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ABSTRACT 
  

This work aims to develop composites materials having self-healing 

properties including enhance in mechanical and electrical properties. The principal 

weakness of polymer composites is damage from impact, where resulting micro-

cracks can propagate to allow delamination and breakage of the composites, 

resulting in loss of physical properties of the composites. Strategies to compensate 

material fatigue including mechanical and conductive properties are among the 

most challenging issues, being prominently addressed by the use of nano- and 

microscaled fillers, or via new chemical concepts such as self-healing materials. 

Capsule based self-healing approach is dedicated to achieve the self-healing, in 

particular, Cu(I)-catalyzed Huisgen [3+2] dipolar cycloaddition “‘click chemistry’ 

(CuAAC)” based covalent self-healing was performed.  

A robust approach to improve the dispersion, stability, and recyclability of 

a copper catalyst via immobilization of copper nanoparticles Cu(I) on N-doped 

reduced graphene oxide nanosheets was explored. Nitrogen-doped reduced 

graphene oxide (NRGO) stabilized copper nanoparticles based heterogeneous 

catalyst were synthesized to assist CuAAC for achieving it at low temperature 

without any external additive (oxidizing/reducing agent), and performs click 

reaction under both solvent and bulk conditions. The NRGO-Cu(I) catalyst is 

reusable ten times and observed around 90% yield after 10th cycle, whereas 

washing and recyclability of catalyst was performed under open air environment. 

DFT calculations were also analyzed to confirm the experimental findings.  

Self-healing nanocomposites in response to external damage were 

developed using synthesized graphene based catalytic system, bearing embedded 

metal-nanoparticles, which after embedding into a thermoset-material displays self-

healing ability up to 100 % at room temperature. The study also found the use of 

graphene as both, the nanostructured material (for enhancing the mechanical and 

conductive properties) and catalyst, helpful to trigger self-healing responses via 

‘click chemistry’ at room temperature - a feature which often is not achieved in 

many reported self-healing materials, where healing is only accomplished at 
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significantly higher temperatures. Together with the embedding and distribution of 

the graphene-based catalyst, a capsule-based approach is used to embed the 

required components stable into a polymer matrix, where one capsule-sort is 

sufficient to prevent early mixing of the components. Triggered capsule rupture 

then induces contact of the healing agents with the graphene-based catalyst, in turn 

inducing "click"-reaction, able to fully repair damage onsite as determined by 

mechanical measurements. Given the enormous importance of autonomic repair of 

materials damage, this concept here reports a true and relieable chemical system, 

with a high level of robustness. 

In consequence, graphene promoted composites materials based on ‘click 

chemistry’ demonstrates self-healing at low temperature. The low temperature self-

healing materials open the window for preparing the composite materials for 

aircraft safety, anti-corrosion coatings, as well as for wind turbines.  
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CHAPTER 1: INTRODUCTION 
 

1.1 COMPOSITES 

In recent years, nano/microscale filled polymer components have created 

many opportunities to overcome the limitations of traditional polymers. Sterling 

furtherance in engineering structures like material development, testing, analysis, 

design, production and maintenance, provides direct benefits of development in 

material technologies. The unique composite materials possess corrosion 

resistance, permeability, higher strength to weight ratio, electromagnetic 

transparency, enhances fatigue life, wear resistance, acoustic and thermal 

insulation, high thermal conductivity, low thermal expansion which are difficult to 

achieve by individual materials[1]. According to the requirements of desirable 

properties, these materials can be tailored. By considering, the reliability, 

performance and cost effectiveness as a major contributing parameter for a 

composite material. Nevertheless, composite material enhances the material 

properties compared to blends and alloys; it can be achieved by combining more 

than one homogeneous materials having different properties [2].     

 

 
Figure 1.1 Basic structure of composite material 

Figure 1.1 shows the basic structure of composite materials, made of two 

phases: continuous state known as matrix and discontinuous state known as filler. 

They are classified based on matrix, polymeric, ceramic or metallic. Among those 

polymeric materials are having more advantages compared to ceramic and metallic 

due to its properties such as light weight, more ductile in nature and the properties 
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can be varied by addition of different fillers like graphene, CNT, carbon black, etc 

[3]. 

Composite materials play vital role in the field of aerospace engineering, 

where one third of aircraft structures are built using metals which reduce the 

performance of craft and increase the maintenance cost[4]. By replacing, the 

existing materials with the composite materials, could be helpful to reduce the 

weight, and in turn, it reduces fuel consumption. The combination of polymer and 

fiber as a composite material possesses low density, high strength, higher stiffness 

to weight ratios and demonstrates better corrosion protection and fatigue resistance 

behavior[5]. The addition of multifunctional nanoparticles to the polymer materials 

is helpful to enhance the physical, chemical, mechanical, thermal, and electrical 

properties; and includes control in electrostatic discharge, conductive adhesives, 

and enclosures for electromagnetic shielding[6]. Nevertheless, the material 

degradation or damage due to impact loads and lightning strike owing to insulating 

behavior are the major concern, and can be improved by incorporation of self-

healing concept and conducting (inducting) nanofillers inside the matrix[7].  

 

1.2 SELF-HEALING COMPOSITES  

The self-healing (SH) materials are prominent advancements in composite 

materials having the capability to restore their inherent structure in case of fracture. 

Irrespective of the crack size such as micro or macro on material, it can rebuild the 

gap without any manual influence. The basic idea of these self-healing is motivated 

from the living species, having the ability to heal themselves by presence of 

leukocytes when there is a physical damage[8]. In both biological and synthetic 

cases, the system initiated by the injury (Figure 1.2). In the biological systems, the 

first process is of inflammatory response or an immediate response when damage 

occurs like clotting of blood[9]. In the second stage cell proliferation means 

deposition of matrix in the repair site which may take some time to complete the 

process of deposition. In the third stage, matrix remodeling it leads to several 

months to appear like the base[10]. In the synthetic approach, first stage is of 

actuation: triggering the healing mechanism by damaging the embedded 
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microcapsules and in the second stage starts due to the activation of the mechanism 

which transport the species to the damage sites. Thereafter, the healing process 

completed via polymerization, crosslinking and entanglement processes in the final 

stage.  

Generally, materials degrades naturally by aging which rise to micro cracks 

that ultimately promotes the failure of material. Therefore, SH approach is helpful 

to improve the durability and reliability of the material. The main aim of this 

approach is to provide the better or same performance behavior compared to virgin 

counterpart in an economical way.    

 
Figure 1.2 Approaches for biological and synthetic system [9] 

1.3 TYPES OF SELF-HEALING 

These are classified according to the type of chemistries involved in 

polymers/ polymer composites: a) autonomic and b) non-autonomic[11]. The 

healing performed by the interventions of external force, is known as non-

autonomic, whereas, in case of autonomic self-healing, the process do not need any 

external force. However, based on the mechanism employed for autonomic self-
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healing system, further this system is classified into extrinsic and intrinsic self-

healing.  

1.3.1 AUTONOMIC SELF-HEALING MATERIALS 

In this process material is composed of self-healing capabilities, externally 

supplied by capsule/vascular network mechanism. The strategy used for designing 

these type of materials are a) microencapsulation, and b) microvascular network 

(Figure 1.3). In both the cases process starts by the external or internal damage.  

   
Figure 1.3 Classification of self-healing system 

1.3.1.1 Capsule based self-healing 

In capsule based self-healing systems, the capsules containing healing 

agents are dispersed in polymer matrix. Whenever the material is subjected to 

mechanical stress or damage, the capsules gets damage or rupture takes place, and 

healing agent in capsules gets triggered and transfer to the affected area and starts 

polymerization/crosslinking when it comes in contact with dispersed catalysts in 

the matrix as shown in Figure 1.4[12]. The capsules containing the healing agents 

are very small in size, ranges from is micro to nano meter. The encapsulation 

accomplish by the following methods: in-situ polymerization, interfacial 

Self healing 
materials

Autonomic systems

Encapsulation

ROMP

Epoxy

Highly dynamic supramolecular 
sytems

Pyridine-metal bonds

hydrogen bonds

Nonautonomic systems
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polymerization, sol-gel, coacervation, methods, meltable dispersion and extrusion. 

In-situ encapsulation is the most popular methods used by the researchers, since it 

is easy and economical. In-situ encapsulation reaction is proceeded by urea-

formaldehyde (UF), melamine urea formaldehyde (MUF), melamine-

formaldehyde (MF) and subsequent polymers used as the shell wall material 

interface between the droplets of oil/water emulsion[13]. The preparation of 

capsules using different strategies are  discussed in subsequent chapter.  

 White et al. has reported the capsule based first generation self-healing 

material via ROMP based polymerization where dicyclopentadiene (DCPD) as the 

healing agent and Ruthenium based catalyst were used [14]. Brown et al worked 

for autonomic self-healing; using UF based capsules to determine the healing 

efficiency[15] and fatigue[16] of composite material. Moreover, the healing 

efficiency of composite material with the incorporation of DCPD/Grubs catalyst of 

epoxy[17], epoxy vinyl-ester[18], fiber reinforced epoxy composites[19] and 

thermoplastic[20] was examined. The investigation of self-healing by different 

permutations was carried out such as; using various catalysts[21] and change in die 

monomer[22]. Tungsten hexachloride as a catalyst was tested and showed a better 

thermal stability in epoxy composite[23]. Rule et al. [24] used more innovative 

approach to preserve the catalytic activity by dispersing wax sphere balls containing 

Grubbs catalyst. Moo et al. explored the self-healing property in glass fiber-

reinforced composite composed of DCPD and Grubbs catalyst preserved by 

wax[25]. Rong et al. [26] studied the effect of double capsules mechanism, in which 

one capsule contains the epoxy resin and the other contains the thermally triggered 

imidazole catalyst.   
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Figure 1.4 Mechanism of capsule based healing system [12] 

 

 
Figure 1.5 Ring Opening Metathesis Polymerization (ROMP) [27]  

 

1.3.1.2 Vascular based self-healing 

In vascular based self-healing system the healing agent is confined in a 

vascular network in the matrix, where in they are connected with each other in the 

form of network and these networks can be in the form of one dimension, two 

dimension and three dimension. The network will be in a closed loop until damage 

or rupture occurs to the network in Figure 1.6. After damage, the network delivers 

the healing agent to damaged portion and heals the site via 

crosslinking/polymerization of healing agent in contact of catalyst. At the damaged 

site, healing agents are refilled from undamaged site, which are connected; by this, 

thus allows the multiple healing events[28].  
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Figure 1.6 Mechanism of Vascular based self-healing [28] 

 

Injection of healing agents into vascular system depends upon the 

wettability and it affects the diameter and network design. Mechanical properties 

are depend on the network volume fraction, uniformity, channel distribution, and 

bonding between the network & matrix; the vascular/channel system can be 

differentiate based on network dimension as follows[29]. 

 

One-dimensional channels: Investigation of self-healing in one-dimensional 

vascular self-healing system was carried out on epoxy by applying millimeter 

diameter pipettes made of glass containing two-part epoxy or cyanoacrylate[30]. 

Subsequently,  authors investigated by varying different materials of pipettes, for 

identifying suitable fiber-reinforced materials among epoxy and vinyl ester[31]. 

They have investigated the effect of matrix by applying various loads on different 

specimens made of various thickness and volume fraction. Bleay et al.[32] prepared 

vascular system by incorporating 15 µm diameter Holex glass fiber (HGF), in 

unidirectional  manner. These laminated fibers were filled with different fluids, 

which can be released whenever the damage sites were occurred. The release of 

fluid at damage site was observed by adopting X-radiography and ultrasonography 

methods. 

  

Two-dimensional channel: These network acts as the intermediate between the 

piles and 3D networks and thus acts as the interface between the piles stacked 
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unidirectional; yields improvement in impact mechanical strength and connectivity. 

Agent transfer, optimize in network, channel diameter and shape of the network are  

the key factors need to consider while developing 2D channel based SH composites. 

H. R. Williams et al.[33] constructed sandwich panels of hierarchal network consist 

of polyvinyl chloride tubes, two-part epoxy system and obtained better results with 

complete recovery in flexural load and healing. 

 

Three-dimensional channel: Construction of vascular system is a complex process, 

compared to 2D channel even though it follows the same chemistry[34]. The micro 

channels of 200µm containing DCPD healing agent were proposed. When the 

surface subjected to the damage then the vascular systems get damaged and releases 

the DCPD that reacts with Grubbs catalyst to polymerize and thus heal the crack. It 

was observed that authors could successfully pump the healing agents  to damaged 

site for seven repeated cycles. The healing at the damaged site for every cycle was 

observed through microscope. Toohey et al.[35] fabricated the 3D vascular healing 

system based on two-part epoxy chemistry, where the both components were 

isolated. With this system the healing cycles were increased to sixteen. Hansen et 

al.[36] observed healing upto 30 cycles by making slight changes in the direct ink 

writing method.  The author able to make the isolated interpenetrating network and 

optimized the mixing of two components using two-part epoxy system.  

1.3.2 NON AUTONOMIC SELF-HEALING MATERIALS   

In this process polymer repairs itself after it get damaged; by the utilization 

of dynamic/reversible interactions that can be broken and renewed under different 

physicochemical conditions[37]. Intrinsic self-healing presents several features 

such as, self-healing due to multiple times of healing at the same location without 

help of any healing agent and catalyst. Two main strategies, based on physical 

interactions and chemical interactions have been implemented to create intrinsic 

self-healing polymers (Figure 1.7). Reversible bonding can be either non-covalent, 

including host-guest interactions, π-π stacking, hydrogen bonds, ionic and 

hydrophobic interactions, metal coordination, or covalent, such as imine bonds, 
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disulfide and diselenide bridging, Diels-Alder reaction, reversible boronate ester, 

and acylhydrazones bonds. The reversibility of covalent bonds between different 

functional groups can be induced by external stimuli, and can be influenced by a 

change in temperature, pH, catalytic activity, irradiation, moisture, etc. [38].  

The classification of intrinsic self-healing materials based on external 

stimuli is shown in Figure 1.8. Few of physical and chemical interactions are 

discussed in following sections. 

 
Figure 1.7 Various approaches used to synthesize physical and chemical interaction 

based self-healing materials 

1.3.2.1 Physical interactions  

Relying on transient bonds, physical interaction based materials are capable 

of exhibiting self-healing for multiple cycles, where the movement of polymer 

chains and the density of the network influences the life time of the reversible bonds 

[39]. For example, poly(ethylene glycol) based hydrogels were synthesized while 

functionalizing the prepolymer with quadruple hydrogen bond (UPy groups); due 

to their hydrophilic nature PEG-moieties can accommodate water, whereas the UPy 

groups give strength and elasticity while assembling into hydrogen-bonded arrays 

[40]. A heart shaped object demonstrated a shape persistent and self-healing 

behavior when cut into two pieces, which is joined by simply bringing both the 

halves together (Figure 1.9). 
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Figure 1.8 Classification of materials based on non-autonomic 
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Figure 1.9 (a) UPy-containing polymer. (b) Supramolecular hydrogel made of PEG-UPy 

polymer 15 wt% in water [40] 

 

In another example, an ionic self-healing mechanism involves charged 

polymer chains cross-linked with oppositely charged ions or polymer chains. 

Relative to organogels, ion gels exhibit high chemical stability and ionic 

conductivity, and are thus advantageous for different applications from soft 

actuators [41] to electrolytes for lithium ion batteries[42]. A self-healing and 

adhesive ionic gel was prepared by the mixing of polycation poly(allylamine 

hydrochloride) (PAH) with pyrophosphate (PPi) and tripolyphosphate (TPP)[43]. 

Due to highly dense ionic crosslinking, a high storage modulus was observed (G’∞ 

≈ 4 × 105 Pa). if the cut surfaces are not immediately joined, Due to stabilization 

and functional groups rearrangement, the self-healing performance of physically 

cross-linked hydrogels decreases [44].  

A double-network (DN) based self-healing material with improved 

mechanical properties has been reported, where a symbiosis of covalent and non-

covalent crosslinking network had been employed[45]. However, as the chemically 

covalent-cross-linked network cannot reversibly recover to its original state, the 

DN soft materials exhibit poor self-healing efficiency[46]. Thus, a multiple non-

covalent cross-linked network could be more advantageous for preparing self-

healing materials with high mechanical properties. A double network based 

poly(N-acryloyl glycinamide-co-N-benzyl acrylamide) containing a triple amide in 
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one side group was reported by Feng et al. The triple amide based soft material 

demonstrated a good shape memory ability, high mechanical strength (1.1 MPa) 

and about 95% self-healing efficiency occurred at room temperature[47]. 

Most of the widely explored non-autonomic based physical interactions 

materials are also now often combined with nanosized inorganic components to 

form nanocomposites, as summarized in Table 1.1. Describes the behavior of 

nanocomposite material with respect to healing efficiency, recovery, mechanical 

and electrical properties based on different physical interactions based self-healing 

mechanism. The addition of stiff nanofillers not only enhance the mechanical 

properties of the soft matrix [48] but also  improve their self-healing properties 

[49]. Zhong et al. [50] proposed a tough and highly stretchable self-healing 

hydrogel based on silica nanoparticles, poly(acrylic acid) (PAA) and ferric ions. 

