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Abstract 

The fast-growing pace and massive utilization of compact portable electronic and wireless 

telecommunication systems provided an easier life for humans. However, this positive progress 

has come at the expense of significant electromagnetic interference (EMI) pollution, which 

requires the development of highly efficient shielding materials to impede the malfunction of 

electronic devices and reduce its deleterious impact on human health. Although metals have 

been used traditionally as an excellent EMI shielding material, high density, high cost, 

susceptibility to corrosion, and reflection shielding mechanism limited their applications. 

Recently, multifunctional conductive polymer nanocomposites (CPnC) have demonstrated 

great promise as next-generation materials for energy management and EMI shielding 

components in electronic industries. Such highly desirable and multifunctional properties in 

CPnCs are achievable by a combination of lightweight, easy to process and chemically stable 

polymer matrices and a large array of nanosized conductive fillers. In this Ph.D. research, we 

aimed to develop multifunctional CPnCs for EMI shielding applications. Our goal was 

enhancing the EMI shielding effectiveness (SE) of the CPnCs, concentrating on amplifying the 

electromagnetic (EM) wave absorption mechanism as opposed to reflection which could 

potentially lead to secondary EMI pollutions. 

First, narrow elongated strips of graphene with high aspect ratio and abundant edges, namely 

reduced graphene nanoribbons (GNR), were synthesized from multiwalled carbon nanotubes 

(MWCNT) through a chemically oxidative unzipping, and subsequent thermal reduction 

method. The purpose of this study was to gain a comprehensive understanding of how the 

structural modifications of MWCNTs influence the end characteristics of polymer 

nanocomposites, especially electrical properties and EMI shielding. GNR and parent MWCNT 

were added to thermoplastic polyurethane (TPU) and the electrical conductivity, the dielectric 

property, the EMI SE and the mechanical properties of the nanocomposites were thoroughly 

investigated and compared. It was found that the electrical conductivity, the EMI SE and the 

mechanical properties of GNR/TPU nanocomposites were far superior to those of 

MWCNT/TPU nanocomposites. This greatly heightened performance of GNR added 
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nanocomposites is mainly attributed to enhanced filler interconnections between GNRs. The 

individual filler particle flexibility was significantly increased when tubular multi-layered 

MWCNTs were opened and transformed into long, thin strips. This allows geometrical 

conversion from line-to-line to sheet-to-sheet contact interfaces, which considerably increases 

the contact area. The increased flexibility also increased the chances of forming a percolating 

network between fillers. In addition, the unzipping and exfoliation of MWCNTs increased the 

number concentration of filler particles, leading to improved electrical and mechanical 

performance. 

To further enhance the EMI SE of the CPnCs, we synthesized Ti3C2Tx MXene nanoflakes via 

the minimally intensive layer delamination (MILD) method. Then, conductive polyaniline 

(PA) nanofibers were grafted on the surface of the large and low-defect MXene nanoflakes via 

oxidant free oxidative polymerization at two different MXene to monomer ratios. To 

investigate the impact of MXene functionalization on electrical properties, EMI SE and 

mechanical properties of the CPnCs, the synthesized nanomaterials were incorporated in 

polyvinylidene fluoride (PVDF) via solution blending method. The surface modification of 

MXene nanoflakes resulted in the outstanding enhancement of EMI SE and absorption 

coefficient of the PVDF based nanocomposites. The higher EMI SE of the modified 

nanocomposites at comparable electrical conductivity was attributed to three main reasons: (i) 

exfoliation of the MXene nanoflakes by the intercalation of PA nanofibers in the inter-gallery 

spaces, (ii) induction of abundant capacitor-like structures in the interfaces between PVDF 

chains and nanofiller, especially after increased specific surface area with PA modification, 

and (iii) the contribution of PA conducting chains in the electron transfer mechanisms and 

responses to the EM field. Moreover, the mechanical properties of the PVDF nanocomposites 

showed higher stiffness for PA-grafted MXene nanocomposites due to the sufficient 

exfoliation of nanoflakes by PA nanofibers’ intercalation inside the MXene nanoflakes and the 

better polymer−filler interactions, which resulted in facilitating load transfer between the 

nanoflakes and the PVDF chains. 

In a follow-up study, we hybridized the reduced graphene oxide nanoribbons (rGOnR) and 

MXene nanoflakes and used an engineering design to enhance the EMI SE of a thin but highly 
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electrically conductive MXene sheet. In this research, we took the advantage of excellent 

hydrophilicity of the GONR and MXene nanofillers to construct a three-dimensional (3D) 

conductive percolated network employing freeze casting. The constructed GOnR/MXene 3D 

networks at different GOnR to MXene ratios were then heat treated and infiltrated with a 

polydimethylsiloxane (PDMS) matrix. This unique approach significantly improves the state 

of filler dispersion, achieving a high electrical conductivity at lower nanofiller loadings. 

Electrical properties and EMI SE and shielding mechanism of the nanocomposites were 

systematically investigated as a function of the specimens' thickness. Furthermore, the 

influence of the rGOnR/MXene hybridization on enhancing the EMI SE and absorption 

coefficient of a highly reflective EMI shielding MXene sheet was investigated. It is revealed 

that the rGOnR/MXene hybridization not only enhances synergistically the EMI SE of the 

MXene sheet, also plays as an EM waves absorption layer which impedes the environment 

from the secondary pollutions originating from the reflective dominant shielding mechanism 

of the highly conductive MXene sheet. It is worth noting that the highly conductive MXene 

sheet in this study was considered a model material which could be substituted with any 

conductive coating that possesses efficient EMI SE yet reflection dominant shielding.   
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Chapter 1 

Introduction 

1.1 Background 

Next generation advanced multifunctional materials enable the design and development of cutting-

edge, high performance and lightweight materials by combining science and engineering knowledge. 

The importance of these materials lies in their potential to revolutionize various technological and 

industrial fields such as automotive, energy storage, telecommunication, microelectronics, sensors,  and 

aerospace.   

Polymers have a very attractive array of properties such as versatility, lightness and ease of processing 

which have led them to be building blocks of multifunctional materials in different fields and 

applications. Historically, they have been considered as insulative materials such as protective layers 

for metal wires of electrical cable. However, during the last decades, electrically conductive polymer 

nanocomposites (CPnC) have become one of the most important focal points of research for 

technological innovations due to their great potential as a highly-desirable class of advanced 

multifunctional materials. The outstanding features of CPnCs can fulfill specific requirements for 

various applications such as capacitors and super capacitors [1,2], energy conversion (bipolar plates of 

fuel cells [3]), EMI shielding [4–7] and electrostatic discharge [8,9]. It is worth mentioning that the 

global EMI shielding market was valued at USD 6.6 billion in 2022 to USD 8.6 billion by 2027 [10]. 

Furthermore, CPnCs outperform metals and ceramics in chemical and corrosion resistance, while 

providing higher ductility and specific toughness [1–3,11–15].  

It is of utmost significance to bear in mind the pivotal role that additive nanomaterials play in achieving 

exceptional characteristics and versatile functionalities in CPnCs. For example, metal nano wires and 

nano particles comprised of aluminum, steel, iron, copper, and nickel coated glass fibers have been 

added to the polymer matrices to produce CPnCs [16]. The key parameter in producing CPnCs is the 

volume fraction of the conductive nanomaterials where the nanomaterials come into contact with one 

another forming a continuous pathway for electrons to transfer. This particular concentration is called 

percolation threshold [17]. Different types of carbon allotropes such as carbon black, carbon fiber, 

graphite, graphene and carbon nanotube have also been employed to enhance the electrical conductivity 

of the CPnCs. However, the percolation threshold and subsequently electrical conductivity are greatly 

influenced by the intrinsic properties of the polymers and conductive nanomaterials, their geometrical 
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properties (i.e. shape, size, aspect ratio), dispersion state of the nanomaterials, degree of nanofiller 

alignment and quality of polymer-filler interactions [18]. For example, electrical conductivity can be 

achieved by spherical fillers at loadings around 10-20 wt.%, while using a high aspect ratio CNT can 

reach the percolation threshold at very small loadings of 0.1  wt.%  [18]. Therefore, apart from the 

economical point of view, keeping the percolation threshold as low as possible is crucial since the high 

nanomaterials loading not only escalates processability and mechanical properties, also leads to 

significant damage to the processing equipment [19]. 

A judicious selection of suitable nanomaterials can aid in meeting the demands of various state-of-the-

art applications. Since the first report of Iijima [20] on CNT and the discovery of graphene in 2004 

[21], these two nanostructures have become much more popular in enhancing the electrical conductivity 

of polymer nanocomposites. Graphene and CNT are atomically thin layers with a composition of sp2 

carbon atoms and 2D honeycomb structures. These nanostructures are seen as promising nanomaterials 

due to their low density, high aspect ratio, huge surface area (~2600 m2/g)), extraordinary mechanical 

properties of 130 GPa ultimate strength and 1 TPa Young’s modulus, 5000 W/(m.K) thermal 

conductivity and 6000 S/cm electrical conductivity [22]. Despite significant progress in the 

development of carbonaceous based nanocomposites, there are still great challenges remaining that 

need to be addressed. The most critical unresolved issues are excessive aggregation resulting in poor 

dispersibility, poor control of surface chemistry, and low interfacial interactions with the polymeric 

matrix [23,24]. Starting from 2011, 2D transitional metal carbides or nitrides, more commonly known 

as MXenes, have revolutionized the realm of CPnCs [25]. MXene is produced through the delamination 

process of its MAX phase precursor via selective etching of the A element. This chemical etching 

procedure results in an abundance of induced surface functional groups that render these nanomaterials 

highly hydrophilic while exhibiting metallic conductivity that can reach up to 9888 S/cm [26].  

As discussed above, the increasing use of electronic devices in various industries, the growing demand 

for electromagnetic compatibility solutions and the rise in wireless technologies especially after the 

adoption of 5G technology are some of the key factors driving the growth of using CPnCs as EMI 

shielding material [27]. However, achieving the necessary level of EMI shielding effectiveness (SE) 

through an environmentally-friendly absorption mechanism remains a formidable challenge. The key 

to obtaining high EMI SE lies in enhancing the electrical conductivity of materials, which can be 

achieved by developing highly conductive nanomaterials and incorporating them into polymer matrices 

[28]. In order to optimize the electrical conductivity, it is important to carefully engineer the 



 

 3 

nanomaterial geometry, aspect ratio, and interaction with the polymer matrix. Although increasing 

electrical conductivity is crucial for achieving high EMI SE, it can also result in an inferior impedance 

mismatch between the air and the polymer matrix [29]. This mismatch can cause a significant reflection 

of the incident electromagnetic waves, which in turn generates severe secondary electromagnetic wave 

pollution in the surrounding environment. As a result, to obtain absorption dominant EMI shielding 

material, along with efforts of increasing their electrical conductivity, another challenge that must be 

addressed is the tuning of the impedance mismatch of the CPnCs. In light of the difficulties associated 

with increasing electrical conductivity and tuning impedance mismatch, it is of paramount importance 

to undertake rigorous research on these issues. Only by doing so can we develop advanced CPnCs for 

EMI shielding that boast exceptional EMI SE and an unprecedented ability to absorb radiated EM 

power. Such a development would be crucial for achieving optimal performance while simultaneously 

minimizing any negative environmental impact. 

1.2 Study objectives and approach 

The goal of this study is to develop electrical CPnCs for EMI shielding applications by integrating 

polymer matrix with different kinds of conductive nanomaterials. The focus of the thesis is defined (i) 

to develop CPnCs with enhanced EMI SE, (ii) to improve the portion of absorption shielding 

mechanism, and (iii) to develop a fundamental understanding of how the CPnCs can achieve high 

functionalities (i.e. electrical conductivity, electric performances and EMI shielding effectiveness). 

Achieving higher functionalities and electrical conductivity at lower filler content has been always 

challenging in the manufacturing of CPnCs [14]. Therefore, the current research points towards the 

further development of lightweight and functional CPnCs with enhanced functionalities at lower 

nanomaterial loadings. The studies for these goals were conducted by three parts. 

In part 1, long strips of reduced graphene nanoribbons were synthesized from their parent MWCNTs. 

The synthesized nanomaterials were incorporated with thermoplastic polyurethane (TPU) matrix via 

solution blending and their electrical and dielectric properties, EMI shielding efficiency and mechanical 

properties were compared to their corresponding MWCNT nanocomposites.  

In part 2, Ti3C2Tx MXene (MX) nanoflakes were synthesized from the Ti3AlC2 MAX phase. The 

synthesized nanomaterials were modified by grafting polyaniline nanofibers on the surface of the 

nanoflakes. Then nanomaterials were incorporated in a polyvinylidene fluoride (PVDF) matrix via 

solution blending. The electrical conductivity, EMI shielding and mechanical properties of the modified 
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MXene-PVDF nanocomposite were thoroughly compared to pristine MXene-PVDF nanocomposites. 

In this part, the impact of surface modification on developing EM wave absorption mechanism 

(interfacial polarization relaxation) was understood. 

In part 3, three dimensional heat treated rGOnR/MX aerogel was first produced with different 

rGOnR:MX ratios. Poly(dimethylsiloxane) (PDMS) as the elastomeric matrix is then infiltrated into 

as-produced 3D aerogels. The impact of hybridization and shielding material thickness on enhancing 

EMI SE and developing highly absorptive EMI shielding material was comprehensively studied.  

1.3 Thesis outline 

This thesis focuses on the synthesis of electrically conductive carbon based and transitional metal 

carbide based polymer nanocomposites with functional properties. This includes electrical properties 

(e.g. electrical conductivity, dielectric properties and EMI shielding performance) as lightweight 

electrically CPnCs for EMI shielding applications. The thesis consists of six chapters outlined as 

follows: 

• Chapter 1 presents background information on this research, thesis motivations and an 

outline of the thesis 

• Chapter 2 provides a review of recent literatures on conductive polymer nanocomposites, 

methods of their fabrication, and synthesis methodologies of conductive nanofillers. 

Fundamentals of electrical conductivity, dielectric properties and EMI shielding of polymer 

nanocomposites are also reviewed. 

• Chapter 3 presents the graphene nanoribbon synthesis method, and the impact of its structural 

change on electrical conductivity, EMI shielding and mechanical properties of TPU based 

polymer nanocomposites. 

• Chapter 4 describes the synthesis of Ti3C2Tx MXene nanoflake and its surface modification 

with polyaniline nanofibers. The impact of surface modification on electrical conductivity 

and EMI shielding performance of PVDF based nanocomposites are discussed.  

• Chapter 5 presents the fabrication of polymer nanocomposite using the freeze casting method 

which is the infiltration of a 3D nanofiller matrix. The impact of rGOnR and MXene 
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hybridization on enhancing impedance matching between air and CPnC for obtaining ultra 

high absorption EMI shielding properties were elaborated.  

• Chapter 7 summarizes the main results drawn from chapters 3 to 5 and proposes some 

extended future works to follow this thesis work. 

 

  



 

 6 

Chapter 2 

Literature Review 

2.1 Summary 

In this chapter, a background of recent literatures on conductive polymer nanocomposites (CPnC) and 

their ingredients is presented. A variety of methods used to fabricate CPnCs are reviewed, along with 

methods of conductive nanomaterials synthesis and their dispersion in polymer matrices. The functional 

properties of the CPnCs such as electrical, dielectric, EMI shielding, and mechanical properties are also 

reviewed.  

2.2 Conductive polymer nanocomposites (CPnC) 

Polymer nanocomposites are composed of a polymer matrix that is reinforced with particles or fibers 

that are typically in the 1-100 nanometer size range and can be made of metallic, ceramic, or organic 

materials. When nanomaterials are incorporated, their unique properties create a synergistic effect that 

leads to exceptional properties of the resulting nanocomposite. The size reduction to the nanoscale 

allows for quantum effects and a substantial increase in surface area per volume, which enhances 

interactions between the elements and results in behaviors that are significantly different from those of 

bulk materials [30,31]. By adding specific functional nanomaterials to the polymer matrices, 

multifunctional polymer nanocomposites, including electrically conductive polymer nanocomposites 

(CPnC), can be produced. CPnCs are typically made by incorporating conductive nanoparticles, such 

as carbon nanotubes, graphene, or metallic nanoparticles or nanofibers, into a polymer matrix. The 

addition of conductive nanoparticles to polymers can greatly enhance their electrical conductivity, 

which is important for a variety of applications. The electrical conductivity can be tuned by varying the 

type, concentration, and arrangement of nanoparticles in the polymer matrix. CPnCs have shown 

promise in various applications, including in flexible electronics, transparent conductive coatings, 

electrostatic discharge protection, and electromagnetic interference (EMI) shielding. The ability to 

integrate electrical conductivity with the other desirable properties of polymer nanocomposites makes 

them an attractive material for a wide range of applications [32]. In this thesis, thermoplastic 

polyurethane, polyvinylidene fluoride and polydimethylsiloxane were used as polymer matrices. 

Carbon based nanomaterials and 2D transitional metal carbide were used as conductive nanofillers.  
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2.2.1 Polymer matrix 

2.2.1.1 Thermoplastic polyurethanes 

Polyurethanes are a type of engineering polymer that is receiving significant attention from both 

industry and academia. They have a wide range of applications, including coatings, adhesives, 

injection-moulded parts, and elastomers, which are commonly used in everyday life, as well as 

biomedical and advanced engineering applications. Thermoplastic polyurethanes (TPU) are typically 

produced by reacting a diol and a diisocyanate, although recently some methods that do not require 

diisocyanates have been proposed for the preparation of thermoplastic polyurethanes, Figure 2.1.  

 

Figure 2.1 General isocyanate/alcohol reaction mechanism [33] 

Polyurethanes are formed from three main building blocks: polyols, isocyanates, and chain extenders. 

The choice of these building blocks can result in a wide range of properties for polyurethane products. 

Polyols typically have long flexible chains, while isocyanates and chain extenders are short and stiff 

molecules. Many different types of polyols are available for polyurethane synthesis, including 

polyester, polyether, polycarbonate, polytetrahydrofuran, acrylate, polyolefin, and silicone-based 

polyols. However, there are only a few aromatic and aliphatic isocyanates that are commonly used for 

polyurethane syntheses, such as methylene diphenyl diisocyanate (MDI), toluene diisocyanate (TDI) 

and hexamethylene diisocyanate (HDI). The reaction between these building blocks creates a 

segmented structure for polyurethane molecules, with alternating sequences of isocyanate and chain 

extender forming the hard segment and the flexible polyol chain forming the soft segment. These two 

segments are linked together by covalent bonds to create block-copolymers. As illustrated in Figure 

2.2-a, polyurethanes account for 6% of global plastic usage. The global market demand for TPU from 

2012 to 2022 can be seen in Figure 2.2-b [33,34]. 
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Figure 2.2 (a) Global market usage of plastics, (b) demand for TPU worldwide from 2012 to 2022 

TPU nanocomposites are commonly used in a variety of engineering applications. There are three main 

methods for preparing TPU nanocomposites: melt compounding [35–37], solvent blending [7,38], and 

in-situ polymerization [39]. Melt compounding is a scalable method, but it has a lower capability for 

dispersing nanomaterials. Solvent blending is typically used in lab-scale settings and has the capability 

for high loading and good dispersion of nanomaterials. In-situ polymerization is also an efficient 

method for nanomaterial dispersion, but it is challenging to achieve high nanomaterial loading due to 

the significant increase in viscosity [33]. 

2.2.1.2 Polyvinylidene fluoride 

PVDF is a type of thermoplastic that belongs to the fluoropolymer family and is known for its highly 

non-reactive nature, Figure 2.3-a. It is a semi-crystalline polymer with an average density of 1.78 g/cm3 

and impressive mechanical properties, chemical resistance, and thermal stability. Additionally, PVDF 

demonstrates excellent electrical insulation properties, UV resistance, and weather ability. This material 

finds use in a wide range of fields, including electronics, medicine, textiles, acoustics, and solar cell 

and piezoelectric element manufacturing [40]. PVDF can exist in different crystal polymorphs, 

including α (TGTG′), β (TTTT), γ (TTTGTTTG′) and δ forms. T and G stand for the trans and gauche 

chain conformations, respectively, Figure 2.3-b. α-phase is the most commonly found non-polar phase, 

and the others are electrically active polar phases. The polar β-phase, in particular, is attractive due to 

its piezoelectric, pyroelectric, and ferroelectric characteristics, and can be induced through stretching 

PVDF or the addition of certain nucleating agents [41].  
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Figure 2.3 (a) Chemical structure of PVDF, (b)chain conformations of PVDF crystals, red, 

cyan, and blue spheres represent F, C, and H atoms. 

2.2.1.3 Poly (dimethylsiloxane) 

Poly (dimethylsiloxane) or PDMS, is a type of silicone polymer that is widely used in various industries 

due to its unique properties [42]. It consists of an inorganic backbone linked with silicon and oxygen. 

Methyl groups are bonded to silicon atoms that establish a repeating unit in the polymer chain with a 

monomer molecular weight of 74 g/mol, Figure 2.4.  

 

Figure 2.4 Unit chemical structure of a PDMS 

As a silicon elastomer, versatile applications for PDMS have been developed, such as medical devices, 

prostheses and internal body applications due to its biocompatibility, antifoaming agent, heat-resistant 

lubricants, fire retardants, in cosmetics and as a matrix of CPnC in sensors, energy storage, and EMI 

shielding. PDMS is also considered inert, non-toxic and non-flammable [43]. Economically, PDMS 

may not account for a significant portion of global plastic usage but plays an important role in many 

industries and applications due to its unique properties and versatility. 

PDMS was first synthesized in the 1940s by Eugene G. Rochow, who was studying the properties of 

silicones at the General Electric Company [42]. He synthesized dimethyldichlorosilane, (CH3)2SiCl2, 

as the initial material for PDMS synthesis. Rochow designed an experiment in which HCl:CH3Cl gas 
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mixture (1:50 ratio) passes through a silicone (Si)/cupper alloy inside a 370 C furnace. The gaseous 

mixture reacts with Si and resulted in (CH3)2SiCl2. The obtained product readily reacts with the 

surrounding water molecules to produce (CH3)2Si(OH)2. Condensation of the produced (CH3)2Si(OH)2 

results in PDMS. Figure 2.5 shows the reaction mechanism: 

 

Figure 2.5 PDMS synthesis reaction mechanism 

PDMS is a two part polymer consisting of a base and curing agent. Both parts are siloxane oligomers 

with vinyl end groups. the base includes a platinum based catalyst which helps cure the elastomer by 

an organometallic crosslinking reaction. Crosslinking siloxane oligomers with a minimum of three 

silicon-hydride bonds are in the curing agent. The combination of the base and the curing agent, with 

the aid of a catalyst, leads to a process called hydrosilation of double bonds. During this process, the 

Si-H bonds in the curing agent react with the double bonds in the base, resulting in the formation of a 

Si-CH2-CH2-Si chain. Notably, this reaction does not generate any waste products. The curing agent 

contains multiple reaction sites, which enable three-dimensional networking to occur. The stiffness of 

the cured elastomer depends on the ratio of curing agent to base, with higher ratios resulting in more 

rigid elastomers [44]. 

2.2.2 Conductive nanomaterials  

Conductive nanomaterials are materials with electrical conductivity at the nanoscale level. They are 

typically made up of metallic, carbon-based nanoparticles, and recently transitional metal carbides or 

nitrides that are highly conductive and have unique properties such as high surface area and tunable 

electronic properties. The dimensionality of the conductive nanomaterial ranges from zero to three 

(graphite). Some common examples of conductive nanomaterials include carbon black or metal 

nanoparticles (0D), carbon nanotube (CNT) or metallic nanowires (1D), graphene nanoribbon (semi 

2D), graphene or MXene (2D), and graphite (3D) and conducting polymers. In this thesis we have used 
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multiwalled carbon nanotube (MWCNT), graphene nanoribbon and Ti3C2Tx MXene as conducting 

nanomaterials.  

2.2.2.1 Graphene nanoribbon 

Carbon is a common element in the universe, ranking fourth by mass after hydrogen, helium, and 

oxygen. It is present in various forms, such as diamond, graphite, graphene, buckminsterfullerene 

(nano- sized spheres of rolled-up graphene), and nanotubes [45]. Each of the carbon forms has been a 

star material at one time. For example, graphene which is a single atomic layer of sp2 hybridized carbon 

atoms has been given nicknames as “super carbon” [46]. This is due to its intrinsic high electrical (6,000 

S/cm) and thermal (5,000 W/(m.K)) conductivity, excellent mechanical strength (130 GPa) and 

flexibility, large surface area (~2630 m2/g) and exceptional catalytic properties [47]. Since the 

development of CPnCs, there has been a great deal of interest in the properties of carbon based 

nanomaterials owing to their substantial -electron delocalization. Furthermore, fast developments in 

miniaturized portable electronics have pushed researchers to nanostructures via the top-down approach. 

In recent decades, carbon based nanostructures such as 2D graphene or 1D CNTs, are among the most 

promising candidates for CPnC based electronics.  

Graphene nanoribbons (GNRs) as thin, elongated strips of graphene that possess abundant edges along 

with a high length-to-width ratio have become an important subclass of graphene materials. They 

represent a particularly versatile variety of graphene in which its electrical properties change from 

semiconductors to semimetals as their width is increased. GNRs can be produced using several different 

techniques, and most of the techniques use graphene or CNTs as a starting material. Starting with 

graphene as the precursor of GNR, various methods such as plasma etching, metal catalyzed graphene 

sheet cutting, sonochemical cutting of graphene, and lithographic techniques have been reported [48–

50]. Synthesis of GNR from MWCNT was also reported through different approaches such as etching 

by Argon plasma, chemical attack by strong oxidizing agents, lithium and ammonia induced 

exfoliation, and metal catalyzed MWCNT cutting, and chemical vapor deposition (CVD) technique 

[51–55]. Among these approaches, simple, efficient (yield ~100%), and scalable longitudinal oxidative 

unzipping of MWCNTs is the most promising. In this thesis, this technique was used to synthesize 

graphene nanoribbons and the method is described in Chapter 3. Owing to the high available surface 

area, high mechanical strength and electrical conductivity of GNRs, and the scalability of the synthesis 

they have been investigated for the fabrication of nanocomposites and use in batteries, supercapacitors 
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and fuel cells [56–60]. In this thesis, nomenclatures of GNR in chapter 3 and rGOnR were used for 

reduced graphene oxide nanoribbon.  

2.2.2.2 MXene 

After the rise of graphene in 2004 [21,61], the number of research on 2D nanomaterials has increased 

and led to the discovery of MXene in 2011 [25]. MXene is synthesized from the MAX phase which 

stands for the chemical formula of M, A and X compounds. MAX phase belongs to the group of ternary 

carbides and nitrides of transition metals with stacked-layer structure. These layered structures have 

the formula of Mn+1AXn where M is an early transition metal, A is from group 13-16 elements (such as 

aluminum, silicon, or carbon), and X can be either carbon, nitrogen or both. The value of n determines 

the number of M-A layers and X layers in the crystal structure and can be 1 to 3 [62]. The chemical 

structure of MAX phases is based on a hexagonal close-packed (HCP) arrangement of atoms. They 

have a layered structure with alternating planes of M and A elements, and a single plane of X elements 

in between. The M and A elements occupy octahedral sites in the HCP lattice, while the X elements 

occupy tetrahedral sites [63]. In a wet chemical reaction, the A layer is selectively removed by 

hydrofluoric acid at room temperature and Mn+1Xn layers were then delaminated by sonication. 

