely increases the overall resistivity by introducing an additional 

insulating barrier at the contact interface. Consequently, part of the applied voltage may drop across 

this layer until higher fields are reached, further contributing to the observed current dependence. The 

variability of the resistivity–current response among nominally identical samples indicates that the rGO 

conductive network lies close to the percolation threshold. Small differences in rGO dispersion or 

interfacial contact leads to distinct current-induced behaviours resulting in an increased error bar.  

Conversely, the sample sGF/rGO exhibits a plateau at lower current, confirming the formation of a more 

continuous percolated network that supports charge transport even at low applied fields. In this case, 

the presence of rGO throughout the matrix eliminates the insulating barrier between the glass fibers and 

the electrodes, allowing more efficient charge transfer. Resistivity changes at high current may reveal 

that the electrical network is being altered by the applied current (or by the side effects of that current): 

electrode contact drift, self-heating, field-assisted tunnelling/contact improvement, microstructural 

rearrangement, or damage/oxidation14,15.  

Figure 4.8 Resistivity curves as a function of current for samples sGF and sGF/rGO.  
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4.3 Self-healing 

The damaged was made through a F3P test, stopping the machine right after the maximum of the stress-

strain curve. Afterwards, the damaged specimen was healed in a hydraulic press at 140 °C for 1 h and a 

low pressure (2 bar) was applied to ensure contact between the cracked surfaces. The healed sample 

was then tested with the three-point flexural test to evaluate the restoring of the mechanical properties. 

Healing efficiency was calculated as the ratio between the flexural strength in the repaired and virgin 

state: 

𝜂 (%) =  
𝜎𝑚𝑎𝑥𝐻𝐸𝐴𝐿𝐸𝐷

𝜎𝑚𝑎𝑥𝑉𝐼𝑅𝐺𝐼𝑁
∗ 100  (Eq.4.2) 

The curves obtained from the F3P test are reported in Figure 4.9 a-b. The darker curves represent the 

test made on the virgin material that cause the damage to the specimen, while the lighter ones refer to 

the healed sample. The values of healing efficiency for sGF and sGF/rGO are 85 ± 4 and 109 ± 1 %, 

respectively (Figure 4.9c). In both case the healing efficiency results suggest that healing protocol 

repairs the laminates lead to high values of flexural strength and modulus comparable with the ones of 

the virgin materials. When the damaged material is subjected to pressure and temperature, the 

thermoplastic material (EMAA) flows through the crack, and ligaments are formed between the two 

damaged surfaces reducing the stress acting on the crack during testing and leading to an increase in 

fracture toughness16. 

Figure 4.9 F3P representative curves pre and post healing process of a) sGF, and b) sGF/rGO; c) healing 

efficiency values for both laminates.  
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4.4 Conclusions 

In this work, a novel approach for manufacturing self-healing and electrically conductive glass fiber–

reinforced polymer (GFRP) laminates were developed through a simple and scalable spray-coating 

technique using a mixture of rGO and EMAA. This process enabled the simultaneous integration of a 

thermoplastic healing phase and conductive nanofillers onto the fiber surface without altering the 

conventional hand lay-up fabrication process. 

Morphological and mechanical characterization confirmed that the spray-coating treatment did not 

adversely affect the fiber–matrix interface or the structural integrity of the laminates. The inclusion of 

EMAA and rGO on the glass fibers maintained mechanical performance comparable to that of the neat 

reference composite, indicating good interfacial compatibility and efficient load transfer. However, 

when rGO was also dispersed within the epoxy matrix, the resulting increase in viscosity hindered fiber 

impregnation, leading to the presence of voids and reduced flexural and interlaminar shear strength. 

This highlights the importance of optimizing rGO dispersion and controlling resin rheology to ensure 

uniform impregnation and minimize structural defects. 

Electrical measurements demonstrated that the incorporation of rGO significantly reduced the 

composite resistivity, from approximately 6.6 ± 0.6 kΩ·m for sGF to 0.9 ± 0.3 kΩ·m when rGO was also 

embedded in the matrix, sGF/rGO. The latter configuration exhibited a more stable and well-percolated 

conductive network, enabling efficient charge transport even at low applied currents. These findings 

confirm the successful introduction of an electrically conductive pathway, which is essential for 

potential self-sensing applications. 

The self-healing experiments revealed excellent recovery of mechanical properties after thermal 

treatment at 140 °C under low pressure. The healing efficiencies reached 85 ± 4% for sGF composite 

and 109 ± 1% for sGF/rGO. The latter even surpassed the initial flexural strength, suggesting enhanced 

stress redistribution and improved interfacial bonding during the healing process. This behaviour is 

attributed to the synergistic action of EMAA’s thermoplastic flow and rGO’s thermal conductivity, which 

together promote uniform heat distribution and efficient crack closure. 

Overall, the results demonstrate that the rGO/EMAA spray-coating modification represents a versatile 

and effective strategy to impart both self-healing and electrical functionality to conventional GFRPs 

without compromising their structural integrity. With further optimization of filler dispersion and 

processing parameters, this method holds strong potential for scalable fabrication of multifunctional 

composite materials for structural, sensing, and damage-repair applications. 