The hydrogel demonstrated excellent mechanical properties like tensile strength of 

860 kPa and elongation at break ~2300%. It was suggested that the stretchability 

and toughness of a material is possible only by reversible cross-linking interactions 

between polymer chains, and helpful for energy dissipation through stress triggered 

dynamic process. Exfoliated sodium montmorillonite based self-healing hydrogel 

was formed by in situ polymerization of acrylamide monomers [51]. These 

hydrogels demonstrated good stretchability with a high fracture toughness (10.1 MJ 

m-3) and fracture strain up to 11800%, however, exhibited slow recovery of 

mechanical properties (RT, 5 days) and required multiple dry/re-swell handlings. 
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Table 1.1 Physical interaction based self-healing mechanism, healing efficiency, mechanical and electrical properties of nanocomposites. 
Healing 

Mechanism 

Materials Self-healing 

conditions  

Self-healing 

efficiency 

(Recovery 

%, obtained 

from tensile 

strength) 

Mechanical 

properties 

(Tensile 

strength) 

Electrical 

conductivity/ 

resistance 

Ref. 

Hydrogen Bonding AgNWs/branched 

poly(ethylenimine/poly(acrylic 

acid)-hyaluronic acid 

RT, with a 

drop of water 

100% - 0.38 Ω sq-1 [52] 

Montmorillonite nanoplates/ 
poly-dimethylacrylamide 

PDMAA 

48 h, RT 100% 140 kPa - [53] 

Montmorillonite 

nanoplates/poly(acrylamide) 

7 days, RT 100% 100-180 kPa 

 

- [51] 

Organoclay/ 

poly(vinylpyrrolidone) 

 

RT, 3h; pH 

4-11 

100% 0.210 Pa - [51] 

Zirconium 

hydroxide/Poly(acrylamide) 

 

RT, 24 h 86% 404 kPa  [54] 

Graphene oxie/Polyacrymide RT, 1 day 98% 180 kPa 10 S m-1 [55] 

Graphite/polyethylenimine RT, 10s 98% 200 kPa 190 S m-1 [56] 

Hydrophobic 

Interactions 

 

 

Graphene 

oxide/poly(acrylamide) 

3 days  53% 243 kPa - [57] 

Graphene 

peroxide/poly(acrylamide) 

24 h,  

30 ˚C 

88% 350 kPa - [58] 
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Supramolecular 

Interactions 

Cellulose nanocrystals/PVA 10-30 s, RT 100% 14.3 kPa - [59] 

SWCNT (10-20 wt%)/poly(2-

hydroxyethyl methacrylate) 

RT 100% 600 kPa 7.76 S m-1 [60] 

Ionic Interaction Fe3+/ graphene oxide/ 

poly(acrylic acid) 

48 h, 45 ˚C 80% 860 kPa - [53] 

Ferric ions/silica 

nanoplates/poly(acrylic acid) 

 

70 ˚C 30% 1000 kPa  [50] 

Ferric ions/Silica/poly(acrylic 

acid) 

 

50 ˚C, 24 h 70% 860 kPa - [50] 

Fe ions/PDMS/2,6-

pyridinedicarboxamide 

 

RT, -20 ˚C 90% at RT; 

(68% at -20 

˚C) 

220 kPa 6.4 (Dielectric 

constant) 

[61] 

 

 

Multiple 

Interactions 

 

 

 

Multi walled nanotube 

(MWNT)/Polyethylene 

polyamine 

(MWNT-0.5 wt%) 

 

 

RT, 90 sec 

 

100% 

 

20 kPa 

 

- 

 

[62] 

Cellulose/polyvinyl alcohol 

(PVA)-borax (PB)  

 

RT,  100% ∼22000 MPa 3.65 S m−1 [63] 
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A symbiosis of shape memory and self-healing was also achieved for 

graphene oxide based polyurethane (GO-PU) nanocomposites [64], where fracture 

occurred in composite was effectively healed by exposure to direct sunlight and 

microwave (MW). The nanocomposites were effectively healed within 30-50 s 

under low MW power (360 W) and within 5-7 min under direct sunlight. During 

the healing process, GO absorbed energy from the stimulus, and then transferred 

this energy to the HPU matrix, where the soft segment of the hyperbranched 

polyurethane HPU melted (low Tm ~ 50o C). Thus, the crack could repair with a 

higher mobility of the soft segment of HPU. the hyperbranched polyurethane 

(HPU)-TiO2/reduced graphene oxide (TiO2/RGO) nanocomposites exhibited 

combined attributes of shape memory, self-healing and self-cleaning properties 

were reported[65], where the fabricated nanocomposite exhibited composition and 

dose-dependent mechanical properties with excellent shape recovery ratio (91-

95%) as well as shape recovery rate (1-3 min) under exposure to sunlight. The 

presence of a high amount of RGO (0.5-1 wt %) in the nanocomposite helps in 

rapid and efficient healing, whereas a high amount of TiO2 nanoparticles (5-10 wt 

%) aids in achieving good self-cleaning properties. 

1.3.2.2 Chemical interactions 

This section covers the strategies for the preparation of chemical self-

healing soft materials based upon dynamic networks of covalent interactions, 

including Diels-Alder reactions, disulphide, imine bond, boronate ester bond, 

acylhydrazones and nanocomposite interactions. The dynamic permanent covalent 

bonds can break and reform as per the prevailing conditions. For instance, a 

disulfide and acylhrazone bonds based self-healing network was developed, where 

in PEO based hydrogel, disulfide exchange reaction occurs at basic pH, whereas 

acidic pH is helpful for acylhydrazone exchange reactions[66]. The material did not 

show self-healing at neutral pH as the covalent bonds were not dynamic. In general, 

the broadly investigated temperature triggered reversible diene and dienophile 

based [4+2] cycloaddition and retro Diels-Alder (DA) mechanism make good 

candidates for healing networks. 
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A comprehensive study by Garcia et al. demonstrated the effect of 

reversible DA bonds in covalently cross-linked networks[67]. The study shows that 

due to retro-DA reaction at high temperature, an increased mobility in the network 

leads to the self-healing of the system. However, the required high temperature for 

DA/retro DA damages the properties of the parent material. A switchable ‘on’ and 

‘off’ based photo-switchable DA dynamic network was developed by Hecht et al., 

where the incorporation of furan cross linker allows reversible (de- and re-

crosslinking) in short and mobile maleimide-substituted poly(lauryl methacrylate) 

chains (Figure 1.10) [68]. In general, the common dynamic chemical interactions 

based self-healing is reversible upon temperature usage, thus limiting their 

application areas. 

 

Figure 1.10 Schematic representation of a) photo-switchable, dynamically crosslinked 

polymer network and b) the chemical structures of the crosslinkers, indicating the 

switchable reactivity for the reversible DA reaction and healability of the network [68] 

 

Table 1.2 highlights few recent works on the incorporation of nanofillers 

with  chemical interaction based self-healing mechanism, healing efficiency, 

recovery, mechanical and electrical properties for better understanding. In 

particular conductive nanofillers are used to trigger and catalyze the self-repair 
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performance, owing to their superior heat absorption properties and resulting local 

heating under sunlight and microwave radiation. Indeed, due to their high photo-

thermal conversion, conductive nanofillers enable to increase the temperature up to 

200 °C in a very short time [69]. Shi et al. developed a dynamic reversible cross-

linked organic-inorganic network via DA reaction between poly(styrene-butadiene-

styrene) and CNT. The material demonstrated DA based self-healing with complete 

recovery of the mechanical properties in a time as short as 10 s due to the photo-

thermal effect of CNT under laser irradiation (Figure 1.11) [70] whereas no self-

healing occurred in absence of CNT. 

 
Figure 1.11 (A) Healing Process; (B) Healing reaction [70] 
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Table 1.2 Chemical interaction based self-healing mechanism, healing efficiency, mechanical and electrical properties of nanocomposites 

Healing 

Mechanism 

 

Materials 
Self-healing 

Conditions 

Healing            

efficiency 

(Recovery % 

obtained from 

tensile 

strength) 

Mechanical 

Properties 

(Tensile 

strength)  

Electrical 

Conductivity/Resitance 
Ref. 

Diels-Alder 

Reactions 

C60/Poly(styrene-b-

butadiene-b-styrene) 

80 ˚C (DA); 

180 ˚C 

(rDA) 

100% 19.8 MPa - [71] 

POSS/Siloxane 50 ˚C (DA); 

110 ˚C 

(rDA) 

100% 0.75 MPa - [72] 

Cellulose 

nanocrystal/Poly 

(ethylene glycol) 

50 ˚C (DA); 

90 ˚C (rDA) 

78% 0.160 MPa - [73] 

Graphene oxide 

nanosheets/ 

Polyurethane 

65 ˚C, 5h 

(DA); 120 

˚C, 30 min 

(rDA) 

100 % 76 MPa 64 kΩ [74] 

CNT/ Poly(styrene-b-

butadiene-b-styrene) 

80 ˚C, 6h; 80 

laser (10 s, 

rDA) 

100 % 18.5 MPa - [75] 

Boronate ester 

linkage 

Cellulose-Polyvinyl 

alcohol 

RT, pH 100% - - [76] 

Au particles/poly(vinyl 

pyrrolidone) 

39 ˚C, 15 

min 

90 % 0.00055 MPa - [77] 

MWNT-PDMS Water vapor 90 %  1.81 MPa 1.21 S/cm [78] 
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Didulfide bonds Au 

particles/PEG/Bioactive 

glass 

RT, 12 h 100% 0.35 MPa - [79] 

Transesterification Bentonite/Natural 

Rubber 

150 ˚C, 3h 96% 4.5 MPa - [80] 

Diselenide bonds Graphene 

oxide/polyurethane 

NIR light (5 

min) 

90% 6 MPa - [80] 
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1.4 APPLICATIONS  

 Self-healing materials find applications in engineering and bio-medical 

fields. The major uses of self-healing materials so far are in surface coating [81], 

drug delivery [82], [83], tissue engineering [84], [85], wound healing [86], [87], 

and soft robotics [88], [89]. Herein, some applications of soft self-healing 

nanocomposites in biomedical fields including drug, tissue adhesive, as well as in 

industry fields including actuators sensors, and coatings are gathered (Table 1.3). 
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Table 1.3 Demonstrated applications for self-healing nanocomposites and associated healing features. 

Materials 
Self-healing 

Mechanism 

Self-healing 

conditions 

Self-healing 

efficiency 

(recovery %) 

Applications Ref. 

PF/DCPD ROMP 24h, RT 81.4% (toughness) 

& 91.8% (fracture 

strength) 

Coating [90] 

Isophrone diisocynate/Isocynate Thiol-ene 72h, RT 100%  Coating  [91] 

Isophrone diisocynate/Isocynate Thiol-ene 72h, Nacl 

solution 

100% corrosion [92] 

DCPD/ENB ROMP 50˚C 95% Structural  [93] 

Epoxy/DCPD ROMP 120˚C 75% (elastic 

modulus) 

Aerospace 

structure  

[4] 

DCPD  ROMP RT 99% (fracture 

toughness) 

Coating-

corrosion  

[94] 

Epoxy  ROMP 24h, 80˚C 81% (fracture 

toughness) 

Aerospace 

structure  

[95] 

ENB/DCPD/Carbon fiber ROMP 24h,RT 1155% (inter 

laminar structural 

strength 

Aerospace 

structure   

[96] 

Hydroxyl end-functionalized 

polydimethylsiloxane 

(HOPDMS) and 

polydiethoxysiloxane (PDES) 

Phase separated  24h, RT 46% (fracture 

toughness) 

Coating-

corrosion 

[97] 

Hydroxyl end-functionalized 

polydimethylsiloxane 

(HOPDMS) and 

polydiethoxysiloxane (PDES) 

Phase separated  24h, 20˚C 100%  Coating-

corrosion  

[98] 
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ethylidene norbornene,SWCNT ROMP 1min, 45˚C 100% Aerospace 

structure   

[99] 

Fibre reinforced polymer FRP ROMP 1h, 45˚C 119% (stiffness) Aerospace 

structure   

[100] 

DCPD/ENB ROMP 2h,105˚C 100% (FESEM) Aerospace 

structure   

[101] 

PAA/CNS NC Hydrogen bonding RT 91%(tensile strain) 

98% (toughness) 

Soft robotics [102] 

tannic acid-coated cellulose 

nanocrystals (TA@CNC) 

Coordination 

bonding  

RT 92.5% (fatigue and 

resilience) 

70% adhesive 

strength 

97.1% electrical 

resistance) 

Wearable sensors [103] 

Tio2/BMIMBF4 ionogel Supramolecular 

interactions 

100 to -10˚C 98% (compression 

strength) 

Electro-chemical 

actuators 

[104] 

PVAc/Graphene Diffusion of 

polymer Chains 

60˚C 89% (mechanical 

properties) 

Actuators and 

sensors 

[105] 

PAA‐GO‐Fe3+ Ionic interactions RT 100% (tensile 

strength) 

Soft actuators [106] 

PPy/G-Zn-tpy Metal-ligand 

supramolecular 

interactions 

RT 100% conductivity Electronics, 

biosensors, 

artificial skins 

[88] 

Li2SO4/CMC Supramolecular RT 94% (tensile 

strength)  

88% (current 

density) 

Lithium ion 

battery 

[107]  
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GO/PAAM derivatives Hydrophobic 

interactions 

RT 66% Waste water 

treatments, 

adsorbents 

[57] 

Graphene/SWCNT Hydrogen bonding Ambient 

temperature 

98% (conductivity) piezoresistive 

strain sensor 

[108] 

RFGO/PU Diels-Alder Microwave 93% (youngs 

modulus) 

Strains sensors, 

flexible 

conductors 

[109] 

rGO/SAP Hydrogen bonding RT 100% (resistance) sensors [110] 

CNCs-Fe3+ Ionic interactions RT  98% (elastic 

modulus)  

Soft Strain sensor [111] 

PPy/PAC/Fe3+ Ionic interactions RT 100% (tensile) 

90% (conductance)  

Soft sensor [89] 

PU/GO Diels-Alder Ambient 

conditions 

96% (break 

strength) 

97% (elongation) 

100% (young’s 

modulus) 

Flexible 

electronics 

[112] 

rGO/polyacrylamide(PAM) Mussel-inspired 

chemistry (non-

covalent) 

Ambient 

environment 

95% (conductivity) 

60% (tensile 

strength) 

80% 

(Extension ratio) 

Bioelectronics [55] 

11-(4-(pyrene-1-yl) butanamido) 

undecanoic 

Acid/CNT/rGO 

π-π stacking and 

Hydrogen bonding 

RT pH=13.4 93% (strain) Biomedical [113] 
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GO/PAA Diffusion of 

polymer chain 

Hydrogen bonding 

RT 88% (tensile 

strength) 

Biomedical [58] 

PDA/Nanoclay/PAM Mussel-inspired 

chemistry (non-

covalent) 

Ambient 

environment 

100% (compression 

strain for 20 cycles) 

Wound healing [114] 

graphene oxide (GO)-hectorite 

clay-poly(N,N-

dimethylacrylamide) (PDMAA) 

Hydrogen bonding Near-infrared 

(NIR) 

irradiation 

96% (tensile 

strength) 

Wound dressing [115] 

pDMAA/β-CDrGO Hydrogen bonding 37oC 80% Drug delivery [116] 

Graphene 

oxide(GO)/poly(acryloyl-6-

aminocaproic acid) (PAACA) 

double-network 

mechanism 

RT pH<3 86% Drug release [117] 

PDA/ Fe3O4/ Carbon black/PAM π-π stacking and 

Hydrogen bonding 

RT 100% Tensile, 

conductivity and 

magnetic properties 

Drug delivery 

and tissue 

engineering 

[118] 

Chitosan/Go  π-π stacking RT 91% (compressive 

stress) 

Tissue 

engineering 

[119] 

GO-UPy-PNIPAM Supramolecular RT 100% (elastic 

modulus) 

Drug delivery [120] 

GO/DNA/SH π-π stacking and 

Hydrophobic 

interaction 

90˚C for 3min 100% (adsorption) Drug delivery [121] 

PDMAA-PVA/rGO Hydrogen bonding RT 100% (ultimate 

tensile strength and 

conductivity) 

Artificial skin [122] 

p(HEMA-co-BA)-Fe3O4 Host-guest 

interactions 

RT 94.98% 

(electromagnetic 

Coating-

corrosion 

[123] 
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absorption 

bandwidth) 

40% (tensile) 

lignin-modified graphene (LMG) 

and waterborne polyurethane 

(WPU) 

Polymer diffusion Infrared 171% (elastic 

modulus) 

Coating-

corrosion 

[124] 

PAA-MBAA-FeCl3 Covalent bond and 

ionic interaction 

RT 99% 

(elastic modulus) 

Coating-

corrosion 

[125] 

CNT/PU/Ze2+ Supramolecular  Near infrared 

(NIR) light (4.2 

mW/mm2) 

93% (toughness) Coating-

corrosion 

[126] 
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1.5 OBJECTIVES 

Fast crosslinking process working under ambient/low temperature 

conditions in an autonomous fashion play a vital role in order to close damage-

induced cracks, in turn it restore the mechanical and conductive properties without 

affecting functionality. To effectuate the strategy, following are the main 

objectives:  

  

 Development of Heterogeneous catalyst to promote click triggered self-

healing  

 Development of graphene promoted “click” triggered self-healing 

composite material for aeronautical applications, helpful to overcome the 

drawbacks related to fatigue and conductivity of the composite materials 

 Optimization of various process parameters to fabricate the composite 

material e.g., capsules content and graphene dispersion 

1.6 SUMMARY 

This chapter summarizes the feature of self-healing material including 

autonomic and non-autonomic self-healing mechanisms. The autonomic healing 

systems carry out in two ways, extrinsic and intrinsic healing systems, where the 

healing agent is externally supplied by capsule/vascular network systems. In both 

the capsule and vascular system the self-healing occurs in the similar fashion by 

polymerization of healing agents with/without catalyst after damage occur to 

dispersed capsule or vascular network. However, the construction of vascular 

network system is very tedious task even though it has an additional feature of 

multiple healing system, makes the capsule system in first place. In non-autonomic 

self-healing system, require external stimuli such as heat, light, mechanical and 

chemical for occurrence of healing. This system uses intrinsically self-healing 

mechanism offers features like multiple healing at the same location without help 

of any healing agents. This intrinsic system works in two ways; physical and 

chemical interactions, where the physical interactions are based on reversible 

bonding and occurs in the presence of external stimuli. Where chemical interaction 
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are based on the dynamic networks of covalent bonds. Indeed due to their weak 

interactions, it offers limited mechanical properties and electrical conductivity. 