Chemical etching of the MAX phase introduces surface functional groups such as oxygen, hydroxyl 

and fluoride at the surface of MXene nanoflakes and denoted in the MXene structure name as Tx. For 

example, chemical etching of the Ti3AlC2 MAX phase produces Ti3C2Tx MXene nanoflakes. The 

surface functional groups of MXene devoted super hydrophilicity to MXene which is very important 

in its various applications [64]. Ti3C2Tx was the first synthesized MXene, and 19 different MXene 

compositions have subsequently been synthesized (marked with blue in Figure 2.6), with dozens more 

predicted to exist and studied in silico (marked with grey in Figure 2.6) [63]. 
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Figure 2.6 Synthesized MXenes so far [63] 

MXene has outstanding electrical conductivity due to its metallic nature which makes it attractive for 

a range of potential applications such as energy storage devices, EMI shielding, transparent conductive 

coatings, and sensors. Furthermore, other unique properties of MXene such as liquid phase 

processability, excellent mechanical properties and tunable surface functionalities attracted a great deal 

of attention from academia [62]. 

2.2.3 Preparation Methods of CPnCs 

A range of methods has been documented for creating CPnCs, including solution mixing, melt 

blending, and in situ polymerization. Each technique has its strengths and limitations, and the method 

chosen will depend on the specific properties and requirements of the final product. Solution mixing is 

often the easiest approach, where a suitable solvent is used to dissolve the polymer and nanoparticles, 

which are then mixed together and the solvent is evaporated. This method can be particularly useful for 

producing small quantities of CPnCs with a high level of control over the nanoparticle dispersion. 

However, solution mixing may not be suitable for producing larger quantities of CPnCs, and alternative 

techniques such as melt blending or in situ polymerization may be more appropriate. Melt blending 

involves melting the polymer and nanoparticles together and mixing them while they are still in a 

molten state. Even though melt mixing is less efficient than solution mixing in breaking the nanoparticle 

aggregates, melt processing is a widely applied process in industrial practices due to the lack of solvent 

evaporation [65,66]. In situ polymerization involves the polymerization of monomers in the presence 
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of nanoparticles, resulting in the formation of CPnCs. This method can be particularly useful for 

producing CPnCs with a high level of control over the nanoparticle dispersion and for creating CPnCs 

with tailored properties. However, in situ polymerization can be challenging if the nanoparticles 

interfere with the polymerization process or if the monomers and nanoparticles have different reactivity. 

Overall, the choice of method will depend on various factors, including the desired properties of the 

final product, the quantity of CPnCs required, and the equipment and expertise available. 

An alternative approach for preparing CPnCs involves the fabrication of a 3D interconnected aerogel 

structure of nanomaterials, followed by the infiltration of a polymer matrix into the aerogel. To create 

the aerogel, hydrogels are dried in a way that maintains their original structure, as conventional drying 

methods can collapse the pore structure due to capillary action and surface tension. Freeze-drying is 

commonly used to minimize stress on the porous structure during the drying process. Once the hydrogel 

is transformed into an aerogel, the polymer is then infiltrated into it in its liquid state. Due to the low 

viscosity of the polymer, it diffuses into the aerogel without disrupting the original structure and 

network. This method provides an efficient and straightforward way to produce a 3D architecture of 

porous nanomaterials with a polymer matrix. However, the process can be time-consuming and requires 

careful control to achieve the desired structure and properties of the final material. The primary driving 

forces behind the infiltration of polymers are capillary action and gravity, with capillary action playing 

a more significant role in nano-scale nanocomposites. The effectiveness of capillary infiltration is 

influenced by various factors, including the interaction between the surface and the polymer, 

temperature, and the geometry of the pores [67–70]. 

2.2.4 Functional properties of CPnCs 

2.2.4.1 Electrical conductivity 

Electrical conductivity () is reciprocal of the resistivity (). Resistivity is the specific electrical 

resistance of a material which is defined as a measure of how strongly a material opposes the flow of 

electric current: 

𝝈 =
𝟏

𝝆
       2.1 

The material resistance (R) is proportional to the intrinsic resistivity and specimen dimension: 

𝑹 = 𝛒𝒍𝑨     2.2 
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where l is the length between the two points at which the voltage is measured, and A is the cross-

sectional area perpendicular to the direction of the current. The units of R, ρ and σ are ohms (Ω), Ω.cm, 

and siemens (S)/cm, respectively. The electrical current flowing through a fixed linear resistance is 

directly proportional to the voltage applied across it, and also inversely proportional to the resistance. 

This relationship between the voltage, current and resistance forms the basis of Ohm’s law and is shown 

below: 

𝑪𝒖𝒓𝒓𝒆𝒏𝒕 (𝑰) =
𝑽𝒐𝒍𝒕𝒂𝒈𝒆 (𝑽)

𝑹𝒆𝒔𝒊𝒔𝒕𝒂𝒏𝒄𝒆 (𝑹)
    2.3 

2.2.4.1.1 Direct Current Electrical Conductivity Measurement 

Based on the probe arrangement on the sample, there are two approaches for measuring direct current 

(DC) electrical conductivity: in-plane and through-plane. Figure 2.7 illustrates the position of the 

probes against the sample in two different approaches to conductivity measurement. 

 

Figure 2.7 schematic diagram of electrical conductivity measurement setup of (a) in-plane and 

(b) through-plane conductivity [71] 

If probes are located on each side of the sample and the electric current path through the specimen, 

through-plane conductivity will be measured. According to the below equation, through-plane electrical 

conductivity can be calculated: 

𝝈𝑻 =
𝟏

𝝆
=

𝟏
𝑹.𝑨

𝒕

=
𝒕

𝑹.𝑨
    𝑺/𝒄𝒎     2.4 

Where t, R, and A are sample thickness, Resistance and surface area, respectively. If the probes are on 

one side of the sample, parallel to the current direction, the in-plane conductivity will be measured. 

ASTM D257-99 explains the in-plane electrical conductivity via a conventional four-point probe 

conductivity measurement device as below equation [71]: 
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𝝈𝑰 =
𝟏

𝝆
=

𝑰

𝑹.𝒕
= (

𝒍𝒏𝟐

𝝅.𝒕
)

𝑰

𝑽
   𝑺/𝒄𝒎    2.5 

Where ρ is the electrical resistivity, t is the sample thickness, I is the applied current, and V is the 

measured voltage drop. 

In this thesis DC electrical conductivity is measured with two different instruments. First, an in-plane 

four-point probe fixture was designed and fabricated in the laboratory. A DC voltage was applied with 

a DC power supply and the current and voltage drop was measured with digital multimeters, Figure 

2.8.  

 

Figure 2.8 Instruments and the home made fixture to measure DC in-plane electrical conductivity  

DC conductivity was also measured through a Biologic potentiostat under a linear sweep voltammetry 

technique. An in-plane interdigitated four-point probe was used for this measurement, Figure 2.9.  

 

Figure 2.9 (a) Fixture for conductivity measurement with Biologic potentiostat, (b) through-

plane, and (c) in-plane conductivity measurement electrodes 
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2.2.4.1.2 Alternating Current Electrical conductivity 

Alternating current (AC) conductivity measurement is an important technique used to study the 

electrical properties of conductive polymer nanocomposites. AC conductivity measurements involve 

applying an alternating current or voltage to the nanocomposite material and measuring the resulting 

current that flows through the material. The electrical conductivity of the material can then be calculated 

using Ohm's law as discussed above. Usually, AC electrical conductivity at a frequency of 1 Hz is 

considered DC conductivity. The AC conductivity measurement technique can be used to optimize the 

design and performance of CPnCs for a range of applications, including electronic devices, sensors, 

and energy storage systems. Herein, we used biologic potentiostat and through-plane electrodes to 

measure broadband AC conductivity in the frequency range of 1 to 106 Hz, Figure 2.9.  

2.2.4.2 Percolation theory 

Percolation means the formation of a connected network of conductive fillers inside the insulative 

polymer matrix allowing electrons to path from one side to the other side of the sample. The formation 

of a conductive network (percolation) within conductive polymer nanocomposites can be defined and 

predicted by various geometric-, thermodynamic-, and statistical-based models [72–75]. The 

percolation threshold defines as the concentration at which the connected path occurs. The percolation 

threshold is dependent on the geometry, size, and shape of the conductive fillers, as well as the 

properties of the matrix material. By controlling the concentration and properties of the conductive 

fillers, it is possible to tailor the electrical conductivity of the CPnCs for specific applications. The most 

popular prediction model of percolation is the statistical percolation theory which is valid only for the 

filler concentrations above the percolation threshold. In this model, the estimation of percolation 

concentration begins with finite regular arrays of points and bonds. Typically, such arrays can be a 

simple cubic lattice. By computer simulation, one can predict the fraction of existing points or bonds 

that exist in a cluster. The points are in contact with one another in a cluster. The percolation point is 

achieved when the cluster spans the boundary of the arrays [76]. To obtain equations that relate 

conductivity and filler concentration, it is necessary to convert the predicted values into volume 

fractions. The following equation correlates the electrical conductivity of real mixtures with the volume 

fraction of the conductive filler: 

𝝈 = 𝝈𝒇(𝝋 − 𝝋𝒄)
𝒕      2.6 
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where c is the percolation threshold,  is the volume fraction of the conductive filler, f is the 

conductivity of the filler and  is the nanocomposite conductivity. The critical exponent, t, characterizes 

the rate of increase in conductivity as the filler content approaches the percolation threshold. It is 

noteworthy that the electron transferring in CPnCs is not required direct contact with the nanofillers. 

Electron conduction can happen through different mechanisms such as tunnelling and hopping between 

fillers which are separated from each other via a thin layer (about 1.8 nm) of polymer matrix [77,78]. 

Figure 2.10 shows a typical percolation curve of CPnC. Generally, the percolation curves have three 

distinctive zones: (i) insulative zone below the percolation threshold, (ii) percolation zone and (iii) 

conductive zone which is above the percolation threshold. When the concentration exceeds the 

percolation threshold, conductivity will be less sensitive to filler concentration.  

 

Figure 2.10 Typical percolation threshold for electrically conductive polymer nanocomposite 

When the concentration of conductive fillers is low, insulating zone (i), the nanofillers are spaced far 

apart from each other. As a result, the transportation of electrons is controlled by the polymer matrix. 

Consequently, the electrical conductivity of CPnC is similar to that of neat polymers in the range of 10-

13 −10-11 S/cm. Since the filler loading is low in this zone, the gap between insulators is extensive, and 

the possibility of charge transport between conductive fillers is minimal.  

Increasing the filler loading causes a decrease in the insulating gaps between the fillers. When the 

distance between particles reduces to less than 1.8 nm, the electron transport mechanism is governed 

by electron tunnelling and hopping, (Zone (ii)) [77,78]. Essentially, a narrower insulating gap can 
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generate a much higher electric field than the macroscopic applied electric field by a factor of N. The 

N factor is determined by the ratio of the average size of conductive fillers to the average interparticle 

distance [79]. This higher electric field provides enough energy for free electrons to hop or tunnel over 

the insulating gaps. In the tunnelling mechanism, the insulating gap must be narrow enough for the tail 

of the electron wavefunction to pass through a barrier. However, in the hopping mechanism, an electron 

requires sufficient energy to overcome an energy barrier for changing its lattice site [80]. 

When percolation reached (Zone (iii)), direct contact between the nanofillers happens and allows free 

electrons to pass through the nanocomposite. This is why in the percolation zone, the conductivity of 

CPnC significantly increases by several orders of magnitudes. From now, incorporating more 

conductive nanofillers in the polymer matrix does not impact the electrical conductivity significantly. 

The slow increase in the slope of conductivity versus nanofiller loading may be attributed to the high 

contact resistance between the nanofillers [81]. Achieving a low percolation threshold in CPnCs is 

important and favorable from different perspectives. When the percolation threshold is high, a larger 

concentration of fillers is required to achieve the same level of electrical conductivity, which can 

increase the cost of the material and negatively impact mechanical and processing properties. 

Furthermore, high filler concentrations can lead to filler agglomeration, which can cause non-uniform 

electrical conductivity and structural defects in the nanocomposite. By achieving a low percolation 

threshold, CPnCs can be produced with lower filler concentrations, resulting in improved 

nanocomposite properties and reduced cost. The percolation threshold of CPnCs is influenced by 

several parameters, such as the shape, size and aspect ratio of the fillers. The aspect ratio is defined as 

the ratio of the longest dimension to the shortest dimension. For nanotubes, the aspect ratio is the ratio 

of the length to the diameter of the nanotubes, while for planar materials such as graphene, graphite 

flakes or MXene it is taken to be the ratio of the lateral dimension to the thickness of the flakes. Higher 

aspect ratio fillers or larger particles reduce the percolation threshold due to efficient network formation 

in which the number of individual particles in contact to make a conductive pathway is reduced [82]. 

For instance, graphene sheets are more effective than CNT in enhancing the electrical conductivity of 

nanocomposites [83]. However, their lower aspect ratio increases the electrical percolation threshold 

compared to the 1D highly entangled MWCNT networks with a very high aspect ratio [84,85]. Gao et 

al. [86] investigated the effect of GnP flake size on the electrical, thermal and mechanical properties of 

poly(lactic acid) nanocomposite and concluded that the larger GnP flakes size improves young modulus 

and reduces the electrical percolation threshold. Processing condition, intrinsic properties of the matrix, 
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and degree of polymer-filler interactions which impact on quality of the fillers dispersion in polymer 

matrix are the other parameters that affect the percolation threshold and need to be considered to 

achieve CPnCs with lower percolation threshold [87]. 

2.2.4.3 Dielectric properties 

Dielectric materials are insulating materials that can store and release electrical energy. High 

performance dielectric materials have advanced properties that make them potential candidates for the 

next generation of portable electronic devices. Dielectric materials react to the electric field due to the 

displacement ability of their charge carriers. High dielectric permittivity (’) and low dielectric loss 

(tan ) of such novel materials lead them to find their application in a broad range of advanced energy 

harvesting and storage systems [88], piezoelectric generators [89], and inverters and transistors [90]. 

Although polymers have a lower dielectric constant between ’ = 3 to 10, compared to inorganic 

material, they are attractive materials as dielectrics due to extremely low dielectric loss and high 

dielectric breakdown strength [91]. Incorporating conductive or non-conductive fillers in a polymer 

matrix can improve polymer nanocomposites’ dielectric properties. As illustrated in Figure 2.11, the 

concept of dielectric materials can be defined based on charge polarization in a parallel plate capacitor 

in an applied electric field. Polarization is defined as total dipole moments in a dielectric per unit 

volume. 

 

Figure 2.11 Polarization of dielectric material in an applied electric field 

When a voltage (V) is applied to a material, the generated electric field (E=V/d) between two plates 

separated by a distance d polarizes the dielectric material by the separation of positive and negative 

charges. However, polarization is not the only phenomenon that occurs in a dielectric material. The 

electric field induced motion in bound charges is also happening at the same time, which is known as 
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dielectric loss. Taking both polarization and losses into account, dielectric constant can be defined as a 

complex function as below: 

𝜺(𝝎) = 𝜺′(𝝎) − 𝒊𝜺′′(𝝎)    2.7 

where ω is the angular frequency, '(ω) is the real part, and ''(ω) is the imaginary part of the dielectric 

permittivity. Dialectic loss (tan ) is defined as the ratio of the imaginary part to the real part. Four main 

types of polarizations exist in a dielectric material: electronic, ionic, dipolar, and interfacial 

polarizations, as shown in Figure 2.12. As shown in Figure 2.12, each polarization mechanism occurs 

at specific frequency ranges which are associated with a peak in dielectric loss (ε''). Electronic 

polarization is associated with the displacement of electron clouds with respect to the nucleus under the 

influence of an applied electric field. Ionic polarization is present in ionic materials in which ion charge 

displacement and positive and negative charge separation occur in a crystal lattice. This type of 

relaxation mainly exists in ceramics, inorganic crystals and glass [92]. Both electronic and ionic 

polarization show resonance at frequencies in the optical and IR range, respectively. Thus, these are 

classified in the resonance regime. It should be noted that more complicated frequency dependencies 

can be induced by various structures within the material [93,94]. 

 

Figure 2.12. Polarization schemes in frequency domains [91] 
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Dipolar polarization in polymer nanocomposites is due to the orientation of permanent molecular dipole 

moments [95]. Dipolar relaxation occurs between 0.1 Hz to 10 MHz frequency range depending on the 

nature of dipoles, temperature and frequency. Therefore, it is important to control the structure and 

density of dipoles in the synthesis of nanocomposite to obtain various levels of real permittivity and 

dielectric loss. As shown in Figure 2.12, the main cause of material polarization in the frequency range 

of 1 kHz to 1 MHz is interfacial polarization which is associated with the polarization in the interface 

between filler and matrix [96]. Considerable difference in the electrical conductivity of the matrix and 

filler leads to charge accumulation at their interface (based on Maxwell-Wagner-Sillars (MWS) effect) 

[97]. This phenomenon can be explained by the concept of relaxation time (=/). Indeed, different 

conductivity between two components of a dielectric material (matrix and nanofiller) causes charge 

accumulation at the interface with different relaxation times. The more difference in conductivity of 

the components, the more interfacial polarization takes place. [98]. 

2.2.4.4 EMI shielding effectiveness 

Electromagnetic interference (EMI) is defined as “the process by which disruptive electromagnetic 

energy is transmitted from one electronic device to another via radiated or conducted paths or both” 

[99]. The rapid development of portable electronic devices and telecommunication systems, especially 

after the emergence of 5G technology, has brought easier life for the human being. However, as a 

consequence of such developments, EMI has turned into an ever-increasing concern due to its 

deleterious effect on the proper functioning of electronic devices and human health [100]. For example, 

the EMI produced in the power system of laptops can deteriorate the function of a TV antenna or its 

wireless communications with remote control systems.  

Electromagnetic energy of any frequency in the spectrum can cause EMI problems, but mainly it occurs 

due to the radiation in the radio wave and microwave regions as mentioned in Figure 2.13. Therefore, 

the need for shielding our environment from the radiation that is emitted from high frequency (GHz) 

products is crucial, Figure 2.13-c. These products include cellphones or communication devices, 

microwave remote sensors, wireless Local Area Network (LAN) communications satellites, cable and 

satellite television broadcasting, direct-broadcast satellite (DBS), and radio astronomy. Therefore, 

industries demand materials with effective EMI shielding properties as well as being lightweight and 

easy to process. The commercialized EMI shielding materials should have values of at least 20 dB and 

30 dB in order to block 99 and 99.9 percent of the incident EM waves [101]. 
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Figure 2.13 (a) Electromagnetic wave spectrum, (b) a plane electromagnetic wave, and (c) 

properties of electromagnetic waves in radio and microwave region [100,102] 

A plane electromagnetic wave contains electric and magnetic fields which have normal to each other 

and are in a plane which is perpendicular to the direction of wave propagation, Figure 2.13-b. According 

to Lorentz’s force law, the response of electrons to electromagnetic fields in an EMI shielding material 

is as below: 

𝑭⃗⃗ =𝒒𝑬⃗⃗⃗⃗  ⃗ + 𝒒𝒗⃗⃗⃗⃗  ⃗× 𝝁𝟎 𝑩⃗⃗      2.8 

Where 𝑬⃗⃗  and 𝑩⃗⃗  are the strength of electric and magnetic fields, respectively, and q is the charge of 

transferring particle with a velocity of 𝒗⃗⃗ , and 0 is the free space magnetic permeability which is equal 

to 410-7 h.m-1 (Henries/meter) [103].  

As illustrated in Figure 2.14, two regions can be distinguished based on the distance between the EMI 

source and its receptor. The first is the near field, which exists when the distance between the source 

and the receptor is less than 


2𝜋
. In this region, the characteristics of the field are mainly determined by 

the properties of the source. The second region is the far field, which exists when the distance between 

the source and the receptor is more than 


2𝜋
. In this region, the properties of the field are determined by 

the medium through which the EM wave propagates [104,105]. In this thesis, we have focused on the 

second region.  
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Figure 2.14 Wave impedance as a function of distance from the source normalized to /2 [105] 

The effectiveness of EMI shielding material is determined by comparing the power of incident EM 

wave to the power of outgoing radiation wave from the medium or shielding material. The difference 

between incident and outgoing EM waves depends on the frequency of the wave, the electrical 

conductivity and the thickness of the shielding material. A propagating EM wave from a source can be 

reflected, absorbed, and transferred. Reflection, absorption and internal multiple reflections are the 

shielding mechanisms of EMI shielding material [106], Figure 2.15. The reflection mechanism is the 

reflection of a proportion of the incident EM waves from the surface of the shielding material which is 

due to the abundant free surface charge carriers at the surface of the shielding material [7]. However, 

the absorption mechanism which originates from polarization and ohmic losses is a proportion of the 

transmitted EM wave within the shield that is dissipated by absorption and turning to heat [107]. As 

discussed in section 2.2.4.3, polarization loss pertains to the interfacial polarization density which is 

thereby related to the dielectric properties of the shielding material. Ohmic loss attenuates the energy 

of EM wave via current flow through the conduction and tunnelling mechanisms. The internal multiple 

reflection mechanism refers to the phenomenon where electromagnetic waves that have already been 

reflected within an EMI shielding material undergo further reflections [106]. Amplifying the absorption 

shielding mechanism of EMI shielding material is crucial because relying solely on a reflective 

shielding mechanism can cause secondary EMI pollution when the reflected EM waves interact with 

other devices. 
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EMI shielding effectiveness (SE) can be quantitatively analyzed by comparing the power of incident 

(Pi) and transmitted (Pt) EM waves, in decibel (dB) units. EMI SE defines as below equation: 

𝑬𝑴𝑰 𝑺𝑬 = 𝟏𝟎 𝐥𝐨𝐠𝟏𝟎(
𝑷𝒊

𝑷𝒕
) = 𝟏𝟎 𝐥𝐨𝐠𝟏𝟎(

𝑬𝒊
𝟐

𝑬𝒕
𝟐)    2.9 

Where Ei and Et are the strength of the electric field of the incident and transmitted electromagnetic 

waves, respectively. For thick material in which the total shielding effectiveness is higher than 15 dB, 

multiple reflection shielding mechanism is being neglected and the total EMI SE is calculated according 

to Simon’s formula [108]: 

𝑬𝑴𝑰 𝑺𝑬 = 𝟓𝟎 + 𝟏𝟎 𝐥𝐨𝐠 (
𝝈

𝒇
) + 𝟏. 𝟕𝒕√𝝈𝒇    2.10 

Where  is the electrical conductivity (S/cm), f is the frequency (MHz) and t is the sample thickness 

(cm). The first two terms of the formula indicate reflection based EMI shielding and the last term 

represents absorption based EMI shielding. 

In this thesis we measured EMI shielding performance of the nanocomposites using wave guide method 

in the P-band frequency range (12.4-18 GHz) and varying sample thickness. According to ASTM 

D5568-08, reflection effectiveness (SER) and absorption effectiveness (SEA) can be calculated from the 

scattering parameters (S-parameters) which are obtained by a vector network analyzer (VNA). 

Reflection parameters (S11 and S22) were used to calculate the reflection (R) coefficient and 

transmission parameters (S12 and S21) were used to calculate the transmission (T) coefficients, via the 

below equations [106,109,110]. The absorption coefficient is calculated via equation 2.13.  

𝑹 = |𝑺𝟏𝟏|
𝟐 = |𝑺𝟐𝟐|

𝟐     2.11 

𝑻 = |𝑺𝟏𝟐|
𝟐 = |𝑺𝟐𝟏|

𝟐     2.12 

𝑨 = 𝟏 − 𝑹 − 𝑻      2.13 

The total EMI shielding effectiveness (SET) of the nanocomposites is equal to the sum of SER and SEA, 

which could be described by the following equations: 

𝑺𝑬𝑻 = 𝑺𝑬𝑹 + 𝑺𝑬𝑨      2.14 

𝑺𝑬𝑹 = −𝟏𝟎 ⋅ 𝒍𝒐𝒈𝟏𝟎(𝟏 − 𝑹)     2.15 

𝑺𝑬𝑨 = −𝟏𝟎 ⋅ 𝒍𝒐𝒈𝟏𝟎 (
𝑻

𝟏−𝑹
)     2.16 



 

 26 

 

Figure 2.15 Schematic illustration of EMI shielding mechanism 

The efficiency of EMI shielding in CPnCs relies on specific factors and characteristics, such as the 

electrical and magnetic properties of the conductive nanomaterials and insulative polymer matrices, as 

well as the nanocomposite's fabrication techniques, structure, and filler content. For example, higher 

conductivity and dielectric constant of the polymer matrix can increase the EMI shielding effectiveness. 

Furthermore, other properties of the matrix, such as high molecular weight (which results in high 

viscosity during processing) or low thermodynamic affinity between the polymer matrix and filler 

material, decrease the quality of nanomaterial dispersion and subsequently decrease CPnC's 

conductivity by increasing the percolation threshold. As we discussed in section 2.2.4.2, intrinsic 

properties of the conductive nanomaterials, such as electrical conductivity, size, shape, and aspect ratio, 

play a crucial role in the quality of the created conductive network and determine the electrical 

conductivity of the CPnC. With high electrical conductive nanomaterial, extra-large aspect ratio, and 

planar structure, a very high electrical conductivity of CPnC is achievable, resulting in excellent EMI 

SE. The processing method of the CPnCs is also highly important in creating an efficient conductive 

filler network. Solvent blending is much more effective than melt blending to obtain good nanomaterial 

dispersion, while the environmental concerns of using solvents impede this method from 

industrialization. Due to the significant viscosity rise at higher nanomaterial loadings, in-situ 

polymerization is more efficient in lower loadings. Besides the material properties, considering 

engineering aspects in designing CPnC can further help in enhancing EMI SE. For instance, increase 

the thickness of the shielding material can enhance EMI SE. Moreover, introducing microcellular 
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structure in CPnC can improve the EMI SE mostly by absorption mechanism. Incident EM waves trap 

inside the conductive cell walls and dissipate through multiple internal reflections. A layered structure 

design with a gradient change of conductivity is another approach to tune the surface impedance 

mismatch and create highly efficient EMI shielding CPnCs. [111]. In summary, a successful design for 

highly efficient EMI shielding CPnC requires an essential to optimize the constituents, quantities, types, 

structure, morphology, and processing methods. In summary, a highly efficient EMI shielding CPnC 

design requires optimization of the constituents, quantities, types, structure, morphology, and 

processing methods [100,112]. Table 2.1 presents a summarized list of various factors that are 

necessary to consider when designing a conductive polymer composite with highly efficient EMI 

shielding capabilities. 

Table 2.1 Factors affecting the shielding effectiveness of CPnC based EMI shielding material 

Matrix/Nanomaterial Properties 

• Molecular weight 

• Crystallization 

• Dielectric properties (Permittivity, Permeability etc.) 