  



 
 

 

110 
 

References 

[1] Islam S, Bhat G. Progress and challenges in self-healing composite materials. Mater Adv. 

2021;2(6):1896-1926. doi:10.1039/d0ma00873g 

[2] Hargou K, Pingkarawat K, Mouritz AP, Wang CH. Ultrasonic activation of mendable polymer for 

self-healing carbon–epoxy laminates. Compos B Eng. 2013;45(1):1031-1039. 

doi:10.1016/j.compositesb.2012.07.016 

[3] Pingkarawat K, Wang CH, Varley RJ, Mouritz AP. Mechanical properties of mendable composites 

containing self-healing thermoplastic agents. Compos Part A Appl Sci Manuf. 2014;65:10-18. 

doi:10.1016/j.compositesa.2014.05.015 

[4] Pingkarawat K, Wang CH, Varley RJ, Mouritz AP. Self-healing of delamination cracks in mendable 

epoxy matrix laminates using poly[ethylene-co-(methacrylic acid)] thermoplastic. Compos Part 

A Appl Sci Manuf. 2012;43(8):1301-1307. doi:10.1016/j.compositesa.2012.03.010 

[5] Varley RJ, Parn GP. Thermally activated healing in a mendable resin using a non woven EMAA 

fabric. Compos Sci Technol. 2012;72(3):453-460. doi:10.1016/j.compscitech.2011.12.007 

[6] Chen B, Cai H, Mao C, Gan Y, Wei Y. Toughening and rapid self‐healing for carbon fiber/epoxy 

composites based on electrospinning thermoplastic polyamide nanofiber. Polym Compos. 

2022;43:3124-3135. doi:10.1002/pc.26605 

[7] Peñas-Caballero M, Chemello E, Grande AM, Hernández Santana M, Verdejo R, Lopez-Manchado 

MA. Poly(ethylene-co-methacrylic acid) coated carbon fiber for self-healing composites. 

Compos Part A Appl Sci Manuf. 2023;169. doi:10.1016/j.compositesa.2023.107537 

[8] Huang H chin, Zacharia NS. Layer-by-Layer Rose Petal Mimic Surface with Oleophilicity and 

Underwater Oleophobicity. Langmuir. 2015;31(2):714-720. doi:10.1021/la504095k 

[9] Vázquez-Moreno JM, Sánchez-Hidalgo R, Sanz-Horcajo E, Viña J, Verdejo R, López-Manchado MA. 

Preparation and Mechanical Properties of Graphene/Carbon Fiber-Reinforced Hierarchical 

Polymer Composites. Journal of Composites Science. 2019;3(1). doi:10.3390/jcs3010030 

[10] Yalcinkaya MA, Sozer EM, Altan MC. Effect of external pressure and resin flushing on reduction of 

process-induced voids and enhancement of laminate quality in heated-VARTM. Compos Part A 

Appl Sci Manuf. 2019;121:353-364. doi:10.1016/j.compositesa.2019.03.040 



 
 

 

111 
 

[11] Can-Ortiz A, Laudebat L, Valdez-Nava Z, Diaham S. Nonlinear Electrical Conduction in Polymer 

Composites for Field Grading in High-Voltage Applications: A Review. Polymers (Basel). 

2021;13(9). doi:10.3390/polym13091370 

[12] Xue Y, Huang S, Sun B, Gu B. Electro-thermal coupling behavior and temperature distribution of 

3-D braided composite under direct current. Compos Sci Technol. 2021;216:109043. 

doi:10.1016/j.compscitech.2021.109043 

[13] Zhu D, Bin Y, Matsuo M. Electrical conducting behaviors in polymeric composites with 

carbonaceous fillers. J Polym Sci B Polym Phys. 2007;45(9):1037-1044. doi:10.1002/polb.21115 

[14] Mousavi SR, Estaji S, Kiaei H, Mansourian-Tabaei M, Nouranian S, Jafari SH, et al. A review of 

electrical and thermal conductivities of epoxy resin systems reinforced with carbon nanotubes 

and graphene-based nanoparticles. Polym Test. 2022;112:107645. 

doi:10.1016/j.polymertesting.2022.107645 

[15] Zhu R, Wang G, Lin Y, Long J, Du L, Du X, et al. The Electric–Thermal Effect of a Carbon-Fibre-

Reinforced Epoxy Composite and Its Corresponding Mechanical Properties. Polymers (Basel). 

2022;14(21). doi:10.3390/polym14214489 

[16] Meure S, Varley RJ, Wu DY, Mayo S, Nairn K, Furman S. Confirmation of the healing mechanism in 

a mendable EMAA–epoxy resin. Eur Polym J. 2012;48(3):524-531. 

doi:10.1016/j.eurpolymj.2011.11.021 

  

 

  



 
 

 

112 
 

5. Concluding remarks 

The research presented in this thesis has focused on the design, synthesis, and characterization of 

multifunctional hybrid composites capable of combining structural reinforcement with self-sensing 

and self-healing functionalities. The work was developed along three main research streams, each 

contributing to a broader understanding of how hybrid nanostructures and tailored interfaces can 

provide polymer-based materials with intelligent and adaptive properties. 