Table 1.1 and 1.2 summarizes the efficiency, recovery, mechanical and electrical 

conductivity of self-healing nanocomposite materials due to physical and chemical 

interactions based on different healing mechanisms. Based on different strengths 

and weakness of healing systems we carry out the literature and experiments on 

capsule based healing system. The addition of nano materials gave provision for 

various applications listed in Table 1.3 based on different healing mechanisms. 
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CHAPTER 2: OVERVIEW AND BIBLIOGRAPHY SURVEY FOR 

NANO BASED COMPOSITE MATERIALS 
 

2.1 OVERVIEW 

Polymer based composite materials are frequently used in different 

applications due to their inherent properties like lightweight, flexibility, ease in 

production, copious availability and lightness. The incorporation of nanoparticles 

showed higher mechanical properties, and physical properties compared to ceramic 

and metal based materials. Nevertheless, due to complex loading, small impact 

damage, micro/nano size cracks are generated in the matrix, which decrease the 

lifetime of the material. Since self-healing concept, provides new opportunities 

towards the development of multifunctional materials. This chapter focuses on the 

different carbon based nano materials, encapsulation strategies and different 

chemistries involved for healing autonomously[127].  

2.2 CARBON BASED SELF-HEALING NANO MATERIALS 

The progress in the development of self-healing materials increased 

enormously by using different strategies. However these self-healing materials lack 

in some properties including mechanical, electrical, thermal and lower in healing 

efficiency, especially low  in conversion efficiency, energy absorption and response 

to external trigger. Researchers are paying more attention towards improving the 

self-healing performance of polymeric materials and interestingly extending the 

range of healing systems. The incorporation of carbon materials possessess 

excellent mechanical properties, thermal/electrical conductivity, absorption 

property[128], [129] and photo thermal effect[130]. Especially graphene is good in 

mechanical properties, electrical properties, thermal properties, quick response to 

external trigger and energy efficiency.  Therefore, the addition of graphene 

enhances the mechanical properties and conductivity property of self-healing 

polymeric material. There are several notified methods for the preparation of 

graphene like epitaxial growth[131], mechanical exfoliation[132], chemical vapor 

deposition[133] and hummers method and modified hummers method are most 



29 

 

welcoming methods[134], [135]. In progress, the graphene based self-healing 

nanocomposite materials attracted in many of the applications like super-

capacitors, sensors, biological applications, coating, artificial skin, adsorbent, self-

cleaning, biomimetic material, flexible electronic devices and actuators.  

2.2.1 PREPARATION METHODS 

Different approaches have been applied for the preparation of graphene 

based polymeric self-healing composites including layer-by-layer assembly[136], 

hydrothermal method[110], solution mixing method[137], in situ 

polymerization[65] and wet-fusing assembly method[138]. Sun j et al. [139] 

explored self-healing polymeric film (RGO-CD&PAA/bPEI-Fc) prepared using 

layer-by-layer assembly approach. The composite comprises of β-cyclodextrin in 

modified RGO (RGO-CD) nano-sheets and poly(acrylic acid) (PAA) branched 

with poly(ethylenimine) embedded ferrocene (bPEI-Fc). In the similar fashion Ge 

L et al. [140] synthesized the self-healing material with the same polymeric material 

(PAA/bPEI-Fc) with graphene. Interestingly the authors found good ability of self-

healing along with enhanced electrical conductivity for the synthesized composites.  

The composite materials fabricated by hydrothermal method uses the 

difference in pressure and temperature of solution in autoclave at higher 

temperature and pressure to form a supersaturated crystals[141]. Tang Y et al .[110] 

prepared a hydrogel composite composed of reduced graphene oxide (RGO) 

embedded in superabsorbent polymer (SAP) and hyper-branched polymer (HB). 

Initially the RGO was well dispersed in Milli-Q water using bath sonicator to 

acquire the uniform suspension. Subsequently, it was thoroughly mixed after the 

addition of SAP and HB in prepared suspension. This mixture was heated at 100˚C 

for 10h in autoclave lined with Teflon and stainless steel, thus formed conductive 

composite material; exhibit 100% healing within 20s even at room temperature. 

The solution mixing method is most commonly used for preparing the 

graphene based or its derivative based self-healing composite materials, Huang Y 

et al. [142] developed an innovative strategy for fabricating self-healing nano 
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composite material using the polyurethane (PU) and few-layer graphene (FG) using 

the solution mixing. The developed composite materials exhibit excellent 

mechanical properties and the showed the healing using electricity, infra light (IR) 

and electromagnetic as external stimulus gave the good healing efficiency up to 

98% shown in Figure 2.1.  Beckert F et al.[143] developed a PGDAT/PG-CA films 

embedded with TRGO, which allows breaking of hydrogen bonds for the free 

motion and relaxation of bonds using the NIR laser. This is obtained by the 

reduction process with the application of temperature. Therefore, the TRGO has 

good water-dispersible quality with good conductivity and laser/light absorption 

capacity. For instance, Qu L et al. [144] fabricated different variety of graphene 

oxide in three different dimensions as 1D, 2D and 3D for self-repairing  

applications using moisture.  

 
Figure 2.1 The ability of self-healing using IR, electricity and electromagnetic in FG-

TPU composites [142] 

 

Graphene based polymeric materials are prepared by dispersing the 

graphene nano particles in monomer and later  allow to in situ polymerize at definite 

conditions[145]. This method made possible to prepare nanoscale composite 

materials using the nano materials having higher weight[2]. In simple words, 

mixing all the ingredients initially and allowing it to in-situ polymerize. Many 
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articles published on graphene based-self-healing  materials using this in-situ 

polymerization technique[65]. Whereas, many graphene derivatives are 

functionalized to monomers to prepare composite materials using in-situ technique 

such as MGN [146], GO [119], FAGS [74], mGO [147], RFGO [109], GPO [58], 

TiO2/RGO [65] etc. Wong C-P et al. [148] synthesized polyurethane (PU) and 

graphene oxide (GO) based self-healing composite materials on the principal of 

Diel-alder chemistry. The graphene nano particles are well dispersed in the mixed 

reagents and allowed to polymerize in-situ. In extension, the authors developed 

RFGO-DAPU composite as well[109]. Li Y et al. [149] fabricated nano composite 

hydrogel based on Poly(N,N-dimethyacrylamide)-graphene, which has capability 

to self-heal in-situ at 37˚C in air for 12h. and found more suitable for biological 

applications.   

The wet-fusing assembly process developed by Gao et al. [150], based on 

continuous wet spinning method for preparing the graphene staple fibers. This 

process uses the self-fusing principle to attain the self-healing by the graphene 

oxide fibers. It indicates that water has an ability to weld the sample for attaining 

healing. The non-woven fabric was fabricated with pure graphene oxide fibers by 

using wet-fusing technology. The wet fusing method showed highest interaction 

between the graphene fibers during overlapping period. It clearly indicates, this 

technique have great potential to prepare the graphene fibers. The self-healing by 

graphene fibers using the water and electric heaters were also reported[151].  

2.2.2 SELF-HEALING APPROACHES USING GRAPHENE  

 Autonomous self-healing materials are highly appreciable for their life long 

repairing feature, and for achieving self-healing it requires external stimulus such 

as light, heat, mechanical force, moisture, electromagnetic wave, electricity and pH. 

Interestingly the pure graphene demonstrates the self-healing properties. Acharyya 

et al. [152] demonstrated graphene based self-healing material using molecular 

dynamic simulations. With the application of tensile load on the material reaches 

to its maximum tensile strength causes the cracks on its surface for 0.3-0.5nm, with 

the presence of graphene the material healed due to the elastic behavior of graphene 
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and the moment of C atoms closer caused the self-healing. The self-healing 

obtained in the material without any external stimulus. 

 The performance of graphene based self-healing composite materials 

showed improved efficiency with external stimulus as compared with alone 

graphene. Dong et al.  [147] developed graphene/polyurethane based self-healing 

polymeric nanocomposite material, where self-healing approach works via retro-

Diels-Alder (DA) reaction with the application of temperature. The developed 

material highlighted excellent mechanical and self-healing behavior. Wong et al. 

[74] developed low temperature based self-healing material based on 

Furfurylamine Graphene structures/Diels-Alder Polyurethane (FAGS/DAPU) 

works on the retro-Diels-alder mechanism. They achieved self-healing using the 

reversible cross-linking of thermally reversible covalent bonds and the movement 

of chains in polymeric materials by heat causes the bond reconstruction of hydrogen 

bonds.  

 Wong C-P et al. [109] prepared self-healing composite material based on 

RGO and PU, where microwave was used as an external trigger, by heating the 

material for self-healing based on DA mechanism. Graphene with microwave 

energy causes the heat propagation throughout the material, where DA bonds 

rapidly change reversibly and cause movement in polymer chains for achieving 

self-healing[142] (Figure2.2). 

 
Figure 2.2 SEM image of rGO-PU a) cut crossection b) healed after passing microwave 

[142] 

       

Light as a source of energy can be controlled using remote/wireless  control, 

moreover, it can be converted into heat energy as well[153]. More interestingly, the 
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graphene has a unique feature that it can absorb light using the photo-thermal effect 

and, thus promotes the heat generation. The self-healing using the different lights 

such as green light[154], sunlight[65] and infrared light[115], [142], [155] turn to 

be advantageous for graphene incorporation. For instance, Karak N  et al. [65] 

demonstrated self-healing based on sunlight (within 10mins) and also the material 

demonstrates self-cleaning capability. In the similar fashion, Sun R et al. [112] 

developed self-healing nano composite material having 96% healing using infrared 

light. The developed nanocomposite heals based on DA in PU/graphene nano 

sheets composite material. The self-healing occurred after passing 980nm infrared 

light for 1min. Fei  et al. [154] developed self-healing nanocomposite by 

polycaprolactone (PCL) incorporated rGO/silver nanowires (AgNWs) and gold 

nanoparticles (Au NP).  The self-healing made possible using light having 

wavelength of 532nm, owing to photo thermal effect.  

 The self-healing can be achieved under mechanical force, and  bringing the 

separated pieces closer [156]. Babaahmadi M et al. [156] developed tri-layered 

nanocomposite composed of agar polysachharide as first, PVA as second and 

graphene Nano-platelets as final layer networks. The process of self-healing in the 

hydrogel composite material demonstrated in Figure 2.3. where two-piece were 

brought back in contact and applied some mechanical force/pressure with hand for 

10 mins, with the release of mechanical force the pieces formed into single one. 

The obtained hydrogel is subjected to force which demonstrated good 

strectchability even after the failure. Bao Z-N et al. [157] demonstrated the similar 

work but using the graphene oxide alone, where the authors have observed that the 

application of mechanical force causes the moment for hydrogen bonds 

reconstructing. 
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Figure 2.3 images demonstrating the self-healing property of tri-layered nanocomposite 

hydrogel. (a) Two pieces (one was in methylene blue color for better understanding) were 

separated in two halves, b) then the cut surfaces brought into contact by applying 

mechanical force, then (c) a single piece hydrogel can be found after few minutes and d) 

it displays that it can withstand high stretchable forces even after failure [156] 

  

The self-healing is possible in many other ways like moisture, electricity, 

catalysts, autonomously, pH stimulus, oxidation-reduction and bionic process. For 

an example Szpunar J et al. [158] proposed an anticorrosion coating which has self-

healing feature. The composite graphene layer, cerium layer, PAA and poly 

(ethylene imine) (PEI) were coated on magnesium alloy (AZ31) as a multilayer. 

The PAA/PEI alone used for the self-healing and GO is used for the corrosion 

inhibitors. More the number of bilayers of PAA/PEI causes increased mobility of 

chains due to the swelling ration of polymers. Ge L et al. [140] reported similar 

work, demonstrated the self-healing using the branched PEI and PAA incorporating 

GO in it, at higher humidity where the material performs better self-healing ability. 

 The self-healing based on electricity is possible only for electrical 

conductive materials, useful for the field of electronic device applications. The 

incorporation of few graphene layers on PU causes self-healing by applying the 

electricity and showed 98% healing efficiency[142]. Gao et al. [151] fabricated the 

self-weldable/solder-free weld graphene material using the electrical Joule heating 

effect. The results demonstrate that the welded graphene sheets has higher strength 

at joints, improved electrical conductivity without disturbing any structural 

integrity of the material (Figure 2.4).  
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Figure 2.4 (a) Graphical representation of the welding process of GF-HI, b) images 

taken during Joule-heated GF-HI, c) welded samples, d) SEM images of welded samples, 

yellow dashes indicates the strong bond between the graphene layers [151] 

 

 The self-healing materials based on capsules and microvascular are 

typically catalytic based self-healing approach. The Binder WH et al. [159] 

demonstrated the ‘click chemistry’ based self-healing materials with copper and 

TRGO as catalyst. The low molecular azide and alkyne cross-linked in the presence 

of TRGO-CU2O for self-healing applications. This system even demonstrated that 

the catalyst used in system served as catalytic activity as well as the reinforcement 

agent helpful to improve the conductive and mechanical properties of composites 

(Figure 2.5). It opens the great potential for click based self-healing approaches 

even at low temperature.  

The material that self-heals without any external intervention generally 

known for autonomous self-healing. Saiz E et al. [160] developed a 

supramolecular-based self-healing polymer composite material made of PDMS, 

rGO, and Boron oxide (B2O3) at 200˚ C for 6h. The material is robust in 

construction, electrically conductive, helpful to restore the mechanical properties 

and heal multiple times without any external aid and interestingly it can sense the 

pressure as well. The self-healing occurred within 24h due to the dynamic bonds 

reformation of boron and oxygen, the hydrogen bonds react with unreacted OH 

group polymer chains. 
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Figure 2.5 self-healing system based on Click-triggered graphene nanocomposites [161] 

 

 Yu S-H et al. [117] explored a pH stimulus self-healing nanocomposite 

hydrogel of GO/poly(acryloyl-6-aminocaproic acid) (PAACA). The GO/PAACA 

double networks initiated due to the existence of calcium ions, which acts as a cross 

linker agent and GO acts as a triggers. The opaque degree is prolonged with the 

time of hydrogel in HCL solution with pH <3. Hydrogel surface starts crumpled 

within 10min. interestingly this process is reversible when the neutral or basic 

solution having pH >7 was introduced. This is due to the re-inter-connection of 

hydrogen bonds with the calcium ions as response to pH. The hydrogel 

demonstrated the fast self-healing within seconds when the broken pieces of 

hydrogel were introduced into acid solution of pH<3 and as reversible nature, the 

hydrogel got separated with higher pH solution.  

 Sun J et al. [139] developed a self-healing  system with oxidation-reduction 

process work on  host-guest interactions between the polymers matrix and rGO 

nanofillers. The self-healing was achieved even after several cuts and separated for 

long distance. This healing occurred in few steps (Figure 2.6), initially when the 

material subjected to cut and recombine the films of bPEI-Fc and RGO-CD got 
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healed in oxidation solution due to host-guest interactions. Secondly, it restores the 

mechanical properties of the film by reduction process (GSH solution). The self-

healing occurred using the oxidation-reduction process are very efficient in self-

healing properties including mechanical properties.  

 
Figure 2.6 self-healing of polymer composite using oxidation-reduction process [139] 

 

2.3 ENCAPSULATION STRATEGIES 

The micro/nano-encapsulated self-healing approaches having various 

competences to perform self-healing alone without aid of any external triggers or 

any catalyst based on the mechanism used. This capsule based self-healing system 

is appropriate when it is easy in synthesis, mass production, longer life 

environmentally stable and can modify surfaces which requires for good dispersion 

in polymeric matrix[27]. The healing system using the capsule based has shown the 

prominent results which is effective and recommended in various field of 

applications[162] . Generally, the capsules size ranging from nano to micro size in 

diameter. The capsule contains the healing agent or core material and has the shell 

wall made of polymer materials as shown in Figure 2.7. The healing ability used by 

capsules was most successful in maximum of matrices even in vinyl ester[163]. The 

capsules expected to be viable in coating, stable in both chemical and mechanical 

properties, should be non-porous, and should be able to sense the damage and quick 

response by releasing the healing agent onsite.  
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Figure 2.7 schematic representation of capsule parts a) polymer material in blue color 

and b) core material as green in color  

 

There are several methods and procedures for synthesizing and preparing 

capsules according to the size and properties required as per design/requirement. 

