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SUMMARY 

Innovation is generally the main driver of most technological developments. This work deals with a 
typical example in the communication sector, through the development of some flexible composite-based 
antennas. The efficiency of ordinary fluidic antenna was increased by using ionic liquid assembled with 
nano metals composites. They possess unique advantages like their conductivity, flexibility, non-toxicity and 
profitability. Moreover, they are highly efficient with a radio wave frequency of 2GH applicable in the 
underground mining sector.  

 An ideal solution is to realise the EM components on flexible/stretchable materials encapsulation 
using a micro in polydimethylsiloxane (PDMS) substrates. This thesis contains various innovative and 
creative aspects divided into different sections.  

Chapter one gives the general introducation and the literature review  

Chapter two explores the fabrication, characterization, and applications of polydimethylsiloxane and 
bentonite clay nanocomposites impregnated with silver, copper, and graphene nanoparticles for the 
fabrication of a  stretchable and robust micro-strip antenna. The nanocomposites’ physical, mechanical, and 
thermal properties were evaluated based on their respective reinforcements’ proportions. The applied 
techniques included the tensile and flexural tests for the mechanical characterization as well as the 
rheological and the thermogravimetric analysis. In addition, the surface morphology was evaluated by 
different techniques such as the X-ray diffraction, the scanning and transmission electron microscopy, and 
the UV-Vis spectroscopy. Moreover, the conductivity was characterized by electrochemical impedance 
spectroscopy, the dynamic viscosity analysis, and the ion coupled plasma measurements. The fabricated 
nanocomposites were shown to be excellent candidates for microstrip antenna applications due to both 
their electrical conductivity and their mechanical flexibility. These findings pave the way for the fabrication of 
flexible RF devices for advanced applications in the military, sensor, and space industries. 

Chapter three deals with Fabricated Wearable and Flexible Chip made of Gallium and Silver Metals 
composites assembled on Graphene inside a PDMS Matrix.  

Chapter four deals with the topic entitled "Perparation and evaluation of Conductive polymeric 
composites from Metal and Alloys and Graphene to be future flexible Antenna Device”.  

Chapter five presents the Studying and Evaluting The Physical characteristics of the    Composite 
Substrate Chip and its Applications               

 Chapter six presents the topic entitled “Preparation and Estimation of the physical characterization 
of Nanofluidic Solution and its application".  

Chapter Seven discusses the topic entitled “Specific Integrated Imidazole Solution Incorporating 
with Metallic Copper-Silver alloys in Nanoscales assembled on Graphene to be applicable FOR Future 
Antenna Devices ".  
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FOREWORD 

With my supervisors, professors Fouad Erchiqui, Mourad Nedil, and Mohamed Siaj, the 

scientific project was discussed. The preparation and performing of tests on the synthesis of 

fluidic and micro-strip composite antenna and their application were done at the mineral 

technology center (CTMP) and Nano-Qam, chemistry department at the University of Quebec in 

Montreal. 

In most cases, innovation is the primary force behind technical advancements. This work 

focuses on a common communication industry example through the creation of a few flexible 

composite-based antennas. By combining ionic liquid with nano metal composites, the 

effectiveness of regular fluidic antenna was improved. Their conductivity, flexibility, non-toxicity, 

and profitability are just a few of their special characteristics. Additionally, they have a radio wave 

frequency of 2GH that may be used in the underground mining industry and are quite effective.  

Realizing the EM components on flexible/stretchable materials and encapsulating them utilizing a 

micro in polydimethylsiloxane (PDMS) substrates is the optimal method. The numerous portions 

of this thesis each incorporate a variety of inventive and unique elements. Chapter 1 provides an 

overview of the subject and a survey of the literature. The creation of a flexible and durable micro-

strip antenna is the focus of Chapter 2's investigation into the production, characterisation, and 

applications of polydimethylsiloxane and bentonite clay nanocomposites.In Chapter 3, a wearable 

and flexible chip comprised of composite gallium and silver metals is constructed on graphene 

inside a PDMS matrix. "Perparation and evaluation of Conductive polymeric composites from 

Metal and Alloys and Graphene to be future flexible Antenna Device" is the theme of Chapter 4. 

Studying and Evaluating is covered in Chapter 5.The Composite Substrate Chip's physical 

properties and applications."Preparation and Estimation of the physical characterization of 
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Nanofluidic Solution and its application" is the topic covered in Chapter 6. In Chapter 7, the 

subject of "Specific Integrated Imidazole Solution Incorporating with Metallic Copper-Silver Alloys 

in Nanoscales Assembled on Graphene to be applicable FOR Future Antenna Devices" is 

covered. 
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GENERAL INTRODUCTION 

 BACKGROUND  

This work demonstrates the method of fabrication of a stretchable and robust micro-strip 

for future antennas of the mining industry, using polydimethylsiloxane and bentonite clay 

nanocomposites, loaded with silver, copper, and graphene nanoparticles. The fabrication 

process was carried out with a deep characterization of the composites, and the results were 

discussed with respect to the loads of the nano additives, their corresponding electrical 

conductivity, and their mechanical flexibility. 