In the first part, a hybrid nanofiller based on reduced graphene oxide (X@rGO, with X = SiO2 

nanoparticles or Halloysite nanoclay) was synthesized, characterized, and incorporated into a PDMS 

matrix to evaluate its structural and functional performance. The bare fillers exhibited distinct 

morphologies: spherical SiO₂ nanoparticles (≈ 70 nm) and tubular halloysite (45 ± 15 nm diameter, 0.5–

2 µm length). Hybridization followed a three-step process—APTES functionalization, GO attachment, 

and thermal reduction—confirmed by TGA, CHNS, ATR-FTIR, TEM, BET, Raman, and XPS analyses. Both 

SiO₂@rGO and Hallo@rGO contained ≈ 2 wt.% rGO, consistent with nominal values; morphological 

analysis indicated structural integrity of SiO₂ and partial degradation of halloysite at high temperature. 

When embedded in PDMS, the hybrid fillers provided clear reinforcement and tuneable electrical 

properties. TGA verified correct loading, while DMA showed that increasing X@rGO content enhanced 

the storage modulus, confirming the reinforcing action of both ceramic phases. In composites 

containing an additional small fraction of free rGO, the polymer relaxation peak shifted to higher 

temperatures, suggesting strong filler–matrix interactions that restrict chain mobility. Dielectric 

spectroscopy revealed that only SiO2@rGO30%_2%rGO and Hallo@rGO30%_2%rGO achieved 

continuous conductive networks, as evidenced by high conductivity and frequency-dependent 

permittivity. Micromechanical tests on GFRP composites further emphasized the role of interfacial 

engineering. A simple silica coating on glass fibers improved surface coverage but not interfacial shear 

strength, likely due to limited porosity impeding epoxy infiltration. Conversely, incorporating SiO2@rGO 

hybrids into the epoxy matrix markedly increased IFSS, confirming a synergistic effect between silica 

and graphene oxide. Here, silica acts as a carrier that improves rGO dispersion and prevents 

agglomeration, enabling stronger interfacial bonding and more efficient stress transfer. 

In summary, the study demonstrates that X@rGO hybrids can be effectively synthesized from both 

spherical and tubular inorganic supports, ensuring stable integration of reduced graphene oxide. When 

introduced into PDMS, these fillers enhance mechanical reinforcement and, with added rGO, enable 

electrical percolation. Their incorporation into GFRPs further improves fiber–matrix adhesion and 

mechanical performance, offering a promising route toward multifunctional composites with self-

sensing potential for structural health monitoring applications. 
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The second research direction focused on the development of CNTs@ZnO hybrids, combining the 

exceptional electrical conductivity of carbon nanotubes with the dynamic ionic crosslinking behavior of 

zinc oxide. The soft-chemistry synthesis enabled the controlled growth of ZnO nanoparticles on the CNT 

surface, as confirmed by TEM, XRD, XPS, and TGA analyses, highlighting the key role of water in 

promoting ZnO nucleation and crystallization. Structural and chemical analyses revealed strong 

interfacial interactions between ZnO and CNTs, evidenced by XPS binding energy shifts and the 

decrease in surface area observed by BET, confirming intimate contact between the two phases. 

Thermal analyses using a CNTs@ZnO–stearic acid model system demonstrated the reactivity of ZnO 

sites toward carboxylic groups, forming zinc–carboxylate complexes similar to zinc stearate, confirming 

their potential to promote crosslinking within the polymer. When incorporated into XNBR, the hybrid 

filler not only reinforced the mechanical performance but also acted as an intrinsic curing agent, 

establishing ionic Zn²⁺–COOH interactions within the matrix. Dynamic mechanical tests confirmed 

excellent self-healing efficiency for all formulations, though slightly lower recovery was observed at 

higher filler loadings (2 wt.%), likely due to reduced dispersion and compatibility. 

Overall, CNTs@ZnO proved to be an effective multifunctional filler that combines mechanical 

reinforcement with self-healing capability. The synergistic interaction between the conductive CNT 

network and the ZnO domains offers a promising strategy for the design of advanced elastomeric 

nanocomposites with autonomous repair functionality, suitable for applications in flexible and dynamic 

components such as seals, O-rings, and gaskets.  

Finally, the third part extended these concepts to structural composite systems, by modifying glass 

fibers with coatings of reduced graphene oxide and self-healing polymers. A simple and scalable spray-

coating method was developed to fabricate self-healing and electrically conductive GFRP laminates 

using a mixture of rGO and EMAA. This approach enabled the simultaneous deposition of a 

thermoplastic healing phase and conductive nanofillers directly onto glass fibers, without altering the 

conventional hand lay-up process. Morphological and mechanical analyses confirmed that the coating 

treatment preserved the fiber–matrix interface and laminate integrity. Composites containing EMAA and 

rGO-coated fibers maintained mechanical performance comparable to the neat reference, 

demonstrating good interfacial adhesion and load transfer. However, the additional dispersion of rGO 

within the epoxy matrix increased viscosity, causing void formation and reduced flexural and 

interlaminar shear strength, emphasizing the need to control resin rheology for uniform impregnation. 