• Polymer-filler interactions 

• Status of the filler dispersion 

Nanomaterials 

• Electrical conductivity 

• Magnetic properties 

• Concentration 

• Type  

• Size 

• Shape 

• Aspect ratio 

Nanocomposite fabrication method 

• Melt blending 

• Solvent blending 

• In situ polymerization 

Engineering design of CPnC 

• Bulk nanocomposite 

• Multilayered nanocomposite 

• Segregated structure 

• Microcellular structure 

• Coated layered structure 

• Layered film/foam structure 

• Nanocomposite thickness 
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2.2.4.5 Mechanical properties 

Mechanical properties are important in developing high performance CPnCs for various applications 

including EMI shielding for several reasons: 

• Durability: CPnCs used for EMI shielding applications are often subjected to mechanical 

stresses during their service life, such as impact, vibration, and bending. Mechanical properties 

such as strength, toughness, and ductility are crucial to ensure that the nanocomposite can 

withstand these stresses without failure or degradation. 

• Processing: CPnCs are typically produced through a combination of mechanical and chemical 

processing steps, such as solution mixing, extrusion, and injection moulding. Mechanical 

properties such as viscosity, melt flow rate, and elasticity can significantly affect the processing 

behavior of the nanocomposite, and ultimately determine the final product quality. 

• Adhesion: CPnCs are often used as coatings or films on substrates such as metals or plastics. 

Good adhesion between the nanocomposite and the substrate is critical to ensure proper EMI 

shielding performance. Mechanical properties such as adhesion strength and interfacial 

bonding can impact the adhesion between the nanocomposite and the substrate. 

• Weight: High-performance EMI shielding applications often require lightweight materials that 

can be easily moulded or shaped into complex geometries. Mechanical properties such as 

density, stiffness, and impact resistance can affect the weight and formability of the 

nanocomposite, and ultimately the ease of manufacturing and transportation. 

It is important to note that the mechanical properties of CPnC and its EMI shielding effectiveness are 

closely connected. The mechanical properties of CPnCs are crucial to ensure that it meets the required 

performance standards in terms of strength, durability, and flexibility while performing highly efficient 

EMI shielding functionality. The mechanical properties of CPnCs depend on several factors such as the 

type of polymer matrix used, the filler materials, polymer-filler interactions and their processing 

methods.  

A universal testing machine (UTM) is a simple instrument that makes mechanical property 

characterization feasible. In this thesis, we characterized the mechanical properties of the 

nanocomposite via this instrument. To analyze the tensile properties of the polymeric materials, based 

on ASTM D638-14 “Standard Test Method for Tensile Properties of Plastics”, sample is clamped 

between two grips and elongated at a constant rate. The Strain-stress curve (SS curve) is obtained by 
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the test and the mechanical properties such as a tensile modulus (Young’s modulus), tensile strength, 

and elongation at break are calculated by the curve. The tensile modulus represents the stiffness of a 

material using the initial slope of the SS curve. Tensile strength is a measurement of the force required 

to pull material to the point where it breaks. The tensile strength of a material is the maximum amount 

of tensile stress that it can take before failure. The elongation at break presents the maximum strain 

when the specimen is ruptured and represents the ductility of the material. 

2.3 Conclusions and future perspectives 

In summary, the demand for EMI shielding materials is increasing rapidly due to the growing use of 

electronic devices in various industries such as telecommunications, automotive, aerospace, and 

healthcare. The current research aims to develop shielding materials that can satisfy the requirement 

for shielding effectiveness without the drawbacks of traditional metallic shields. CPnC has several 

advantages over other EMI shielding materials such as metals, including its light weight, high strength, 

and low cost. Additionally, it is easy to process and can be moulded into complex shapes, making it 

ideal for use in a wide range of electronic devices. The market for EMI shielding materials based on 

CPnC is expected to grow significantly in the coming years, driven by the increasing demand for 

reliable and safe electronic devices. Despite advancements in laboratory-level preparation of shielding 

materials, there is still a significant disparity between their performance in controlled settings and their 

practical use in industrial applications. Therefore, further research in developing advanced CPnCs, 

including the development of new polymer matrices and conductive nanomaterials, are required and 

expected to improve its mechanical and electrical properties further, leading to the development of 

durable, flexible lightweight and more efficient EMI shielding materials.  
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Chapter 3 

Enhanced Electrical and Mechanical Properties of Graphene 

Nanoribbon/ Thermoplastic Polyurethane Nanocomposites 

This chapter is reprinted in adapted form from the article below with permission from Elsevier. 

Yun-Seok Jun †, Saeed Habibpour †, Mahdi Hamidinejad, Moon Gyu Park, Wook Ahn, Aiping Yu, 

Chul B. Park, “Enhanced Electrical and Mechanical Properties of Graphene Nanoribbon/ 

Thermoplastic Polyurethane Nanocomposites”, Carbon (2021), 174, 305-316 (†Equal Contribution) 
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3.1 Introduction 

In recent decades, electrically conductive polymer nanocomposites (CPnCs) have attracted a great deal 

of attention from both academia and industry as highly desirable and advanced materials due to their 

functionality, lightweight [6], ease of fabrication [87,113] and low cost [114]. CPnCs have great 

potential for an array of applications including sensors[115–119], energy storage devices [120–122], 

electromagnetic interference (EMI) shielding [123–128], electrostatic dissipation [129,130] and energy 

conversion [131]. The electrical properties of the polymer nanocomposites can be tuned by adjusting 

the intrinsic polymer properties and the morphology of conducting filler. The rapid growth of the 

electronics industry in modern society requires advanced materials that mask the released 

electromagnetic fields to ensure, not only undisturbed and precise operation of the equipment, but also 

guard human beings from deleterious effects of the electromagnetic waves [123,132]. CPnCs are one 

of the best candidates for halting electromagnetic pollution. 

Among many carbonaceous nanofillers, multi-walled carbon nanotubes (MWCNTs) and graphene are 

the two best candidates for developing multifunctional polymer nanocomposites [125,126,133–137]. 

When incorporated into polymer matrices, their different geometrical and structural features lead to a 

massive variety of network formations and final properties of the nanocomposites [84,138–142]. While 

MWCNTs have a one dimensional tubular structure with a high length-to-diameter aspect ratio and 

electrical conductivity of 106-107 S/m [143,144], graphene is the world’s first two dimensional material 

with extraordinary properties [145–147]. Although graphene provides better bridging properties that 

enhance the polymer-filler or filler-filler interactions in polymer nanocomposites due to its exceptional 

surface area [148,149], the lower length-to-width aspect ratio and easy stacking of graphene sheets 

often result in a high electrical percolation threshold as compared to the highly entangled MWCNT 

networks [150].  

To take advantage of both MWCNTs and graphene, researchers have used hybrids of the two fillers 

when fabricating nanocomposites, and this often leads to enhanced electrical and EMI shielding 

properties of CPCs. For instance, Zhao et al. [123] compared the effect of a hybrid of MWCNTs and 

graphene on the EMI shielding efficiency of polyvinylidene fluoride (PVDF) nanocomposites. They 

showed that a higher EMI shielding value can be achieved by hybridizing 5 wt% MWCNTs with 10 wt 

% graphene (27.58 dB), as compared to using 15 wt% graphene alone (22.58 dB). Zhang et al.[151] 

also observed very high dielectric properties of cyanate ester resin/expanded graphite (EG)/MWCNT 
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nanocomposite due to the synergistic effect of EG and MWCNTs. In their system, EG was found to 

improve MWCNT dispersion and provide an effective filler network by serving as a bridging agent 

between adjacent MWCNTs.  

A similar yet more advanced approach can be the integration of the morphological characteristics of 

graphene and MWCNTs into a single structure. Graphene nano-ribbon (GNR) is a long strip of 

graphene sheet with a very high length-to-width ratio (100–500) [152–154]. Owing to its distinctive 

benefits, researchers have made significant efforts to produce GNR by several different methods, 

including Argon plasma carving [155], a sonochemical method [156], chemical vapor deposition[157], 

electron-beam lithography [158] and lengthwise unzipping of MWCNTs by chemicals [153,159,160]. 

Being scalable with a potential for high production yield, the chemical unzipping of MWCNTs is the 

most promising method for polymer nanocomposite study. 

The effect of GNR when incorporated into a polymer is rather controversial. For example, Sinitskii et 

al. [161] fabricated four terminal devices based on GNR and observed that the reduced monolayer of 

GNR has average electrical conductivity of 1–3 order of magnitude higher than reduced GO flakes. 

Yang et al. illustrated that the use of GNR enhanced both electrical and mechanical performance of 

polyvinyl alcohol/GNR nanocomposites. As compared to MWCNTs, 32.5% increase in electrical 

conductivity and 490% in Young’s modulus were reported [162]. On the other hand, Arjmand et al. 

[163] compared the conductivity of PVDF/GNR and PVDF/MWCNT nanocomposites and showed that 

MWCNTs were able to form a better conductive network, enhancing the electrical conductivity. 

Furthermore, Sadeghi et al. [164] suggested that inferior performance of GNR nanocomposite could be 

due to lower interlacing ability of the GNR strips and excessive adhesion of polymer chains on the 

GNR interface that increases the surface resistivity. There could be many different reasons for such 

conflicting results. Depending on the GNR fabrication methods, the physical and chemical properties 

of GNR may vary dramatically. Moreover, the nanocomposite processing method is another crucial 

issue that directly impact the properties of the nanocomposites. The chemistry and physical properties 

of polymer matrix also influence the affinity between the matrix and filler and the degree of dispersion. 

In this work, GNR and parent MWCNTs were added to thermoplastic polyurethane (TPU) and the 

electrical conductivity, the dielectric property, the EMI shielding effectiveness (SE) and the mechanical 

properties of the nanocomposites were thoroughly investigated and compared. It was found that the 

electrical conductivity, the EMI SE and the mechanical properties of GNR/TPU nanocomposites were 
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far superior to those of MWCNT/TPU nanocomposites. This greatly heightened performance of GNR 

added nanocomposites is mainly attributed to enhanced filler interconnections between GNRs. The 

individual filler particle flexibility was significantly increased when tubular multi-layered CNTs were 

opened and transformed into long, thin strips. This allows geometrical conversion from line-to-line to 

sheet-to-sheet contact interfaces, which considerably increases the contact area. The increased 

flexibility also increased the chances of forming a percolating network between fillers. In addition, the 

unzipping and exfoliation of MWCNTs resulted in the increase of the number concentration of filler 

particles, leading to improved electrical and mechanical performance. 

3.2 Experimental Section 

3.2.1 Materials and sample preparation 

MWCNTs with a diameter of 20–30 nm and a length of 10–30 μm were purchased from Cheap-Tubes 

Inc. Hydrogen peroxide (30%), phosphoric acid, sulfuric acid and dimethylformamide (DMF) were 

acquired from Sigma Aldrich. Potassium permanganate was purchased from EMD Chemicals. 

Aromatic polyether-based thermoplastic polyurethane (TPU), Estane® 58123-Lubrizol, was used as the 

polymer matrix.  

As illustrated in Figure 3.1, by utilizing the improved Hummer’s method proposed by James Tour and 

co-workers, MWCNTs were longitudinally unzipped to produce graphene oxide nano-ribbon (GONR) 

solution [153,165]. GONR solution was freeze-dried to obtain GONR powder. GONR powder was 

subsequently thermally reduced at 900 °C to produce GNR powder. Both GNR and MWCNT powders 

were used as conductive fillers for a comparative study. MWCNT/TPU and GNR/TPU nanocomposites 

were prepared by solution processing and compression molding as follows. 10 g of TPU was dissolved 

in 100 mL of DMF and stirred at 90 °C for 3 hours. A certain amount of filler was added to the DMF 

solution and sonicated for 5 hours in a bath sonicator. The bath temperature was fixed at 20 °C to 

enhance the efficiency of the sonication process, promoting the degree of filler dispersion [166]. This 

mixture was then placed in an evaporating dish and dried in a convection oven at 70 °C for 3 days. The 

dried powders were compression molded into circular samples with a diameter of 20 mm at a 

temperature and pressure of 200 °C and 5 MPa, respectively. The prepared samples had filler contents 

of 1.0, 3.1, 5.3 and 8.2 vol%. The prepared samples have contents of 2, 6, 10 and 15 wt.%. The 

corresponding volume percentage loading of the nanocomposites were calculated according to the 

equation provided in section 3.5 and were as 1.0, 3.1, 5.3 and 8.2 vol%, respectively.  
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Figure 3.1 Procedure of oxidative unzipping of MWCNT and subsequent thermal reduction 

process to produce GNR, (Reprinted from S. Habibpour et. al, Chemical Engineering Journal 

405, (2021), 126858) [165] 

3.2.2 Characterization 

The individual MWCNT and the unzipped GNR were imaged by transmission electron microscopy 

(TEM) (JEOL 2010F) for verification of longitudinal unzipping reaction. The morphology of the 

nanocomposite samples was characterized by scanning electron microscope (SEM) (Quanta EFG250). 

The nanocomposite samples were cryo-fractured and subsequently sputter-coated with gold for SEM 

imaging. X-ray diffraction (XRD) (Rigaku Miniflex 600) was used to investigate the alteration of 

crystal structure of MWCNT induced by oxidation and reduction processes. The defects and disorders 

of MWCNT and GNR were explored by means of Raman spectroscopy (Bruker Senterra, 532 nm). 

The electrical conductivity, the dielectric constant (permittivity) and the dielectric loss of the samples 

with a 20 mm diameter and a thickness of 1.3 mm were measured using an Alpha-A high performance 

dielectric impedance analyzer (Novocontrol Technologies GmbH & Co. KG). The broadband 
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alternating current (AC) electrical properties of MWCNT/TPU and GNR/TPU nanocomposite samples 

were measured for frequencies from 1×10-1 to 1×105 Hz. The electrical conductivity at a frequency of 

0.1 Hz was reported as the direct current (DC) electrical conductivity. The parallel analyses of the 

dielectric properties were performed at a frequency of 1×103 Hz.  

The EMI SE of the MWCNT/TPU and GNR/TPU nanocomposite samples with dimensions of 

16×8.0×1.3 mm3 was analyzed over a frequency range of 12.4–18 GHz (P-band) using an Agilent 

N5234A vector network analyzer. The reflection (R), transmission (T) and absorption (A) coefficients 

were calculated from the S-parameters (S11 and S21) based on the following equations. 

𝑹 = |𝑺𝟏𝟏|
𝟐      3.1 

𝑻 = |𝑺𝟐𝟏|
𝟐      3.2 

𝑨 = 𝟏 − 𝑹 − 𝑻      3.3 

The total EMI shielding effectiveness (SET), the EMI shielding by absorption (SEA), the EMI shielding 

by the reflection (SER) were determined by the following equations: 

𝑺𝑬𝑻 = 𝑺𝑬𝑹 + 𝑺𝑬𝑨      3.4 

𝑺𝑬𝑹 = −𝟏𝟎 ⋅ 𝒍𝒐𝒈𝟏𝟎(𝟏 − 𝑹)     3.5 

𝑺𝑬𝑨 = −𝟏𝟎 ⋅ 𝒍𝒐𝒈𝟏𝟎 (
𝑻

𝟏−𝑹
)     3.6 

Tensile testing was performed on an ADMET universal testing machine (eXpert 7603, USA) with a 

crosshead speed of 5 mm/min. Nanocomposites were cut into a rectangular shape of 11×5×0.5 mm3. 

The tensile modulus was determined by the linear slope of the initial stress-strain curve in the strain 

range of 2-10%. 

3.3 Results and Discussion 

3.3.1 Material characterizations 

Figure 3.2-a is a schematic illustration of a lengthwise MWCNT unzipping to produce GNR. 

Figure 3.2-b and c are the TEM images of MWCNT and GNR, respectively, which clearly 

demonstrate that thin and elongated strips of GNR is successfully prepared from MWCNT. 

The unzipped GNR exhibits a very high length-to-width aspect ratio (100-500) with a length 
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of 10-30 µm and a width of 60-90 nm, approximately.  

 

Figure 3.2 (a) Schematic illustration of chemical unzipping of MWCNT to produce GNR. TEM 

images of (b) MWCNT and (c) GNR.  

The structural alteration of MWCNT due to the oxidation and reduction reactions is explored by means 

of XRD, Figure 3.3-a. Brag’s equation can be used to determine the interlayer distances (d) between 

graphitic layers, and Scherrer-Debye equation provides size of the graphitic crystalline structures (). 

The average number of graphitic layers in nanoparticles was determined by dividing the crystal size 

over the interlayer distance [165]. 

𝐝 =
𝝀

𝟐𝒔𝒊𝒏(𝜽)
       3.7 

𝛕 =
0.89 𝝀

𝜷𝒄𝒐𝒔(𝜽)
       3.8 

𝐍𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐥𝐚𝐲𝐞𝐫𝐬 =
𝝉

𝒅
      3.9 
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where λ is the wavelength of X-rays and β is the Full Width at Half Maximum peak. The MWCNTs 

showed a 2 peak at 26.06, indicating an interlayer distance of 3.43 Å. The 2 peak for GONR appeared 

at 9.90 with a calculated interlayer distance of 8.92 Å. The interlayer distance increased from 3.43 Å 

to 8.92 Å since the functional groups intercalated between the multi-layers of MWCNT during the 

oxidation reaction. The 2 peak for GNR was located at 26.08, implying that the intercalated 

functional groups were removed by the thermal reduction. The calculated interlayer distance was 3.41 

Å. It is notable that the 2 peak for GNR broadened and its intensity was also significantly reduced, 

which implies that MWCNTs have been highly exfoliated and GNR existed in a few-layer structure. 

The calculated parameters are summarized in Table 3.1. 

 

Figure 3.3 (a) XRD and (b) Raman spectra of MWCNT, GONR and GNR. 

MWCNT also experiences significant defects and disorders on their sp2 structures during oxidation and 

reduction processes. Raman spectroscopy has been effectively used to quantify these defects and 

disorders when carbonaceous materials oxidize and reduce [159,161]. Figure 3.3-b describes the Raman 

spectra of MWCNT, GONR and GNR, respectively. The D-band on the Raman spectra is the measure 

of the lateral density of scattering defects in graphene [167]. The intensity ratio of ID/IG which is 

expressed by the sp3/sp2 carbon ratio, is commonly used to estimate the quality of carbon materials. 

When MWCNT is oxidized and transformed to GONR, ID/IG increased from 0.70 to 1.04. This indicates 

the creation of edge structures of GNR by the unzipping process. The edge structures act as defects and 

escalate the D peak intensity. When GONR is thermally reduced to produce GNR, ID/IG is further 
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heightened to 1.17. This has been previously studied and understood that the increase of ID/IG is 

explained as a decrease in the average size but an increase in the number of sp2 domains upon reduction. 

Thermal reduction enhances the number of sp2 domains, but their overall sp2 domain size on the plane 

strongly decreases [168]. The calculated parameters including the inter-defect distance (La) is illustrated 

in Table 3.1. The inter-defect distance (La) is calculated by combining the relative intensity ratio (ID/IG) 

into the Tuinstra & Koenig equation:  

𝑳𝒂 = (𝟐. 𝟒 × 𝟏𝟎−𝟏𝟎)𝝀𝟒 (
𝑰𝑫

𝑰𝑮
)
−𝟏

    3.10 

where λ is the excitation laser wavelength (532 nm) [169]. 

Table 3.1 The parameters extracted from XRD and Raman spectra 

Materials XRD Raman XPS (Area %) 

2θ Interlayer 

Distance 

(Å) 

FWHM 

(radian) 

 (Å) Number 

of 

layers 

ID/IG La 

(nm) 

C=C 

C-C 

C-O 

C=O 

O-C=O 

MWCNT 26.06 3.43 0.0348 40.88 11.97 0.70 27.61 - - 

GONR 9.90 8.92 0.0974 14.28 1.60 1.04 18.40 29.9 70.1 

GNR 26.08 3.41 0.2558 5.56 1.63 1.17 16.47 77.3 22.7 

 

The surface element composition of GONR and GNR samples was analyzed by XPS. The high 

resolution C 1s spectra of GONR and GNR are described in Figure 3.4. The obtained XPS spectra were 

deconvoluted to reveal sp2 and sp3 hybridized carbon atoms (C=C and C-C at 284.6-285.5 eV) and the 

oxygen containing functional groups (C-O at 286.1 eV, C=O at 287.7-287.9 eV, and O-C=O at 288.7-

288.9 eV). The removal of functional groups by the thermal reduction can be confirmed by calculating 

the area ratio of C=C and C-C as summarized in Table 3.1. The area ratio of C=C and C-C for GONR 

was 29.9% while after reduction it increased to 77.3%. This indicates that the oxygen-containing 

functional groups were successfully removed by the thermal treatment. 
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Figure 3.4 C 1s high resolution x-ray photoelectron spectroscopy of GONR and GNR 

3.3.2 Microstructure and morphology of the nanocomposites 

The microstructures of the cross sectional area of the MWCNT/TPU and GNR/TPU nanocomposites 

with 8.2 vol% of MWCNT and GNR are illustrated in Figure 3.5. The dispersed MWCNT and GNR 

are signified by the white arrows in the images. In Figure 3.5-a, the end of MWCNT that pulled out of 

TPU phase as well as the bent MWCNTs are indicated by the arrows. As indicated by the arrows in 

Figure 3.5-b the GNR that exist in planar shapes. Both the SEM images confirms the high degree of 

filler dispersion inside the polymer matrix. It is notable that in the MWCNT/TPU images the MWCNT 

is often pulled out of TPU matrix while GNR is completely embedded in the nanocomposite. This may 

indicate that stronger interfacial bonding was established between GNR and TPU that surpasses the 

bonding between MWCNT and TPU. It has been reported that no observation of GNR pullout 

implicates the superior bonding between filler and matrix [170]. 
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Figure 3.5 Cross sectional SEM images of 8.2 vol% (a) MWCNT/TPU and (b) GNR/TPU 

nanocomposites. Fillers are indicated by the arrows. 

To further investigate the high degree of filler dispersion, XRD analysis on GNR/TPU and 

MWCNT/TPU nanocomposites were conducted and compared to the neat TPU as illustrated in Figure 

3.12 of supporting information section. The MWCNT/TPU nanocomposite showed a broad peak 

around 20 and a small peak at 26.02. The former peak is attributed to the presence of short-range 

ordered structure in both hard and soft domains and disordered structure of amorphous phase of TPU. 

It is clearly observed that the intensity of the MWCNT’s characteristic peak at 26.02 was reduced and 

broadened. Moreover, the characteristic peak of GNR in the GNR/TPU nanocomposite disappeared. 

This reduction in intensity and disappearance of MWCNT and GNR peaks in the nanocomposites 

indicate that the fillers were sufficiently intercalated and dispersed in the polymer matrix [171]. 

3.3.3 Electrical conductivity and dielectric properties 

Alternative current (AC) electrical conductivity of MWCNT/TPU nanocomposite is described in Figure 

3.6-a and GNR/TPU nanocomposites in Figure 3.6-b. 1.0, 3.1 and 5.3 vol% of MWCNT/TPU showed 

a frequency-dependent trend over the entire frequency range. This frequency-dependent behavior of 

AC conductivity is typically observed in insulating polymer nanocomposites. The frequency-

independent behavior appeared at frequency ranges below 1 x 103 Hz when the MWCNT content 

reached 8.2 vol%, indicating that a percolation network of MWCNT has been established. On the 

contrary, AC conductivity dramatically increased when GNR is used as conductive fillers. 1.0 vol% of 

GNR/TPU exhibited electrically insulating, but GNR/TPU nanocomposites turned into conductive with 
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the addition of 3.1 vol% of GNR. Both 3.1 and 5.3 vol% GNR/TPU nanocomposites exhibited a 

frequency-independent trend at frequency up to approximately 1 x 104 Hz. 8.2 vol% GNR/TPU 

nanocomposites showed completely frequency-independent behavior over the entire frequency range.  

 

Figure 3.6 Through plane AC conductivity of (a) MWCNT/TPU, (b) GNR/TPU 

nanocomposites, and (c) DC conductivity of MWCNT/TPU and GNR/TPU nanocomposites. 

Figure 3.6-c clearly demonstrates the dramatic enhancement of electrical conductivity of GNR/TPU 

nanocomposites as compared to MWCNT/TPU nanocomposites. AC conductivity at 0.1 Hz was used 

as DC conductivity. At 1.0 vol% content, electrical conductivities of both MWCNT/TPU and 

GNR/TPU nanocomposites are very low. As the filler content increases, both MWCNT/TPU and 

GNR/TPU nanocomposites showed a clear insulation-conduction transition in electrical conductivity. 

This abrupt increase in conductivity of GNR/TPU nanocomposites takes place at a considerably lower 

content than that of MWCNT/TPU nanocomposites. The percolation threshold for GNR/TPU 

nanocomposites appeared at loadings lower than 3.1 vol%, which far outperforms the MWCNT/TPU 

nanocomposites where the percolation threshold appeared at loadings lower than 8.2 vol%. At 8.2 vol%, 

the electrical conductivity of MWCNT/TPU nanocomposite was 1.1  10-7 S/cm while GNR/TPU 

nanocomposite presented a conductivity of 1.9  10-4 S/cm. It is worth mentioning that the percolation 

for MWCNT in our system appeared at relatively high loadings than the literatures [115], which is 

likely due to the lower intrinsic conductivity of the parent MWNCT, Figure 3.15.  

In general, the dielectric permittivity is depicted in a complex function as follows: 

𝜺(𝝎) = 𝜺′(𝝎) − 𝒊𝜺′′(𝝎)     3.11 

where ω is the angular frequency, '(ω) is the real part, and ''(ω) is the imaginary part of the dielectric 

permittivity. The real part of the equation (3.11) pertains to the charge displacement in the material. 
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Although this is influenced by several different types of polarization, it is usually the interfacial 

polarization that occurs in the case of polymer nanocomposites in a frequency less than 1 MHz. 

According to the Maxwell-Wagner-Sillars effect, charges are collected at the interfaces between the 

conductive fillers and polymer matrix due to their considerable difference in relaxation time when a 

current flow across the interfaces of two different materials. On the other hand, the imaginary part is 

used to calculate the dielectric loss or energy dissipation (tan δ), defined by a ratio of '' to '. The 

dielectric loss in polymer nanocomposites is usually due to polarization loss, Ohmic loss and the 

molecular dipole movement. 

Figure 3.7-a and b illustrate the real permittivity of MWCNT/TPU and GNR/TPU nanocomposites over 

a frequency of 10 to 105 Hz, respectively. An increased filler content enhanced the real permittivity of 

both MWCNT/TPU and GNR/TPU nanocomposites. When the filler content increased, both the 

interfacial area between the filler and polymer matrix and the density of the interfacial polarization 

were amplified, which enhanced the real permittivity. When comparing the real permittivity at 103 Hz 

between MWCNT/TPU and GNR/TPU nanocomposites (Figure 3.7-c), it is clearly notable that the use 

of GNR dramatically increased the real permittivity than that of MWCNT. At 8.2 vol%, the real 

permittivity increased from 108 to 298 when GNR was used instead of parent MWCNT. This is 

attributed to the increased number density and enlarged surface area induced by the exfoliation of 

MWCNT. During the chemical unzipping and thermal reduction process, the number of layers of 

MWCNT is significantly reduced as seen from XRD. As the MWCNT is exfoliated, not only does the 

number density of fillers increase, but also the surface area of fillers. The increased number density and 

the creation of two-dimensional GNR from one dimensional tube could decrease the interspatial 

distance between nearby fillers, further boosting the real dielectric permittivity. This synergistic effect 

of exfoliation could significantly increase the real permittivity of GNR/TPU nanocomposites. 
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Figure 3.7 Real permittivity (’) of (a) MWCNT/TPU and (b) GNR/TPU nanocomposites. (c) 

Real permittivity (’) of MWCNT/TPU and GNR/TPU as a function of filler content. Dielectric 

loss (tan δ) of (d) MWCNT/TPU and (e) GNR/TPU nanocomposites. (f) Dielectric loss (tan δ) of 

MWCNT/TPU and GNR/TPU nanocomposites as a function of filler content. 