There are few characteristics and properties required for capsules and healing 

compounds, which will fullfill the needs of healing, are given in Table 2.1. 

Table 2.1 Properties of healing and capsule parts 
Healing 

process and 

parts of 

capsule 

Properties 

Encapsulation 

process 

 Easy and simple 

 Less time for preparation 

Shell wall 

 Easily available 

 Stable in chemical and mechanical states 

 Stable in acid/base 

 Compatible with matrix 

 Strong in interfacial strength 

Capsule 

 Size should be according to the application 

 Robust in construction 

 Longer in life 

 Able to easily rupture based on the matrix rupture 

 Strength of the matrix should be least effective 

Core material 

 Be able to easily encapsulated 

 No side reaction to be occurred on polymer shell 

material 

 Low in melting and freezing point 



39 

 

 Non-toxic and stable 

 To be react with only wanted compounds 

 Able to flow (low Tg) 

Healing 

reaction 

mechanism 

 Fast and rapid even at low temperatures 

 Should possess least shrinkage during reaction 

 Able to make multiple reaction 

Catalyst used 

for healing 

 Only reactive with monomer/healing agent 

 Convenient in dissolving monomers 

 Able to disperse uniformly and easily throughout 

matrix for availability to react 

 Stable in chemical and mechanical states 

 

The production of microcapsules is  generally of two types a) chemical and 

b) physical, depends on the requirement and application of capsules. In general 

chemical procedures include in-situ emulsion and interfacial polymerization, 

submerged nozzle and centrifugal force processes and phase separation process. 

The physical methods are spray drying, spinning disc method, centrifugal 

extrusion, fluid bed coating and solvent evaporation method. In general, the 

micro/nano capsules required for self-healing are prepared using miniemulsion 

process (oil-in-water)[164], solvent evaporation[165], interfacial 

polymerization[166], sol-gel technique[167] and hollow micro capsules.   

2.3.1 MINI-EMULSION POLYMERIZATION (OIL-IN-WATER) 

The mini-emulsion polymerization process for encapsulation, the 

occurrence of polymerization initially starts from an emulsion consists of water, 

surfactants, core material, shell material. Water contains the core and shell material 

present in the form of immiscible and miscible phase. There are near similarities 

between interfacial polymerization and mini-emulsion, except dissolving in core 

monomers or no monomer added, and rest process happens in continuous phase. 

For an instance, the encapsulation of DCPD in UF using the in-situ polymerization 

use the pre-polymers occur by reacting urea with formalin in aqueous phase (Figure 

2.8). With time this pre-polymer in low molecular weight gains the weight by 

forming interface layer in between DCPD and water. It is a form of progressive 

polymerization using the shell wall material[168]. The miscible shell material in 



40 

 

water starts forming wall by phasing out and starts covering the core material to 

form encapsulation [169]. It is possible only when there a change in anyone of the 

factor like including pH, temperature and presence of chemical species, those 

promotes precipitation process. This mini-emulsion process is commonly used, 

mainly because of its simplicity and effectiveness especially to encapsulate the 

healing agents in the liquid form. 

 
Figure 2.8 Formation of Pre-polymer by reaction between  urea and formaldehyde [162]  

 

2.3.2 SOLVENT EVAPORATION PROCESS 

In the solvent evaporation process, the shell material is dissolved in solvent 

(chloroform/dichloromethane) and the dissolved solution is immiscible in water. 

The core material is dissolved completely in polymer solution. The formed mixture 

is continuously agitated with polyvinylpyrolidone or PVA surfactants to obtain 

emulsion in the form of capsule. To obtain the microcapsules the shell material 

should diffuse into continuous phase and allows water to vaporize. With the 

instance of time or progress in evaporation, the capsules get harder and thus filtered 

out by evaporation[170]. Generally, this method is very useful when the species are 

having insolubility in continuous phase and yield of microcapsule is entirely 

dependent on the entrapment of core material in capsule.  Moreover, with this 

solvent evaporation technique the capsules formed are having higher in porosity 

[171].  Li et al. encapsulated polyether amine inside PMMA by optimizing various 

parameters to obtain microcapsules for self-healing applications[165]. The 

encapsulation of epoxy resin along with polyether amine inside the PMMA was 

also encapsulated using the same approach[172]. This process can be used for 

healing agents having hydrophobic nature with many available shell materials like 

polymethylmethacrylate, polyvinyl fluoride (PVF), poly(L-lactide), polyvinyl 



41 

 

cinnamate etc. [173]. This process is simple, no harsh conditions are required and 

the complete process is straight forward, therefore it is superior among all other 

encapsulation techniques. However, due to solubility of shell material in solvent 

restricts its applications [174].   

 2.3.3 INTERFACIAL PROCESS 

In this interfacial encapsulation process, the shell material is completely 

dissolved in core material/healing agent and the mixture is supplemented to 

aqueous phase. Additional curing agent is appended in aqueous phase to form a 

shell wall by polymerization of shell material around the core material to make 

capsule. Predominantly this interfacial process is used for synthesizing the larger 

capsules ranging from 3-30µm. For instance, the encapsulation of DCPD is possible 

by forming a polymer between the DCPD and water interface [169].     

The majority of researchers used urea and formaldehyde in the process of 

preparing the capsules. Certainly, there are few complications in making capsules 

based on urea and formaldehyde: 

 Mostly the formation of debris is high and followed by agglomeration. It 

also causes the incomplete healing because of formation of debris at the 

rupture site severally. 

 Causes reduction in adhesion between matrix and capsules, due to the 

formation of agglomerated debris results into non-porous surface. 

 Shell wall thickness ranging from 160-220nm is only possible[17]. 

The material with this type of capsule will never store the core material for 

long run due to the porosity[175]. Interestingly the capsule made of Melamine-

urea-formaldehyde showed comparatively better shell properties. The procedure 

for making capsule is very simpler and no need of pH adjustment, which is very 

crucial in UF capsules[176]. Moreover, the double wall capsules made of UF have  

more enhanced properties of capsules compared to single wall UF capsules[177]. 

The first layered internal coating provides flexible property and the second outer 

layer provides the enough strength to the capsule shell wall[178].     
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2.3.4 SOL-GEL PROCESS 

The most feasible process for preparing the capsules with organic core 

material is sol-gel process, since it happens due to low temperature hydrolysis 

reaction therefore it cannot withstand the elevated temperature. The capsules 

prepared by sol-gel process, commonly happens at low-temperature hydrolysis 

which is highly feasible for preparing the capsule with organic core materials, 

which cannot withstand the elevated temperatures[179]. In the sol-gel process, the 

organic moieties and emulsifier/surfactants dispersed in aqueous phase and the 

emulsified droplets are formed by controlling the agitation rate. Therein this 

emulsion is combined with silica, enables the formation of droplets suitable for 

hydrolysis conditions and starts condensing the alkoxide of silicon, leads to the 

formation of colloidal particles. The sol-gel process and oil-in-water emulsion 

process combined enables the formation of capsules by controlling the morphology 

and size of microcapsules preparation [180]. Mostly, methoxysilicate (TMOS) and 

tetraethoxysilane (TEOS) are used with silicon, which is easily soluble in ethyl 

alcohol. These precursors get condensed upon the gel formation which is known as 

gelation. The silicon alkoxides are commonly used in the preparation of 

microcapsules. Most of the researcher are interested in producing the hollow 

microcapsules that is the capsule without any core using evaporation, thermolysis 

and extraction processes[180]. The microcapsule production using the silica is most 

viable and easily available. Most of the industries uses the TEOS due to its 

availability and economical, but the production of capsules using the TMOS is 

much faster in production and gelation in comparative to TMOS due to the presence 

of small methoxide side groups. Yang et al prepared self-healing composite 

material for cementitious applications made the use of sol-gel and interfacial 

methods in the preparation of capsules[174], where the methyl methacrylate 

(MMA) acts as a healing agent and triethylborane (TEB) as a catalyst in the 

preparation of shell wall as depicted in the Figure2.9.  
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Figure 2.9 schematic representation of procedure adopted for preparing capsules using 

sol-gel and interfacial process [174] 

 

Generally, this procedure is adopted to encapsulate enzymes[181], 

pancreatic islets[182], proteins[179] and many more for medical applications. The 

silica as a unique feature particularly in self-healing like, it acts as a diffusive barrier 

which restricts alteration of healing agents functionalities[174]. The sol-gel process 

uses very limited solvents and make much difficult to handle which showcase the 

limitation of sol-gel process. The Stober chemistry is majorly involved in sol-gel 

process, where this process is used to encapsulate sustainable solvents in thermoset 

polymers using the silica capsules. Few research was done even with the use of 

PVA in silica microcapsules containing the glycerol solvents which are capable of 

welding properties[174]. Based on the Stober chemistry, majorly ethanol-water are 

used for the preparation of capsules. If the healing agent used comprise of good 

solubility in water and ethanol can be easily emended and even acidic and basic 

conditions are also the major concern. The current requirement of nano-size 

capsules, which limits the core content presence, limits the process of sol-gel 

procedure for capsule preparation [174].      

Most evidently there are several factor, which majorly influence or affect 

on the size of capsules such as temperature, propeller geometry, agitation rate, 
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emulsifier/surfactant, pH, and sonication rate, those significantly influence the 

morphology and size of the capsule apart from the above procedure adopted.  

2.4 DIFFERENT CHEMISTRIES INVOLVED IN SELF-HEALING 

2.4.1 DICYCLOPENTADIENE (DCPD) 

White et.al has proposed the DCPD capsules based self-healing concept, 

where ring opening metathesis polymerization (ROMP), of DCPD was performed 

using Ruthenium (Grubb’s) based catalyst [8], [27]. A variety of Grubbs catalyst 

includes grubbs 1st,2nd & 3rd generations has also been discussed[183]. A 

comparative study of different monomers of DCPD (Exo and Endo) has also been 

performed[184]. The results, shows that exo DCPD has 20 times faster 

activity/polymerization compared to Endo DCPD. 2nd generation Hoveyda Grubbs 

catalyst showed better performance, faster kinetics including good thermal stability 

compared to 1st and 2nd generation Grubb’s catalyst[183]. 

There are difficulties while using DCPD capsules and Grubbs catalyst, 

especially a uniform dispersion of catalyst into the matrices. In addition, there is a 

chance of deactivation of smaller crystal due to the presence of amine hardener in 

epoxy resins. Moore et. al has developed a new technique for the fine dispersion of 

crystals and for activation of catalyst by amine hardener, crystals are shielded by 

embedding them using paraffin wax[24].  

2.4.2 5-ETHYLIDENE-2-NORBORENE (ENB) BASED HEALING 

SYSTEM 

ENB is an alternative monomer for DCPD as it shows faster polymerization 

(self-healing) compared to DCPD [185] (Figure 2.10). The reaction kinetics of 

healing agent can be fine-tuned with the use of ENB. The mixture of  DCPD and 

endo-ENB were also proposed better self-healing and structural applications[186], 

[187]. The self-healing based on the combined mixtures showed more than 95% 

healing efficiency at 170˚C (curing temperature). The prepared epoxy composite 

material exhibited higher modulus even at -50˚C and 70˚C and has low glass 
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transition temperature (Tg), which suits for the requirement aeronautical structural 

application[188]. 

 

Figure 2.10 5-ethylidene-2-norborene (ENB) based healing mechanism [127]  

 

2.4.3 AMINE-EPOXY-BASED HEALING SYSTEM 

An amine-epoxy based self-healing concept has been used for fibre & 

thermoset composites due to its good adhesive ability. Both the amine and epoxy 

resins were embedded in separate capsules and were arranged in pairs for better 

spatial and uniform distribution and mixing [189].  Whenever these tends to 

fracture, it fails and releases the healing agent in damaged site and react using 

nucleophilic ring opening polymerization (Figure 2.11) to heal and reform the 

original properties at room temperature. However to reduce the time for healing, 

additional heating is preferred. Toohey et. al introduced the vascular network using 

amine epoxy concept in a ductile epoxy[35]. A 60% fracture load was recovered 

after observing the 16 consecutive cycles and giving healing time for 48h  at 300 

˚C for every cycle.  
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Figure 2.11 Nucleophilic ROMP using bisphenol A diglycidyl ether and 

diethylenetriamine [127]  

2.4.4 THIOL EPOXY BASED HEALING SYSTEM 

This system requires thiol multifunctional agents, epoxy resin as healing 

agent, (Figure 2.12), and elaborates the good thermal stability and healing concept. 

This is an exothermic thiol epoxy reaction, which happens very fast and an efficient 

manner. One of the major concern of this reaction is that, it needs catalyst for fast 

reaction process. The basic compounds required for this system are diglycidyl -

1,2,3,6-tetrahydrophthalate (DTP) as epoxy resin of low viscosity, combines with 

pentaerythitol tetrakis (Tetra Thiol) and catalyst of benzyl –N, N-

dimethylamine(BDMA) [190].  



47 

 

 
Figure 2.12 Thiol Based self-healing system [127]  

This rises to deprotonation of thiol groups using amine, which rises the 

nucleophilicity, as a result it initiate the nucleophilic ring opening polymerization 

at room temperature with epoxide. A decrease in recovery percentage was observed 

when the temperatures are allowed to fall below room temperature, this is due to 

the low freezing point of dicyclopentadiene DTP healing agent. 

2.4.5 THIOL-ISOCYANATE BASED HEALING SYSTEM 

Combination of Thiol and Isocyanate is a recent advancement in self-

healing systems using dual microcapsule method. It uses the nucleophilic reaction 

for healing purpose. Where thiol gets add on to isocyanate when it deprotonated 

and thus forms thio-urethane bonds[191]. A reaction between isooctyl 3-

mercaptopropionate and hexamethylene diisocyanate (HDI) shows the isocyanate 

conversion within one minute by the addition of tertiary amine catalyst. Moreover, 

from the observation, it was observed that without the addition of catalyst the 

reaction yielded 40% within 10days. It was noticed that even without the catalyst 

the reaction is happening at slow rate, so both the healing agents requires separate 
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encapsulation. From TDCB test, a 54% recovery was found in fracture load at room 

temperature within 5days.   

2.4.6 CLICK (AZIDE-ALKYNE) BASED HEALING SYSTEM 

In this system azide and alkyne as healing agents and Cu(I) as catalyst  

perform the cycloaddition (CuAAC) reaction for PIB materials (Poly(isobutylene)) 

[192]. Husigen 1,3 dipolar  cycloaddition with Copper Cu(I) as catalyst is defined 

as “Click” reaction[193]. By the presence of Cu(I) catalyst the 1,2,3 trizole ring 

reaction takes place by the combination of azide and alkyne. Polymers of various 

functional groups having different molecular weights and densities, of were 

synthesized using living polymerization technique. Click reactions are accelerated 

by correlating to the clustering effect by trizole rings which are formed near the 

active copper(I) center[194].    

  The µm sized three arm star azide-telechelic and multivalent alkynes are 

encapsulated and finely dispersed along with Cu(I)Br(PPh3)3 catalyst in PIB 

(poly(isobutylene))matrix, and the components were released by rupture caused by 

shear force [195]. Subsequently the network formation via CuAAC was proceeded 

and showed 91% recovery in tensile property by dynamic mechanical analysis 

(DMA) at room temperature have been observed the fast reaction at the different 

elevated temperature, also it requires enough time for self-healing (40, 60, 80 ˚C 

for 380, 60,10min respectively).  Even at low temperature reaction were observed 

by the auto catalyst for the 1,2,3 trizole rings by the alzide and alkyne reaction[196]. 

With the help of dual capsule technique CuAAC reaction for higher molecular 

weight of 250,000g/mol for self-healing is investigated[195]. A similar result was 

observed with the same catalyst Cu(I)Br(PPh3)3 using Bisphenol-E based dynes and 

Bisphenol-A based bisazide (healing agent),  thus ensures components flow 

towards crack and recover the structure and properties [197].  

By using trisazides and bis(aroylacetylene)s, a thin formed on hyper 

branched poly(aroyltriazole)s via metal free click reactions (Figure 2.13). 