Electrical measurements showed a significant drop in resistivity (6.6 ± 0.6 and 0.9 ± 0.3 kΩ·m for sGF 

and sGF/rGO respectively) confirming the formation of a continuous, well-percolated conductive 

network suitable for self-sensing applications. Self-healing tests demonstrated excellent recovery after 

thermal treatment at 140 °C under low pressure, with healing efficiencies of 85 ± 4 % for sGF and 109 ± 
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1 % for sGF/rGO. The latter even exceeded the original flexural strength, attributed to the synergistic 

effect of EMAA’s thermoplastic flow and rGO’s high thermal conductivity, which enhances heat transfer 

and crack closure. 

Overall, this study demonstrates that rGO/EMAA spray-coating is a versatile and effective strategy to 

integrate self-healing and electrical functionality into conventional GFRPs while preserving their 

structural performance. With further optimization of filler dispersion and processing parameters, this 

method offers strong potential for scalable production of multifunctional composites for structural, 

sensing, and damage-repair applications. 
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Appendix A - Characterization method 

A.1 ATR-FTIR 

Attenuated Total Reflectance (ATR) spectroscopy is a Fourier Transformed Infrared Spectroscopy (FTIR) 

has based on the principle of total internal reflection within a crystal. As the light reflects off the crystal, 

a portion of it penetrates the sample. This evanescent wave interacts with the sample, energy is 

absorbed, and the reflected light is then detected. This absorbed energy is then measured and plotted 

as a function of wavelength.  

ATR measurements were conducted at room temperature using a ThermoFisher Nicolet iS20 

instrument, with a spectral resolution of 4 cm-1 and 64 scans in the range of 4000-550 cm-1. The resulting 

ATR-FTIR spectra were processed using OMNIC software to refine the signal through background 

subtraction, baseline correction and normalization in the range 0-100 to ensure accurate spectral 

interpretation.  

 

A.2 Charpy Impact Test 

The Charpy Impact test is an analysis used to determine the amount of energy absorbed by a material 

during fracture under a sudden impact. In particular, the impact resistance can be calculated as 

follows: 

𝑎𝑐𝑢 [𝑘𝐽/𝑚2] =
𝐸𝑐

𝑏ℎ
                             (A.1) 

where 𝐸𝑐  is the impact energy adsorbed by the specimen; while 𝑏 and ℎ are the width and the thickness, 

respectively. The test has been performed with a CEAST pendulum impact machine applying the UNE-

EN ISO 179:2001 standard (specimen dimensions 37.5 mm x 10 mm).  

 

A.3 CHNS analysis 

The elemental analysis (CHNS) is destructive technique for determining the concentrations of carbon, 

hydrogen, nitrogen, and sulphur typically used for organic materials. The analysis involves high-

temperature combustion in an oxygen-rich environment, which can occur under static or dynamic 

conditions, often with catalysts to enhance the process. During combustion, the elements are 

converted in volatile molecules: C is converted to carbon dioxide, H to water, N to molecular nitrogen or 

nitrogen oxides, and S to sulphur dioxide. The gases are then separated by gas-chromatography, 

identified and quantified.   
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The analysis is performed using an Elementar VarioMICRO analyzer in CHNS configuration, where the 

temperatures of the combustion and reduction columns are at 1150 °C and 850 °C, respectively. 

In this study, CHNS analysis has been used to calculate the degree of substitution in functionalized 

nanoparticles. As the equation A.16 in the TGA section, the following formula converts the difference in 

the percentage of carbon mass between the functionalized and the bare NPs in the number of 

functionalizing agent molecules per unit area.  

𝜎[𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑛𝑚2] =

𝑤𝑡 % 𝑌

𝑀𝑊 (𝑌)
 ∗ 𝑁𝐴[𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑚𝑜𝑙]

𝑤𝑡%(1000°𝐶)(𝑇𝐺𝐴) ∗ 𝑆𝑆𝐴𝐵𝐸𝑇 [𝑚
2/𝑔] ∗ 1018[𝑛𝑚2/𝑚2]

                                                                                      (A.2) 

 

A.4 Dielectric Spectroscopy 

Dielectric spectroscopy is an analysis to study how a material responds to the application of an 

alternating electrical field over a range of frequencies (𝜔). In this spectroscopy, the dielectric 

permittivity is the main parameter measured experimentally. When a sinusoidal electrical field (𝐸(𝜔) =

𝐸0 ∗ exp (𝑖𝜔𝑡), the dielectric permittivity and the conductivity must be represented as a complex 

number:  

Complex permittivity: 𝜀∗(𝜔) = 𝜀′(𝜔) − 𝑖𝜀′′(𝜔)                                                                                                            (A.3) 

Complex conductivity: 𝜎∗(𝜔) = 𝜎′(𝜔) + 𝑖𝜎′′(𝜔) = 𝑖𝜔𝜀0𝜀
∗(𝜔)                                                                           (A.4) 

where 𝜀0 is the dielectric permittivity in vacuum. The complex dielectric permittivity and the complex 

conductivity are correlated as follows:  