Figure 3.7-d and e describe the dielectric loss of MWCNT/TPU and GNR/TPU nanocomposites, 

respectively. The variation of tan δ as a function of filler content is summarized in Figure 3.7-f for both 

MWCNT/TPU and GNR/TPU nanocomposites. Tan δ at 103 Hz for both MWCNT and GNR with a 

content of 1.0 vol% were very small (<0.01). With the addition of 3.1 vol% of GNR, the dielectric loss 

significantly increased as compared to the same amount of MWCNT. With the percolation threshold 

of GNR estimated to be around 3.1 vol%, this dramatic increase of tan δ is largely attributed to the 

Ohmic loss. At 3.1 vol%, GNR formed a percolation network, dramatically increasing electrical 

conductivity, which in turn leaded to considerable current leakage.  

3.3.4 EMI Shielding Effectiveness 

Figure 3.8-a illustrates the average SET values for each MWCNT/TPU and GNR/TPU nanocomposite 

as a function of filler contents. Figure 3.8-b and c demonstrate the entire EMI SE across P-band 
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frequency range for MWCNT/TPU and GNR/TPU, respectively. Notably, the EMI SE of GNR/TPU 

nanocomposite increased much more considerably than that of MWCNT/TPU nanocomposite. For 

instance, EMI SE for 8.3 vol% of MWCNT/TPU was 9.3 dB while the corresponding GNR/TPU 

nanocomposite exhibited EMI SE of 24.9 dB. This dramatic enhancement of EMI SE is largely 

attributed to the strengthened filler-filler interaction. Upon unzipping, the tubular MWCNT 

transformed into two dimensional ribbons, which significantly changes the filler-filler contact 

dimensionality. When MWCNTs come together to make a connection, it is mostly either point-to-point 

or line-to-line contact due to their one dimensional tubular structure. On the other hand, when MWCNT 

is transformed into flexible and long strips of GNR, it is highly likely that GNR forms sheet-to-sheet 

contact interface. This geometrical conversion from zero or one-dimensional to two-dimensional 

interconnection dramatically boosts the contact area, enhancing the electrical performance of the 

nanocomposites. It is also highly probable that the improved flexibility of individual GNRs 

significantly increases the chance of constructing a percolating network. In addition, it was revealed by 

Brunauer-Emmett-Teller (BET) analysis that GNRs possessed significantly greater surface area of 

382.6 m2/g while MWCNT’s surface area was 158.2 m2/g (Figure 3.13 of supporting information 

section). By unzipping, the surface area increased by 141%. This increased surface area of GNR is 

likely to offer better chances of building filler connection with enlarged filler-filler contact areas. 
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Figure 3.8 (a) Average SET of MWCNT/TPU and GNR/TPU as a function of filler content, EMI 

SE of (b) MWCNT/TPU and (c) GNR/TPU in P-band frequency range, SEA and SER of (d) 

MWCNT/TPU and (e) GNR/TPU, and (f) absorption coefficient for nanocomposites versus 

filler content 

Figure 3.8-d and e describe the contribution of reflection and absorption to the total EMI SE for 

MWCNT/TPU and GNR/TPU nanocomposites, respectively. Both nanocomposites show that the 

contribution of absorption to the total EMI SE of the nanocomposites enlarged by increasing the filler 

content [123]. It is also evident from the Figure 3.8-f that the absorption coefficient of the of the 

nanocomposites increased by increasing the filler content. The absorption coefficient of GNR/TPU 

nanocomposites outperform the MWCNT/TPU nanocomposite. While the absorption coefficient 

gradually increased for MWCNT/TPU nanocomposites, the GNR/TPU exhibited a dramatic increase 

in absorption with the increase of GNR content. This augmented absorption with less reflection is 

favorable for creating eco-friendly environments with reduced secondary radiations [172]. 

While the reflection is largely due to the surface charge or mobile charge carriers that cause impedance 

mismatch between the air and the shielding material [123], the absorption originates from the 
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conduction loss (i.e., the ohmic loss) and the polarization relaxation and multiple scattering [173]. The 

conduction loss is associated with attenuation of energy through the current flow carried out by the 

migration, hopping, and tunneling mechanisms. The polarization relaxation takes place when the 

dipoles are unable to reorient in the alternating EM field. Energy is consumed when overcoming the 

momentum that suppress the reorientation of dipoles. The polarization is greatly associated with the 

materials’ characteristics, such as functional groups, defects, and interfaces [174].  

In GNR/TPU nanocomposite, as described previously the unzipping process induced the geometrical 

conversion for the contact interfaces, which significantly strengthen the percolation network of fillers 

(Figure 3.9). This will considerably amplify the conduction loss in the GNR/TPU nanocomposites. This 

amplified conduction loss is also indicated by the greater dielectric loss of GNR/TPU nanocomposites 

in Figure 3.7-f. Moreover, the exfoliation of MWCNT by unzipping drastically enhanced the interfacial 

areas between the fillers and matrices. It is very likely that the enlarged interfacial areas will effectively 

accumulate dipoles, and the high number of dipoles resulted in augmented interfacial polarization 

relaxation. Further, GNR’s two dimensional structure with high aspect ratio form three dimensional 

interconnected conductive network that promotes the absorption mechanism by multiple scattering 

[175]. The enlarged interfacial area of GNR can also increase the chances of multi-scattering of EM 

waves in the nanocomposites. In addition, the unzipping process inevitably leaves defects on GNR due 

to the oxidation. This defects on the GNR surface can also induce polarization relaxation [176]. 

Therefore, augmented conduction loss and interfacial geometry and areas, together with the defects on 

GNR, resulted in the strengthened contribution of the absorption to the total shielding mechanism for 

GNR/TPU nanocomposites. 
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Figure 3.9 Schematic illustration of EMI SE mechanisms for (a) MWCNT/TPU and (b) 

GNR/TPU nanocomposites. 

Table 3.2 compares the EMI SE with other polymer nanocomposites in literature. Overall, the EMI SE 

of the GNR/TPU nanocomposite prepared in this study was comparable to that of the other 

nanocomposites reported in literature, yet in thinner thickness. Usually, the EMI SE is proportional to 

the thickness of the sample. Therefore, the similar level of EMI SE with a lower thickness shows that 

GNR is a very effective filler for improving electrical properties of polymer nanocomposites. 
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Table 3.2 Comparison of EMI SE with other polymer nanocomposites in literature. 

Polymer 

Nanocomposite 

Filler 

Content 

EMI SE 

(dB) 

Thickness 

(mm) 

Fabrication Method Ref. 

GnP/HDPE 19 vol% 21.8 3 Melt blending [124] 

Graphene/PMMA 4.23 vol% 30 3.4 Solvent blending [177] 

GnP/WPU 5 vol% 32 2 Solvent blending [178] 

SWCNT/PMMA 20 wt.% 30 4.5 Solvent blending [179] 

CNT/Graphene 

/PVDF 

15 wt.% (5 wt.% 

CNT+10 wt.% 

Graphene) 

27.58 0.1 Solvent blending [123] 

Graphene/epoxy 8.8 vol% 21 - Solvent blending [180] 

MWCNT/PP 5 wt.% 25 1.85 Melt blending [181] 

Graphene/TPU 20 wt.% 21 2.4 Solvent blending [182] 

PAM/CNF/MWCNT  

Foam 

1 wt.% 28.5 2 In-situ 

polymerization 

[183] 

rGO-MWCNT/TPU 10 wt.% 32 3 Solvent blending [184] 

GnP-MWCNT/PU 10 wt.% 47 3 Solvent blending [185] 

SWCNT/PU 20 wt.% 17 2 Solvent blending [186] 

GNR/PVA 2.5 wt.% 45 0.6 Solvent blending [187] 

GNR/PANI/Epoxy 5 wt.% 44 3.4 In-situ 

polymerization/ 

solvent blending 

[188] 

GNR/PVDF 2 wt.% 6 1.1 Melt blending [189] 

MWCNT/PLLA  

Foam 

10 wt.% 23 2.5 Physical mixing 

and compression 

molding 

[190] 

GNR/TPU 8.2 vol% 24.9 1.3 Solvent blending This 

study 
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3.3.5 Mechanical properties 

Figure 3.10 illustrate the stress-strain curves for (a) MWCNT/TPU and (b) GNR/TPU nanocomposites.  

 

 

Figure 3.10 Stress-Strain curve of (a) MWCNT/TPU and (b) GNR/TPU nanocomposites with 

various amounts of fillers. 

While the increase in filler contents increased Young’s modulus for both nanocomposites, the 

GNR/TPU nanocomposites experienced much more significant augmentation as illustrated in Figure 

3.10. This is because of the stronger polymer-filler interaction that can be attributed to three main 

reasons: (i) the higher surface area of the GNR induced by unzipping and exfoliation of the nanotubes 

[170]; (ii) the formation of a higher number of edge structures in GNR during unzipping, which can 

increase the polymer-filler interaction sites; (iii) the superior ability of the polymer chains to lie down 

on the planar surface of GNR instead of wrapping around the smooth surface of MWCNTs. When a 

MWCNT is unzipped and subsequently exfoliated, all of the transformed GNR strips become available 

to interact with the polymer chains and play a load-bearing role. In contrast, the multi-layered CNTs 

are enclosed in the MWCNT before unzipping, and these enclosed CNTs are not able to directly bond 

with the polymer matrix and cause inter-tube slippage, resulting in less reinforcing effect in the 

nanocomposites [191]. 

Along with Young’s modulus, the tensile strength of the nanocomposites also increased for both GNR 

and MWCNT nanocomposites, but much more for GNR/TPU nanocomposites, as shown in Table 3.3. 

It is noted that the tensile strength of the GNR/TPU nanocomposites decreased at 8.2 vol% loading. 
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This could be due to the fact that the number of polymer chains that exist between filler particles is not 

large enough to efficiently interact with the filler (Figure 3.14). When the filler content is low, the inter-

filler distance is sufficiently far and the polymer chain concentration between filler particles is large 

enough to create strong polymer-filler interactions, showing efficient load transferring behavior. When 

the filler content is very high, the inter-filler distance decreases, reducing the number of polymer chains 

between nanoparticles. The filler particles are now near enough together to create stronger filler-filler 

interactions that exceed the polymer-filler interactions. This will weaken the load transfer between 

matrix and filler, decreasing the strength of the nanocomposite [192]. 

Table 3.3 Young’s modulus and tensile strength of GNR/TPU and MWCNT/TPU 

nanocomposites 

Filler Contents 

(Vol.%) 

Young’s Modulus (MPa) Tensile Strength (MPa) 

GNR/TPU MWCNT/TPU GNR/TPU MWCNT/TPU 

0 3.6 ± 0.3 11.0 ± 1.4 

1.0 9.6 ± 0.2 5.3 ± 0.3 16.8 ± 1.9 10.4 ± 0.7 

3.1 13.6 ± 0.2 6.4 ± 0.1 18.0 ± 2.0 14.6 ± 1.9 

5.3 28.5 ± 1.2 8.6 ± 0.1 19.6 ± 2.2 15.8 ± 1.5 

8.2 37.2 ± 1.6 12.7 ± 0.3 17.0 ± 0.5 17.8 ± 1.0 

 

By applying a semi-empirical mechanical property prediction model (Equations  3.12 - 3.16), the effect 

of MWCNT unzipping on the reinforcement of the nanocomposites can be further scrutinized. This 

relation originally developed by Pagano for randomly oriented/distributed discontinuous fiber-

reinforced polymer nanocomposites. 

𝐄𝐜 = 𝐄𝐦 [
𝟑

𝟖
×

𝟏+𝛈𝐋𝛏𝛗

𝟏−𝛈𝐋𝛗
+

𝟓

𝟖
×

𝟏+𝟐𝛈𝐓𝛗

𝟏−𝛈𝐓𝛗
]     3.12 

𝜼𝑳 =
(

𝑬𝒇

𝑬𝒎
)−𝟏

(
𝑬𝒇

𝑬𝒎
)+𝝃

       3.13 

𝜼𝑻 =
(

𝑬𝒇

𝑬𝒎
)−𝟏

(
𝑬𝒇

𝑬𝒎
)+𝟐

       3.14 
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𝝃𝑮𝑵𝑹 =
𝒘 + 𝒍

𝒕
       3.15 

𝝃𝑴𝑾𝑪𝑵𝑻 =
𝟐𝒍

𝒅
       3.16 

𝑬𝒇 = 𝑬𝑴𝑾𝑪𝑵𝑻 = 𝑬𝑮𝑵𝑹 = 𝟏 𝑻𝑷𝒂    3.17 

where Ec, Ef, and Em represent the Young’s modulus of the nanocomposite, fillers, and polymer matrix, 

respectively. f, w, l, t and d represent the volume fraction, width, length, thickness of the fillers, 

respectively. The Halpin-Tsai model assumes that both filler and polymer matrix have perfect 

interfacial bonding, are equally strained and the filler particles are randomly distributed in the matrix 

[193]. The same degree of filler dispersion can be assumed for both GNR/TPU and MWCNT/TPU 

nanocomposites when both nanocomposites were prepared by the identical process and with the same 

conditions. While the aspect ratio of these two fillers are very similar, the greatest differences are the 

geometrically changed morphology of GNR and the significantly increased number density due to 

exfoliation. We assumed GNR has a rectangular shape. Based on the theoretical calculations and 

information obtained by TEM images, the average width of the GNR was estimated to be 80 nm. The 

XRD results showed that the final average number of layers for GNR was 1.63. Therefore, based on 

the average thickness of the GNR reported in literature [194] (around 3.5-5 nm), we assumed the 

thickness of the GNR to be 8 nm. The average diameter of the MWCNT was 25 nm. The average length 

of the MWCNT and GNR were assumed to be 3 m. 

The experimentally determined Young’s moduli were compared with the modulus predicted by the 

Halpin-Tsai model in Figure 3.11. It is clearly demonstrated that the experimentally measured modulus 

of GNR/TPU nanocomposite deviated much less from the predicted value as compared to the 

MWCNT/TPU nanocomposite. This can be largely attributed to the enhanced interfacial bonding 

between TPU and GNR. As the multi-tubular MWCNT is unzipped and transformed into flexible few-

layered two dimensional sheets, the adhesion between polymer matrix and filler greatly increased. Also, 

the exfoliation made all the inner tubes available for reinforcing, which dramatically increases the total 

surface area of filler in the nanocomposite. The geometrical conversion and significantly increased 

surface area of GNR by exfoliation resulted in exceptionally strong adhesion between polymer matrix 

and filler. Furthermore, the investigation of the fracture surface of the nanocomposites also confirmed 

the strong interfacial adhesion of GNR, while weaker adhesion between MWCNT and polymer resulted 

in MWCNT pullout [195], as shown in the SEM images of Figure 3.5.  
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Figure 3.11 Comparison between the values experimental measured and the values theoretical 

predicted using Halpin-Tsai model. 

3.4 Conclusions 

Long and thin strips of two-dimensional GNR were produced by chemically treating one-dimensional 

tubular MWCNTs. Such dimensional transformation was confirmed by TEM, XRD and Raman spectra. 

GNR exhibited a much reduced percolation threshold of 3.1 vol% while 8.2 vol% was required for 

MWCNTs to construct a conductive network. GNR also presented a superior electrical conductivity, 

real permittivity and dielectric loss (tan δ) values. Consequently, the EMI SE of GNR/TPU (24.9 dB) 

was significantly greater than that of MWCNT/TPU nanocomposite (9.3 dB) with enhanced 

contribution from absorption. The improved electrical properties are mainly due to the geometrical 

conversion of contact interfaces and enhanced filler-filler area, producing a robust percolating network. 

The greater surface area induced by unzipping and exfoliation of MWCNT along with edge structures 

also significantly boosted filler-matrix bonding, leading to superior reinforcing effect of GNR. 

Therefore, although the conflicting results for GNR have been reported, the change in contact interface 

and the increase in filler number density due to unzipping are the foremost features that surpass other 

miscellaneous issues, leading to excellent performances of GNR nanocomposite. 
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3.5 Supporting information 

The volumetric fraction of the fillers (φ) in the nanocomposites can be converted from weight fraction 

by the following equation as follows: 

𝝋 =
𝝋𝒘

𝝋𝒘+(𝟏−𝝋𝒘)
𝝆𝒇

𝝆𝒎
⁄

     3.18 

where w is the weight fraction, f and m are the densities of the fillers and polymer matrix, 

respectively. 

The bulk density of the nanomaterials was shown in Table 3.4. 

Table 3.4 Physical properties of the utilized nanomaterials and polymer matrices 

Nanomaterial Bulk Density (g/cm3) Density (g/cm3) 

MWCNT 2.2 - 

GNR 2.2 - 

TPU - 1.06 

 

 

Figure 3.12 XRD graphs of (a) neat TPU, (b) MWCNT/TPU and (c) GNR/TPU nanocomposites. 

The peak at 26.5 in MWCNT/TPU spectrum is likely due to the graphitic structure of 

MWCNT that is not well-dispersed in TPU matrix. 
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Figure 3.13 The nitrogen adsorption and desorption isotherms of MWCNT, GNR and the 

calculated specific surface area 

 

 

Figure 3.14 Illustration of change in interfacial layer thickness by increase in filler content or 

fillers’ number density in a polymer matrix. 

When the filler content is low, the inter-filler distance is sufficiently far and the polymer chain 

concentration between fillers is large enough to create strong polymer-filler interactions, showing 
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efficient load transferring behavior (a). When the filler contents are exceedingly high, the inter-filler 

distance decreases, reducing the amount of polymer chains between nanoparticles (b). The fillers are 

now adjacent enough to create stronger filler-filler interactions that exceeds the polymer-filler 

interactions. This will weaken the load transfer between matrix and particles, decreasing the strength 

of nanocomposite. 

 

Figure 3.15 Intrinsic electrical conductivity of compressed MWCNT and GNR powders 

measured with 4-point probe method. 

The electrical conductivity of MWCNT, GONR, and GNR are 436.5, 1.8, and 24.5 S/m, respectively. 

GONR showed the lowest conductivity due to sp3 hybridization. After reduction, the electrical 

conductivity of GNR dramatically increased and the electrical conductivity of the GNR powders is in 

a good agreement with previously reported data [196], However, the electrical conductivity of 

MWCNT is greater than that of GNR. This is because the restoration of sp2 hybridization is not perfect, 

and there are always defects that remained on GONR. Furthermore, the residual functional groups may 

disrupt the - electron network [52].  
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Chapter 4 

Greatly Enhanced Electromagnetic Interference Shielding 

Effectiveness and Mechanical Properties of Polyaniline-Grafted 

Ti3C2Tx MXene–PVDF Composites 

This chapter is reprinted in adapted form from the article below with permission from ACS. 

Saeed Habibpour, Kiyoumars Zarshenas, Maiwen Zhang, Mahdi Hamidinejad, Li Ma, Chul B. Park, 

Aiping Yu, “Greatly Enhanced Electromagnetic Interference Shielding Effectiveness and Mechanical 

Properties of Polyaniline-Grafted Ti3C2Tx MXene–PVDF Composites”, ACS Appl. Mat. & Int. (2022), 

14, 21521−21534 
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4.1 Introduction 

The fast growing pace of advances in mobile electronic and telecommunication systems and their large-

scale utilization in various industries have provided easier life for humans [197,198]. However, these 

advantages also have negative consequences, such as electromagnetic interference (EMI) pollution 

[199–201]. Electrical and magnetic fields generated in a wide range of frequencies by the electronic 

and communication devices may cause device malfunction, failure of other nearby devices, information 

leakage and even threaten human health [7,202]. This concern is made even more worthy of study by 

the emergence and commercialization of 5G technology, which is about two orders of magnitude faster 

in data transfer than the latest 4G cellular networks [199,203]. Furthermore, there is no doubt that the 

more complex 5G technology will massively increase the production and utilization of wireless 

electronic systems and result in much more EMI pollution. Therefore, the development of highly 

efficient advanced materials with specific properties such as low thickness, light weight and easy 

processibility is of paramount importance for EMI shielding in a wide range of applications, including 

medical [204], nonmilitary [205], and military [205].  

The primary function of EMI shielding material is the reflection of the incident electromagnetic waves 

(EMW) or dissipation of their energy by absorption mechanisms, and thus minimizing the degree of 

wave transmittance. High electrical conductivity and high electron cloud density are prerequisites for 

the effective screening of EM radiation [206]. Reflection, which originates from the impedance 

mismatch between air and the absorber, is less favorable as the dominant mechanism due to the 

secondary interference from reflected waves [207]. In contrast, the environmentally favorable 

absorption shielding occurs when dissipation of incident EMWs through conduction and polarization 

losses is dominant. The former originates from the electrical conductivity, and the latter arises from 

dipole polarization in the heterogeneous interfaces such as surface functional groups, dangling bonds 

and microstructural defects [197,206,208]. Traditional metal-based EMI shielding materials exhibit 

outstanding shielding efficiency due to their copious mobile charge carriers. However, applications of 

the metals have been limited by their negative properties such as low chemical corrosion resistance, 

high density, low flexibility and dominant reflection shielding mechanism [200].  

Adjustable electrical conductivity in conductive polymer nanocomposites , along with their favorable 

low density, low corrosion susceptibility, easier machinability and tunable design, offers a promising 

design route to develop advanced functional materials for various applications [209] and specially 
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absorption dominant EMI shielding applications. To date, various conductive 0 to 3 dimensional 

nanomaterials have been applied to mask electromagnetic waves [199,202,210–215]. In 2011 [25],  

transitional metal carbides, nitrides or carbonitrides, MXene, were discovered by Yury Gogotsi and 

introduced as a novel 2D nanomaterial with the highest electrical conductivity of all ever synthesized 

2D nanomaterials. The MXene layered structure can be derived from its ternary Mn+1AXn (n = 1 to 3) 

phase precursor where M is a transitional metal, A is from group A elements and X is carbon or 

nitrogen. Selective etching of the A layers results in MXene (Mn+1XnTx) flakes, in which n layers of 

carbon or nitrogen are interleaved between n+1 layers of transitional metals with various surface 

functional groups (Tx) such as oxygen, fluorine, hydroxyl or chlorine, which arise from different etchant 

solutions [4,25,216]. Owing to superior electrical conductivity with tunable surface chemistry and 

mechanical properties, MXene is an excellent candidate for developing conductive polymer 

nanocomposites for EMI shielding applications [211,217–222]. Shahzad et al. [223] demonstrated 

superior EMI shielding effectiveness (SE) of 57 dB for 8 m thick and 90 wt.% loaded MXene-sodium 

alginate polymer nanocomposite with absorption dominant shielding rather than the reflection of 

pristine MXene film. Nonetheless, high filler loading may adversely impact the processability and 

mechanical properties of the nanocomposites. Sun et al. [224] fabricated a segregated conductive 

MXene structure on polystyrene via an electrostatic assembly approach to obtain a low percolation 

threshold of 0.26 vol% and EMI SE of 54 dB at 1.9 vol%.  

Thanks to abundant active surface functional groups, MXene-hybrid materials can be obtained by 

substituting MXene terminal surface groups with other conductive or insulative functional materials. 

Lee et al. [225] grafted insulative polydopamine onto the MXene surface and enhanced EMI SE, 

mechanical properties and environmental stability of the MXene flakes. Enhanced SE was attributed to 

the additional dipole polarization loss from the polydopamine. Furthermore, surface modification of 

MXene flakes with low conductivity materials can also enhance the impedance matching and, 

subsequently, the EMW absorption by enhancing dipole and interfacial polarization losses [226,227]. 

For example, EMI SE of MXene-poly(3,4-ethylene dioxythiophene): poly(styrene sulfonate) (PEDOT: 

PSS) polymer nanocomposites was investigated [228,229]. Improved EMI SE of the nanocomposites 

was attributed to the multiple interface reflection and polarization between the MXene and PEDOT: 

PSS interfaces. Zhang et al. [222] prepared a brick-mud structure of MXene-polyaniline nanocomposite 

and improved its EMI SE. Enhanced EMI SE was attributed to the conduction loss via superior 

electrical conductivity, multiple reflection loss between layered structures and polarization loss 
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between MXene and polyaniline. Despite superior EMI SE, poor mechanical properties of the binary 

MXene/polyaniline-based nanocomposites and also processing challenges of grafted conjugated 

polymers on MXene limit their applications [227]. To avoid this, incorporating the modified MXene 

flakes in engineering thermoplastics such as PVDF is a promising approach to simultaneously take 

advantage of enhanced design flexibility, higher mechanical properties and superb EMI SE [198,230]. 

PVDF-based polymers have attracted continued attention in EMI shielding applications due to their 

intrinsic dipole and interfacial polarization effects, which can further enhance dissipation of EM 

radiation [199]. 

In this study, low defect polyaniline grafted MXene nanoflakes were synthesized through a minimally 

intensive layered delamination (MILD) approach [64] followed by oxidant free in-situ polyaniline 

surface polymerization. Modified MXene nanoflakes were added to PVDF, and the electrical 

conductivity, EMI SE and mechanical properties of the nanocomposites were thoroughly investigated. 

It was found that the surface polymerization of conducting polyaniline did not enhance the electrical 

conductivity of the PVDF nanocomposites. However, the EMI SE and mechanical properties of the 

modified PVDF-MXene nanocomposites outperformed pristine PVDF-MXene nanocomposites. This 

incredibly high performance of the added nanocomposites was mainly attributed to the enhanced 

interfacial and dipole polarization by grafted polyaniline chains. The enhanced mechanical properties 

of the polyaniline grafted PVDF-MXene nanocomposites were also ascribed to better polymer-filler 

interactions, and a subsequent higher degree of filler dispersion in the PVDF matrix. 

4.2 Experimental Section 

4.2.1 Materials and Chemicals 

Ti3AlC2 MAX powder (size ≥ 400 mesh), lithium fluoride powder (LiF; ≥ 99%), hydrochloric acid 

(HCl; 37%), N, N-dimethylformamide (DMF) and aniline monomer (≥ 99.5%) were purchased from 

Sigma Aldrich and used without further purification. Commercial Kynar 710 grade of PVDF with a 

specific gravity of 1.78 g/cm3 was kindly supplied by Arkema, France, and was dried for 24 hours at 

60C prior to use.  

4.2.2 Synthesis of Exfoliated Ti3C2Tx MXene 

Large, low defect MXene nanoflakes were synthesized via selective etching of the aluminum layer 

from the Ti3AlC2 MAX phase with a few optimizations on well-established minimally intensive layer 
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delamination (MILD) method [231]. In a typical experiment, 3.2 g of LiF was dissolved in 40 ml of 9 

molar (M) HCl in a Teflon vessel and stirred for 30 minutes at room temperature. Then, 2 g of Ti3AlC2 

MAX was gradually added to the solution over a period of 15 minutes to avoid excessive hydrogen 

bubbling due to the exothermic reaction of the etching process. The mixture was stirred for 24 hours at 

37 ± 1C in a water bath. Next, the acidic product was transferred to 50 ml Falcon tubes, washed 

copiously with ultra-pure water, followed by centrifugation at 8000 RPM for 10 minutes. The washing 

process continued until the pH level reached 5–6, and a clay-like sediment with dark green supernatant 

started to form. The clay-like sediment proved that the expansion of the etched layers occurred by the 

intercalation of water molecules between the inter-gallery spaces of the flakes. The appearance of the 

dark green supernatant indicates that delamination of the MXene flakes had commenced. To facilitate 

the delamination process, the mixture was sonicated for 1 hour in a bath sonicator under argon flow. 