Repeatable healing events were observed by the extra azide and alkyne groups 

present at the periphery by heating up to 110 ˚C[198].  
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Figure 2.13 a) Healing procedure for poly(aroyltriazole)s films b) click reaction [198] 

 

2.4.7 SELF-HEALING BY SUPRAMOLECULAR 

The basic concept of supramolecular self-healing is based on reversible 

bonding, non-covalent bond like hydrogen bond, metal ligand bonds, ionomer 

bond, and π-π staking between compounds of low molecular weight and modified 

polymers with higher molecular weight polymers. Moreover, use of  

supramolecular concept affects the properties of material like viscosity, strength 

and flow[199], [200]. The major factors affecting the self-healing assembly is the 

geometry and shape of hydrogen bond. Even more, degree of polymerization is 

easily tunable by its nature in semi flexible and reversible nature for choosing the 

supramolecular materials [201]. The general concept of self-healing by 

supramolecular is shown in Figure 2.14 demonstrates undamaged material i.e.  

supramolecular bonds are attached with the network, after the conventional damage 

to the material causes crack. The crack surface consists of unbounded 

supramolecular bonds which seems to be sticky in nature and during the stipulated 

time the recombination of two crack surface leads to reconnecting the unbounded 

bonds to form a network, it causes self-healing autonomously. The formation of 

network or self-healing  mainly depends on time required for the formation of sticky 

on the interface and dynamics of chains at individual polymer level [202]. The main 

advantage by using the supramolecular mechanism is multiple healing events are 

possible by their weak supramolecular bonds [203].   
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Figure 2.14 self-healing by supramolecular mechanism [202] 

For the linear supramolecular or small building blocks, the formation of 

chain is happened due to associative groups or within the groups of polymers. In 

case of bigger building blocks, polymer chains are associated with two or more 

functional groups for the formation of network by crosslinking. For the 

supramolecular network, association constant (103-1012 M-1) value is more than the 

dimerization constant (less than 100 M-1) which can be neglected in many 

cases[204]. The lifetime of bond is inversely proportional to the rate of dissociation 

happened by diffusion controlled process. For the formation of strong and efficient 

bond by supramolecular network, degree of polymerization (DP) must be quite 

high, increase in concentration and decrease in temperature, or also by 

incorporating the multivalent monomers for crosslinking. 

It is considered as a big challenge for transferring characteristic during self-

assembly and self-interactions in bulk materials. It happens due to, more strong 

hydrogen bond results into slow dynamic behavior. By the contrast, week in 

interaction produces the strength in bulk materials. Care needs to be taken during 

designing and tuning the supramolecular polymer in choosing the solid-state 

properties and morphology are the major factors affects the performance of self-

assembly[205]. It depends upon the dynamic chain mobility, good in bulk 

mechanical properties, hydrogen interactions and crystallization of supramolecular 
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moieties. Majorly this healing response time depends on two factors a) 

recombination of supramolecular moieties, and b) chain dynamics[199] for 

supramolecular bulk material to reform new chain under constraints[206].  

2.4.7.1 Self-healing by hydrogen bond 

In this system, the polymer matrix consists of hydrogen bonding groups, 

where there are many factors, which effects the self-healing and supramolecular 

aggregation, fiber formation, stacking, cluster formation, crystallization of polymer 

group and secondary effects such as secondary hydrogen bonds and dipole-

interactions. Sivakova et al investigated on lower molecular weight telechelic poly 

(THF) of less than 2000g mol-1 with different nucleobases end groups. The 

interaction between the polymer and end groups is off very weak (<50 M-1) which 

form film and formation of fiber is observed. Results showed high thermo-sensitive 

films of supramolecular [207].  

Herbst et al. investigated on poly(isobutylene)s (PIB)s with 2,6-

diaminotriazine (DAT) and thymine groups.  Poly(isobutylene) is of lower Tg =-

70 ˚C. various combinations of DAT and THY were investigated: THY-THY, 

DAT-DAT  and THY-DAT. The combination of PIB and THY showed the 

strongest effect during the melt [208]. The polymers at higher temperature (> 70 

˚C) shows the lower viscous due to the deaggregation of groups. They also 

investigated the bivalent poly(isobutylene)s by changing the molecular weights 

(3,8,14,and 30K g mol-1) by barbituric acid groups [209]. From the rheology it was 

observed that  during high and low frequency ranges leads to  rubbery plateau and 

low viscous respectively (Figure 2.15 (a)).  Rubbery plateau is high for higher 

molecular weights of PIB, clearly shown by the formation of tie-points contains 

several barbituric acid groups. At small interval or high frequency, these tie-points 

are closed and at higher interval or small frequency these tie-points opens due to 

the viscous and elastic behavior. The timescale for the dynamic behavior of 

supramolecular is in the range of 31s-51s which depends upon the strength of 

interaction between the supramolecular, size of aggregate and polymer chain 

mobility. In Figure 2.15 (c) shows the autonomous self-healing behavior within the 
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ambient temperature range after the damaged portions were brought into contact 

with each other.  

 
Figure 2.15 a) frequency measurement of PIB, b)supramolecular network formation, c) 

experiment procedure of self-healing behavior [209] 

2.4.7.2 Self-healing by π-πstacking 

S Burattini et al. introduced the self-healing based on π-π stacking or 

interaction[210]. This is an attraction between the π electron poor and π electron 

rich[211]. For the maximum amount of interactions to happen, conversion of low 

molecular weight to medium molecular weight is necessary in higher dynamic 

manner. In addition, with the chain folded secondary structures should be present 

in the supramolecular for possible interactions. The obtained product shows higher 

in tensile strength, which generally observed in covalent bond and used for self-

healing applications as well. 

S Burattini et al.  S Burattini et al. developed π-π stacking based self-healing 

by choosing  polyamide as a polymer has naphthalene-diimide and pyrenyl 

compounds, which contribute to π-π stacking. Where naphthalene-diimide is poor 

in π electron and pyrenyl end-capped as rich in π electron to develop π-π stacking 

leads to self-healing (Figure 2.16). The interaction between the naphthalene-

diimide and pyrenyl showed the locking of end cap i.e. chain folding of polyamide 

were observed by cry stallographic and spectroscopic methods (Figure 2.16 c) leads 
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to the supramolecular network [210]. The interaction between the rich and poor 

electron mixing is obtained by mixing the pale yellow color of polyamide and as 

well with colorless polyamide, it gives red color, which indicates the charge transfer 

between the electrons, also after cooling, it converts into deep red color. Moreover, 

the resultant association constant was 130M-1, hence reveals reversible character 

by the formation of supramolecular network.  

Figure 2.16 a) naphthalene-diimide rich in pi electron b) Prenyl end-capped week in pi 

electrons c)Interaction between the naphthalene-diimide and prenyl pi-pi stacking [210] 

2.4.7.3 Self-healing based on ionomers 

Self-healing for polymers can also perform using ionic groups, which is an 

advantage for clustering which do needful for crosslinking and reformation of 

supramolecular network [212]. Presence of ionomer is not enough for self-healing 

and the presence of polar acid groups within the material propagates the reversible 

hydrogen bonding was confirmed [213]. Self-healing is promoted by high heat 

generation during the reversible bonding along with higher energy. It produces the 

localized molten polymer, which is necessary for filling the damage and further 

process proceeded by inter-diffusion process. The entire process depends mainly 

on the inter-diffusion, crystallization; time given for regenerating the network and 

parameters like viscous and elastic behavior, comes into role for supramolecular 

network. This can happen even at low temperature when material subjected to local 

heating which is necessary for melting. The healing efficiency mainly depends on 

the temperature, impacting projectile and speed of impacting.  
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Table 2.2 Self-healing approach 
S.n

o 

Self-healing concept Tempe

rature 

(˚C) 

Healing 

efficienc

y  

Ref.  

1 Ring opening Metathesis Polymerization (ROMP) 

 

22 99% [214] 

2 Polycondensation reactions of poly(siloxane)s-based self-

healing approaches  

 

20 24 [215] 

3 Epoxide curing  

 

150-120 100 [216] 

4 CuAAC “click” reactions 

 

30 100 [217] 

5 Thiol-ene/ thiol-yne “click” reactions 

 

80 93 [218], 

[219]  

6 Michael addition  

 

25  

(3-5 

days) 

121 [220] 

7 Diels-Alder/retro –Diels-Alder reactions (DA/rDA 

reactions) 

50 100 [221] 
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a) Furan-Maleimide based (DA/rDA reactions) 

 
b) Cyclopentadiene based (DA/rDA reactions) 

 
c) Anthracene based (DA/rDA reactions) 

 
8 Thiol disulfide linkages 

 

60  

(25h) 

50-104 [222] 

9 Disulfide exchange  

 

80 

(5min) 

50-104 [223] 

10 Radical based self-healing approach 

a) RAFT-like reactions 

 
b) Alkoxy-amine based approach 

50 

(24h) 

60-105 [221] 
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11 Photo-induced self-healing  

a) [2+2] Cycloaddition reaction 

 
b) [4+4] cycloaddition reaction 

 

90-120 Up to 95 [213], 

[224] 

2.5 SUMMARY: 

Self-sealing via autonomous showed a great impact on self-healing 

potential of polymer and fiber reinforced materials. Table 2.2 shows the outline of 

few self-healing mechanisms for better understanding. Out of different chemistries 

involved in self-healing, few showed a greater contrast in self-healing and recovery 

in mechanical properties as well, such as DCPD, epoxy, Thiol-epoxy, amine-epoxy 

and azide-alkyne systems. The selection of polymer matrix also plays crucial role 

in self-healing out of different polymer matrices and chemistries, where PIB and 

PDMS matrices using azide-alkyne chemistry showed good healing efficiency. 

Recovery of matrix depends on how the agent’s are interacting with external 

environment and dynamics involved in reformation of matrix. Factors affecting are 

viscosity and flow of healing agents at damaged site. Self-healing efficiency does 

not depend upon the type of delivery systems (microcapsules and vascular-based 

systems) moreover; it effects the mechanical properties (tensile strength, fracture 

toughness, fatigue and young’s modulus) of composites. Further researchers should 

investigate on the effect of delivery system on mechanical properties of matrix.  

Most of the systems are slow down in crack propagation via hydrodynamic and 
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crosslinking reaction which effects the compressive strength after crack. Fatigue 

torsion, wear and tear due to the friction healed significantly up to some extent. 

Therefore, to the best of my knowledge , self-healing composites including 

enhanced conductive and mechanical properties required for structural 

applications has not been explained yet. 
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CHAPTER 3: DEVELOPMENT OF HETEROGENEOUS 

CATALYST TO PROMOTE CLICK TRIGGERED SELF-

HEALING  
 

3.1 INTRODUCTION 

 This study is focused on the synthesis of Cu-graphene conjugate with high 

catalytic activity works as an effective catalyst in ‘‘click chemistry’’, as well as 

could be effective to prepare the high dispersed graphene based composites 

including self-healing properties. The ‘click’ based self-healing is an efficient 

method used to crosslink the components even at room temperature. The ‘click’ 

reactions are regioselective, functional-group-tolerant, and can be performed under 

different reaction conditions using wide range of solvents[225]. However, after 

completion of reaction, the removal of copper catalyst as well as used 

oxidizing/reducing agent remains a challenge and thus hampering its utilization, in 

particular in electronics and biological applications[226]. The separation of catalyst 

from the reaction mixture was strongly facilitated by synthesizing the 

heterogeneous copper catalyst prepared using commercially available scaffolds, 

including resins, linear and cross-linked polymers[227], charcoal, graphene[228], 

or other-solid supports[229]. The support materials are also helpful to reduce the 

agglomeration as well as to achieve a uniform distribution of particles over a large 

area. However, catalyst recyclability and the necessity of an external ligand/base 

often limits their applicability. 

Owing to their attractive properties such as high stability, electrical 

conductivity, porosity, and their performance for electron capture and transport, 

graphene supported catalysts have represented outstanding catalytic activity 

compared to other carbon/polymer supported catalysts[192]. To tune the intrinsic 

reactivity of the metal particles, the doping of heteroatom effectively alters the 

nature of the designed catalytic systems. N-doping of graphene oxide (GO) is 

cooperative to make a stronger interaction of metal particles and thus prevents the 

agglomeration as well as helpful to enhance the catalytic performance of 
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nanoparticles[192].  The role of N species on graphene decreases the surface 

energy, improves surface area in terms of functionality, higher in chemical active 

sites, and enhances electrical conductivity, which enforces to form a strong uniform 

dispersion of metal nanoparticles.     Interestingly, the N-doping strongly influences 

the catalytic activity of metal nanomaterials to be occur at lower temperatures 

compared to alone copper. Additionally, of N-spices acts as an interacting layer 

between the copper and graphene, which promotes the enhanced catalytic 

action[230]. 

 Only a few reports have appeared for using the N-doped carbon 

nanomaterials supported catalyst and their relevance in different applications. 

However, according to our knowledge the NRGO/Cu(I) (N-doped reduced 

graphene oxide) catalyzed “‘click’” chemistry has not been explored yet.  Here we 

explore a robust approach to improve the dispersion, stability, and recyclability of 

copper catalyst via immobilization of copper nanoparticles Cu(I) on N-doped 

reduced graphene oxide nanosheets and the synthesized heterogeneous catalyst 

(NRGO/Cu(I)) performs ‘click’ reaction at room temperature without addition of 

any co-catalyst (oxidizing/reducing agent) (Figure 3.1). 

 

Figure 3.1‘click’ reaction using NRGO/Cu(I) catalyst 

3.2 MATERIALS AND METHODS 

3.2.1 MATERIALS 

The materials used for the preparation heterogeneous catalyst as follows: 

Graphite Powder, Sodium Azide (purity >99.5%), Epoxy-Terminated 

Polydimethylsiloxane (PDMS) (Mn=800), Hydroxyl Terminated 
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Polydimethylsiloxane (PDMS) (Mn=550), Tetra-N-Butylammonium Bromide 

(TBAB) (purity >99.0%) and Propargyl Bromide (80 wt. % in toluene)were 

purchased form Sigma-Aldrich (Merck) with highest purity. Sulfuric Acid (H2SO4), 

Sodium Nitrate, Potassium Permanganate, Hydrogen Peroxide (H2O2), Ethanol, 

Hydrochloric Acid (HCl), Copper (II) Acetate, Melamine, Propan-2-ol, Sodium 

Bicarbonate (NaHCO3), Sodium Sulfate (Na2SO4), Sodium Hydroxide (NaOH), 

Chloroform (CHCl3) and Dichloromethane (DCM) were purchased form 

RANKEM 

3.2.2 METHODS 

The High-Resolution Transmission Electron Microscopy (HRTEM) 

analyses were performed on a FEI Titan3 80-300 electron microscope with a cs 

image aberration corrector (FEI Company) at 300 kV acceleration voltage. X-ray 

Photoelectron Spectroscopy (XPS) analysis was performed using a XPS PHI Versa 

Probe 5000 spectrometer. The pressure in the analysis chamber was typically 1.1-9 

Torr. The XPS measurements were performed using a monochromatic AlK α 

radiation at 1486.6 eV. A neutralizer with an Argon (Ar) gun was used during the 

XPS analysis to compensate charging effects. All NMR spectra were recorded on a 

Varian spectrometer (Gemini 400) at 400 MHz at 27 ˚C. Differential Scanning 

Calorimeter (DSC) measurements were performed on a 204F1/ASC Phoenix from 

Netzsch. Crucibles and lids made of aluminum were used. Measurements were 

performed in a temperature range from -20 to 250 ̊ C using heating rates of 5 K/min. 

As purge gas, a flow of dry nitrogen (20 mL/min) was used for all experiments. C, 

H, N and O content analysis of the samples was performed using CHN PE 2400 

SeriesII from Perkin Elmer. For evaluation of data the Proteus Thermal Analysis 

Software (Version 5.2.1) and OriginPro7 was used. 

3.3 PREPARATION OF GRAPHENE OXIDE (GO) 

The graphene oxide is prepared from the graphite by a slight modification 

in the modified Hummer’s method [135]. The typical procedure, 1g of graphite 

powder and 39mL of sulfuric acid (H2SO4) (99%) sonicated for 15min for uniform 
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dispersion of graphite. later on 0.5g of sodium nitrate is added at 0˚C and allowed 

stirring for 30min. followed by the addition of 3g potassium permanganate slowly 

for 30min to avoid increment in temperature. This mixture is allowed stirring for 

6h at room temperature until the mixture become dark green. Additional 3g of 

potassium permanganate is added to the reaction mixture and allowed stirring for 

10-12h. Then the reaction mixture is slowly added to cold distilled water (DI) and 

3% excess hydrogen peroxide (H2O2) to remove excess permanganate allowed for 

few minutes for settlement of heavy particles. The decanted supernatant layer 

washed with ethanol/hydrochloric acid (HCL)/ DI water 3times at 10,000 rpm. The 

obtained GO precipitate is dried at 80 ˚C for 24h. The obtained powder is graphene 

oxide. The presence of graphene oxide is analyzed using the X-ray Diffraction 

Spectroscopy (XRD, D8 ADVANCE ECO – Bruker) and UV-Vis Spectro 

Photometer ( LAMDA 35, Perkin Elmer ) characterization techniques were 

adopted. The peak at 12.187˚ was observed by XRD, which indicates the complete 

formation of graphene oxide shown in Figure 3.2 (a). UV spectroscopy was also 

performed to obtain the presence of graphene oxide and the characterization has 

been performed by dispersing graphene oxide powder in ethanol using ultra-

sonication. The absorbance peak at 221 nm perceived the presence of graphene 

oxide shown in Figure 3.2 (b). The Figure 3.2 (b) shows the two distinctive peaks, 

where 221nm shows the C=C, that indicates the amorphous carbon systems and a 

small narrow peak at 275nm is of C=O bonds[231].      
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(a)  

 

 
(b) 

Figure 3.2  (a) XRD and (b) UV for Graphene  Oxide (GO) 
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3.4 PREPARATION OF COPPER IMMOBILIZED THERMALLY 

GRAPHENE OXIDE (TRGO/Cu(I)) 

Further, the obtained GO was modified using the copper (II) acetate for 

immobilization. The immobilization of copper on GO (100mg) is performed by 

dispersing GO in water, followed by the addition of copper (II) acetate (20mg) 

under stirring for overnight at room temperature. After several washings with water 

and acetone, the Cu2+-GO was dried in vacuum oven at 40 ˚C [232]. The TEM 

analysis was performed for TRGO/Cu(I) showed in Figure 3.3 (a), the sample was 

prepared by taking 1 mg of  TRGO/Cu  dispersed in 5 mL isopropanol using a water 

bath sonicator (15 min) and 1 drop of suspension was spread onto carbon film 

coated copper grid. After drying (overnight in desiccator), the sample was used for 

TEM measurement. The TEM images shows the highly dispersed TRGO/Cu(I)  and 

the same TEM images are also used to detect average copper particle size (~20nm 

for TRGO/Cu(I)). Where a histogram shows the particle size distribution for the 

TRGO/Cu particles (Figure 3.3 (b)). 