𝜀′(𝜔) =
𝜎′′(𝜔)

𝜀0𝜔
 ;  𝜀′′(𝜔) =

𝜎′(𝜔)

𝜀0𝜔
                                                                                                                                                (A.5) 

𝜎′(𝜔) = 𝜀0𝜔𝜀′′(𝜔) ;  𝜎′′(𝜔) = 𝜀0𝜔𝜀′(𝜔)                                                                                                                           (A.6) 

The real part of the dielectric permittivity, 𝜀′, indicates how much energy is stored in the material; while 

the imaginary part, 𝜀′′, describes the energy loss of the material as heat, conduction or other forms. On 

the other hand, the real part of the conductivity, 𝜎′, gives information about the capacity of the material 

to conduct current, while the imaginary part, 𝜎′′, is related to the material’s ability to store energy.  

Another important parameter to evaluate the conductive properties of a material is the dielectric loss 

tangent (𝑡𝑎𝑛𝛿). It is a measure of the phase angle difference between the voltage and current 

waveforms; this phase difference indicates the amount of energy lost in the material. This parameter is 

defined as follows: 
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𝑡𝑎𝑛𝛿 =
𝜀′′

𝜀′                                                                                                                                                                                           (A.7) 

The formula is a ratio between the material's loss component (energy dissipation) and its capacitance 

component (energy storage). So, a higher value of 𝑡𝑎𝑛𝛿 indicates greater energy dissipation resulting 

potentially a poor insulating behavior of the material.  

 

A.5 DMA 

The Dynamic Mechanical analysis is used to study the viscoelastic property when a sinusoidal 

deformation (strain, 𝜀(𝑡)) is applied to a material, and the stress response is measured (stress, 𝜎(𝑡)). In 

particular, following the application of a sinusoidal deformation, after an initial transient is exhausted, 

a stationary regime is established in the material in which the material response is still sinusoidal, with 

the same frequency of the strain and a phase lag (𝛿(𝑡)). In materials with a purely elastic behaviour, the 

stress and strain have the same phase (𝛿=0); on the other hand, in purely viscous materials, there is a 

phase lag of 90 degree between stress and strain (𝛿=𝜋/2).  

Strain: 𝜀(𝑡) = 𝜀0sin (𝜔𝑡)                                                                                                                                                            (A.8) 

Stress: 𝜎(𝑡) = 𝜎0 sin(𝜔𝑡 + 𝛿)                                                                                                                                                 (A.9) 

where 𝜔 = 2𝜋𝑓 and 𝑓 is the frequency of strain oscillation, while 𝛿 is the phase lag between stress and 

strain.  

The stress response can be divided in two contributions: 𝜎′(𝑡), in phase with the strain 𝜀(𝑡), 

representative of an elastic behaviour; and 𝜎′′(𝑡), 90° out of phase with 𝜀(𝑡), representative of a viscous 

behaviour.   

𝜎(𝑡) = 𝜎0 sin(𝜔𝑡 + 𝛿) = 𝜎0
′ sin(𝑤𝑡) + 𝜎0

′′ cos(𝑤𝑡) = 𝜎′(𝑡) + 𝜎′′(𝑡)                                                                     (A.10)                                                                                

The storage and loss modulus in viscoelastic materials measure the stored energy, representing the 

elastic portion, and the energy dissipated, representing the viscous portion. The tensile storage and loss 

moduli are defined as:  

Storage: 𝐸′ =
𝜎0

′

𝜀0
=

𝜎0

𝜀0
𝑐𝑜𝑠𝛿                                                                                                                                                      (A.11) 

Loss: 𝐸′′ =
𝜎0

′′

𝜀0
=

𝜎0

𝜀0
𝑠𝑖𝑛𝛿                                                                                                                                                          (A.12) 

Similarly, 𝐺′and 𝐺′′ are defined as shear storage and shear loss moduli.  

The previous equation can be written as: 
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𝜎(𝑡) = 𝐸′𝜀0 sin(𝜔𝑡) + 𝐸′′𝜀0cos(ωt)                                                                                                                                  (A.13) 

The ratio between the loss modulus and the storage modulus is defined as 𝑡𝑎𝑛𝛿 = 𝐸′′/𝐸′ (tensile), 

which provides a measure of damping in the material. Similarly, 𝑡𝑎𝑛𝛿 = 𝐺′′/𝐺′ (shear) can be defined.  

The analysis was performed using a Q800 analyser, purchased by TA Instruments (New Castle, DW, 

USA). Dumbbell-shaped specimens were used to perform temperature sweeps from −120 °C to 150 °C 

in tension mode at 15 μm amplitude, 1 Hz frequency and a heating rate of 2 °C min− 1. 