Argon flow started 10 minutes prior to the sonication and continued during sonication to extract 

potentially dissolved oxygen molecules to minimize oxidation of MXene flakes. Lastly, the Ti3C2Tx 

suspension was centrifuged at 3500 RPM for 45 minutes, and exfoliated flakes of MXene were 

collected and dried in a lyophilizer. 

4.2.3 Synthesis of Oxidant Free Polyaniline Functionalized MXene (MXnANm) 

Polyaniline (PA) grafted MXene flakes were synthesized at two different MXene to aniline ratios of 

2:1 and 1:1. To prepare polyaniline grafted MXene flakes with MXene to aniline ratio of 2:1 (MX2AN1), 

300 mg of MXene flakes were dispersed in 150 ml DI water at 4°C, stirred for 2 hours and bath 

sonicated for 30 minutes under argon flow. 147 l of aniline monomer was dissolved in 20 ml 1M HCl 

and stirred for 30 minutes. The aniline/HCl solution was added dropwise to the MXene in water 

solution. On addition of the aniline/HCl solution, aniline monomers started to adsorb on the hydroxyl 

and oxygen functional groups on the surface of MXene flakes due to electrostatic attraction between 

negatively charged surface functional groups of MXene (Zeta potential = -33.1 mv) and positively 

charged aniline cation radicals [232]. The polymerization reaction was allowed to continue for 6 hours 

at 4°C. All procedures were performed under a flow of argon gas. Polyaniline functionalized MXene 

flakes were then washed three times with DI water followed by centrifugation to remove any residue 

of unreacted monomers. Afterwards, the sediment was dispersed in DI water and dried via 

lyophilization. MX1AN1 was also synthesized by the same procedure with a designated MXene to 

aniline ratio of 1:1. Nanoflakes were kept in a desiccator with a dry nitrogen atmosphere before use. 
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Figure 4.1 illustrates the strategy for the synthesis of MXene and polyaniline grafted MXene 

nanoflakes. 

 

Figure 4.1 Illustration of the synthesis of exfoliated MXene and polyaniline grafted MXene 

nanoflakes 

4.2.4 Preparation of PVDF/MXene and PVDF/MXnANm Nanocomposites 

PVDF nanocomposites were prepared by solution blending and subsequent compression molding as 

follows. A desired amount of PVDF was dissolved in DMF solution by magnetic stirring at 90°C for 4 

hours. The concentration of PVDF in the DMF solution was designed to be about 10 wt.%. A certain 

amount of nanoflakes was added to DMF solution with a concentration of 2 mg/ml and stirred for 2 

hours, bath sonicated for 30 minutes, followed by 1 hour mechanical stirring, all under argon flow. The 

two DMF solutions were mixed and stirred for 2 hours, and the solution was cast in an evaporating dish 

and dried in a convection oven at a temperature of 60°C for three days. The dried films were shredded 

into small pieces and compression molded into 8161.7 mm3 rectangular samples at a temperature of 

190°C and pressure of 5 MPa. PVDF-MXene (MX) nanocomposites were prepared with various 

MXene contents of 5, 7.5, 10 and 15 wt.%. The corresponding volume percentage loading of the 

nanocomposites were calculated according to the equation provided in Chapter 3, section 3.5 and were 



 

 62 

as 2.2, 3.3, 4.4 and 6.9 vol%. The bulk density of the MXene based nanoflakes assumed to be 4.26 

g/cm3 [233]. The density of the PVDF matrix obtained from the datasheet as 1.78 g/cm3. PVDF-

MXnANm nanocomposites were prepared with MXnANm contents of 4.4 and 6.9 vol%.  

4.2.5 Characterization 

Morphology and microstructure of the exfoliated MXene flakes, polyaniline grafted MXene flakes and 

cross-sectional area of the PVDF nanocomposites were examined by a field emission scanning electron 

microscope (Zeiss UltraPlus FE-SEM). Coupled with SEM, the chemical elemental distribution of 

nanoflakes was characterized via energy dispersive X-ray spectroscopy (EDS) mapping. For SEM 

analysis of the PVDF nanocomposites, samples were cryo-fractured in liquid nitrogen, and 

subsequently sputter-coated with a thin layer of gold. Atomic force microscopy (AFM) (Bruker Innova 

AFM, USA) was utilized in tapping mode to further characterize the isolated single MXene nanoflakes. 

Crystallography and molecular fingerprints of the samples were characterized by X-ray diffraction 

(XRD) (Rigaku Miniflex 600) with a Cu-Kα radiation (λ = 1.54184 Å) source, Raman spectroscopy 

(Bruker Senterra, 532 nm laser source) and Fourier transform infrared spectroscopy (FTIR) (Nicolet 

6300, Thermo-Fisher) with a scanning resolution of 4 cm−1. Crystallinity and thermal properties of the 

nanocomposites were also characterized by differential scanning calorimetry (DSC Q2000 TA 

Instruments, USA) at a heating/cooling rate of 5°C per minute and with a nitrogen atmosphere. Samples 

were heated to 200°C and isothermally annealed for 10 minutes to remove thermal history. Then, 

samples were cooled to 30°C to obtain crystallization behaviour, and again heated to 200°C to 

characterize the melting behaviour. DC electrical conductivity of the PVDF nanocomposites was 

measured by the 4-point probe method. As schematically illustrated in Figure 4.2, a spring-type 4-point 

probe fixture was fabricated and connected to two digital multimeters (DMM Keysight 34465A) and a 

DC power supply. Various voltages were applied through the DC power supply, and voltage drop and 

current were measured. Electrical conductivity was calculated through the following equation [37]: 

𝝈 =
𝟏

𝝆
=

𝟏

𝑹𝒕
= (

𝒍𝒏𝟐

𝝅𝒕
)

𝑰

𝑽
     4.1 

where  is the electrical resistivity, t is the sample thickness, R is the electrical resistance of the sample, 

I and V are the measured current and voltage drop, respectively. 
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Figure 4.2 Schematic illustration of 4-point probe DC conductivity measurement set up. The 

photographic picture shows the home-made spring type 4-point probe fixture 

The EMI SE of the PVDF/MX and PVDF/MXnANm nanocomposites was analyzed in the P-band 

frequency range (12.4–18 GHz) via an Agilent N5234A vector network analyzer. S parameters (S11 and 

S21) were obtained from the instrument and the following equations were used to calculate the reflection 

(R), transmission (T) and absorption (A) coefficients of the shielding efficiency [202]: 

𝑹 = |𝑺𝟏𝟏|
𝟐      4.2 

𝑻 = |𝑺𝟐𝟏|
𝟐      4.3 

𝑨 = 𝟏 − 𝑹 − 𝑻      4.4 

The total EMI shielding effectiveness (SET) of the nanocomposites is equal to the sum of reflection 

effectiveness (SER) and absorption effectiveness (SEA), which could be described by the following 

equations: 

𝑺𝑬𝑻 = 𝑺𝑬𝑹 + 𝑺𝑬𝑨      4.5 

𝑺𝑬𝑹 = −𝟏𝟎 ⋅ 𝒍𝒐𝒈𝟏𝟎(𝟏 − 𝑹)     4.6 

𝑺𝑬𝑨 = −𝟏𝟎 ⋅ 𝒍𝒐𝒈𝟏𝟎 (
𝑻

𝟏−𝑹
)     4.7 
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The mechanical properties of the nanocomposites were investigated via an ADMET universal testing 

machine (UTM eXpert 7603, USA) in the tensile mode at a crosshead speed of 5 mm/min with 6 

replicates for each specimen. Samples were cut into a rectangular shape with dimensions of 5050.5 

mm3, and the distance between the grips was 20 mm. The linear portion of the stress-strain curve in the 

strain range of 1–2% was considered to calculate the Young’s modulus.  

4.3 Results and Discussion 

4.3.1 Material characterization 

Figure 4.3-a shows the SEM images of the Ti3AlC2 MAX powder in which Al layers were interleaved 

between very closely packed titanium crystals and formed laminated structures [25]. The EDS profile 

in Figure 4.10-d also shows the elemental analysis of Ti3AlC2 MAX powder, in which 17.07 atomic 

percent of elements belong to Al atoms. Al atoms in Ti3AlC2 are more reactive because the bond 

strength of Ti and C layers is relatively higher than the bond between Ti and Al [25,216]. Therefore, as 

illustrated in Figure 4.1, highly reactive Al layers in Ti3AlC2 were selectively etched in an aqueous in 

situ HF solution. After Al layer removal, the interlayer interactions between Ti3C2 layers were 

weakened, leading to the nanoflakes delaminating due to the lack of solid metallic bonding [25]. In 

comparison to the stacked layers of the MAX phase powder in Figure 4.3-a, delaminated transparent 

nanoflakes of MXene in Figure 4.3-b confirmed the successful elimination of the Al layers. The lack 

of Al atoms and appearance of F and O atoms in the elemental analysis of MXene flakes in Figure 4.10-

e also verified a successful etching reaction. Figure 4.3-c is an SEM image of individual flakes of 

MXene that was prepared by drying a drop of very dilute colloidal solution of MXene on aluminum 

foil under a nitrogen atmosphere. As is clear from Figure 4.3-c and Figure 4.10, large MXene flakes 

were obtained by using the MILD synthesis method. It is noteworthy that large and less defective 

nanoflakes are required to fabricate highly electrically conductive polymer nanocomposite at a very 

low percolation threshold [64,206,234]. Figure 4.3-d, and e present SEM images of the polyaniline 

grafted MX2AN1 and MX1AN1 nanoflakes, respectively. Higher magnification of the functionalized 

MXnANm flakes is also shown in Figure 4.10-b and c. Figure 4.3-f and Figure 4.10-f show the EDS 

mapping spectra of the MX2AN1 and MXene nanoflakes, respectively. Substitution of fluorine or 

oxygen-containing functional groups in MXene with aniline groups reduced the atomic percentage of 

F and O atoms and caused the appearance of 8.26% nitrogen (N) atoms, which were well distributed 

on the nanoflake surfaces. It is also worth mentioning that the substitution of the oxygen containing 
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functional groups in MXene with aniline groups would probably prevent oxidation of MXene and 

improve environmental stability of the nanoflakes [235]. The surface topography of the delaminated 

MXene nanoflakes was further studied by AFM and is shown in Figure 4.3-g-i. The inset of Figure 4.3-

i shows the height profile of a single Ti3C2Tx flake with a measured layer thickness of 1.6 ± 0.2 nm, 

which is in a good agreement with reported thickness values for monolayer MXene nanoflake [236]. 

 

Figure 4.3 (a) SEM images of MAX phase, (b) MXene nanoflakes, (c) drop cast MXene 

nanoflakes on aluminum foil substrate, (d) MX2AN1 nanoflakes, (e) MX1AN1 nanoflakes, (f) 

EDS mapping of the MX2AN1 nanoflakes, and (g-i) AFM surface topography of the 

delaminated MXene nanoflakes 

Oxidative polymerization is a classical chemical synthesis method for aniline polymerization. In a 

strong mineral acid dopant environment, such as hydrochloric acid, an oxidant such as ammonium 
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persulfate (APS) oxidizes aniline monomer and initiates the polymerization reaction. However, a few 

studies showed that the presence of oxidizing surface functional groups in nanomaterials could also 

trigger oxidative polymerization reactions of conjugated polymers [237–239]. For example, 

Mohamadzadeh et al. [237] used graphene oxide (GO) as an oxidant to polymerize aniline monomer 

from the surface of GO sheets. In situ GO-assisted polymerization of aniline resulted in polyaniline 

nanofibers with higher electrical conductivity than the general APS-assisted aniline polymerization. 

Higher electrical conductivity of GO-assisted polyaniline was attributed to the highly crystalline 

structure of the polyaniline and induced nanofiber alignment due to the confined polymerization spaces 

[240]. It is highly likely that the confined geometry and the existing hydrogen bonding between N-H 

groups of aniline and fluorine or oxygen terminated surface groups of MXene flakes facilitate the self-

alignment of the polyaniline chains [232,239]. Furthermore, classical oxidant-assisted polyaniline 

polymerization generally results in two forms of surface grafted aligned polyaniline nanofibers and 

aggregates of non-grafted PA nanoparticles between the MXene flakes. However, the non-oxidant 

polyaniline polymerization will probably lead to only the surface grafted polyaniline nanofibers due to 

the lack of free oxidizing agent [232].  

Figure 4.4-a shows the oxidizing agent role of MXene nanoflakes in oxidative polymerization of aniline 

monomer. The acid-base reaction between basic aniline monomers and hydrochloric acid resulted in 

the delocalization of lone pair of electrons in aniline into the benzene ring and made it available for 

protonation. Accordingly, aniline monomers were acidized to cation radicals and formed positively 

charged hydrochloride. Zeta potential analysis of the MXene solution was also conducted and 

illustrated in Figure 4.11-b which confirmed the negative surface charge of the MXene nanoflakes. 

Therefore, adding the acidic aniline solution to the MXene solution resulted in electrostatic attraction 

between the cation radicals of acidized aniline monomers and the negatively charged oxygen and 

hydroxyl functional groups in MXene nanoflakes. In addition, hydrogen bonding between N-H groups 

of aniline monomer and pendant fluorine or oxygen functional groups was established. Then, 

polymerization was initiated with the oxidation of anchored aniline monomers by the oxygen and 

hydroxyl functional groups. First, aniline dimers were formed by electrophilic substitution of the 

hydrogen atoms in benzene rings. The dimers produced are much more reactive than the aniline 

monomers due to their lower oxidation potential compared to the aniline monomers. Therefore, the 

dimers could immediately oxidize and react with the rest of the aniline cation radicals, and propagate 

the polymerization by producing trimers, oligomers and then polyaniline nanofibers [241]. 
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Figure 4.4 Proposed mechanism of the oxidant free polymerization of aniline monomer from the 

surface of MXene nanoflakes (a), XRD (b), FTIR (c) and Raman spectrum (d) of the nanoflakes. 

To verify the successful polymerization of polyaniline on the surface of MXene flakes, XRD, FTIR 

and Raman spectra were recorded from the samples and are illustrated in Figure 4.4-b-d. Alteration of 

crystal structure and interlayer d-spaces of the MXene layers after selective etching of aluminum layers 

and polymerization of aniline are shown in Figure 4.4-b. After solution etching of MAX phase, the 

characteristic peak at 2 = 39 disappeared, and the (002) peak at 2 = 9.64 broadened and shifted to 

2 = 7.98, indicating successful increase in inter-layer d-spaces and delamination of MXene 

nanoflakes. Interlayer d-spaces and size of the crystalline structures of the delaminated nanoflakes were 
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calculated by Bragg’s and Sherer’s equations, respectively, and tabulated in Table 4.1 [202]. Interlayer 

d-spaces of the (002) basal plane increased from 9.16 Å in the MAX phase to 11.06 Å in MXene flakes. 

This is because of the appearance of oxygen, fluorine and hydroxyl ligands after solution etching, which 

satisfies two exposed layers of Ti atoms. Also, the growth of polyaniline nanofibers on the MX2AN1 

and MX1AN1 surfaces further moved the (002) peak to 2 = 6.58 and 2 = 6.82, respectively. These 

peaks at lower diffraction angles corresponded to the increased interlayer d-spaces of 13.43 Å and 13.07 

Å. To determine the degree of nanoflake delamination, the average number of stacked nanoflakes was 

calculated by dividing crystal size by interlayer d-spaces. Solution etching of the MAX phase reduced 

the average number of layers from 28.3 in the MAX phase to 3.7 for MXene. Aniline intercalation 

between MXene flakes and their polymerization further reduced the average number of layers to 2.4 

and 2.9 for MX2AN1 and MX1AN1, respectively. 

Table 4.1 Extracted parameters from the XRD graphs 

Materials 
XRD 

2θ (degree) Interlayer Distance (Å) FWHM (radian)  (Å) Lx 

MAX phase 9.64 9.16 0.005 259.5 28.3 

MXene 7.98 11.06 0.034 41.1 3.7 

MX2AN1 6.58 13.43 0.057 33.1 2.4 

MX1AN1 6.82 13.07 0.036 38.6 2.9 

 

The FTIR analysis of the chemical structure of the synthesized nanoflakes is illustrated in Figure 4.4-

c. MXene flakes showed characteristic peaks of Ti-O at 559 cm-1, C-F at 1095 cm-1, O-H at 1386 cm-

1 and C=O at 1646 cm-1 [232]. Polymerization of aniline monomers at the surface of MXene introduced 

C=C stretching vibration of the quinoid and benzenoid ring bands of polyaniline at 1541 cm-1 and 1457 

cm-1, respectively. C=N stretching vibration of the quinoid ring appeared at 1311 cm-1, and the peak at 

1259 cm-1 is ascribed to the C-N stretching vibration of the benzenoid ring. The bands centered at 1147 

cm-1 and 804 cm-1 were attributed to the aromatic C-H in-plane and out of plane bending vibrations, 

respectively [228,241,242]. 
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In conjunction with the FTIR analysis, Raman spectroscopy was conducted to further investigate the 

chemical bonding structure and verify polyaniline polymerization on the MXene surface. As illustrated 

in Figure 4.4-d, polymerization of polyaniline from the surface of MXene flakes added the main 

characteristic peaks of polyaniline at 1180 cm-1 for C-H in-plane bending, at 1485 cm-1 for C=N 

stretching of quinoid rings and at 1578 cm-1 for C-C stretching of benzenoid rings [243,244]. These 

results confirmed the successful surface modification of MXene flakes with the polyaniline chains 

without the utilization of external oxidation agents [239,241]. 

4.3.2 Morphology of the nanocomposites 

Figure 4.5 illustrates the microstructure of the cryo-fractured cross-sectional area of the pure PVDF 

and corresponding PVDF nanocomposites incorporating 6.9 vol% MX, MX2AN1 and MX1AN1. The 

lack of nanoflake aggregation in SEM images of the nanocomposites confirmed the high degree of 

nanoflake dispersion in the polymer matrix. The high dispersion quality of the nanoflakes can be 

attributed to the appropriate interactions between polymer chains and nanoflakes, which resulted in 

their diffusion into inter-gallery spaces of the nanoflakes. Intercalation of polymer chain between 

nanoflakes, along with mixing, induced shearing forces to peel apart stacked layers of nanoflakes and 

enhance dispersion [233]. Structural units of polar PVDF chain are comprised of two H atoms and two 

F atoms. Therefore, good PVDF-MX interactions are expected to originate from the hydrogen bonds 

between negatively charged F or O atoms on the MXene surface and H atoms in the PVDF backbone. 

Likewise, the high dispersion quality of polyaniline grafted nanoflakes in PVDF matrix also originated 

from the interactions between the positively charged polyaniline chains and negatively charged PVDF 

backbone [232,241,242]. Interestingly enough, the surface roughness of the cross-sectional areas of 

pure PVDF and PVDF-MX nanocomposite were comparable. However, the surface roughness of the 

PVDF-MX2AN1 and PVDF-MX1AN1 significantly decreased in comparison to the pure PVDF. Shtein 

et al. [245] quantitatively investigated the correlation between surface roughness and fracture toughness 

of polymer-nanotube nanocomposites and showed that the material with lower fracture toughness has 

a smooth fracture surface. Therefore, PVDF-MX2AN1 and PVDF-MX1AN1 nanocomposites could be 

expected to show low fracture toughness yet higher Young’s modulus.  
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Figure 4.5 Cross sectional SEM images of the (a) cryo-fractured PVDF and 4.4 vol% PVDF 

nanocomposites of (b) MX, (c) MX2AN1 and (d) MX1AN1 

4.3.3 Electrical Conductivity Measurements on the Nanocomposites 

The in-plane DC electrical conductivity of the PVDF-MX nanocomposites is shown in Figure 4.6-a as 

a function of nanoflake loading. The electrical conductivity of PVDF-MX nanocomposites was 

enhanced by increasing MXene volume fraction. For example, the electrical conductivity increased 

from 1.110-4 S/cm at 2.2 vol% to 2.310-1 S/cm at 6.9 vol% MXene loading. The electrical 

conductivity of conductive polymer nanocomposites can be related to the conductive filler content 

through a power law equation as follows: 

𝒔 = 𝝈𝒇 (𝝋 − 𝝋𝒄)
𝒕      𝒇𝒐𝒓      𝝋 > 𝝋𝒄     4.8 

where σ is the electrical conductivity of the nanocomposite, f is a constant ascribed to the intrinsic 

conductivity of the filler,  is the volume fraction of the conductive filler, c is the percolation threshold 

and t is a critical exponent describing the dimensionality of the connected network in the nanocomposite 
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system [37]. In the nanocomposites of this study, as schematically illustrated in Figure 4.6-a, 

concentration for the percolation threshold is where MXene or MXnANm flakes come into contact or 

close enough to each other and make a continuous path to transfer the electrons across the 

nanocomposite. The percolation threshold was estimated by fitting the measured values from the 

experiment to the power law mentioned above. The inset of Figure 4.6-a shows the log-log plot of 

electrical conductivity versus (-c). The parameters of the power law were extracted from the best fit 

to the power law equation. For PVDF-MX nanocomposites, the percolation threshold was determined 

to be 1.8 vol% with a critical exponent (t) of 2.05. The percolation threshold obtained is much lower 

than the reported percolation thresholds for PVDF based MXene nanocomposites [211,233]. This could 

be because of the higher quality of synthesized MXene flakes with low defects that maintain their high 

electrical conductivity. Also, as described in a previous study [202], higher exfoliation of conductive 

filler could increase the surface area and the number density of the conductive particles, and hence 

make a percolated conductive network at lower loadings. Critical exponent values provide an overview 

of the dimensionality of the conductive filler network created in a polymer matrix. Values between 1.6 

to 2 usually indicate that the filler formed a 3D network structure [211,246]. Therefore, the exponent 

value of 2.05 in PVDF-MX nanocomposites suggested that the MXene nanoflakes were well dispersed 

in all three dimensions in the PVDF matrix.  

To investigate the effect of polyaniline grafting on electrical conductivity of the MXene flakes, 

electrical conductivity of the PVDF-MXnANm nanocomposites was also measured and is illustrated in 

Figure 4.6-b. PVDF-MX2AN1 nanocomposite showed electrical conductivity of 5.110-2 S/cm and 

0.195 S/cm at filler loadings of 4.4 vol% and 6.9 vol%. The electrical conductivity of PVDF-MX1AN1 

nanocomposites also showed values of 3.8210-2 S/cm and 0.170 S/cm at MX1AN1 loadings of 4.4 

vol% and 6.9 vol%, respectively. Due to the comparable conductivity values for MX2AN1 and MX1AN1 

incorporated PVDF nanocomposites to PVDF-MX nanocomposites, nearly the same electrical 

percolation threshold was assumed for the PVDF-MXnANm nanocomposites. 
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Figure 4.6 (a) DC electrical conductivity of PVDF-MXene and (b) PVDF-MXnANm 

nanocomposites as a function of volume concentration of nanoflakes. The inset in (a) shows a log-

log plot of the electrical conductivity versus (-c) 

4.3.4 Electromagnetic Interference Shielding Effectiveness of the Nanocomposites 

The excellent EMI shielding performance of the MXene nanoflakes is ascribed to the superior intrinsic 

properties of MXene, such as high metallic electrical conductivity, layered structure and abundant 

surface functionalities [206,216]. The synergistic effect of the high metallic electron conductivity and 

layered morphology cause shielding performance of MXene to outperform metal foils such as Cu and 

Ag with much higher conductivity [203]. Furthermore, the surface functional groups of MXene can act 

as strong dipole sites or be modified by other functional components, such as either low conductivity 

material or magnetic material, to further enhance microwave and electromagnetic wave dissipation 

[201]. Figure 4.7-a illustrates the average of the total shielding effectiveness (SET) of the MXene and 

MXnANm incorporated PVDF nanocomposites as a function of filler content. SET of the PVDF-MX 

nanocomposites increased from 9.77 dB at 2.2 vol% to 29.26 dB at 6.9 vol%, which is higher than the 

minimum SET of 20 dB of commercial EMI shielding material to block 99% of the incident 

electromagnetic waves [7]. Such an excellent EMI SE of the PVDF-MX nanocomposites was attributed 

to the synergistic effect of higher electrical conductivity of the nanoflakes and their layered structure. 

Furthermore, as illustrated in Figure 4.3, exfoliated and low defect flakes of MXene with various 

surface functional groups play a decisive role in the outstanding EMI SE of the nanocomposites. 
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Modification of MXene nanoflakes with polyaniline nanofibers further enhanced the total EMI SE of 

the nanocomposites. As illustrated in Figure 4.7-a, PVDF-MX nanocomposite showed an SET of 17.29 

dB at 4.4 vol%, while SET of PVDF-MX2AN1 and PVDF-MX1AN1 nanocomposites increased to 20.52 

dB and 20.8 dB, respectively, at the same loading. Further increase of nanoflake loading to 6.9 vol% 

increased the SET of the PVDF-MX2AN1 and PVDF-MX1AN1 nanocomposites to 35 dB and 38.84 dB, 

respectively. Figure 4.7-b illustrates the EMI SE across the entire P-band (12.4-18 GHz) frequency 

range for PVDF-MX, PVDF-MX2AN1 and PVDF-MX1AN1 nanocomposites with filler loadings of 4.4 

and 6.9 vol%. PVDF-MX2AN1 and PVDF-MX1AN1 nanocomposites showed the highest SET in the 

entire frequency range with a maximum SET of 40.43 dB and 42.24 dB at frequencies of 16 GHz and 

16.9 GHz, respectively. However, the maximum SET of 36.75 dB was obtained for PVDF-MX 

nanocomposite at a frequency of 18 GHz. 

 

Figure 4.7 (a) Average total EMI SE of the nanocomposites versus filler content, (b) EMI SE of 

the nanocomposites in the P-band frequency range, (c) proposed EMI shielding mechanism of 

PVDF-MXnANm nanocomposites, (d) nitrogen adsorption and desorption isotherms of MX, 

MX2AN1 and MX1AN1 nanoflakes and the calculated specific surface area, (e) the portions of 
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reflection and absorption in the total EMI SE for PVDF-MX, and (f) PVDF-modified MXene 

nanocomposites 

Conduction loss, dielectric loss and multiple internal reflection loss are considered the main potential 

sources of either reflection or absorption of the incident electromagnetic waves in EMI shielding 

material [200,247]. The conduction loss is attributed to the energy dissipation through the current flow 

produced by electron transfer mechanisms such as migration, hopping and tunnelling [7,202,210]. 

Unlike excellent intra-flake conductivity, MXene has poor inter-flake conductivity [248]. Therefore, 

constructing a 3D conductive network by highly conductive and exfoliated 2D structures of MXene 

flakes plays a crucial role in facilitating the intra-flake electron migration and electron hopping in pores, 

defects and inter-flake [201]. Such electron transfer provides an improved and efficient conduction loss 

in PVDF nanocomposites.  