Here we further investigated the chemical composition of prepared catalyst 

via X-ray photoelectron spectroscopy (XPS) as shown in Figure 3.4. From the XPS 

investigation strongly shows the presence of C 1s (285.1 eV), O 1s (531.6 eV) and 

Cu 2p were observed, where the high resolution XPS  confirms the presence of 

Cu(I) at peak satellites 932.3 eV and 952.3 eV (Figure 3.4 (c)). Furthermore, the 

data clearly denotes the absence of Cu(II), as no peak satellites at 942 eV and 962 

eV was observed. The amount of copper content was determined using the FAAS 

analysis as 7.16 x 10-7 mol mg-1 loading of Cu content for TRGO/Cu(I). 
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(a) 

 

(b) 

Figure 3.3 (a) TEM image of TRGO/Cu(I) and (b) Histogram of particle diameter of 

TRGO/CU(I) 
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Figure 3.4 (a) XPS of TRGO/Cu(I), (b) High resolution XPS of element C, (c) High 

resolution XPS of element Cu. (d) High resolution XPS of element O 
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3.5 PREPARATION OF NITROGEN DOPED COPPER IMMOBILIZED 

REDUCED GRAPHENE OXIDE (NRGO/Cu(I)) 

The nitrogen doping on copper immobilized reduced graphene oxide is 

prepared by sonication of Cu2+-GO in ethanol resulted in a uniform suspension. 

Followed by addition of melamine (2:1) to the above suspension and sonicated (~ 

15 minute) further to obtain a uniform suspension. This uniform suspension kept 

for constant stirring until the ethanol from the resulting suspension was evaporated 

at room temperature itself to obtain a powder residue. Residue has to be grinded 

and then dried. The dried powder was heat treated in a tubular furnace under Ar 

atmosphere (4L/h). The temperature is raised from the room temperature to 600 ˚C 

at a rate of 10 ˚C /min and holding for 20min at 600 ˚C. Later on it allowed to 

cooled down to room temperature to obtain NRGO/Cu(I). The obtained powder 

from tubular furnace is washed with distilled water and dried. 

From the Figure 3.5 (a, b) shows the TEM image of NRGO/Cu(I), 

displaying uniformly dispersed copper nanoparticles onto the surface of N-doped 

reduced graphene oxide. The TEM images were also found helpful to observe the 

average copper nanoparticles size (~20 nm for NRGO-Cu), where a histogram 

shows the particle size distribution for the NRGO-Cu particles Figure 3.5 (c). A 

7.35 x 10-7 mol mg-1 loading of Cu content for NRGO-Cu(I) determined via FAAS 

analysis. 

Elemental analysis was also made for the prepared catalysts (Table 3.1). 

XPS technique was performed to further evidence of the chemical composition of 

the nano-conjugates including the oxidation state of copper as well as copper 

interaction with doped nitrogen (Figure 3.6). The XPS peaks correspond to C 1s 

(285.1 eV), O 1s (531.6 eV) and Cu 2p were observed, where the high resolution 

XPS (Figure 3.6 (c)) reveals the peak energy of Cu(I), confirmed by the presence 

of peak satellites at 932.3 eV and 952.3 eV. Furthermore, the data confirms the 

absence of Cu(II), as no peak satellites at 942 eV and 962 eV was observed. A small 

associated peak observed at 932.7 eV (higher by 0.3 eV than that for N-free carbon; 
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((NRGO/Cu(I), Figure 3.6 (c)), could be attributed to a stronger interaction of the 

Cu(I) with N-doped RGO. 

 
Figure 3.5 (a,b) TEM images of the NRGO/Cu(I) catalyst. (c) Copper particle size and 

distribution 

 

Table 3.1 Elemental analysis of Go, TRGO/CU(I) and NRGO/CU(I) 

Sample C % H % N % O % 

GO 76.27 2.16 - 21.57 

TRGO/Cu(I) 91.06 1.18 - 7.76 

NRGO/Cu(I) 85.93 0.93 9.28 3.86 
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Figure 3.6 (a) XPS of NRGO/Cu(I). (b) High resolution XPS of element N. (c) High 

resolution XPS of element Cu. (d) High resolution XPS of element C. (e) High resolution 

XPS element of O. 
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3.6 SYNTHESIS OF AZIDE FUNCTIONALIZED POLY 

DIMETHYLSILOXANE 

A solution of sodium azide (1.93 g, 9.1mmol) in distilled water (3.4 mL) 

was added to a solution of epoxy-terminated PDMS (Mn=800) (DP ~7, 2 g, 2.5 

mmol) in propan-2-ol (13 mL). Then the solution was adjusted to pH 6 with glacial 

acetic acid (to control acid concentration). The reaction mixture was stirred at 50 

˚C up to the complete disappearance of the starting material, followed by TLC 

(toluene/ethyl acetate (9:1)). After dilution with diethyl ether and successive 

washings with saturated Sodium bicarbonate (NaHCO3) and water, the organic 

layer was dried on Sodium sulfate (Na2SO4) to obtain azide functionalized PDMS 

as a yellowish oil [233]. 

 

Figure 3.7 Scheme of azide functionalized PDMS 

 

3.7 SYNTHESIS OF ALKYNE FUNCTIONALIZED PDMS 

The synthesis was carried out under a dry atmosphere of nitrogen. A three-

necked round bottom flask equipped with mechanical stirrer, reflux condenser and 

an silicon rubber septum was heated under vacuum and flushed with nitrogen 

several times [233]. Hydroxyl terminated PDMS (Mn=550) (DP~9 ,0.4 mmol, 

220.0 mg), sodium hydroxide (6.0 eq, 2.4 mmol, 96 mg) and Tetrabutylammonium 

bromide (TBAB) (0.04 eq, 0.01 mmol, 51 mg) were dissolved in distilled water 

(1.0 mL). Later on, propargyl bromide (6.0 eq, 2.4 mmol, 280 mg, 80.0-wt % 

solution in toluene) was added dropwise over a period of one hour and then the 
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temperature was increased to 60 ˚C and the reaction mixture was heated for 41 h at 

60 ˚C. After the reaction has finished (TLC control, Chloroform (CHCl3) the 

reaction, mixture was cooled down to room temperature. Afterwards, the solution 

was diluted with Dichloromethane (DCM) (150.0 mL) and centrifuged (three times, 

10 ˚C, 5000 rpm, and 5 min) to separate the formed salt. The combined organic 

phases were extracted with distilled water (five times, 500.0 mL) and dried over 

Na2SO4. After filtration, the solvent was removed in vacuo and the crude product 

was purified by column chromatography (SiO2, 230–400 mesh, Merck (Darmstadt, 

Germany), CHCl3, Rf = 0.62, blue stain) to obtain alkyne functionalized PDMS as 

a light-yellow liquid in a yield of 75%. 

 

Figure 3.8 Scheme of alkyne functionalized PDMS 

 

3.8 TESTING OF CATALYTIC ACTIVITY 

The catalytic activity of the NRGO/Cu and TRGO/Cu was investigated via 

a click model reaction between phenyl acetylene and benzyl azide (Table 3.2). In a 

10ml flask, phenyl acetylene (0.0826 mmol, 1.1eq), benzyl azide (0.0751 mmol) 

and NTRGO/Cu(I) were added in 1.5 ml of THF. Using freeze-thaw cycle (2 times) 

the reaction mixture was degassed. The obtained mixture was bath sonicated for 

better dispersion of catalyst and allowed to stir for 55 h at 40 ˚C. Afterwards, the 

obtained reaction mixture was filtered and washed with 30 ml THF. The solvent 

was evaporated at reduced pressure (minimal of 200 mbar applied to avoid flashing 

of starting materials). Then the mixture was allowed to dry at high vacuum for 30 

min and recovered catalyst is used for the next cycle. 

A 100% reaction yield was achieved for the NTRGO/Cu(I) catalyst with 

only 2 mol% catalyst loading in THF, whereas with a similar amount of loading 

only 70% conversion was obtained for the TRGO/Cu(I) catalyst after 48 h at room 
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temperature. As a reference, the click reaction was also performed in the presence 

of commercially available copper catalyst Cu2O powder and Cu on charcoal 

(Cu/C), and in that case only very little conversion was observed (Table 3.2). 

As shown in Table 3.2, compared to TRGO/Cu(I) a higher reaction rate was 

observed for NRGO/Cu(I) (after 12 h; Table 3.2, 17% and 3 % for NRGO/Cu(I) 

and TRGO/Cu(I), respectively). The initially observed higher efficiency for 

NRGO/Cu(I) may be attributed to the formation of coordination of N-doped rGO 

with Cu+ ions,40 including a high binding energy of the Cu nanoparticles to N-

doping carbon support. The N-doping is also helpful to reduce the surface energy 

as well as generates the active sites, obliging to enhance the catalytic performance.   

Surprisingly, 70% and 100% reaction yield was obtained after 48 h for TRGO/Cu(I) 

and NRGO/Cu(I), respectively. The enhancement in catalytic activity with time 

could be due to formation of N-ligands (triazole) as a source of autocatalysis, as 

discussed earlier. 

Table 3.2 Performance of different Cu-catalysts: phenyl acetylene and benzylazide in 

THF at room temperature 
Entry Conditions Yield (%) 

1 Cu2O (2 mol%) in THF, 48 h, r.t. 0 

2 Copper on charcoal (2 mol%), in THF, 48 h, r.t. 0 

3 TRGO without copper, in THF, 48h, r.t. 0 

4 TRGO/Cu (I) (2 mol%), in THF, 12h, r.t. 3 

5 TRGO/Cu (I) (2 mol%), in THF, 48h, r.t. 70 

6 NRGO/Cu (I) (2 mol%), in THF, 12h, r.t. 17 

7 NRGO/Cu (I) (2 mol%), in THF, 48h, r.t. 100 
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Figure 3.9 (a,b) catalyst recycling within ten reaction cycles for NRGO/Cu(I) and 

TRGO/Cu(I), respectively. (c,d) TEM image of Cu particles after 10 cycles for 

NRGO/Cu(I) and TRGO/Cu(I), respectively 
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The recyclability and reusability testing for the synthesized catalyst 

(NRGO-Cu(I)) was carried out using the azide/alkyne ‘click’ model reaction under 

the optimized conditions. The NRGO-Cu(I) catalyst was reused ten times without 

any noticeable change in its catalytic activity, whereas washing and recyclability of 

catalyst was performed under open air environment. However, almost 40% 

reduction was observed for the nitrogen free TRGO-Cu(I) catalyst. TEM images 

were observed to check the morphology of the recycled catalyst (Figure 3.9). 

An unchanged morphology of NRGO-Cu(I) was observed after 10 cycles 

(Figure 3.9c), whereas agglomeration of Cu particles was observed for TRGO-

Cu(I) (Figure 3.8d), which might be the key factor for the reduction of catalytic 

activity for the synthesized catalyst (TRGO/Cu(I)). Again, the high binding energy 

of Cu particles to N-doping graphene might be the reason to prevent the 

agglomeration of copper nanoparticles for nitrogen doped graphene oxide sheets. 

Metal leaching for reaction product (after 5, and 10 cycles) was studied by FAAS 

measurements including hot filtration; however, the detectable amount of copper 

was too low for accurate detection. 

 
Figure 3.10 DSC measurements for the bulk ‘click’ reaction with different catalysts at 5 

˚C/min heating rate 
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To evaluate the performance of synthesized catalysts, bulk ‘click chemistry’ 

was also evaluated by differential scanning calorimetry (DSC) (Figure 3.10). For 

the formation of a covalent network, sufficient molecular mobility is required. In 

order to keep diffusion high, PDMS based liquid components (bivalent azide and 

alkyne with high mobility; low molecular weights) were prepared. DSC 

thermograms at 5 ˚C/min for different catalysts are plotted in Figure 4.9 (1 mol% 

of catalyst per functional group). Thermal ‘click’ crosslinking (W/O catalyst) 

happened at a high temperature with a Tonset at 110 ˚C and a Tp at 173 ˚C, whereas, 

a lower Tonset (at 45 ˚C) was observed for homogeneous commercial catalyst 

(Cu(PPh3)3F). However, crosslinking reaction was  not completed at a certain 

temperature, which might be related to the inhomogeneous dispersion of catalyst in 

PDMS matrix. The TRGO/Cu(I) catalyst reduced the reaction temperatures to 50˚C 

(Tonset) and 65 ˚C (Tp), respectively, whereas, a room temperature Tonset and 59˚C 

(Tp) was observed for NRGO/Cu(I) catalyst. The DSC data again confirms the 

better catalytic activity of NRGO/Cu(I) catalyst. 

  

3.9 DENSITY FUNCTIONAL THEORY (DFT) ANALYSIS 

To definitive, the effect of N-doping on the ‘click’ reaction has also been 

verified through Density Functional Theory (DFT) based calculations. DFT [234], 

[235]  investigations have been performed using Synopsis Atomistix Toolkit (ATK) 

virtual nanolab (VNL) [236] for understanding the interaction of Cu+ ion with the 

pristine as well as NRGO at one hand and on other hand also to observe the impact 

of size of Cu+ ion cluster on the NGRO for CuAAC reaction. The 5x5 optimized 

graphene has been investigated for copper ion (Cu+) adsorption on three different 

sites bridge (B), at top of carbon atom (C), and  hollow (H). The computed 

adsorption energies are -8.545eV, -8.537eV, and -8.427 eV for B, C and H site 

respectively which inferred that bridge site is energetically most favorable 

adsorption site at graphene sheet (Figure. 3.11(a,b), Appendix 1). It has been 

observed that on interaction with Cu+ ion, fermi level shifts into conduction band 

(Figure 3.11 c) and peaks appeared at the fermi level in TDOS profile (Appendix 
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2) which inferred that Cu+ ion adsorbed sheet is electron rich and may act as a 

catalyst in CuAAC reaction as reported in earlier studies, [237] whereas, Cu+ ion is 

adsorbed on NRGO with adsorption energy -8.77 eV which infer strong interaction 

between NRGO and Cu+ ions (Figure 3.11 b), validates our experimental studies. 

On adsorption of Cu+ ion, a bond of bond length 2Å has been formed between 

carbon and ion. 

The analysis found that by doping with nitrogen, Fermi level shifts into the 

conduction band which is in good agreement with earlier studies [234] and on 

adsorption of Cu+ ion indirect band gap of ~0.29 eV has been introduced (Figure 

3.10 d; Appendix 3). In order to understand the high reaction rate that obtained 

experimentally Mulliken charge population has been calculated, infer that the 

charge transfer of 0.073 e takes place on N after adsorption of Cu+ ion and that 

could be one reason for high reaction rate.  

Further studies have been extended to understand the interaction of cluster 

containing 3 Cu+ ions (CU-3) and 5 Cu+ ions (CU-5) (Figure 3.11 e,f). On 

adsorption of CU-3, cluster shows physisorption with adsorption energy -31.07 eV 

and binding distance 2.76 Å while for adsorption of CU-5, shows physisorption 

with adsorption energy and binding distance -59.31 eV and 2.79 Å respectively.  

Further, the band structure and density of states have also been explored in 

Appendix 4. It has been found that the band gap has reduced on increasing the size 

of the cluster given in Table 3.3. Similar results have been observed from density 

of state profile of the system as well. Mulliken population has been calculated to 

understand the reaction rate for CU-3 and CU-5, and it is found that 0.156 e and 

0.094e charge has been transferred on nitrogen respectively shows high reaction 

rates. 
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Figure 3.11  (a, b) Cu+ adsorption on TRGO and NRGO, respectively. (c, d) Band 

structure of Cu+ adsorption on TRGO and NRGO, respectively. (e, f) NRGO with a 

cluster of 3 and 5 Cu+ ions, respectively. 

 

Table 3.3 Comparison of band gap with increasing size of Cu+ ion cluster 

System Band Gap (eV) 

NG with Cu+ ion 0.29 

NG with CU-3 0.28 

NG with CU-5 0.17 
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3.10 SUMMARY  

In this chapter, we have developed highly stable and recyclable 

heterogeneous catalyst (NRGO/Cu(I)), performs ‘click’ reaction (designed for the 

development of self-healing nanocomposites) under both solvent and bulk 

conditions. Due to increase in electron density on the nitrogen atom doping 

including the formation of coordination of N-doped rGO with Cu+ ions, nitrogen 

doped graphene supported copper particles demonstrate a higher reaction yield at 

room temperature without adding any external ligand/base. The incorporation of 

graphene based catalyst can also be advantageous to enhance the physical, 

mechanical and conductive properties of the cross-linked materials. 
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CHAPTER 4: DEVELOPMENT OF SELF-HEALING 

NANOCOMPOSITES 
 

4.1 INTRODUCTION 

Material fatigue is one of the most challenging issue, although there are 

several strategies to improve fatigue strength by the use of nano-fillers or else by 

introducing self-healing in materials[238]. The material fatigue strength can be 

increased even with self-healing mechanism like embedding of nano capsules 

containing healing agents into the material matrix [27]. The healing agent contained 

in capsules undergo crosslinking in the presence of catalyst when the capsule gets 

rupture due to loading conditions. The capsule based self-healing witnessed 100% 

restoration of mechanical properties. Moreover, the addition of nano capsules in 

matrix reduces the material performance especially the tensile strength[239]. 