 

A.6 DSC 

Differential Scanning Calorimetry (DSC) is a thermal analysis technique used to measure the heat flow 

associated with material transitions as a function of temperature. During a DSC experiment, both the 

sample and a reference are subjected to identical heating or cooling conditions, and the difference in 

energy input required to maintain them at the same temperature is continuously recorded. This allows 

precise identification of thermal events such as melting, crystallization, glass transition, and 

decomposition. DSC is widely applied to characterize the thermal behaviour of polymers, metals, 

ceramics, and other materials, providing essential information on thermal stability, phase transitions, 

and heat capacity. 

The analysis was performed with a DSC 3 STARe System (Mettler Toledo) with a N2 flow of 50 mL min-1. 

 

A.7 ICP-OES 

Inductively coupled plasma – optical emission spectrometry (ICP-OES) is a destructive technique used 

to determine the elemental composition of a solution. It involves a high-temperature plasma to excite 

atoms and ions in the sample, causing them to emit light at characteristic wavelengths. The emitted 

light is analysed by an optical spectrometer to identify and quantify the elements of the solution.   

The analysis is performed using an ICP-OES OPTIMA7000 DV PerkinElmer spectrophotometer, with a 

constant flux of Ar of 20 L min-1. A preliminary mineralization process was undertaken, involving a 

technique for the disintegration of the solid matrix in a liquid solution. This procedure was conducted 

using a microwave mineralizer (Milestone Ethos) with a mixture of strong acids: 0.20 g of powdered 

sample were dissolved in a Teflon beaker with 4 mL HNO3, 4 mL HCl and 2 mL H2O2. The acid digestion 

method consists of three steps: (i) 8 min, 1000 W at 160°C, (ii) 5 min, 1000 W at 200°C, (iii) 20 min, 1000 

W at 200°C. Subsequently, 12 mL of Milli-Q water was added, followed by centrifugation, and finally, the 

solution was diluted 1:2 with Milli-Q water, to acquire optimal values during the detection process. 
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A.8 Nitrogen physisorption 

Nitrogen physisorption is a non-destructive analytical technique used to determine specific surface 

area (SSA), pore size distribution, and pore volume of solid materials. It is based on the physical 

adsorption of nitrogen gas onto the surface of a solid at a constant temperature of 77 K through 

reversible and weak physical interactions (Van der Waals forces). The output of the analysis is an 

adsorption isotherm, plots the adsorbed gas volume versus the relative pressure (P/P0). In particular, as 

the relative pressure increases, the filling of pores with larger dimensions takes place. The size of the 

pores is classed, according to the International Union of Pure and Applied Chemistry (IUPAC) 

classification, into micropores (< 2 nm), mesopores (2-50 nm), and macropores (> 50 nm). Capillarity 

condensation is a common phenomenon that leads to the presence of hysteresis, which indicates 

differences in adsorption and desorption behaviour. Isotherms and hysteresis can be classified in 

different types with IUPAC.  

The analysis has been performed using an Autosorb-IQ-C-MP ASiQwin Quantachrome. Various models 

must be used to obtain all the information needed. In this work, the Brunauer-Emmett-Teller (BET) 

method has been used to determine the SSA; Barrett-Joyner-Halenda (BJH) for pore size distribution; t-

plot for the micropore volume and the Kelvin equation is applied for mesopore size and volume.  

  

A.9 Push-out test 

The push-out tests were performed with a self-made indentation testing device. The device can be 

thought of as a seesaw, with one side having a step driver and a piezo actuator for coarse and fine 

positioning in z direction. The other side has a combination of a microscope and a force sensor, the 

latter equipped with a fine flattened steel needle. The sample is mounted on a sample stage that can 

either be positioned under the microscope to select a fibre or under the indenter needle for fibre push-

out. To calibrate the precise distance between the centre point of the microscope and the point where 

the indenter will hit the surface of the sample, the microscope is equipped with an xy-positioner as well. 

Below is a schematic representation of the push out device. The testing speed was 1 µm/s and the tests 

were performed at 23 ± 2 °C. 
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A.10 Raman spectroscopy 

Raman spectroscopy is an analytical technique based on the inelastic scattering of monochromatic 

light, typically from a laser source, by molecular vibrations, phonons, or other excitations within a 

material. When incident light interacts with the molecules of a sample, most photons are elastically 

scattered (Rayleigh scattering), while a small fraction undergoes a change in energy corresponding to 

the vibrational energy levels of the molecules (Raman scattering). The energy difference between the 

incident and scattered photons, referred to as the Raman shift and expressed in wavenumbers (cm‐1), 

provides a unique spectral fingerprint characteristic of the molecular structure and bonding 

environment. Because each material exhibits distinct vibrational modes, Raman spectroscopy enables 

both qualitative and quantitative characterization of compounds with minimal or no sample 

preparation.  

In this work, Raman spectroscopy has been used to evaluate the D and G band of graphene oxide using 

a Jasco Ventuno μ-Raman instrument with a Peltier-cooled charge-coupled device (CCD) camera 

(operating temperature: −50 °C) and a He−Ne laser (wavelength, 632.8 nm; power density, 6 kW cm-2).  