It is worth mentioning that the conduction loss can be further improved by engineering the factors 

affecting the conductive network of the nanocomposite. For instance, MXene flake size and the 

concentration of defects, which can be tuned by the chemical synthesis procedure and post oxidation 

of the flakes, affect the final electroconductive properties of the material [249,250]. Modifying the 

surface functional groups with conductive components can also reduce inter-flake resistivity, facilitate 

the electron transfer in a 3D conductive network and improve conduction loss in the EM field.  

Dielectric loss is mainly related to ionic, electronic, space charge, dipole and interfacial polarization. 

However, the main dielectric losses in the GHz frequency range are merely dipole and interfacial 

polarization [197]. Dipoles in MXene flakes are induced at surface functional groups, defects, interfaces 

and dangling bonds [233]. In an electromagnetic field, when the dipoles cannot reorientate, energy is 

consumed by overcoming the momentum that suppresses the reorientation of the dipoles, and relaxation 

loss occurs [202]. It is worth mentioning that the defects can negatively affect the structural integrity 

of the MXene flakes and, subsequently, reduce the electrical conductivity and conduction loss. 

Nevertheless, defects also enhance dielectric loss due to increased surface area, dipole polarization and 

multiple reflections from multiple interfaces, thus amplifying the response to the incident 

electromagnetic waves. Therefore, if the enhancement of the dielectric loss is more than the negative 

effect from losing conduction loss, the resultant SET will be increased. Therefore, the higher EMI SE 

of the PVDF-MXnANm nanocomposites could be explained by the fact that grafting conductive 

polyaniline chains at the surface of MXene flakes facilitated the construction of an efficient 3D 
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conductive network and improved the conduction loss and dielectric loss of the nanocomposites in the 

EM field.  

The decisive role of polyaniline chains is illustrated in Figure 4.7-c and explained as follows: i) As 

illustrated in Figure 4.4-a and Table 4.1, intercalation and polymerization of aniline monomer between 

MXene flakes increased the inter-gallery spaces and, subsequently, the number density of the 

nanoflakes by exfoliation of the multilayered flakes to few or even monolayered flakes. Furthermore, 

electrically conductive polyaniline could reduce the contact resistance between the nanoflakes. These 

two factors facilitated the construction of a 3D conductive network in the PVDF matrix and enhanced 

the EMI SE. ii) Different conductivity of the fillers and PVDF matrix induces a capacitor-like structure 

in interfaces between PVDF chains and fillers, leading to charge accumulation, and thus interfacial 

polarization. As illustrated in Figure 4.7-d, specific BET surface area of nanoflakes' significantly 

increased from 23.96 m2/g in pristine MXene to 31.17 m2/g and 32.73 m2/g for MX2AN1 and MX1AN1 

nanoflakes, respectively. Therefore, enhanced surface area leads to higher interfacial polarization and 

better EMW attenuation [251]. iii) The intrinsic conductivity of the polyaniline chains would be 

involved in the electron transfer mechanisms and respond to the EM field. 

Reflection (R) and absorption coefficients (A=1-R-T) of the nanocomposites were calculated and 

illustrated in Figure 4.12. It is unambiguous that the majority of the incident electromagnetic waves 

were reflected from the surface of the electrically conductive nanocomposites, and only a minor portion 

of the incident waves was concentrated inside the nanocomposite by absorption. This is also in good 

agreement with the electrical conductivity measurements illustrated in Figure 4.6-b. As the electrical 

conductivity of the nanocomposites increased by increasing the conductive nanoflakes content, the 

amount of the reflected EMWs from the nanocomposites’ surface increased. Such a reflection 

mechanism originates from surface charges or charge carriers due to the enhanced electrical 

conductivity, which causes impedance mismatch between nanocomposites and air [252]. Interestingly, 

as illustrated in Figure 4.12, the absorption coefficient of the modified MXene based PVDF 

nanocomposites increased compared to the PVDF-MX nanocomposites. To further investigate the 

reasons for the increased absorption attenuation for the portions of EMWs concentrated in the 

nanocomposites, the contributions of reflection and absorption to the total EMI SE for PVDF-MX, 

PVDF-MX2AN1 and PVDF-MX1AN1 were calculated and are shown in Figure 4.7-e and f. The 

contribution of absorption to the total EMI shielding increased for all nanocomposites with increasing 

filler content [202]. However, at constant filler loadings of 4.4 vol% and 6.9 vol%, the contribution of 
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absorption in SET for the PVDF-MX2AN1 was 15.95 dB and 29.52 dB, and for PVDF-MX1AN1 

nanocomposites was 16.77 dB and 33.32 dB, respectively, which are higher than 12.84 dB and 22.44 

dB for the PVDF-MX nanocomposites. Therefore, the majority of the concentrated EMWs in 

nanocomposites were being absorbed. As EMWs absorption arises from polarization and ohmic losses, 

thus the absorption dominant shielding of the concentrated EMWs in polyaniline grafted MXene flakes 

agreed with the higher potential interfacial and dipole polarization in MXnANm nanoflakes. This 

augmented absorption contribution with less reflection is much more favorable for creating 

environmentally safe shielding materials with the least secondary radiation. 

4.3.5 Microstructural Evolution and Thermal Properties of the Nanocomposites 

In addition to the intrinsic properties of the conductive filler itself, its interaction with the polymer 

matrix could also cause structural evolution and impact the dielectric properties of the nanocomposite. 

The interfacial interactions between polymer and filler significantly affect the polymer chain orientation 

and subsequent crystallization [253]. Of the various crystal polymorphisms of PVDF, the polar -phase 

that can be induced by the addition of heterogeneous nucleating agents has greater molecular order and 

results in higher interfacial polarization, and thus strong electroactive properties in PVDF 

nanocomposites [211]. The higher interfacial polarization of the  phases originates from the higher 

cooperative orientational movement of the existing dipoles in the interphase between amorphous chains 

of PVDF and induced  crystals. It is well-known that the interphase characteristics in either polymer-

filler or amorphous-crystalline regions differ from the bulk characteristics [254]. According to Gregorio 

et al. [255], the amorphous-crystalline interphase in -PVDF maintains the characteristics of the 

molecular order of the  crystalline region without the mobility restrictions of the crystals. Thus, the 

mobile polar interphase takes part in enhancing the dipole polarization in an electromagnetic field and 

improves the EMI SE.  

To investigate this phenomenon in the present nanocomposites, DSC and XRD analysis were conducted 

to characterize the effect of MX and MXnANm nanoflakes on evolution of crystallinity and 

polymorphism of the PVDF nanocomposites. As illustrated in Figure 4.13-a, the addition of filler to 

the PVDF raised the crystallization temperature, indicating the nanoflakes' nucleation efficiency. The 

nanocomposites’ thermal properties and degree of crystallinity were calculated and are summarized in 

Table 4.2. Neat PVDF had 34.88% crystal content. At 4.4 vol% filler content, the degree of crystallinity 

decreased to 25.77%, 27.87% and 28.09% for PVDF-MX, PVDF-MX2AN1 and PVDF-MX2AN1 
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nanocomposites, respectively. Generally, the addition of filler to semi-crystalline polymer matrices 

increases the crystallization temperature (Tc) due to the increase in the rate of nucleus formation. 

Nucleation efficiency of the filler is proportionally related to the size of increment in Tc. The more 

effective the nucleation efficiency, the larger is the increase in Tc. As illustrated in Table 4.2, MX1AN1 

nanoflakes showed the highest nucleation efficiency, as Tc increased from 136.7C in pure PVDF to 

143.7C in PVDF-MX1AN1 nanocomposite. The crystal structure of the nanocomposites was also 

investigated by XRD and is illustrated in Figure 4.8. Neat PVDF showed diffraction peaks at 18.3, 

19.9, 26.5 and 39.5, which correspond to the -phase. The addition of 4.4 vol% MXene, MX2AN1 

and MX1AN1 flakes reduced the peaks at 18.3 and 19.9 and induced a new diffraction peak at 20.8. 

This peak corresponds to the sum of the diffractions in (110) and (200) planes of the -phase [256]. 

Figure 4.13-c shows that the intensity of the -phase peak increased with increasing MXene flake 

content in the nanocomposite. To quantify the  nucleation efficiency of the fillers, the relative 

percentage of  polymorphism was calculated by curve fitting on the XRD reflection peaks of PVDF 

nanocomposites at a filler loading of 4.4 vol% and using an equation that was described in a previous 

study [257]. The Gaussian function was used for curve fitting and the results are shown in Figure 4.13-

d and f and Table 4.2. The addition of MX and MX2AN1 nanoflakes to PVDF resulted in comparable 

-phase content of 20.77% and 20.87%, respectively. In comparison, MX1AN1 induced the highest -

phase content of 25.24%. This may be attributed to i) the high surface area of the nanoflakes to interact 

with PVDF chains and ii) the more effective nucleating agent behavior of positively charged polyaniline 

chains compared to the negatively charged MXene nanoflakes [253]. These results confirmed that 

polyaniline surface functionalization could increase the  nucleating efficiency of MXene nanoflakes 

and enhance the interfacial and dipole polarization and shielding efficiency of the nanocomposites.  
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Figure 4.8 XRD graph of the pure PVDF and PVDF nanocomposites filled with 4.4 vol% of 

MXene, MX2AN1 and MX1AN1 

 

Table 4.2 Calculated properties from DSC and XRD graphs of the PVDF and 4.4 vol% filled 

nanocomposites. 

Nanocomposites 
DSC XRD 

TC (C)  Tm1 (C)  Tm2 (C) Xc (%)* Hmelt (J/g) K (%) 

PVDF 136.7 166.4 170.1 39.23 34.88 - 

PVDF-MX 4.4 141.1 167.1 171.7 28.98 25.77 20.77 

PVDF-MX2AN1 4.4 140.6 167 171.1 31.35 27.87 20.87 

PVDF-MX1AN1 4.4 143.7 167.6 171.3 31.59 28.09 25.24 

* The degree of crystallinity (Xc) from DSC calculated through 𝑿𝒄 = (
𝟏

𝟏−𝝋𝒘
𝒇𝒊𝒍𝒍𝒆𝒓)(

∆𝑯𝒎𝒆𝒍𝒕

∆𝑯𝒄𝒓𝒚𝒔
). A value of 

104.6 J/g was considered as the heat of fusion for 100% crystalline PVDF.  

 

4.3.6 Mechanical Properties of the Nanocomposites 

The uniaxial tensile properties of the PVDF-MX, PVDF-MX2AN1 and PVDF-MX1AN1 

nanocomposites at different filler loadings were measured using a universal testing machine. Typical 
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stress-strain curves of the neat PVDF and nanocomposites at 4.4 vol% and 6.9 vol% filler loading are 

illustrated in Figure 4.9-a. Young’s modulus, tensile strength, elongation at break and tensile toughness 

of the nanocomposites were extracted from the stress-strain curves and collected in Table 4.3. As 

revealed in Figure 4.9-a, the nanocomposites experienced an increment in Young’s modulus by 

increasing the reinforcing nanoflake content. Figure 4.9-a shows the evolution of Young’s modulus for 

PVDF-MX nanocomposite as a function of the MXene content, and compares it with Young’s modulus 

of pure PVDF. The addition of 2.2 vol% MXene to PVDF increased Young’s modulus of the 

nanocomposite to a value of 0.734 GPa. The Young’s modulus of the PVDF-MX nanocomposite 

reached 1.07 GPa at 6.9 vol%. The higher stiffness of the nanocomposites is due to the higher intrinsic 

mechanical properties of the MXene flakes and their interactions with the polymer chains. Along with 

good flake dispersion in the PVDF matrix, abundant surface groups of F and O in MXene could form 

hydrogen bonds with the hydrogen atoms in the PVDF backbone [233]. Hydrogen bonding interactions 

could participate in stress transfer from the polymer chains to the strong MXene flakes and enhance 

Young’s modulus of the nanocomposites. It is also clear from Figure 4.9-a that the stiffness 

improvement of the nanocomposites occurred at the expense of a significant reduction in the elongation 

at break. This could be explained by the increase in the relaxation time of the polymer chains (time for 

polymer chain to respond to stress) due to the reduced molecular dynamics in the vicinity of the 

nanoflakes. Restricted dynamics could reduce the stretchability of the polymer chains and severely 

reduce the elongation at break. 

Young’s modulus and tensile strength of the PVDF-MX, PVDF-MX2AN1 and PVDF-MX1AN1 

nanocomposites at 4.4 vol% and 6.9 vol% of the filler content were compared and are illustrated in 

Figure 4.9-c. PVDF-MX nanocomposite showed a stiffness value of 1.01 GPa at 4.4 vol%, while adding 

the same volume percentage of the modified MXene flakes enhanced Young’s modulus to 1.11 GPa 

and 1.09 GPa for PVDF-MX2AN1 and PVDF-MX1AN1 nanocomposites, respectively. At 6.9 vol% 

filler content, Young’s modulus of the PVDF-MX2AN1 and PVDF-MX1AN1 was further enhanced to 

1.17 GPa and 1.12 GPa, respectively, compared to the 1.07 GPa of the PVDF-MX nanocomposite. The 

ultimate strength of the PVDF-MX2AN1 and PVDF-MX1AN1 nanocomposites at 4.4 vol% were 

comparable to that of the PVDF-MX nanocomposite. However, the ultimate strength of the PVDF-MX 

nanocomposite fell to 26.8 MPa at 6.9 vol%, while PVDF-MX2AN1 and PVDF-MX1AN1 

nanocomposites showed 34.3 MPa and 36.2 MPa, which are nearly the same as the strength of the 

nanocomposites at 4.4 vol%. This might be related to the quality of the dispersion of the nanoflakes in 
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the PVDF matrix. Generally, the achievement of high-quality dispersion of the nano filler in a polymer 

matrix is a challenging issue, especially at higher loadings [206,258]. Although the processing 

conditions are an important parameter that could impact on the dispersion quality of the nanoflakes in 

nanocomposites, at the same ensured processing conditions, compatibility between the polymer and 

nano filler play a decisive role to reduce the risk of nano filler aggregation, and thus enhance the 

dispersion quality. Better nano filler dispersion could, not only reduce the stress concentration sites in 

the nanocomposite, but also improve the polymer-filler interactions and enhance the capability of the 

nanocomposite to withstand higher stress before failure. Therefore, the higher tensile strength of the 

PVDF-MX2AN1 and PVDF-MX1AN1 nanocomposites is very probably explained by the better 

nanoflake dispersion and high polymer-filler interactions causing better load transfer behaviour 

between the nanoflakes and the PVDF chains [246]. 

 

Figure 4.9  (a) Stress-strain curves of the pure PVDF (inset), PVDF-MX2AN1 and PVDF-

MX1AN1 nanocomposites at 4.4 vol% and 6.9 vol%, (b) calculated Young’s modulus and 
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elongation at break of the PVDF-MX nanocomposites, and (c1) calculated tensile strength and 

(c2) Young’s modulus of the nanocomposites at 4.4 vol% and 6.9 vol%. 

Table 4.3 Extracted mechanical properties of the nanocomposites from stress-strain curves 

Nanocomposites 

Mechanical Properties 

Young's 

Modulus (GPa) 

Tensile 

Strength (MPa) 

Elongation at 

Break (%) 

Tensile Toughness 

(MJ/m3) 

PVDF 0.70 ± 0.05 48.5 ± 2.1 31.1 ± 2.5 12.1 ± 2.08 

PVDF-MX 2.2 0.73 ± 0.03 35.4 ± 3.6 9.4 ± 0.9 3.05 ± 0.92 

PVDF-MX 3.3 0.95 ± 0.03 35.1 ± 5.3 6.2 ± 1.5 1.7 ± 0.39 

PVDF-MX 4.4 1.01 ± 0.05 35.9 ± 3.5 6.6 ± 0.6 1.3 ± 0.015 

PVDF-MX 6.9 1.07 ± 0.03 26.8 ± 0.4 3.4 ± 0.2 0.48 ± 0.18 

PVDF-MX2AN1 4.4 1.11 ± 0.06 38.1 ± 0.9 5.5 ± 0.9 1.04 ± 0.18 

PVDF-MX2AN1 6.9 1.17 ± 0.07 34.3 ± 1.0 4.4 ± 0.3 0.61 ± 0.07 

PVDF-MX1AN1 4.4 1.09 ± 0.04 36.4 ± 0.7 5.2 ± 0.6 0.79 ± 0.22 

PVDF-MX1AN1 6.9 1.12 ± 0.07 36.2 ± 1.9 4.1 ± 0.9 0.97 ± 0.27 

 

4.4 Conclusions 

Large and low defect MXene nanoflakes were synthesized via the MILD method. Surface functional 

groups of the nanoflakes were modified with polyaniline nanofibers through oxidant free 

polymerization of aniline from the MXene nanoflake surface. Successful MXene synthesis and surface 

modification were confirmed by SEM, XRD, FTIR and Raman spectroscopy. Surface modification of 

MXene nanoflakes resulted in excellent enhancement of EMI SE of the PVDF-based nanocomposites. 

6.9 vol% loading of MX2AN1 and MX1AN1 nanoflakes in PVDF matrix, increased EMI SE to 35 dB 

and 38.84 dB, respectively, from 29.26 dB for the PVDF-MXene nanocomposite. The higher EMI SE 

of the modified nanocomposites at comparable electrical conductivity was attributed to three main 

reasons: i) exfoliation of the MXene nanoflakes by intercalation of polyaniline nanofibers in the inter-

gallery spaces, ii) induction of abundant capacitor-like structures in the interfaces between PVDF 
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chains and nanofiller, especially after increased specific surface area with polyaniline modification, and 

iii) contribution of polyaniline conducting chains in the electron transfer mechanisms and responses to 

the EM field. The mechanical properties of the PVDF nanocomposites showed higher stiffness for 

polyaniline grafted MXene nanocomposites due to the high dispersion quality of nanoflakes and the 

better polymer-filler interactions, which resulted in facilitating load transfer between the nanoflakes 

and the PVDF chains.  

4.5 Supporting information 

 

Figure 4.10 (a) High magnification SEM images of the MXene nanoflakes, (b) MX2AN1 

nanoflakes, (c) MX1AN1 nanoflakes, (d) SEM and EDS analysis of the MAX phase, (e) SEM and 

EDS analysis of the MXene nanoflakes, and (f) EDS mapping of the MXene nanoflakes 
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Figure 4.11 Particle size distribution (a) and average zeta potential of MXene nanoflakes  

 

 

Figure 4.12 (a) Reflection and absorption coefficients of the PVDF-MX and (b) PVDF-MXnANm 

nanocomposites. 
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Figure 4.13 The crystallization (a) and melting (b) thermograms of PVDF and nanocomposites. 

XRD graphs of the PVDF-MX nanocomposites at different MX loadings (c), curve fitting and 

calculation of the relative percentage of  polymorphism in PVDF nanocomposites (e-f) 

 

Figure 4.14 Stress-strain curve of the PVDF-MX nanocomposites at different MX loadings 
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Chapter 5 

Excellent EMI Shielding Performance with Ultra High EM Wave 

Absorption by MXene Coated rGOnR/MXene Aerogel Based PDMS 

Nanocomposite 

Saeed Habibpour, Yasaman Rahimi Darestani, Meysam Salari, Kiyoumars Zarshenas, Chul B. Park, 

Aiping Yu, “Excellent EMI Shielding Performance with Ultra High EM Wave Absorption by MXene 

Coated rGOnR/MXene Aerogel Based PDMS Nanocomposite” 

5.1 Introduction 

The swift growth of portable electronic and telecommunication devices, specifically with the 

advancement of 5G technology, has simplified human life by offering quicker data speeds and 

supporting emerging technologies such as smart cities, autonomous vehicles, virtual and augmented 

reality [32,108,227,247,259–261]. Nevertheless, similar to any wireless technology, there are potential 

concerns regarding the adverse effects of electromagnetic interference (EMI) on device functioning and 

human health [262,263]. Consequently, significant efforts have been continuously devoted to the 

development of advanced materials that are effective in shielding against EMI, while also being 

lightweight, durable, cost-effective, and easy to process [264]. Undoubtedly, sophisticated shielding 

materials are crucial for ensuring the safe and long-term use of electronic devices, as well as protecting 

the well-being of individuals exposed to EMI. 

Various mechanisms, such as reflection, absorption, scattering, and multiple reflections between 

different interfacial layers, can attenuate the incident power of the EM waves and achieve efficient EMI 

shielding effectiveness (SE). Historically, metals and more recently, carbon-based nanomaterials as 

well as 2D transitional metal carbides or nitrides (MXene) have been the preferred choice for EMI 

shielding due to their high electrical conductivity, which directly contributes to high SE [4,265]. Fan et 

al. [266], demonstrated a very high EMI SE of 80 dB for a free-standing multilayer graphene film with 

a 54 m thickness, while Iqbal et al. [267] reported an ultrahigh shielding effectiveness of 116 dB for 

a heat-treated Ti3CNTx MXene films at a lower thickness of 40 m. while materials with ultrahigh 

electrical conductivity exhibit outstanding EMI SE, a greater impedance mismatch between the 

shielding material and the medium through which EM waves propagate often results in a significant 
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portion of incident waves being reflected rather than absorbed. EMI shielding materials that primarily 

rely on reflection as the dominant shielding mechanism are generally not preferred due to the potential 

for secondary pollution caused by reflected waves. Therefore, it is still a pressing matter to develop 

EMI shielding materials with ultra-high absorption-dominant shielding mechanism. 

Lightweight, excellent chemical stability, easy to process, inexpensive, and tunable electrical properties 

of conductive polymer nanocomposites (CPnC) have brought them to the forefront of research as 

promising EMI shielding material. Zhao et al. [268] reported a highly conductive 3D Ti3C2Tx 

MXene/rGO aerogel-based epoxy nanocomposite with an optimized EMI SE of 56.4 dB at 0.74 vol% 

loadings. Nevertheless, the portion of SER was 5.7 dB which means about 70% of the incident EM 

waves are reflected from the surface [269]. The absorption of EM waves in CPnCs can be improved by 

increasing interfacial polarizations that can be achieved through the creation of diverse hetero-

structured surfaces using a combination of different nanomaterials [270–273]. Furthermore, in order to 

achieve EMI shielding materials with dominant absorption behavior, it is favorable to optimize the 

surface resistivity of CPnC while decreasing their dielectric permittivity, which enhances the 

impedance matching between the air and the shielding material [274]. High impedance matching allows 

incident EM waves to penetrate shielding material and dissipate by converting to heat through various 

mechanisms such as conduction loss, polarization relaxation and multiple scattering. Low impedance 

mismatch may be attainable by different strategies such as constructing a microcellular structure [275], 

constructing an anisotropic conductive network [276], optimizing the thickness, or adding impedance 

matching layers to the shielding structure to reduce reflections [277]. 

Zhao et al. [101], introduced microcellular foam structure (48% void fraction) in 10 wt.% loaded 

PVDF-GnP nanocomposite (5.210-3 S/cm) and obtained EMI SE of 27 dB. The nanocomposite 

demonstrated absorption-dominant shielding performance with SER of 2.6 dB, indicating a reflection 

efficiency of 46%, benefitting from the internal scattering and multiple reflections occurring within its 

unique cellular structure. Increasing the degree of microcellular structure can also decrease the effective 

dielectric permittivity, thereby allowing adjustment of surface impedance matching and resulting in 

higher absorption efficiency [111]. Duan et al. [278], adjusted surface impedance matching by 

constructing an anisotropic conductive network of microcellular nanocomposite and achieved high EMI 

SE. They employed a directional freeze drying and density-induced nanofiller segregation method and 

obtained Ag-coated expanded polymer bead/FeCo@rGO/waterborne polyurethane with gradient 

conductivity increase in EM wave penetrating direction. The surface's lower conductivity allowed for 
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proper impedance matching to absorb incident EM waves, while the higher bulk conductivity enabled 

sufficient EMI SE through reflection. Ma et al. [277], developed a layered film/foam structure with 

(PVDF/MWCNT 10 wt.%/GnP 10 wt.%) film layer and (PVDF-30 wt% SiCnw@MXene 7:1) foam 

layer with 65% void fraction (VF) and obtained EMI SE of 32.6 dB with SER of 3.1 × 10–4 dB. The 

foam layer absorbs EM waves by tuning the impedance mismatch between air and the nanocomposite, 

while the highly loaded conductive film layer shields EM waves by reflection mechanism. Although 

results demonstrated a very low reflection shielding mechanism, the total EMI SE is still have potential 

to improvement. Moreover, in the numerous attempts made to develop EMI materials that exhibit 

absorption-dominant properties, the thickness of the shielding material, which is a crucial variable 

affecting surface impedance matching and EM wave reflectivity, has been rarely investigated. Ma et al 

[279], evaluated the thickness dependence of the absorption/reflection (A/R) ratio in a monolayer 

microcellular shielding structure. They obtained absorption dominancy with an A/R ratio of 1.07 (65% 

VF) and 1.6 (85% VF) at thicknesses of 2.4 and 3.2 mm, respectively. However, despite these high A/R 

ratios, the total EMI shielding effectiveness (SE) obtained was around 22 dB and 15 dB, which falls 

short of meeting the commercial requirement of shielding material that can block 99.9% of incident 

EM waves [280]. 

Herein, we took an engineering design to develop a double layer shielding structure which provides 

excellent EMI SE along with a high A/R ratio. Shielding structure constructed by a very thin layer of 

higher electrical conductive MXene as a highly reflective shielding layer and lower electrical 

conductive reduced graphene oxide nanoribbon (rGOnR)/MXene (MX) aerogel based PDMS 

nanocomposite as an impedance matching layer. rGOnR/MX-PDMS nanocomposite was prepared via 

unidirectional freeze casting and subsequent PDMS impregnation method. It was found that low 

conductivity with a 3D interconnected network of nanocomposite can properly adjust surface 

impedance matching to absorb incident EM waves. Additionally, the nanocomposite synergistically 

enhanced the total EMI SE of the MXene layer through both conduction loss and multiple reflections 

between well distributed conductive nanomaterials in the nanocomposite. Furthermore, the effect of 

rGOnR and MXene hybridization on reducing the minimum required thickness for obtaining 

maximized A/R ratio was investigated and the influence of nanomaterials surface functional groups on 

enhancing the polarization relaxation was highlighted.  
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5.2 Experimental Section 

5.2.1 Materials 

Multiwalled carbon nanotubes (MWCNTs) with an average diameter of 20–30 nm and length of 10–

30 μm were obtained from Cheap-Tubes Inc., (USA). Ti3AlC2 MAX phase (size 40 m), lithium 

fluoride (LiF), hydrochloric acid (HCl; 12 M), hydrogen peroxide (30%), phosphoric acid, sulfuric acid 

and potassium permanganate were purchased from Sigma Aldrich, (USA) and used without further 

purification. Two-part polydimethylsiloxane (PDMS) (Sylgard 184) including base resin (part A) and 

curing agent (part B) was acquired from Dow corning Inc. and were mixed in a manufacturer 

recommended A:B mass ratio of 10:1. 