Carbon based nano materials as nano-fillers such as carbon black, CNT and 

graphene show better in mechanical properties when incorporated in polymeric 

matrix [240]. Graphene among the nano-fillers has a large effect in performance of 

a material by enhancing conductive and mechanical properties including strength 

and toughness even with small addition of nano-filler [241].  

In this chapter, we discuss the development of capsule based self-healing 

materials. Graphene is used as a nano-filler to counter balance the decrease in 

tensile strength by the addition also graphene can serve as a catalyst to trigger the 

self-healing mechanism. The chemistry involved behind the self-healing is 

“‘click’” based chemistry [242], which is prominently used methodology for 

efficient crosslinking even at ambient conditions. The following sections describe 

the development of capsules based self-healing using the ‘click’ reactions via 

NRGO/Cu(I) acts as reinforcement agent to compensate the reduced tensile 

strength by embedding the capsules in material and catalytic activity for self-

healing. The capsules contains the trivalent azide and alkyne as 

healing/crosslinking agents used for healing after the occurrence of rupture on the 

surface of capsules leading to the ‘click’ reaction in presence of Cu2O on the 
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graphene surface. The healing agents encapsulated using in-situ condensation 

process and the stability of healing agents inside the capsules observed for several 

months.  Moreover, the copper particles with the graphene believes in enhancing 

the catalytic dispersion and mechanical properties by graphene reinforcement 

[243].   

4.2 PREPARATION OF SELF-HEALING AGENTS  

4.2.1 PREPARATION OF TRIVALENT ALKYNE MOIETY  

 
Figure 4.1 Synthesis of trimethylolpropane tripropargyl ether (TMPTPE) 

The synthesis of trimethylolpropane tripropargyl ether (TMPTE) was done 

according to literature [244] with slight modifications. The synthesis was carried 

out under a dry atmosphere of nitrogen. A three-necked round bottom flask 

equipped with mechanical stirrer, reflux condenser and rubber septum was heated 

under vacuum and flushed several times with nitrogen. Trimethylol propane (149.1 

mmol, 20.0 g), sodium hydroxide (6.0 eq, 894.4 mmol, 35.8 g) and Tetra-N-

Butylammonium Bromide (TBAB) (0.04 eq, 7.0 mmol, 2.4 g) were dissolved in 

distilled water (4.0 mL). Afterwards, propargyl bromide (6.0 eq, 894.4 mmol, 85.4 

mL, 134.1 g, 80.0 wt % solution in toluene) was added dropwise over a period of 

one hour and then the temperature was increased to 60 ˚C and the reaction mixture 

was heated for 41 h at 60 ˚C. On completion of reaction (TLC control, CHCl3, Rf = 

0.85, blue stain) the reaction mixture was cooled down to room temperature. 

Thereafter, the solution was diluted with DCM (150.0 mL) and centrifuged (three 

times, 10 ˚C, 5000 rpm, 5 min) to separate the formed salt. The combined organic 

phases were extracted with distilled water (five times, 500.0 mL) and dried over 

Na2SO4. After filtration, the solvent was removed in vacuum and the crude product 



83 

 

was purified by column chromatography (SiO2, 230–400 mesh, Merck (Darmstadt, 

Germany), to obtain trivalent alkyne as a light-yellow liquid in a yield of 75%. 

4.2.2 PREPARATION OF TRIVALENT AZIDE MOIETY  

The preparation of trivalent azide compound is made according to the 

literature with slight modifications[245]. The procedure opted for preparation is by, 

2,4- pyridinedicarboxylic acid monohydrate (10.9 mmol, 2.0 g) was suspended in 

methanol (12.0 mL) and subsequently concentrated sulfuric acid (12.0 mmol, 640 

μL) was added. The solution was refluxed for 48 h and then allowed to cool down 

to room temperature. The mixture was treated with saturated aqueous sodium 

bicarbonate solution until it was neutral (pH = 7). The solvent was removed under 

reduced pressure, after which the residue was dissolved in chloroform (30.0 mL). 

The obtained solution was filtered and the organic layer was washed with a 

saturated solution of sodium chloride for several times until the water layer was 

neutral (pH = 7). The organic layer was dried over magnesium sulfate and 

concentrated under reduced pressure to provide 2,4-pyridinedicarboxylic acid 

dimethyl ester. 1H-NMR (CDCl3, 400 MHz): δ = 8.90 (dd, 1H, 3JH,H = 4.9 Hz, 

5JH,H = 0.6 Hz, CH), 8.65 (dd, 1H, 4JH,H = 1.5 Hz, 5JH,H = 0.8 Hz, CH), 8.03 

(dd, 1H, 3JH,H = 4.9 Hz, 4JH,H = 1.6 Hz, CH), 4.03 (s, 3H, CH3), 3.98 (s, 3H, 

CH3) ppm; 13C-NMR (CDCl3, 100 MHz): δ = 165.1, 164.8, 150.8, 149.1, 138.8, 

126.4, 124.4, 53.2, 53.0 ppm.   

In second step, 2,5-Pyridinedicarboxylic acid dimethyl ester (3.8 mmol, 750 

mg) and ultra-dry calcium chloride (99.99%, 17.1 mmol, 1.9 g) were dissolved in 

anhydrous tetrahydrofuran (6.0 mL) and anhydrous methanol (12.0 mL). The 

solution was cooled to −5 °C and subsequently sodium borohydride was added in 

small portions (5.6 mmol, 225 mg, (3 × 75 mg)). The reaction was accomplished 

after ∼2 h 40 minutes and quenched with ice-cold water (15.0 mL). The solution 

was extracted with chloroform (3 × 40.0 mL) and the combined organic layers were 

dried over magnesium sulfate. The solvent was removed under reduced pressure to 

afford 2-(6-hydroxymethyl )-pyridine- 5-carboxylic acid methyl ester. 1H-NMR 

(CDCl3, 400 MHz): δ = 8.70 (d, 1H, 3JH,H = 5.1 Hz, CH), 7.83 (s, 1H, CH), 7.75 
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(dd, 1H, 3JH,H = 5.1 Hz, 4JH,H = 0.7 Hz, CH), 4.83 (s, 2H, CH2), 3.96 (s, 3H, 

CH3) ppm; 13C-NMR (CDCl3, 100 MHz): δ = 165.5, 160.4, 149.4, 138.1, 121.6, 

119.8, 64.2, 52.7 ppm. 

2-(6-Hydroxymethyl )-pyridine-5-carboxylic acid methyl ester (0.3 mmol, 

50 mg) was dissolved in anhydrous dichloro- methane (6.6 mL), followed by the 

addition of N,N,N-triethyl- amine (1.5 mmol, 207 μL) and para-toluenesulfonyl 

chloride (0.5 mmol, 87 mg). After stirring for 2h the solvent was removed under 

reduced pressure. The residue was dissolved in anhydrous tetrahydrofuran (3.3 mL) 

and sodium azide (3.0 mmol, 193 mg) was added. The reaction was stirred for a 

further 24 h at room temperature, later on it was diluted with ethyl acetate (30.0 

mL) and water (30.0 mL). After extraction of the aqueous layer with ethyl acetate 

(three times 30.0 mL), the combined organic layers were washed with a saturated 

solution of sodium chloride and dried over magnesium sulphate. The crude product 

was purified by silica chromatography (n-Hex : EtOAc, 4 : 1), providing 2-(6-

azidomethyl)-pyridine-5-carboxylic acid methyl ester. 1H-NMR (CDCl3, 400 

MHz): δ = 8.74 (d, 1H, 3JH,H = 5.0 Hz, CH), 7.89 (s, 1H, CH), 7.79 (dd, 1H, 3JH,H 

= 5.0 Hz, 4JH,H = 1.4 Hz, CH), 4.56 (s, 2H, CH2), 3.96 (s, 3H, CH3) ppm; 13C-

NMR (CDCl3, 100 MHz): δ = 165.3, 157.0, 150.5, 138.4, 122.1, 121.1, 55.4, 52.8 

ppm.    

2-(6-Azidomethyl )-pyridine-5-carboxylic acid methyl ester (2.6 mmol, 500 

mg) was dissolved in methanol (10.0 mL), followed by the addition of a 1.0 M 

aqueous solution of lithium hydroxide (7.8 mmol, 7.8 mL). The reaction was stirred 

for 25 minutes at room temperature. Neutralization was achieved with the addition 

of a 1.0 M solution of hydrogen chloride. The solvent was removed under reduced 

pressure and the product was dried under high vacuum until constant weight is 

obtained 2-(6-azidomethyl )-pyridine-5-carboxylic acid. 1H-NMR (DMSO-d6, 400 

MHz): δ = 8.99 (s, 1H, CH), 8.18 (dd, 1H, 3JH,H = 7.9 Hz, 4JH,H = 2.0 Hz, CH), 

7.34 (d, 1H, 3JH,H = 7.9 Hz, CH), 4.49 (s, 2H, CH2) ppm; 13C-NMR (DMSO- d6, 

100 MHz): δ = 167.6, 156.0, 151.0, 137.9, 134.7, 121.7, 54.8 ppm.  
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2-(6-Azidomethyl)-pyridine-5-carboxylic acid  (674 μmol, 120 mg, 11.6 

equiv.), N,N-dimethylpyridin-4-amine (88 μmol, 14 mg, 1.5 equiv.) and finally 

N,N'-methanediylidenedicyclohexanamine (263 μmol, 50 mg, 4.5 equiv.) were 

dissolved in anhydrous dichloromethane (5.0 mL) with 2-ethyl-2-

(hydroxymethyl)propane-1,3-diol (58 μmol, 350 mg, 1 equiv.). The reaction was 

allowed at room temperature for 24h by stirring and then solution was diluted with 

dichloromethane (30.0 mL) and filtered. The organic layer was washed with a 

saturated solution of ammonium chloride and dried over sodium sulfate. The 

solvent was evaporated under reduced pressure to afford the crude product, which 

was purified by dissolving in n-hexane and precipitated with an excess of methanol. 

(Mn(GPC) = 5780 g mol−1, Mw/Mn = 1.3). 1H-NMR (CDCl3, 400 MHz): δ = 9.20 

(s, 3H, CH), 8.34 (dd, 3H, 3JH,H = 8.1 Hz, 4JH,H = 2.1 Hz, CH), 7.46 (d, 3H, 

3JH,H = 8.1 Hz, CH), 7.14 (s, 3H, CH of initiator), 4.58 (s, 6H, CH2), 4.34 (t, 6H, 

3JH,H = 6.7 Hz, CH2), 1.86 (s, 6H, CH2), 1.43 (s, CH2 of repetitive unit), 1.12 (s, 

CH3 of repetitive unit), 0.81 (s, 18H, CH3 of initiator) ppm.  

 
Figure 4.2 Structure of 2-(((6-(azidomethyl)nictotinoyl)oxy)methyl)-2-

2(hydroxymethyl)propane-1,3-diyl bis(6-(azidomethyl)nicotinate) 
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Figure 4.3 1H NMR for 2-(((6-(azidomethyl)nictotinoyl)oxy)methyl)-2-

2(hydroxymethyl)propane-1,3-diyl bis(6-(azidomethyl)nicotinate) 

 

 
Figure 4.4 C13 NMR for 2-(((6-(azidomethyl)nictotinoyl)oxy)methyl)-2-

2(hydroxymethyl)propane-1,3-diyl bis(6-(azidomethyl)nicotinate) 
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4.2 FABRICATION OF ENCAPSULATION 

The preparation of encapsulation procedure was adopted as per the literature 

[246] with slight modifications. The preparation of capsules procedure as follows: 

4.2.1 PREPARATION OF PRE-POLYMER SOLUTION 

A solution of 37% formaldehyde (0.1 mol) and urea (0.05 mol) were mixed 

with 20mL distilled water in a 250 mL three-necked round bottom flask fitted with 

a magnetic stirring bar and reflux condenser. The reaction mixture pH was adjusted 

to ~8 by the addition of trimethylamine in dropwise manner. The obtained mixture 

was allowed to heat at 70 ̊ C for 1h by continuous stirring. The reaction was stopped 

only after checking the formation of turbidity in reaction mixture. The turbidity of 

the reaction mixture was monitored by adding a drop of mixture to the water.  

4.2.2 PREPARATION OF EMULSION  

A reaction mixture of 0.8 g sodium dodecyl benzene sulphonate (SDBS) is 

mixed with distilled water (70 mL) was prepared and 1% (W/V) PVA of 10 mL 

was added to the mixture. Subsequently, 8mL of trimethylolpropane tripropargyl 

ether (TMPTE) (Figure 4.1) was added slowly to the prepared solution for 30 

minutes in dropwise manner.  Further, the solution is allowed to stir at a rate of 

1200 rpm for 1 h to get stable oil in water emulsion. 

4.2.3 PREPARATION OF MICROCAPSULES 

The stirring rate of above prepared emulsion reduced to 500rpm, further the 

pre-polymer solution was slowly added to it. The temperature was increased to 70 

˚C from room temperature and concurrently pH was lowered down to ~4 in a spam 

of three steps for every15 minutes. The pH adjustments was performed by using 

1% formic acid. After achieving the final pH the stirring process is continued for 

additional 1hr. Lastly, the reaction mixture allowed to cool down slowly to room 

temperature and further the obtained slurry was neutralized by the addition of 10% 

NaHCO3 solution. Therefore, the formed microcapsules were washed many times 

with water and acetone and finally the washed microcapsules undergo filtration and 
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air-drying methods. The prepared microcapsules were observed using SEM image 

(Figure 4.5). The average microcapsule size is around 20µm which was observed 

from SEM images. 

 

Figure 4.5 FE-SEM image for the synthesized capsules containing healing agent 

 

4.3 COMPOSITE PREPARATION 

The preparation of epoxy based self-healing nanocomposite was adopted 

according to literature [27]. Initially, diglycidylether of bisphenol A (DGEBA) is 

well known as EPON 828 epoxy resin of 500 mg was taken into the flask and the 

solution was mixed manually for almost 15 min and thereafter the entrapped air 

was removed using degassing technique. The calculated amount of nano capsules 

containing trivalent alkyne components of 5-20wt% in total (azide +alkyne) were 

taken into consideration for preparing the samples. The calculated amount of nano-

capsules were then manually introduced into the mixture, followed by mixing using 

a vortex and a bath sonicator for 15 min. Subsequently the azide component 

introduced into the mixture and allowed to mix until it gets finely dispersed in 

matrix. Later on the required amount of NRGO/Cu(I) catalysts (5 mol% per 

functional group of azide/alkyne) were mixed into the resin followed by addition 

of diethylenetriamine (DETA) (12 pph) was manually mixed together for 10 min. 

The final mixture was poured into a silicon mold of standard size (30 × 5 × 2 mm) 

and allowed specimens to cure at room temperature for 24 h (Figure 4.6(b)). 
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(a)                           (b) 

Figure 4.6 (a) Pure Epoxy and (b) Epoxy composite 

 

 Further, we have fabricated different specimens with different loading of 

capsules (5wt%, 10wt%, 15wt% and 20wt %) and catalysts ((CuPPH3)3F, 

TRGO/Cu(I) and NRGO/Cu(I)). The dispersion of capsules in the epoxy matrix 

was further investigated with the help of SEM (Figure 4.7) which clearly states the 

agglomeration of micorcapsules with the addition of capsules. 

 
Figure 4.7 SEM image of capsules with a) 5wt%, b) 10wt%, c) 15wt% and d) 20wt%. 

4.4 RESULTS AND DISCUSSION 

  We have fabricated self-healing nanocomposite systems, where alkyne 

(Figure 4.1) was encapsulated and azide (Figure 4.2) was directly dispersed in 

epoxy matrix during the preparation (Figure 4.8). To enhance the catalytic activity 
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of copper and mechanical properties of the specimen the nitrogen doped copper 

immobilized reduced graphene oxide (NRGO/CU(I)) was also synthesized. TEM 

and XPS analysis of the prepared catalyst confirms the presence of nitrogen and 

copper in the form of Cu(I), require for the “‘click’” reactions.  