 

A.11 SEM 

The Scanning Electron Microscope (SEM) is a highly versatile tool for morphological characterization, 

allowing the examination of relatively large specimens with resolutions and magnifications far superior 

to those achievable by conventional light microscopy. In SEM, a focused high-energy electron beam is 

directed onto the sample within a vacuum chamber, where a system of electromagnetic lenses controls 

the beam’s focus and deflection. The interaction between the electrons and the sample generates 

various emission signals, which are collected and processed into detailed images through dedicated 
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detection and imaging software. The electron beam originates from an electron gun, which may operate 

via thermionic emission or field emission, depending on the instrument’s configuration. 

SEM images were collected by a Zeiss Gemini 500 microscope in a high-vacuum configuration. The 

electron beam excitation was 30 kV at a beam current of 25 pA, and the working distance was 12 mm. 

In this configuration, the beam spot was 38 nm. The samples were dispersed in EtOH, deposited onto 

an aluminium substrate by drop-casting and covered with gold coating. 

 

A.12 TEM 

Transmission Electron Microscopy (TEM) is a highly powerful technique for the morphological 

characterization of nanostructured materials, offering significantly higher resolution than Scanning 

Electron Microscopy (SEM). In TEM, a high-energy electron beam, accelerated up to 300 kV, is focused 

through a series of electromagnetic lenses to generate high-resolution images. The sample, usually 

placed on a 3 mm copper grid, is penetrated by the beam, producing transmitted and elastically 

scattered electrons. These electrons form a diffraction pattern that is reconstructed by the projection 

lens into a detailed two-dimensional image of the sample. TEM enables visualization of fine structural 

features with a resolution of up to 0.17 nm, making it particularly suited for studying nanoparticles, 

powders, and ultrathin composite sections. 

TEM images were collected by using a JEOL JEM-2100Plus TEM operating at an acceleration voltage of 

200 kV, equipped with an 8-megapixel Gatan Rio complementary metal-oxide-semiconductor camera. 

The samples were deposited onto carbon-coated Cu TEM mesh grids by drop-casting dilute NPs 

dispersions in ethanol. 

 

A.13 Three-point Flexural Test (F3P) 

This technique has been used to evaluate the mechanical properties of the GFRP composites. The 

analysis has been performed using an INSTRON 2204 with a static load cell of 50 kN and a velocity of 1 

mm min-1 applying the ASTM D790 standard (specimen dimensions: 50.8 mm x 12.7 mm; span: 25.4 

mm). Starting from the curves obtained of applied force and displacement (𝐹 vs 𝐷), the flexural strength, 

𝜎, and the deformation, 𝜀, have been calculated with following formulas: 

𝜎 [𝑀𝑃𝑎] =
3𝐹𝐿

2𝑏ℎ2                                                                                      (A.14) 
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𝜀 [𝑚𝑚/𝑚𝑚] =
6𝐷𝑏

𝐿2                                                                                       (A.15) 

where 𝐿 is the span distance; 𝑏 and ℎ are the width and the thickness of the specimen, respectively. 

Moreover, the flexural modulus, 𝐸𝑓, which measures the material’s stiffness in bending, can be 

calculated starting from the slope, 𝑚, of the linear part of the curve 𝜎 vs 𝜀:   

𝐸𝑓 [𝐺𝑃𝑎] =  
𝑚𝐿3

4𝑏ℎ3                                                                       (A.16) 

This test can be also used to obtain the Interlaminar Shear Strength (𝐼𝐿𝑆𝑆) changing the dimensions of 

the specimen and the span distance applying the ASTM D2344 standard (specimen dimensions: 15 mm 

x 7.5 mm; span: 7.5 mm). In particular, the value must be determined as the maximum point of the curve 

𝐼𝐿𝑆𝑆 (𝜏12) vs 𝐷.  

𝜏12 [𝑀𝑃𝑎] =
3𝐹

4𝑏ℎ
                           (A.17) 

 

A.14 TGA 

Thermogravimetric analysis is a destructive technique to record the weight loss percentage of the 

samples during heating, occurring due to decomposition reactions, oxidation, and physical processes 

such as vaporization and desorption of solvent molecules.  

This analysis was used to estimate the number of surface hydroxyl (OH) groups of the bare NPs. The 

calculation is based on the following formula:  

𝑂𝐻𝑠𝑢𝑝[𝑚𝑜𝑙/𝑔(𝑁𝑃𝑠) ] =
2 ∗ ∆𝑤𝑡%(𝑂𝐻+𝑂𝐸𝑡)𝑠𝑡 

𝑀𝑊𝐻2𝑂 ∗ 𝑤𝑡%(1000°𝐶)𝑠𝑡
                                                                                                                (A.18) 

where ∆𝑤𝑡%(𝑂𝐻+𝑂𝐸𝑡)𝑠𝑡 is the normalized weight loss percentage in the range 150 °C-1000 °C, assuming 

that before 150°C no significant loss occurred a part of organic contaminants or adsorbed solvent 

molecules on the surface; 𝑤𝑡%(1000°𝐶)𝑠𝑡 is the normalized weight loss percentage at the end of the 

treatment. The number of OH per unit surface area can be calculated as follows: 

𝑂𝐻𝑠𝑢𝑝[𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑛𝑚2] =
𝑂𝐻𝑠𝑢𝑝[𝑚𝑜𝑙/𝑔(𝑁𝑃𝑠)] ∗ 𝑁𝐴[𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑚𝑜𝑙] 

𝑆𝑆𝐴𝐵𝐸𝑇[𝑚2/𝑔] ∗ 1018[𝑛𝑚2/𝑚2]
                                                                                          (A.19) 

where 𝑆𝑆𝐴𝐵𝐸𝑇 is the specific surface area obtained through a nitrogen physisorption analysis using the 

BET method.  