5.2.2 Synthesis of graphene oxide nanoribbon (GOnR) 

GOnR was synthesized through chemically oxidation and longitudinal opening of MWCNT, as 

reported in our previous work [165,202]. Briefly, MWCNT was dried in a 60 °C convection oven for 

24 hours. Then, 2 g of MWCNT were dispersed in 360 ml of sulfuric acid and stirred for 1 hour in an 

ice bath. Afterwards, 40 ml of phosphoric acid was added to the solution and stirred for another 15 

minutes. Next, 10 g of potassium permanganate was gradually added to the reactor over 30 minutes, 

and the mixture was stirred for 15 minutes until the solution turned dark green, indicating the dissolution 

of potassium permanganate. The ice bath was replaced with a silicon oil bath and the reactor 

temperature was raised to 65 °C over 1 hour. The mixture was stirred continuously for an additional 3 

hours at 65 C. Once the reaction was completed, the reactor cooled down to 0-4 C and then poured 

into 400 ml of distilled de-ionized (DDI) ice containing 20 ml of hydrogen peroxide. The solution was 

allowed to precipitate for 24 hours. The precipitated slurry was washed twice with 10% HCl  and then 

dialyzed for three days until the pH reached the range of ~5.5- 6.5. 

5.2.3 Preparation of Ti3C2Tx MXene (MX) nanoflakes 

Aluminum layers of Ti3AlC2 MAX phase were selectively etched through the minimally intensive layer 

delamination (MILD) method to obtain Ti3C2Tx MX nanoflakes [231]. Herein, an etchant mixture of 

1.6 g of LiF in 20 ml of HCl (9 M) was prepared in a Teflon reactor at room temperature. Then, 1 g of 

Ti3AlC2 powder was gradually added to the reactor over 10 minutes to avoid excessive hydrogen 

bubbling due to the exothermic reaction of the etching process. The reactor was placed in a water bath 

at 37 C and stirred for 24 hours. Afterward, the acidic slurry was repeatedly washed with DDI water 
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through centrifugation at 10000 RPM for 10 minutes until the pH reached a level of 5–6. The 

appearance of clay-like sediment at this step verified the expansion of the etched layers through the 

intercalation of water molecules between the inter gallery spaces of the MX nanoflakes. The dark green 

supernatant is also an indication of the starting of MX nanoflake delamination. Next, the mixture was 

sonicated for 1 hour in a bath sonicator under a nitrogen gas flow to facilitate the delamination process. 

The purpose of nitrogen gas flow in the solution is to extract potentially dissolved oxygen molecules 

and minimize oxidation of MX nanoflakes. Lastly, to obtain exfoliated Ti3C2Tx MX powder, the 

suspension was centrifuged at 3500 RPM for 45 minutes and freeze dried at -65 C and 25 bar. 

5.3 Preparation of unidirectionally aligned aerogel based PDMS 

nanocomposites 

To prepare 3D unidirectionally aligned reduced GOnR (rGOnR) and hybridized rGOnR/MX aerogels, 

directional freezing of the nanomaterial’s solution followed by freeze drying process was utilized, as 

illustrated in Figure 5.1. In a typical process, to prepare rGOnR15/MX15 aerogel, 60 mg GOnR was 

dispersed in 2 ml DDI water (30 mg/ml), stirred for 30 minutes, and then sonicated for 3 hours. 

Similarly, 60 mg of MX was also dispersed in 2 ml DDI water (30 mg/ml), stirred for 30 minutes and 

sonicated for 1 hour under Nitrogen gas flow. The shorter sonication time for the MXene solution 

compared to the GOnR solution was implemented to limit MXene oxidation and size reduction during 

the sonication process. Afterward, the two solutions were mixed to form a 4 ml GOnR15/MX15 hybrid 

solution with a total concentration of 30 mg/ml. The suspension was then poured into a homemade 

copper mould with the lower part of the mould immersed in a liquid nitrogen pool and the walls sealed 

with a Teflon sheet placed outside of the pool. Due to the high thermal conductivity of the copper, the 

immersed bottom part of the mould introduced a very large unidirectional temperature gradient, 

resulting in directional growth of ice crystals from the copper surface. The frozen GOnR15/MX15 

solution was freeze dried for 72 hours, and the resulting aerogel were thermally annealed in a tube 

furnace at 450 C for 3 hours, under Argon atmosphere, to restore the electrical conductivity of the 

graphene nanoribbons and obtain rGOnR15/MX15. It is important to note that MXene oxidation 

typically occurs at temperatures above 600°C due to the removal of surface terminations. As a result, 

annealing at 450°C not only does not adversely affect the stability of the MXene nanoflakes, but may 

also potentially enhance their electrical conductivity [108]. In a similar approach, rGOnR30, hybridized 
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rGOnR25/MX5 and rGOnR20/MX10 aerogels were also prepared and thermally annealed before 

nanocomposite preparation. 

Aerogel based PDMS nanocomposites were prepared through the impregnation method on rGOnR/MX 

aerogels. First, PDMS base resin and curing agent in a mass ratio of 10:1 was prepared and mixed 

thoroughly for 10 minutes. Then the mixture was degassed at room temperature in a vacuum oven for 

30 minutes. Next, the as-produced aerogels were placed at the surface of the mixture and allowed to 

immerse gradually in the PDMS mixture. After full immersion of the aerogels, the impregnation process 

was assisted by applying a vacuum for 2 hours. Afterward, the samples were placed in a convection 

oven at 80 C for 4 hours to cure the polymer. Samples were post-cured at 60 C for additional 24 hours 

before slicing into small slabs of 816 mm2 and various thicknesses.    

 

Figure 5.1 Schematic illustration of rGOnR/MX unidirectional foam preparation 

5.3.1 Characterization 

The morphology of the synthesized nanomaterials was observed with Zeiss UltraPlus field emission 

scanning electron microscope (FE-SEM). Additionally, the chemical elemental distribution of the 

nanoflakes was characterized via energy dispersive X-ray spectroscopy (EDS). The cross-sectional 

microstructure of the aerogel based PDMS nanocomposites was investigated using FE-SEM after 

cryofracture of the samples in liquid nitrogen, followed by a thin layer of gold sputtering. The 

successful longitudinal unzipping of the GOnR from its parent MWCNT was verified by detecting the 
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individual particles using transmission electron microscopy (TEM) (JEOL 2010F) with an accelerating 

voltage of 200 kV. The size and thickness of an isolated MXene nanoflake were also investigated 

through a Bruker Innova atomic force microscopy (AFM) in tapping mode. Crystallography of the 

nanoflakes was studied using a Rigaku Miniflex 600 wide-angle powder X-ray diffraction (XRD) with 

Cu-Kα radiation (λ=1.54184 Å). Raman spectra were acquired using a Bruker Senterra Raman 

spectroscopy with an excitation wavelength of 532 nm to analyze the composition, order, and disorder 

of the synthesized nanomaterials. The chemical functionalities of the nanomaterials were assessed by a 

Nicolet-670 Fourier transform infrared spectroscopy (FTIR) with a resolution of 4 cm−1 in the range of 

600−4000 cm−1. The elemental compositions and bonding information of the nanomaterials were 

measured by a Thermal Scientific K-Alpha XPS spectrometer. The thermal degradation properties of 

each nanomaterial were elucidated by heating them to 800°C with a constant heating rate of 10°C/min 

using a Q500 TA thermogravimetric analysis (TGA). 

The linear sweep voltammetry (LSV) technique is used to measure DC electrical conductivity of the 

aerogel based PDMS nanocomposites via a through-plane controlled environment (CESH) sample 

holder coupled with a VSP-300 Biologic Potentiostat. Galvanostatic electrochemical impedance 

spectroscopy (GEIS) technique was also employed to measure the AC electrical conductivity and 

dielectric properties of the PDMS-based nanocomposites at a frequency range of 1 to 105 Hz. The EMI 

SE of the PDMS nanocomposites was analyzed by collecting S parameters (S11 and S21) using the 

waveguide mode in the frequency range of 12.4−18.0 GHz (P-band) on a Keysight, PNA-L Series 

N5234B vector network analyzer. The following equations were used to calculate the reflectivity (R), 

transmittivity (T) and absorptivity (A) for the incident electromagnetic wave [202]: 

𝑹 = |𝑺𝟏𝟏|
𝟐      5.1 

𝑻 = |𝑺𝟐𝟏|
𝟐      5.2 

𝑨 = 𝟏 − 𝑹 − 𝑻      5.3 

The total EMI shielding effectiveness (SET) of the nanocomposites was calculated by summing the 

reflection shielding effectiveness (SER) and absorption shielding effectiveness (SEA), obtained from the 

calculated reflection and absorption coefficients, using the following equations: 
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Considering the calculated reflection and absorption coefficients, the total EMI shielding effectiveness 

(SET) of the nanocomposites obtained by the summation of the reflection shielding effectiveness (SER) 

and absorption shielding effectiveness (SEA) according to the following equations [202]: 

𝑺𝑬𝑻 = 𝑺𝑬𝑹 + 𝑺𝑬𝑨     5.4 

𝑺𝑬𝑹 = −𝟏𝟎 ⋅ 𝒍𝒐𝒈𝟏𝟎(𝟏 − 𝑹)    5.5 

𝑺𝑬𝑨 = −𝟏𝟎 ⋅ 𝒍𝒐𝒈𝟏𝟎 (𝟏 −
𝑨

𝟏−𝑹
)    5.6 

5.4 Results and Discussion 

5.4.1 Material characterization 

Figure 5.2-a illustrates the large particles of the Ti3AlC2 MAX phase. High magnification FE-SEM 

images of the MAX phase in Figure 5.8 demonstrate the laminate structures of stacked titanium crystals. 

EDS analysis on MAX powder showed 17.6 atomic percent aluminum element. Considering the 

chemical composition of the MAX phase, the aluminum elements are interleaved between the titanium 

and carbon laminates. Figure 5.2-b and c are presenting exfoliated MXene nanoflakes after successful 

etching of the aluminum layers and the layers’ delamination. EDS analysis of the MXene nanoflakes 

in Figure 5.8-d confirmed the successful removal of the aluminum layers. It also showed the appearance 

of oxygen and fluorine elements which are attributed to the fluoride and oxygen containing functional 

groups on the nanoflakes’ surface. Although we have used a less intensive chemical etching condition 

method (MILD) to synthesize MXene nanoflakes, it is obvious from Figure 5.2-c that there was a lateral 

size reduction during the etching and sonication assisted delamination process. Figure 5.2-i shows the 

AFM topography image of a bilayer MXene nanoflake. The height profile in the inset of Figure 5.2-i 

represents the thickness of ~3 nm for the MXene bilayers along with micron size lateral dimensions 

which are in good agreement with the reported theoretical and experimental dimensions for a single 

layer MXene nanoflake [108,199]. Figure 5.2-e is presents the longitudinally unzipped GOnRs from 

their parent multiwalled carbon nanotubes illustrated in Figure 5.2-d. Despite the chemical oxidation 

of MWCNTs possibly shortening the length of the nanotubes [281], a higher magnification image from 

an isolated GOnR in Figure 5.2-f and Figure 5.8-c proved that the controlled reaction conditions along 

with the optimized chemical reagents’ ratio can effectively reduce the nanotubes shortening. 

Lengthwise opening of the nanotubes resulted in an increased length to width aspect ratio of the 
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nanoribbons [282]. Comparing the TEM images of the MWCNT and GOnR in Figure 5.2-g and h also 

confirmed the unzipped nature of the GOnR strips. The presence of a clear line exactly in the middle 

of the MWCNT tubes confirms its hollow structure, whereas the lack of that in GOnR implies a layered 

2D structure. EDS analysis of the GOnR showed about 31 atomic percent of oxygen element which is 

related to the oxidation of nanoribbons during the lengthwise opening process. After thermal annealing 

of the aerogels, the oxygen atomic percent reduced to about 8 percent, confirming the successful 

removal of the majority of the oxygen containing functional groups.   

 

Figure 5.2 SEM images of (a) Ti3AlC2 MAX phase, (b) and (c) Ti3C2Tx MXene, (d) MWCNT, (e) 

and (f) GOnR. TEM images of (g) MWCNT, (h) GOnR and (i) AFM topography of Ti3C2Tx 

MXene. Inset in (i) shows the height profile of bilayer Ti3C2Tx MXene nanoflakes. 

The alteration of the crystalline structures of the nanomaterials was characterized with XRD in Figure 

5.3-a and coupled with the Raman and FTIR spectroscopy in Figure 5.3-b and d to elucidate the integrity 

of the crystalline structures and functional groups. The selective etching of the aluminum layers from 

the MAX phase disappeared the characteristic peak at 2θ =39.04°, broadened the (002) peak at 2θ 
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=9.58°, and shifted it to a lower 2θ =7.98°. Using Bragg’s equation, the interlayer d-spacing of the 

shifted (002) peak was calculated and showed that the spaces between the layers enlarged from 9.22 Å 

to 11.06 Å. The calculation of the average particle dimensions in the [000l] direction before and after 

layer delamination of the MAX phase showed a significant reduction from 25.95 to 4.11 nm which 

corresponds to the average number of layers of 28.3 and 3.7 in MAX phase and MXene, respectively 

[282]. These results also confirmed the height profile in the topographic image of MXene bilayer in 

Figure 5.2-i. The presence of chemical functional groups on MXene surface was confirmed by FTIR. 

A broad and strong peak at 3436 cm-1 and peak at 1386 cm-1 both reflected the OH groups while peaks 

at 1646, 1095 cm-1 and 558 cm-1 confirmed the C=O, C-F and Ti-O bonds, respectively. The appearance 

of these functional groups also rationalized the increase of the interlayer d-spacing in XRD results. The 

lack of Ti-Al vibrations at 180, 200 and 270 cm-1 and only the presence of Ti-C vibrations at 560 and 

606 cm-1 in the Raman spectrum of MXene, also confirmed the successful elimination of aluminum 

layers from the Mxene nanoflakes [25].  

Comparison of  the XRD spectra of MWCNT with GOnR in Figure 5.3-a revealed that the peak 

corresponding to the graphitic crystalline structure at 2θ = 26.02° has shifted to a lower 2θ value of 

9.95°. This shift indicated an oxidation-induced interlayer d-space expansion, attributed to the partial 

oxidation and lengthwise opening of the nanotubes through a chemical unzipping process. The 

oxidation process introduced oxygen containing functional groups such as carboxyl and hydroxyl 

groups to the edge of the opened nanoribbons. This is confirmed by the presence of a carbonyl 

stretching vibration bond peak at 1718 cm-1 in the FTIR spectrum of GOnR, as shown in Figure 5.3-b, 

providing evidence for the existence of oxygen functional groups along the edge of the graphene 

nanoribbons [165,283]. The restoration of graphitic structures in the nanoribbons' aerogel was achieved 

through annealing at high temperatures, which resulted in the removal of the oxygen-containing 

functional groups. This phenomenon was confirmed by analyzing the XRD spectrum of rGOnR in 

Figure 5.3-a, where the characteristic peak corresponding to graphene oxide disappeared, and the 

intensity of the graphitic peak at 2θ =25.9° increased. Additionally, the carbonyl functional group 

vibration bond also disappeared, providing further evidence for the reduction of the nanoribbons. The 

chemical fingerprints of the MWCNT, GOnR and rGOnR were also explored by Raman spectroscopy 

and exhibited in Figure 5.3-b. The characteristic peaks of carbonaceous materials appeared at 1335, 

1580 and 2680 cm-1 which were associated with the D, G and 2D modes, respectively. The D peak 

represents the formation of structural defects on graphitic crystal structure, while G peak is related to 
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the first order scattering of E2g due to the C–C bond stretching in graphitic carbon. As the oxidation 

reaction on MWCNT introduces defects and disorders on its sp2 structure, the structural integrity of the 

graphitic crystal of carbonaceous material can be adequately quantified by the intensity ratio between 

D and G peaks. From Figure 5.3-c, MWCNT showed ID/IG ratio of 0.982, which indicates lower 

structural integrity compared to the reported disorder ratio of other graphitic materials such as GnP 

[284]. This can be attributed to the defects that occurred during the synthesis process [56]. The oxidative 

unzipping of the nanotubes increased ID/IG ratio to 1.01 and 2D peak disappeared. The formation of 

edge structures in GOnR by the lengthwise opening of the nanotubes is the potential reason for the 

increase in disorder ratio. Furthermore, the appearance of oxygen containing functional groups also 

could alter the structural integrity by inducing more sp3 domains. Thermal reduction slightly increased 

the ID/IG ratio to 1.04 due to the creation of new sp2 domains which are smaller than the sp2 domains of 

GOnR in size yet larger in quantity [285]. 

 

Figure 5.3 (a) XRD, (b) FTIR, (c) Raman and (d-h) XPS spectra of Ti3C2Tx MXene, GOnR, 

rGOnR and their Ti3AlC2 MAX phase and MWCNT precursors.  

The chemical state and atomic bonding of delaminated Ti3C2Tx MXene nanoflakes, oxidized GOnR 

and its reduced counterpart were thoroughly explored by the X-ray photoelectron spectroscopy (XPS) 

and illustrated in Figure 5.3-d to g. The importance of XPS analysis is to investigate or even quantify 

the atomic composition of the nanomaterials [250]. The lack of Al 2s peak in the survey spectrum of 

Ti3C2Tx MXene in Figure 5.9-a verified the successful removal of the aluminum layers from the MAX 
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precursor [286]. As seen from high resolution Ti 2p XPS spectra in Figure 5.3-d, the peak at binding 

energy value of 454.9 eV was belong to the Ti-C bond. The peaks at 455.6 and 461.2 eV were attributed 

respectively to the 2p3/2 and 2p1/2 of C-Ti-Tx bonds. The presence of these peaks is due to the formation 

of Ti3C2Ox or Ti3C2(OH)x of Ti3C2OH-H2O. These functional groups are responsible to endow very 

high hydrophilicity and strong negativity to the MXene nanoflakes [224,287]. The peaks at 456.6 and 

462.1 eV were assigned to the Ti-O peaks. The weak intensity of these bonds indicated less amount of 

nanoflakes’ oxidation. C-Ti-F bonds appeared at binding energy values of 457.5 and 463 eV and the 

peaks at 459.2 and 465 eV were assigned to TiO2. Figure 5.3-e illustrates the O1s region of the XPS 

spectrum for MXene nanoflakes. Peaks at binding energy values of 529.8, 530.8, 532.3 and 533.9 eV 

were corresponded to the Ti-O, C-Ti-Ox, C-Ti-(OH)x and H2O bonds, respectively [233]. The C1 s 

region of the XPS spectrum for MXene nanoflakes was also presented in Figure 5.3-f. In the C1s region, 

deconvoluted peaks at the binding energy values of 291.9, 282.8, 284.3, 285., 286.3, 287.2 and 289.3 

eV were assigned to the Ti-C, C-Ti-O, C=C, C-C, C-O, O-C=O or C-F and C=O bonds, respectively 

[288]. The successful reduction of nanoribbons during thermal treatment was also studied through 

comparing the high resolution XPS spectra of C1s regions for GOnR and its reduced rGOnR 

counterpart. As illustrated in Figure 5.3-g, the peak for C-C bonds appeared at 284.5 eV. The three 

distinct peaks at 285.8, 287.9 and 289.7 eV were assigned to the C-O, C=O and O-C=O bonds which 

are indicating the generation of oxygen containing functional groups during chemical unzipping of 

MWCNTs [289]. However, comparing the TGA analysis of the two reduced GOnRs at 450 C and 900 

C in Figure 5.3-h showed only 5.1 % different in the weight loss of the two reduced nanoribbons at 

450 C. This indicated that still a small amount of functional groups may exist in nanoribbons reduced 

at 450 C. Despite the remaining functional groups may impede nanoribbons to show a high electrical 

conductivity by full restoration of the sp2 domains of the graphitic crystal structure, they can play a role 

in dissipating EM waves by enhancing the polarization relaxations. It is noteworthy to mention that 

oxidation of MXene occurs after heating above 600 C due to removal of surface terminations [108]. 

Hence, subjecting to annealing at 450 °C does not result in the oxidation of MXene, but it could 

potentially improve electrical conductivity by eliminating the absorbed intercalant water [290,291]. 

5.4.2 Microstructure of unidirectionally aligned PDMS nanocomposites 

The unidirectional freezing and subsequent freeze drying technique for constructing a highly aligned 

3D interconnected conductive network are typically controlled by the crystallization behaviour of the 
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solvent and the interactions between the solvent and all species in the solution. Crystallization is a two 

step process involving nucleation and growth. The freezing temperature plays a crucial role in 

determining the final pore sizes of the aerogels. Very low freezing temperature may increase the number 

of crystal nuclei while suppressing the crystal growth due to an inefficient amount of thermal energy. 

Sublimation of a large number of small ice crystals results in a smaller pore size in aerogels. Interactions 

between the species and their chemistry are other important parameters in the formation of a well 

structured and robust aerogel. For instance, highly oxidized graphene sheets may enhance the 

dispersion of the sheets in water while it could hinder the construction of a highly interconnected 

conductive network during the freezing process. It has been reported that partial reduction of graphene 

oxide leads to the formation of a better network due to reduced repelling forces [292]. The unzipping 

process of MWCNT partially oxidizes the nanoribbons and provides the privilege to GOnR to be well 

dispersed in water, along with the capabilities of constructing a robust 3D conductive network.  

Figure 5.4 illustrates both the top and side view SEM images of rGOnR/MX aerogel based PDMS 

nanocomposites. As it is unambiguous from Figure 5.4, all the micro pores of the aerogels were fully 

filled after impregnation with PDMS and there are not any remaining pores in the nanocomposites that 

may act as stress concentration points and impact the mechanical properties of the final 

nanocomposites. Moreover, the lack of obvious interfacial cracks between the interconnected 3D 

aerogel networks and the PDMS matrix suggested proper interfacial adhesion. The cross-sectional SEM 

images from the top view of the nanocomposites in Figure 5.4 demonstrated a well distributed and 

interconnected networks of the rGOnR/MX hybrids, indicating a good mechanical strength of the 

aerogels, and the impregnation process did not compromise the 3D conductive network [293]. The 

lateral cross sectional SEM images of the nanocomposites clearly indicated that the highly aligned 

rGOnR/MX nanosheets were evenly dispersed with a particular orientation relative to the direction of 

the freezing [268]. These images demonstrated that the infiltrating PDMS in rGOnR/MX aerogel is an 

effective engineering technique for constructing polymer nanocomposites that retain the original 

conductive filler network without compromising it, leading to a high level of dispersion and electrical 

conductivity even at low filler loadings [289].  
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Figure 5.4 SEM images from the top and side view of the PDMS infiltrated rGOnR/MX 

aerogels 

5.4.3 Electrical conductivity of nanocomposites  

Broadband through-plane electrical conductivity of the rGOnR/MX aerogel based PDMS 

nanocomposites across the frequency range of 1 to 105 Hz are shown in Figure 5.5-a. The alternative 

current (AC) conductivity can be represented as a combination of a frequency-independent and a 

strongly frequency-dependent part. This conductivity can be expressed by 𝜎 = 𝜎𝐷𝐶 + 𝜎𝐴𝐶, where 𝜎𝐷𝐶 

represents the frequency-independent part and 𝜎𝐴𝐶 indicates the frequency-dependent part of the total 

electrical conductivity. An entirely frequency-dependent capacitive electrical conductivity is a typical 

characteristic of an insulative polymer nanocomposite. This behaviour is indicating that the conductive 

material loading in polymer nanocomposite is not enough to create a connected conductive network. 

When the content of the conductive material reaches the percolation threshold, the AC conductivity 

starts to show a frequency-independent behaviour at a critical frequency (fc). The electrical charges 

applied by an external electrode will transport (as indicated by the frequency-independent behaviour) 

and build up (as indicated by the frequency-dependent behaviour) in the vicinity of the interfaces of 

various phases. This is due to the charge transportation capabilities of the conductive phase, the charge 

storage features of the ferroelectric phase and the various relaxation times for each of the phases [294]. 
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As illustrated in Figure 5.5-a, through-plane electrical conductivity of rGOnR/MX aerogel based PDMS 

nanocomposites showed a frequency-independent behaviour in the whole frequency range. This is 

because of the presence of a 3D interconnected conductive nanomaterials network which has been 

constructed through unidirectional freezing and freeze drying process at a very low loadings. Such an 

interconnected conductive network would be able to transfer electrons without charge accumulations 

in the interfaces of different phases. Linear sweep voltammetry of the PDMS nanocomposites was also 

measured and exhibited in Figure 5.5-b. DC electrical conductivity of the nanocomposites calculated 

using 𝜎𝐷𝐶 = 
𝑡

𝑅×𝐴
, where t is the sample thickness, R is the resistivity and equals to the slope of V-I 

curve in Figure 5.5-b, and A is the sample’s surface area. The electrical conductivity of nanocomposites 

showed an increasing trend with the addition of MXene nanoflakes in the structure of the aerogels, 

Figure 5.5-c,. The electrical conductivity of rGOnR30-PDMS nanocomposite showed 2.14×10-3 S/cm 

while hybridizing of rGOnR with 50 % of MXene nanoflakes enhanced the electrical conductivity to 

1.90×10-2 S/cm. The higher electrical conductivity of the rGOnR15/MX15-PDMS nanocomposites was 

attributed to the synergistic effect of both graphene nanoribbons and MXene nanoflakes. Mxene 

improves electrical conductivity due to its higher intrinsic electrical conductivity and relatively larger 

particle size which leads to reduced contact resistance. On the other hand, graphene nanoribbons can 

bridge between the adjacent MXene nanoflakes, create a path to transfer charges between the MXene 

nanoflakes and subsequently reduce their intrinsically low intra-flake resistivity [289,295]. It was not 

surprising that the extracted DC electrical conductivity (𝜎𝐷𝐶) values at the frequency of 1 Hz from the 

broadband electrical conductivity measurements were comparable to ones obtained from the linear 

sweep voltammetry, Table 5.1. 
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Figure 5.5 (a) Broad band electrical conductivity, (b) linear sweep voltammetry, (c) DC electrical 

conductivity, (d) real permittivity, (e) dielectric loss, and (f) comparison of dielectric properties 

at the frequency of 103 Hz for rGOnR/MX aerogel based PDMS nanocomposites 

The frequency-dependent dielectric properties of the nanocomposites were also shown in Figure 5.5-d 

and e. The dielectric permittivity has a complex form, composed of a real part, ε', and an imaginary 

part, ε'' as shown below equation. 