 

 
Figure 4.8 Presence of healing agents and catalyst in epoxy matrix 

  

Further, to analyze the ‘click’-based reaction for the formation of polymer 

network and to confirm the activity of catalyst in the epoxy matrix, Differential 

Scanning Calorimetry (DSC) was performed for the azide and alkyne components 

in the presence of catalyst. DSC thermograms at 5 ̊ C /min with and without catalyst 

is plotted in Figure 4.9 (1 mol% of catalyst per functional group). The obtained 

results from the DSC confirms that, thermal ‘click’ crosslinking (W/O catalyst) 

happened at a high temperature with a Tonset at 110 ˚C and a Tp at 173 ˚C, whereas, 

a lower Tonset (at around 40 ˚C) was observed for NRGO/Cu(I) catalyst. Moreover, 

the azide and alkyne components in the epoxy matrix were stable even after several 

weeks, which confirms the stability of healing agents in the epoxy matrix for life 

long applications.    
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Figure 4.9 ‘click’ reactions measured by DSC at 5 ˚C /min heating rate 

 Striving by these results, we further investigated the polymer network 

formation using ‘click chemistry’ by crosslinking the azide and alkyne components 

in the presence of catalysts like homogenous and heterogeneous catalyst. The SEM 

images confirm uniform dispersion of capsules in epoxy matrix and able to identify 

the average size of capsule (~200nm) (Figure 4.3 and 4.5). Moreover, it indicates 

that the stability and presence of healing agents in capsules during the fabrication 

and during the curing of polymer while crosslinking. However, the agglomeration 

of capsules was observed for the composites containing more than 15wt% capsules. 

Thus, to investigate the mechanical and self-healing performance, 15wt% 

concentration of capsules containing healing agents and homogenous and 

heterogeneous catalyst was considered.        

4.4.1 TENSILE TEST 

 The prepared samples were undergone through tensile testing to obtain the 

mechanical properties. The prepared samples are as follows neat epoxy, Epoxy 
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+5wt% capsules, Epoxy +10wt% capsules, Epoxy +15wt% capsules, Epoxy 

+20wt% capsules, Epoxy +15wt% capsules+ Cu(PPh3)3F, Epoxy +TRGO/Cu(I), 

Epoxy+15wt% capsules +TRGO/Cu(I), Epoxy +NRGO/Cu(I) and Epoxy+15wt% 

capsules +NRGO/Cu(I) (the composite specimens containing the catalyst are 

prepared with 2 mol% concentration per functional group).  The samples were 

prepared using silicon mold with a dimension of 35 x 5 x 2mm and measurements 

were carried out using the tension mode via dynamic mechanical analysis (DMA). 

From the Figure 4.10 and Table 4.1 it shows, the decrease in Young’s modulus and 

tensile strength of specimen containing the Cu(PPh3)3F after addition of capsules. 

Which is very common drawback for capsule based self-healing systems (the 

loading of capsules behaves as void in the epoxy matrix, thus lower the tensile 

strength of the prepared composite specimens) [239], [247]. Interestingly and as 

expected there is an increase in Young’s modulus and tensile strength for 

NRGO/Cu(I) and TRGO/Cu(I) was observed (Figure 4.10 and Table 4.1). 

Therefore, the immobilization of TRGO/Cu(I) and NRGO/Cu(I) to specimen 

increases strain at break point and Young’s modulus of specimen as well. This is 

due to the effective load transfer between the GO and epoxy via interfacial adhesion 

based on earlier reports [248], where the unique feature of GO contribute towards 

the enhanced in dispersion of TRGO/Cu(I) and NRGO/Cu(I) in epoxy matrix.  

Table 4.1 Mechanical performance of prepared specimens 

Sample Tensile 

Strength 

(MPa) 

Strain-at-

break (%) 

Young's 

modulus 

Pure Epoxy  25.0 ±1 2.8±0.1 892 ±10 

Epoxy +15wt% capsules 11.7 ±2 2.4 ±0.3 487 ±20 

Epoxy +15wt% capsules+ 

Cu(PPh3)3F 

9.8 ±1 2.3 ±0.1 426 ±20 

Epoxy +TRGO/Cu(I) 38 ±1 3.75 ±0.2 1013 ±10 

Epoxy+15wt% capsules 

+TRGO/CU(I) 

30.2 ±2 3.15 ±0.3 958 ±20 

Epoxy +NRGO/Cu(I) 36.8 ±2 3.6 ±0.2 1022 ±10 
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Epoxy+15wt% capsules 

+NRGO/CU(I) 

28.9 ±2 3.0 ±0.2 963 ±20 

 

 
Figure 4.10 Plot for Tensile stress Vs strain for prepared pure epoxy and composite 

samples measured at strain rate: 0.1mm/min, 25 ˚C 

 There is a decrease in mechanical performance after the addition of capsules 

to the specimens containing TRGO/Cu(I) and NRGO/Cu(I), which states that the 

excess addition of capsules can contribute in reduction of interfacial adhesion 

between the epoxy and reinforcing agent. Moreover, the results obtained for 

specimen exhibited better mechanical properties with pure epoxy compared with 

other prepared specimens as given in Table 4.1. Even though, there is slight 

decrease in mechanical performance for NRGO/Cu(I) compared to TRGO/Cu(I) 

was observed in Table 4.1, it clearly states the strong load transfer between the 

carbon-carbon comparatively. 

 Motivated by these results, we further analyzed the effect of mechanical 

performance based on the capsule loading, a series of test specimens with 5wt%, 

10wt%, 15wt% and 2wt% were fabricated containing NRGO/Cu(I) as catalyst. To 
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investigate the influence of capsule loading on the mechanical performance, tensile 

testing was carried out. As per the stress-strain curves and tensile strength of 

prepared specimens, shown in Figure 4.11 and Table 4.2. it shows decrease in 

tensile strength with increase in capsule loading from 25 of pure epoxy to 11.5 MPa 

for 20wt% of capsules and in the similar way the strain at break point decreased 

from 2.8 for pure epoxy to 2.3 for 20wt% of capsules. Moreover, with the addition 

of NRGO/Cu(I) observed increase in tensile strength and strain at break as 

discussed earlier.  

 

Figure 4.11 plot for tensile stress Vs strain curve for prepared pure epoxy and composite 

samples with different capsule loading (strain rate: 0.1mm min-1, 25 ˚C) 

Table 4.2 Mechanical performance of prepared specimens with different wt% loading of 

capsules 

Sample Tensile 

Strength 

(Mpa) 

Strain-at-

break (%) 

Young's 

modulus 

Epoxy  25.0 ±1 2.8±0.1 892 ±10 
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Epoxy+ NRGO/Cu(I) 36.8 ±2 3.6 ±0.2 1022 ±10 

Epoxy+ NRGO/CU(I)+15wt% 

capsules 

28.9 ±2 3.0 ±0.2 963 ±20 

5wt% capsules 19.1 ±1 2.7 ±0.2 707 ±20 

10wt% capsules 14.8 ±1 2.6 ±0.2 569 ±10 

15wt% capsules 11.7 ±2 2.4 ±0.3 487 ±10 

20wt% capsules 11.5±1 2.3 ±0.1 500 ±20 

 

4.4.2 SELF-HEALING PERFORMANCE  

The self-healing performance of fabricated nanocomposite was evaluated 

via Dynamic Mechanical Analysis (DMA; single-notch impact testing) (Figure 

4.12 & 4.13). The specimens were fabricated with the dimension of 35 x 5 x 2mm, 

and were evaluated through three point bending test procedure (as per  ASTM 

D7264) performed to evaluate their tensile storage modulus (E′).  Initially a sharp 

“V” shaped notch of 1mm depth was made at the centre of the specimen (specimen 

made of NRGO- Cu(I) (2 mol%) and 15 wt% capsules) was considered for the 

evaluation. The E′ (2270 MPa) was obtained for the notched specimen of pure 

epoxy (Figure 4.13). An impulsive load of 10N was applied on the notched 

specimen via tensile force in 3D bending mode (Figure 4.13) for allowing the crack 

to propagate. From the Figure 4.10 clearly shows the deformation of curve, 

indicates the occurrence of delamination in the specimen because of crack 

propagation [249]. During the delamination period we have observed a sudden drop 

in E′ (1780MPa) from DMA (Figure 4.13), confirms the propagation of crack in the 

specimen. The recovery of storage modulus (2250MPa) was observed from DMA, 

after allowing the specimen at 25˚C for 36 h, where almost 96% of recovery was 

observed at room temperature prevail a triazole formation with the presence of 

NRGO/Cu(I). 
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Figure 4.12 Deformation curve for the applied load 

 
Figure 4.13 DMA analysis (before and after crack) for the prepared nanocomposites 

(contain 15 wt% azide capsules) at 25 ˚C 
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The specimens prepared with absence of healing agents, showed no 

significant change in E′ were observed for all the prepared specimens, i.e., neat 

epoxy, epoxy with different homogeneous and heterogeneous catalyst without 

capsules (Figure 4.14). Further, the epoxy with 15wt% capsules also showed no 

progress in E′ due to the absence of copper catalyst. Interestingly, the specimen 

with homogenous catalyst Cu(PPh3)3F and 15wt% capsules showed quick recovery 

of 40% at 60 ˚C within 1h, but failed to achieve the full recovery even after 24h at 

70 ˚C (Figure 4.14).  

 
Figure 4.14 Self-healing efficiency of prepared specimens obtained from DMA results 

 

However, the specimen with Epoxy+15wt%+TRGO/Cu(I) showed better 

results up to 85% recovery at 60 ˚C even after 36h (Figure 4.15), whereas the 

specimen with Epoxy+15wt%+NRGO/Cu(I) displayed 100% recovery at 60 ˚C 
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even after 6h and 95% recovery at room temperature after 36h, which further 

showed excellent efficiency of NRGO/Cu(I) with 15wt% capsules impregnated in 

epoxy matrix (Figure 4.15).        

 

Figure 4.15 Self-healing efficiency of epoxy specimen with heterogeneous catalyst 

determined availed at different temperature with time dependent 

 

With these interesting results exhibited by NRGO/Cu(I), further 

investigation was carried out with different loading concentration of capsules 

containing 5wt%, 10wt%, 15wt% and 20wt% (Figure 4.16). The results states the 

self-healing at room temperature is even possible with 20wt% loading along with 

15wt%. There is no improvement (96%) in self-healing efficiency for both 

specimens even after 36h. whereas; 5wt% and 10wt% couldn’t even obtain 50% of 

self-healing due to the unavailability healing agents at site.    

The results demonstrates the higher catalytic activity for NRGO/Cu(I) 

compared to commercially available catalyst and TRGO/Cu(I), due to scaffold 

properties of graphene sheets. It promotes the prevention of agglomeration by 

copper particles (Figure 3.5 and 3.9) due to the formation of coordination of N-
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doped rGO with Cu+, including high binding energy of Cu nanoparticles to N-doped 

carbon support [229]. Further, the exclusive interactions of copper particles with 

N-dopped reduced graphene sheet, along with ability for electron transfer and 

capture were extremely supportive to enhance the catalytic activity [250].  

The microscopic evidence in the form of TEM analysis (Figure 4.17), where 

the results demonstrate the agglomeration of homogenous catalyst (Cu(PPh3)3 F) in 

epoxy matrix, whereas a highly dispersed catalyst image was captured for 

heterogeneous catalyst TRGO/Cu(I), required to achieve self-healing behavior for 

the prepared composites. The agglomeration of Cu(PPh3)3F in epoxy matrix leads 

to limited self-healing in comparative to heterogeneous catalyst. Therefore the 

results strongly support the significance of NRGO/Cu(I) for its high stability and 

uniform dispersion in polymer matrix over the homogenous (Cu(PPh3)3 F) and 

heterogeneous catalyst TRGO/Cu(I).    

 
Figure 4.16 Self-healing efficiency of epoxy specimen with NRGO/Cu(I) and different 

wt% of capsules availed at room temperature with time dependent 
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Figure 4.17TEM images of a) homogenous (Cu(PPh3)3 F) and b)heterogeneous catalyst 

TRGO/Cu(I) dispersion in epoxy matrix 

4.4.2 CONDUCTIVITY 

The conductivity of the prepared specimen was carried out by standard four-

point probe method, here direct current conductivity (σ) of prepared composite 

materials as a function of graphene volume fraction (p) which was determined, 

where composite conductivity is determined by σ, p determines the SPFG volume 

fraction.  From the obtained results, NRGO/Cu (I) and TRGO/Cu(I) specimen 

displayed the conductivity of 5 × 10−2and 8 × 10−3S/cm respectively as showed 

in Figure 4.18. The increase in conductivity for NRGO/Cu(I) is due to the presence 

of Nitrogen, strongly promoting the conductivity of a composite material. 
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Figure 4.18 Conductivity Vs Graphene volume fraction 

 

4.5 SUMMARY 

 In summary, we have developed an efficient graphene-based epoxy self-

healing nanocomposites, which can heal at room temperature in the presence of 

synthesized catalyst NRGO/Cu(I) and TRGO/Cu(I). Self-healing is made possible 

by ‘click’ reactions between alkyne (present in capsule) and azide (dispersed 

directly on epoxy matrix) triggered by homogenous and heterogeneous Cu catalyst. 

In addition, the presence of nitrogen doped copper immobilized reduced graphene 

oxide (NRGO/Cu(I)) displayed enhanced catalytic activity, require to make healing 

possible at room temperature, and also fulfill the requirement of tensile strength 

and conductivity by acting as reinforcement agent inside the ,matrix.   
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CHAPTER 5: CONCLUSION AND FUTURE PERSPECTS 
 

Inspired from natural healing process and replacement of damaged tissue, 

many self-repairing materials have been successfully developed, which is 

revolutionizing the project of artificial materials for easy maintenance with 

improved safety. For structural applications, many realistic strategies have been 

formulated till today in the development of self-healing materials. However, in all 

cases the stability of the components/catalysts is limited. This work is focused on 

development of novel self-healing composite materials based on graphene and 

capsule-based system, where the catalytic system able to achieve self-healing 

through well dispersion of nano filers, stable catalytic activity and healing 

components.  

This work is first dedicated to prepare a highly stable and recyclable 

heterogeneous catalyst (NRGO/Cu(I)), which performs the ‘click’ reaction under 

both solvent and bulk conditions. Due to an increase in electron density on nitrogen 

atom doping including the formation of coordination of N-doped rGO with Cu+ 

ions, nitrogen doped graphene supported copper particles demonstrate a higher 

reaction yield at room temperature without adding any external ligand/base, and is 

reusable ten times and observed around 90% yield after 10th cycle. 

A very interesting self-healing properties were obtained for the composites 

with the incorporation of a graphene based catalyst, where a room-temperature self- 

healing graphene-based epoxy nanocomposite with enhanced tensile and 

conductive properties were developed. Applying a simple capsule-based self-

healing concept, network formation via a Cu(I)-catalyzed azide–alkyne “‘click’” 

reaction using heterogeneous copper(I) catalysts introduces self-healing. The 

addition of  highly dispersible graphene- immobilized Cu2O (NRGO-Cu2O)-based 

catalyst demonstrates an excellent combination of high catalytic performance for 

‘click’-based network formation (crack healing) at room temperature along with 

required reinforcement within the material, in turn allowing compensation of 

tensile-strength reduction exerted by the embedded capsules. Along with tensile 
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strength the conductivity of TRGO/Cu(I) displayed an improved conductivity 

comparatively. 

5.1 FUTURE PERSPECTS 

 There are consistent efforts in recovery of functional properties of material 

after healing at damage sites using different composite materials and self-healing 

mechanisms. All though the area of self-healing still facing complications in 

understanding the behavior/functionality of healing mechanism. The major concern 

areas are identifying the damage sites and healing for self-healing composites. The 

research in this field is still in initial phase and different combinations of composite 

materials with graphene i.e. graphene with polymers (natural, synthetic and 

conducting) and metals (alloys and oxides), needs to be studied to explore the 

properties to full extent. Even the mechanism of self-healing needs the deeper 

investigations for controlled optimization of fabrication methods, likely usage of 

materials with graphene and other physical parameters like pressure and 

temperature. The area of graphene based self-healing materials has diverse field of 

applications. The performance of graphene promoted self-healing composites 

exhibited improved results, indeed it is has become a challenge in making the 

composite in practical application. Individually, there is good progress in self-

healing capabilities and mechanical properties, in spite of facing many challenges 

in balancing both in graphene/polymer laminates. It is evident that it can happen 

when there is an improved compatibility between graphene and polymer after 

modifying graphene without disrupting the natural properties of graphene. 

3D printing is most advanced manufacturing technology which profound in 

numerous applications in electronic, robotics, construction aerospace, etc., [251]–

[255]. This 3D printing is used to manufacture complicated/intercalated shapes, 

which are quite difficult to manufacture using conventional manufacturing 

techniques.  In general, it is stem branch of additive manufacturing, where the 3D 

model is designed in computer and fabricated using layer-by-layer deposition of 

liquid ink, which is simple and has diversified features. Due to its unique features 

of 3D printing, the use of self-healing nanocomposite materials has a scope in 
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various applications. Impressive results of self-healing polymer nanocomposites 

with improved properties and applications will have a prosperous scope in 

commercialization near future.   
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Appendix 1 (a) Cu+ adsorption on pristine graphene, (b) NG, (c) Cu+ adsorption on NG 
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Appendix 2 (a) Bandstructure, (b) TDOS of Cu+ adsorption on pristine graphene. 

 

(a) 



123 

 

 

(b) 

 

(c) 



124 

 

 

(d) 

Appendix 3 Bandstructure of  (a) NG ,(b) NG with Cu+, Density of states of (c) NG ,(d) 

NG with Cu+ 
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(d) 

Appendix 4 Band structure of (a) NG with CU-3, (b) NG with CU-5 and density of states 

of (a) NG with CU-3, (b) NG with CU-5. 
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(b) 

Appendix 5 chemical structure (a) Polyvinyl alcohol (b) sodium dodecyl benzene 

sulphonate (SDBS) 
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