The TGA experiments were performed with a TGA 2 STARe System in the temperature range 30-1000 °C, 

with a constant air flow (50 mL min-1) and a heating rate of 10 °C min-1. An isothermal step at 150 °C (15 
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min) was used to complete the weight loss due to physiosorbed solvent molecules and water and a 

second one at 1000 °C (5 min). The sample holder was an alumina pan with a volume of 75 μL.  

Equation X can be used to estimate the degree of functionalization of grafted nanoparticles. In deep, the 

weight loss percentage between 150 °C and 1000 °C can be attributed only to the functionalizing agent 

assuming that each silane binds with 𝑥 available OH groups. The unreacted hydroxyl groups are also 

lost in this temperature range and accounted in the formula.    

𝑤𝑡%(𝑌) =
∆wt%(150−1000°C)𝑠𝑡 − ∆𝑤𝑡%(𝑂𝐻+𝑂𝐸𝑡)𝑠𝑡

𝑀𝑊(𝑌) + 𝑀𝑊(𝐻2𝑂)
(3−2𝑥)

2

𝑀𝑊(𝑌)     1 ≤ 𝑥 ≤ 3                                                                            (A.20) 

The 𝑤𝑡%(𝑌) can be converted into 𝜎, the number of molecules per unit area calculated through the 

𝑆𝑆𝐴𝐵𝐸𝑇 of the bare NPs.  

𝜎[𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑛𝑚2] =

𝑤𝑡% 𝑌

𝑀𝑊(𝑌)
 ∗ 𝑁𝐴[𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑚𝑜𝑙]

𝑤𝑡%(1000°𝐶)𝑠𝑡 ∗ 𝑆𝑆𝐴𝐵𝐸𝑇[𝑚2/𝑔] ∗ 1018[𝑛𝑚2/𝑚2]
                                                                               (A.21) 

 

A.15 XPS 

X-ray Photoelectron Spectroscopy (XPS) is a surface analysis technique that identifies the elements and 

their chemical states within the top 5–10 nm of a material. It works by irradiating the surface with X-rays, 

causing electrons to be emitted. By measuring their kinetic energy, XPS determines the binding energies 

of the electrons, which are characteristic of specific elements and chemical environments. From the 

spectra, XPS provides elemental composition, oxidation states, and bonding information. It can also 

yield quantitative data (atomic percentages) and, when combined with ion sputtering, a depth profile of 

the sample. 

The employed XPS apparatus is a custom-built system, consisting of an analysis chamber equipped 

with a non-monochromatic Mg source (Kα = 1253.6 eV, VSW-TA10), and a hemispherical analyser 

(VSWHA100) with a 16-channel detector. The base pressure of the analysis chamber is around 1*10-9 

mbar. The survey spectra have been registered using a pass energy of 44 eV, while the regions of interest 

(ROI) have been registered using a pass energy of 22 eV. In both the cases the total power of the source 

was 144 W (12 mA, 12 kV) and the XPS spectra has been registered at a normal emission angle. 

 

A.16 XRD 

To evaluate the crystallinity of ZnO NPs decorating the structure of CNTs, Powder X-ray diffraction (XRD) 

has been collected at room temperature with a Rigaku MiniFlex 600 diffractometer, operating with 
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Bragg-Bentan geometry. In this setup, a Cu Kα radiation X-ray source (λ1=1.5406 Å, λ2= 1.5443 Å) was 

used and the X-ray generated are collimated by slits before reaching the sample. The sample was 

located in an amorphous holder with crystallites placed in a random orientation, to avoid systematic 

errors in the diffractogram. The X-rays coming from the sample pass through the receiving slits and 

reach the detector. The diffractogram shown in the thesis was performed in the 2θ range of 15-80° with 

a 2θ step 0.02° and 1° min-1 scan rate.  

 

A.17 XRF 

To evaluate the composition of CNTs bare, CNTs_TA and CNTs@ZnO, X-ray Fluorescence Spectroscopy 

was performed. This analysis determines the elemental composition of materials by irradiating the 

sample with high-energy X-rays and detecting the resulting secondary (fluorescent) X-rays, whose 

characteristic energies correspond to the elements present. 

XRF was performed using a micro-XRF spectrometer Bruker ARTAX 200 equipped with a Mo anode X-ray 

tube, collimated down to 0.65 mm in diameter (excited sample area of 0.33 mm2). The spectra were 

obtained by operating at 20 kV and 1.0 mA and with an acquisition time of 300 s. The attributions of each 

signal were performed by using the XRF software.  
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