𝜺(𝝎) = 𝜺′(𝝎) − 𝒊 𝜺′′(𝝎)      5.7 

where 𝜔 = 2𝜋𝑓 is the angular frequency, ε'() is the real part of permittivity and ε''() is the imaginary 

part of the dielectric permittivity. The former pertains to the displacement of charge, which is controlled 

by the polarization within the material. A typical kind of polarization that takes place across frequencies 

of less than 1 MHz is interfacial polarization. This is based on the Maxwell–Wagner–Sillars (MWS) 

effect, which leads to the accumulation of charges at the polymer-filler interfaces due to their 

differences in relaxation times. The imaginary part of the dielectric permittivity (ε'') is used to calculate 

the dielectric loss (𝑡𝑎𝑛𝛿 =
𝜀′′

𝜀′ ), which is expressed as the ratio of ε" to ε', and arises from ohmic loss, 

polarization loss and dipole movements. As illustrated in Figure 5.5-d, with increasing the content of 

MXene in the nanocomposites, the real permittivity increased and the critical frequency where the real 

permittivity starts to behave more frequency dependent shifted to higher values. When comparing the 

real permittivity at 1 KHz between the nanocomposites (Figure 5.5-f), it is clearly seen that increasing 
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the content of MXene in hybridized rGOnR/MX aerogels increased the real permittivity. For instance, 

the dielectric permittivity of the rGOnR30-PDMS nanocomposite was 522.78, while hybridizing 

rGOnR with 50% of MXene in the same nanocomposite soared the real permittivity to 3765.65. This 

could be attributed to the interfacial polarizations between polymer matrix and conductive 

nanomaterials (at frequency range of 10-6 to 1 Hz), nanomaterials’ polarization which occur within the 

defects and disorders of rGOnR and MXene layers (at frequencies of >1 Hz), and dipole polarization 

of the dielectric PDMS matrix at higher frequencies [80]. In essence, the rGOnR/MX-PDMS 

nanocomposites can be considered as myriad nanoscale parallel plate capacitors, where the conductive 

rGOnR/MX nanoflakes are nanoelectrodes and the PDMS matrix is nanodielectric material [252]. The 

locally build up electric field in nanocapacitors is much higher than the applied external electric field 

and further intensified with increase in the nanoflakes’ size and decrease in the thickness of confined 

PDMS matrix [296]. These local and strong electric fields causes charge polarization in PDMS matrix 

and contribute in increasing the real permittivity. As illustrated in Figure 5.5-d, the real part of the 

permittivity decreased with increasing frequency because of the reduced dipoles’ mobility at higher 

frequencies. When the frequency of the applied electric field exceeds the relaxation frequency, the 

dipoles are not sufficiently mobile to displace [294]. Figure 5.5-e shows that an increase in MXene 

content in the hybrid nanocomposites leads to higher dielectric loss values with more frequency 

dependent behavior. This highly likely pertains to the enlarged ohmic loss and relaxation polarization 

loss [297]. The former arises from the higher conductivity of the MXene nanoflakes, which improves 

the charge carrying capability and dissipates electrical energy, especially at low frequencies. The latter 

is attributed to the abundant number of nanocapacitors and materials’ functional groups, defects and 

disorders where the relaxation of induced molecular dipoles by locally built up EM fields occur 

[202,252]. At higher frequencies, the molecular dipoles are unable to rotate in the alternating electric 

field and absorb the energy by overcoming the momentum that suppresses the reorientation of dipoles 

[202]. The decrease of the ohmic loss with frequency can also been explained by the incapability of 

charge carriers to efficiently traverse through the conductive network in each half cycle of alternating 

electric field due to the shorter time frames [296]. Figure 5.5-f exhibits the variation of the dielectric 

loss as a function of increasing MXene content in the rGOnR/MX hybrid at a frequency of 1 KHz. The 

dielectric loss values increased as the content of MXene increased in the hybrid nanocomposites, 

consistent with the trend observed in electrical conductivity. This relationship is governed by the 

equation 𝑡𝑎𝑛𝛿 =
𝜎

2𝜋𝑓𝜀0𝜀
′ which relates dielectric loss to electrical conductivity [298]. The dielectric 
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loss of the conductive polymer nanocomposites dramatically increases when the content of the fillers 

reached its percolation threshold. After percolation, the sufficient current leakage can lead to a 

transition from non ohmic to ohmic loss. 

5.4.4 EMI shielding effectiveness of nanocomposites 

Theoretically, electrical conductivity is the controlling factor of the EMI SE and impedance matching 

between the materials and the EM wave propagating media. There is a trade off between surface 

electrical conductivity of the shielding material and its impedance matching with the EM wave 

propagating media. An increase in the electrical conductivity could improve the EMI SE by conduction 

loss. However, very high electrical conductivity results in high EM wave reflection due to the 

impedance mismatch which is unfavored due to the potential secondary interferences [279]. For 

example, as illustrated in Figure 5.10, a thin sheet of MXene with 10 m thickness showed an extremely 

high electrical conductivity of 5485.8 S/cm at room temperature. Such an excellent electrical 

conductivity resulted in a very high average total EMI SE of 39.82 dB with an almost equal 

contributions of SER and SEA of 19.5 dB, Figure 5.6-a. This indicates that about 99.9% of the incident 

EM waves were shielded. However, the abundant free electrons directly interact with the incident EM 

waves and dissipate the radiation power by reflection [269]. As illustrated in Figure 5.6-b, the reflection 

coefficient of the MXene sheet is nearly one which means more than 98.9% of the incident EM waves 

were reflected from the surface of the MXene sheet before entering the sample. This high reflection 

shielding mechanism of the MXene sheet was attributed to the impedance mismatch between the highly 

conductive MXene sheet and air. Tuning the impedance mismatch between the media and the shielding 

material could be a promising approach to enhance the absorption shielding mechanism. Although, 

carbon based polymer nanocomposites can show absorption dominancy to some extent with their 

electric dipoles and turn the EM energy to heat [101,269], obtaining high SE values for these materials 

is hardly possible due to low electrical conductivity and EM wave dissipation capability [282]. Figure 

5.6-c exhibits the thickness dependency of the average EMI SE of the rGOnR/MX aerogel based PDMS 

nanocomposites in the P-band frequency range. As it is expected from Simon’s formula [108], EMI SE 

of the nanocomposites increased with an increase in the specimen thickness. Furthermore, there was a 

slight increase in the EMI shielding performance of the nanocomposites with increasing of MXene 

concentration in 3D constructed aerogels. For instance, rGOnR30-PDMS nanocomposite showed an 

average EMI SE of 2.95 dB at 1.5 mm thickness, while EMI SE of rGOnR15/MX15 hybrids increased 
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to 4 dB in the same nanocomposite thickness. This is in good agreement with the enhanced electrical 

conductivity of the aerogels by increasing of MXene concentration in the hybrid aerogels, as discussed 

in Figure 5.5-c. Figure 5.6-d to g illustrate the portion of reflection (R), transmission (T) and absorption 

(A) of the incident EM waves as a function of thickness. All rGOnR/MX aerogel based PDMS 

nanocomposites showed a significant dependency of power coefficients on the thickness of the hybrid 

nanocomposites. A-value increased with increasing of the nanocomposite thickness and then reached a 

plateau. The results presented in Figure 5.11 indicated that the nanocomposites exhibited a noteworthy 

level of T-value, ranging from 15% to 35%. Notably, the T-value decreased as the nanocomposites’ 

thickness increased from 1.5 mm to 6.5 mm. This observation can be attributed to the parallel 

orientation of the conductive rGOnR/MX nanoflakes with respect to the propagating EM wave. 

Specifically, the rGOnR or MXene in the nanocomposite form channels or gaps between adjacent 

flakes, which are filled with non-conductive PDMS matrix. As a result, the EM wave can pass through 

these gaps with minimal attenuation or scattering, leading to a significant T-value in the nanocomposite. 

Figure 5.6-h showed that the R-value experienced an increasing trend until it reached a peak value, then 

decreased with thickness to a trough value and then slightly increased again to reach a plateau. The 

peak and trough R-values can be explained by the multi-reflection and phase cancellation of the EM 

waves within the shielding nanocomposite. When the EM waves encounter the surface of the shielding 

material, a portion of the wave is reflected due to the impedance mismatch between the material and 

the air. As the wave propagates within the material, it undergoes multiple reflections from various 

interfaces, leading to constructive and destructive interference patterns, depending on the thickness and 

composition of the material. These interference patterns ultimately result in the formation of peaks and 

troughs in the reflection coefficient [299]. The peak R-values increased by the hybridization of rGOnR 

with MXene nanoflakes. This increase in the R-values was attributed to the enhanced electrical 

conductivity and dielectric permittivity of the hybridized nanocomposites, which led to a significant 

impedance mismatch and then resulted in higher EM wave reflection. Figure 5.6-i exhibited the 

thickness dependence of the absorption/reflection (A/R) ratio for rGOnR/MX based PDMS 

nanocomposites. It is found that the lowest A/R ratio occurs at a thickness in which the R-value 

experienced a peak. By increase in thickness, the A/R ratio increased to an optimum value which 

corresponds to the trough R-value. Afterward, increasing the thickness slightly reduced the A/R ratio 

and thus reached a plateau [279]. Generally, if the A/R ratio is higher, the surface impedance matching 

is improved and more of the incident EM waves will be dissipated due to dielectric loss. If the A/R 
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ratio is greater than one, absorption-dominant EMI shielding behavior is obtained and most of the 

incident EM waves are absorbed instead of being reflected back into the environment. Therefore, it can 

be inferred that all the rGOnR/MX aerogel based PDMS nanocomposites demonstrated absorption 

dominant shielding mechanism across a range of thicknesses from 1.5 to 6.5 mm, yet lower total 

shielding performance, Figure 5.12. 

  

Figure 5.6 (a) EMI SE of a 10 m thin MXene sheet in the P-band frequency range, (b) A-, T-, 

and R-values of MXene sheet, (c) average EMI SE of the rGOnR/MX aerogel based PDMS 

nanocomposites as a function of the specimen thickness, (d-g) A-, T-, and R-values of rGOnR/MX 

aerogel based PDMS nanocomposites, (h) average R-values of rGOnR/MX aerogel based PDMS 

nanocomposites as a function of thickness and (i) A/R ratio of rGOnR/MX aerogel based PDMS 

based nanocomposites 
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To explore the influence of rGOnR/MX-PDMS nanocomposites, which exhibited an absorption-

dominant shielding mechanism, on enhancing total SET and transitioning the shielding mechanism from 

reflection-dominant to absorption-dominant in thin MXene layers, a 10 m MXene sheet coated on 

rGOnR/MX-PDMS nanocomposite and evaluated for shielding performance. Figure 5.7-a illustrates 

the average total SET of the coated rGOnR/MX-PDMS nanocomposites as a function of their thickness. 

Similar to the uncoated rGOnR/MX-PDMS nanocomposites, the SET of the coated nanocomposites 

increased with thickness. Furthermore, hybridizing rGOnR aerogel with MXene nanoflakes further 

improved the total shielding performance of the coated nanocomposites possibly due to the higher 

electrical conductivity and dielectric permittivity devoted by the MXene nanoflakes. Interestingly, the 

EMI SE of the coated nanocomposites outperformed that of the MXene layer, with values ranging from 

51.8 to 60.6 dB over the nanocomposites’ thickness, indicating the synergistic effect of the 

nanocomposites in enhancing the EMI shielding of the thin MXene layer. For instance, the SET obtained 

for coated rGOnR15/MX15-PDMS nanocomposite at 1.5 mm thickness was 53.5 dB, while the 

individual SET of rGOnR15/MX15-PDMS nanocomposite and 10 m MXene sheet were 4.1 and 39.82 

dB, respectively. The average total, reflection and absorption SE of the coated nanocomposites as a 

function of sample thickness are presented in Figure 5.12. Absorption dominant shielding effectiveness 

is obtained when SER is less than 3.1 dB, which is associated with the absorption of more than 50% of 

the incident EM waves [269]. The rGOnR30-PDMS nanocomposite showed absorption dominance at 

a sample thickness of 3.5 mm (green area). On the other hand, the hybridization of this material with 

MXene resulted in a reduction of the critical thickness of absorption dominance to 2.5 mm for 

rGOnR25/MX5-PDMS and rGOnR20/MX10-PDMS, and 1.5 mm for rGOnR15/MX15-PDMS 

nanocomposites. Figure 5.7-b to e show the shielding mechanism of the coated nanocomposites based 

on A-, T- and R-values. The A-values throughout the sample thickness increased with increasing the 

concentration of MXene in hybridized nanocomposites. For instance, increasing the MXene 

concentration in aerogels from 0 to 16.7, 33.3 and 50% decreased R-value from 0.85 to 0.71, 0.55 and 

0.48, respectively, at 1.5 mm of nanocomposite. It is worth noting that the hybridization of rGOnR with 

50% Mxene resulted in an absorption-dominant coated nanocomposite across the entire thickness range 

of 1.5 to 6.5 mm, Figure 5.7-g. It is interesting that the coating of the nanocomposites with MXene 

layer diminished the portion of transmitted radiation power to nearly zero compared to the 15-35% of 

transmitted waves in uncoated nanocomposites shown in Figure 5.11. This is because of nearly zero 

(~0.01%) transmission radiation power of the MXene layer that reflects all the EM waves which passed 
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through the nanocomposite. Comparing the reflection and absorption values of the incident EM waves 

for coated rGOnR30-PDMS nanocomposite throughout the thickness in Figure 5.7-b revealed that the 

absorption coefficient is much lower than that of reflection at thickness below 3.5 mm, indicating the 

reflection dominant shielding mechanism. At 3.5 mm thickness, the absorption coefficient showed a 

peak A-value of 0.80 and then decreased to 0.67 and lastly slightly raised again across the sample 

thickness. A similar behaviour was observed for the coated hybridized rGOnR/MX-PDMS 

nanocomposites. However, the reflection to absorption dominant transition not only occurred at a lower 

thickness of 2.5 mm, also the peak A-value reached to 0.87,  Figure 5.7-c to e. In addition to the multi-

reflection and phase cancellation effect discussed earlier, the multi-reflected EM waves from the 

internal surfaces can interfere with the incident EM waves. This interference is due to the presence of 

a π/2 phase shift between the incident wave and the internal multi-reflected waves [300]. Through 

tuning the shielding material thickness, the above mentioned interference could either be weakened or 

intensified. The former results in the trough R-value and the latter leads to a peak A-value. The results 

clearly revealed that the hybridization led to lower trough R-values occurring at lower nanocomposite 

thickness than in the non-hybridized rGOnR-PDMS nanocomposite, Figure 5.7-f. This can be explained 

by the tuned surface impedance matching between the nanocomposite and air, which allows a 

significant portion of the incident EM waves to penetrate the material, resulting in a stronger effect of 

wave interference between surface reflection and rear-interface multiple reflections. Figure 5.7-g shows 

the A/R ratio of the coated nanocomposites at different thicknesses. The highest A/R ratio was obtained 

at the thickness corresponding to the trough R-value. The hybridized coated rGOnR15/MX15-PDMS 

nanocomposite demonstrated a significantly higher A/R ratio of approximately 7 at a lower thickness 

of 2.5 mm, while the non-hybridized rGOnR30-PDMS nanocomposite only reached an A/R ratio of 4 

at a higher thickness of 3.5 mm. As the thickness of the nanocomposite increased, the A/R ratio 

decreased and reached its minimum value at thicknesses corresponding to the peak R-value. This 

observation further emphasizes the importance of tuning the thickness of the shielding material to 

achieve optimal surface impedance matching, high A/R ratio, and absorption-dominant shielding.  

The schematic presented in Figure 5.7-h illustrates the mechanism behind EM wave dissipation for the 

MXene coated rGOnR/MX-PDMS nanocomposite developed in this study. The 3D interconnected 

conductive network with aligned nanomaterials parallel to the propagating direction of the EM wave 

optimizes the number of surface charge carriers and dielectric permittivity, which reduces the 

impedance mismatch. The reduced impedance mismatch allows the incident EM waves to penetrate the 
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nanocomposite instead of being reflected from the surface. The penetrating EM waves are then 

attenuated by various dissipation mechanisms, such as i) ohmic loss by travelling electrons in the 3D 

conductive network, ii) inter-flake electron hopping among the assembled rGOnR/MXene 

nanomaterials [108], and iii) interfacial and dipolar polarizations occurring at different interfaces that 

possess different relaxation times, such as interfaces between nanomaterials and PDMS, nano/micro 

capacitor-like structures, and nanomaterials' functional groups, defects, and disorders. Furthermore, a 

well-distributed 3D conductive network of nanomaterials can efficiently extend the EM wave 

propagating path and dissipate the radiation wave energy via internal reflections and multiple scattering. 

The remaining EM waves that reach the highly conductive MXene layer are being fully shielded and 

reflected due to the large impedance mismatch. The reflected waves are then propagated back into the 

3D conductive network and at an optimized thickness being fully dissipated by the contribution of all 

the above-mentioned mechanisms and the wave interference effect originated from the /2 phase shift 

between the incident EM wave and wave reflected from the surface. 
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Figure 5.7 (a) average EMI SE of the rGOnR/MX aerogel based PDMS nanocomposites coated 

with 10 m MXene sheet as a function of the specimen thickness, (b-e) A-, T-, and R-values of 

coated rGOnR/MX aerogel based PDMS nanocomposites, (f) average R-values of coated 

rGOnR/MX-PDMS nanocomposites as a function of thickness and (g) A/R ratio of coated 

rGOnR/MX-PDMS nanocomposites, and (h) schematic of impedance sections in series 

5.5 Conclusions 

Herein, semi-2D long strips of graphene nanoribbons and large and low defect 2D MXene nanoflakes 

were successfully synthesized via oxidative chemical unzipping of carbon nanotube and MILD method, 

respectively. Taking advantage of the freeze casting method, 3D percolated conductive networks of 
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rGOnR/MX aerogels were fabricated and then impregnated with PDMS to obtain a conductive 

rGOnR/MX-PDMS nanocomposite with very low loadings of 1.5 vol%. Hybridization of rGOnR with 

MXene enhanced electrical conductivity and dielectric properties of the nanocomposites due to the 

higher intrinsic metallic conductivity and abundant surface functional groups of the MXene nanoflakes. 

The PDMS nanocomposites were used as an absorbent layer to change the reflective dominant shielding 

mechanism of a highly conductive MXene sheet to absorption dominant shielding material. The PDMS 

nanocomposite not only enhanced the absorption coefficient of the shielded EM waves, also 

synergistically enhanced the total shielding performance of the coated nanocomposites. Hybridization 

of rGOnR with MXene decreased the minimum required thickness for absorption dominancy to 2.5 

mm. These were attributed to i) a tuned impedance mismatch between the media and shielding material, 

ii) an efficient conduction loss by interfacial polarizations arising from the abundant surface functional 

groups of MXene and iii) multiple reflections occurred between the interfaces of the nanoflakes in the 

nanocomposite and MXene sheet-nanocomposite itself. This study demonstrated how rGOnR/MXene 

hybridization along with engineering design can dramatically enhance the EMI shielding performance 

of the conductive layer and change the shielding mechanism from a highly reflective to ultra high 

absorption mechanism.  

5.6 Supporting information 

 

Figure 5.8 (a-b) High magnification FE-SEM images of Ti3AlC2 MAX phase, (c) isolated long 

and exfoliated GOnR, and (d) EDS analysis of the synthesized nano particles 
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Figure 5.9 XPS survey of (a) MXene, (b) GOnR, and (c) rGOnR 

 

 

Figure 5.10 In-plane electrical conductivity of a 10 m thick Ti3C2Tx MXene sheet as a function 

of temperature 
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Table 5.1 Extracted DC conductivity at the frequency of 1 Hz from the broadband conductivity 

measurement and calculated DC conductivity using LSV technique.  

Through Plane Conductivity (S/cm) 

Samples DC Conductivity AC Conductivity at 1 Hz 

rGONR30-PDMS 2.14  10-3 2.10  10-3 

rGONR25-MX5-PDMS 3.36  10-3 3.27  10-3 

rGONR20-MX10-PDMS 5.91  10-3 5.30  10-3 

rGONR15-MX15-PDMS 1.90  10-2 2.04  10-2 

 

 

Figure 5.11 T-value of rGOnR/MX aerogel based PDMS nanocomposites 
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Figure 5.12 Average total EMI SE of the uncoated and coated nanocomposites versus sample 

thickness for (a) rGOnR30-PDMS, (b) rGOnR25/MX5-PDMS, (c) rGOnR20/MX10-PDMS, (d) 

rGOnR15/MX15-PDMS 

 

  



 

 113 

Chapter 6 

Conclusions and Recommendations 

6.1 Conclusions 

Thanks to their lightweight nature, high chemical resistance, and easy processability, polymers have 

demonstrated significant potential as a fundamental component of highly desirable advanced functional 

materials. Various types of polymer matrices are combined with a wide range of conductive 

nanomaterials for utilization in applications such as miniaturized electronic devices, EMI shielding, 

and energy storage involving dielectric materials. The objective of this Ph.D. research was to produce 

highly efficient EMI shielding materials by developing electrically conductive polymer 

nanocomposites. This work was divided into three parts: 

• The synthesis of conductive graphene nanoribbons (GNRs) from their parent MWCNTs. The 

electrical properties and EMI SE of TPU based nanocomposites were investigated. 

• The synthesis of Ti3C2Tx MXene nanoflakes, followed by surface modification with conductive 

polyaniline nanofibers. The effect of surface modification on enhancing the EMI SE and EM 

wave absorption coefficient of PVDF based nanocomposites was examined. 

• Hybridization of the synthesized nanomaterials from the first two parts of the thesis and 

investigation of the impact of nanomaterial hybridization, nanocomposite thickness, and 

engineering design on enhancing the EMI SE and absorption shielding coefficient of a PDMS 

based CPnC. 

The detailed achievements of these three studies are presented below: 

In part 1, GNRs were synthesized by chemically unzipping MWCNTs using the method developed by 

James Tour. The synthesis parameters were carefully optimized. TPU based CPnCs with varying 

nanomaterial loadings were prepared through the solution blending method. The impact of the 

geometrical alteration of MWCNTs on the electrical conductivity, dielectric properties, EMI shielding, 

and mechanical performance of the nanocomposites was investigated. The geometric alteration of 

graphene exhibited a significant effect on enhancing the electrical conductivity and dielectric properties 

of TPU-based CPnCs. This enhancement can be attributed to the formation of a more conductive 

network, resulting from an increased number density of nanofillers and a larger surface area of GNRs. 

Compared to the MWCNT nanocomposite, the GNR nanocomposite demonstrated superior electrical 
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conductivity and dielectric properties, leading to an EMI shielding effectiveness of 24.9 dB (shielding 

99% of incident EM waves) as opposed to 9.3 dB. The enhanced shielding properties of the GNR 

nanocomposite can be attributed to the geometrical transformation of the nanofillers' contact interfaces 

from line-to-line to sheet-to-sheet, which facilitated the formation of a robust percolating network. 

Additionally, the geometrical conversion of MWCNTs to GNRs improved the mechanical performance 

of the nanocomposites, primarily due to stronger interactions between the polymer and the fillers. These 

stronger interactions in the GNR nanocomposite can be attributed to:  

• The increased surface area of GNRs resulting from the unzipping and exfoliation of the 

nanotubes, 

• The presence of numerous edge structures in GNRs after unzipping, which promote polymer-

filler interactions,  

• The ability of the polymer chains to lie flat on the planar surface of GNRs instead of wrapping 

around the smooth surfaces of MWCNTs. 

In part 2, CPnCs were developed using MXene, a newly discovered 2D nanomaterial, to further enhance 

the EMI shielding effectiveness. Additionally, the study aimed to gain a deeper understanding of the 

impact of surface modification on the shielding mechanism of CPnCs. To achieve these goals, Ti3C2Tx 

MXene nanoflakes were synthesized using the MILD method. The abundant surface functional groups 

of MXene were modified by grafting conductive polyaniline nanofibers through oxidative-free 

oxidation polymerization method. Remarkable EMI shielding performance (38.84 dB) was achieved 

after the surface modification of MXene. Furthermore, the investigation of the shielding mechanism of 

PVDF-based nanocomposites revealed that the modification of MXene increased the percentage 

contribution of the absorption shielding mechanism. Three reasons were proposed to explain the 

enhancement of EMI shielding in PVDF-based CPnCs: 

• Exfoliation of MXene nanoflakes through the intercalation of polyaniline nanofibers between 

inter-gallery spaces. 

• Formation of numerous capacitor-like structures at the interfaces between PVDF chains and 

nanomaterials, especially after an increase in specific surface area with polyaniline 

modification. These nano/microstructures contribute to EMI shielding through interfacial 

polarization loss. 
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• Contribution of polyaniline conducting chains in the electron transfer mechanisms and their 

response to the EM field. 

The surface modification of MXene was found to improve the mechanical properties of CPnCs. This 

improvement attributed to the exfoliation of nanomaterials and their proper dispersion, which results in 

better load transfer between the matrix and reinforcing nanomaterials. 

In order to enhance the efficiency of EMI shielding and ensure that the absorption-driven mechanism 

contributes to more than 50% of the shielding process, we have developed the third part of our thesis. 

In this part, we employed the freeze casting method to create a 3D interconnected conductive network 

by hybridizing rGOnR and MXene nanomaterials. The resulting aerogels were impregnated with 

PDMS to form CPnCs at low loadings. It is understood that the hybridization of nanomaterial is a 

promising approach for enhancing the intended properties of the CPnCs. To further optimize the design, 

the CPnCs were coated with a thin layer of MXene film (10 μm). The MXene layer, characterized by 

its high electrical conductivity (5485.8 S/cm), exhibited an EMI SE of 39.82 dB and a reflective 

shielding coefficient of 0.989. However, the coated CPnC design significantly increased the EMI 

shielding effectiveness to approximately 50 dB, with a greater contribution from absorption. 

Additionally, we observed that the hybridization of rGOnR with MXene reduced the minimum required 

thickness for achieving maximum absorption dominance in CPnCs. The following factors were 

proposed as reasons for the ultra-high absorption shielding effectiveness of the coated CPnCs: 

• Tuned impedance mismatch between the media and the shielding material, allowing the 

penetration of incident EM waves into the CPnCs. 

• Ohmic loss caused by traveling electrons in the 3D conductive network and inter-flake electron 

hopping among the assembled rGOnR/MXene nanomaterials. 

• Interfacial and dipolar polarizations occurring at different interfaces, including those between 

nanomaterials and PDMS, as well as nano/micro capacitor-like structures and nanomaterials' 

functional groups, defects, and disorders. 

• Re-absorption of reflected EM waves from the MXene coat through the 3D interconnected 

conductive network of the nanocomposite. 
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6.2 Recommendations 

It is crucial that future work following this thesis will further develop CPnCs exhibiting engineered 

electrical conductivity with other properties of importance tailored for obtaining highly absorptive EMI 

shielding material. Below are the proposed future works for further research in this field: 

6.2.1 Material research 

• Investigate the influence of the different size and types (Vanadium based, etc.)  of MXene 

nanoflakes on electrical percolation threshold and their efficacy on EMI SE.  

6.2.2 Processing research 

• Unidirectional freeze drying leads to the alignment of nanomaterials in the ice crystal growth 

direction. Our preliminary results showed that the electrical conductivity of the nanocomposites 

in the alignment direction is different than that in the normal direction. As EMI shielding is 

proportional to electrical conductivity, then it is worthy of research on the effect of 

nanomaterial alignment on the EMI shielding performance of the nanocomposite.  

• Tuning the surface impedance matching between the shielding material and the air is crucial 

for the absorption dominant EMI shielding material. To enhance impedance matching, it is 

suggested to design CPnCs with anisotropic electrical conductivity. To achieve this target, an 

electric field can be used to induce a gradient nanomaterials segregation. Such segregation can 

induce lower conductivity at the nanocomposite’s surface, while higher conductivity at the 

bulk. Surface lower conductivity tunes the surface impedance matching and absorbs EM waves. 

The higher bulk conductivity enhances EMI SE by conduction loss. 

• Explore the effect of microcellular structure in enhancing EMI SE and absorption dominancy 

of shielding mechanism for the previous suggested research. Foam structure can enhance both 

impedance matching and multiple reflections in CPnC.  

• To further tune the impedance matching and multiple reflections inside the nanocomposites, it 

is also suggested to sandwich 2 or 3 different layers of CPnCs where each layer is composed 

of different grades of the same polymer with different degrees of foamability. This way can 

induce heterogenous microcellular structure for tuning impedance matching and multiple 

reflections. 
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