The underground mining activities which are characterized by tough working conditions 

in hazardous environments, require fool-proof communication systems to ensure smooth and 

safe operations. In fact, proper and reliable communication systems significantly reduce the 

machine breakdown time, and ensure instant messages tranfer from the vicinity of underground 

working area to the surface.  This is both valid for normal daily mining operations and for speedy 

rescue operations in case of a disaster. Therefore, a reliable and effective communication 

system is an essential asset for the productivity and safety of the underground mines. Most of 

the actual communication systems operating in the underground mines are line-based thus their 

inability to withstand the disasters coupled with the challenge of their deployment in inaccessible 

areas. Therefore, the wireless communication appears as an alternative which is indispensable, 

reliable, and a convenient system for handling both the normal daily activities and the disasters. 

However, the actual literature regarding the wireless communication systems in both the 

underground mines and the hazardous area are rather poor. Therefore, a publication of a 

comprehensive textbook on wireless communication for underground mines which provides 

both a deeper understanding of the subject and the design of an intrinsic safe system is vital for 

both the mining and the electronics engineers. While taking into consideration the above-

mentioned facts, this thesis  is written by incorporating various communication devices designed 

and fabricated by the authors, for an application of wireless communication in different areas of 

the underground mines. The wireless communication systems used on the surface are not 

applicable to the underground mines without modifications. This is due to the high attenuation of 

the radio waves in underground strata, the presence of inflammable gases and the hazardous 

nature of the environments. Furthermore, asymmetric mine topologies, uneven mine structures, 
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complex geological features, and extensive labyrinths are additional challenges faced by such 

communication systems. The wireless communication in the underground mines is a complex 

technique involving multiple disciplines. 

 The most reliable and user-friendly devices used in the communication field are a 

product of an active and continuous research and development (R&D) process.  This is 

particularly important for the underground mines which are very harsh working environments.   . 

Underground mines are usually a few meters wide and a few  kilometers long. The risk levels of 

the activities in underground mines are generally very high compared to other industries. An 

underground mining environment is known as dynamic because of the mobile operations 

required for the ore extraction. Inside such mine, ore is embedded in the ground and found in 

variable chunks over a long distance; thus, the distribution of its activities over its entire surface 

area.  
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CHAPTER-1 

BACKGROUND 

The past decades had witnessed a growing interest in the development of flexible 

antennas due to an increasing demand for wearable electronics, Internet of Things (IoT), point 

of care devices, personalized medicine platforms, 5G technology, wireless sensor networks, 

and smaller communication devices. The choice of a flexible antenna is specific for each 

application and it depends on numerous parameters such as the type of the substrate used, the 

conductive materials involved, the fabrication techniques, the targeted performance, and the 

surroundding environment. A plethora of novel materials, innovative fabrication methods, and 

specific applications are gradually being introduced to improve various features of those 

antenas [1] – [4]. A schematic representation of the interconnection between IoT and the 5G 

network is shown in Figure  1-1. 

 

Figure 1-1: An overview of the architectural connection between the 5G network and the 

Internet of Things (IoT). Adapted with permission from Wang et al. [5]. 
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1.1 ORIGINALITY 

This work is original as it addresses some of the communication challenges faced by the 

mining industry. Those challenges stem from a number of factors, including the environment's 

inherent harshness and the damages caused to the network's infrastructure by some unwanted 

events such as fires, explosions, as well as the falling and hauling of roofs. In fact, this work is 

significantly important since the industries involved with the underground mining are in constant 

search of dependable and efficient communication systems which could both handle their daily 

operations and any arising emergency event. When the following circumstances are met and 

disater strikes in the mining industry, the rescue team can accurately communicate the 

information required to speed up the rescue operations. In this regard, the originality of this work 

is partitioned into the following three components: 

• Ensuring the communication safety in the mining industry, based on the design of an 

effective wireless system. 

• Desiging the mining communication system while taking into consideration the tense 

and hostile work environment, the possible damages to its wires, and the possibility to switch to 

a wireless truck electronic system which is both effective inside and outside the mine. 

• Ensuring an improvement of the wireless communication and networking techniques in 

and outside the mine using portable and wearable chips.  

 

1.2 PROBLEM FORMULATION   

In order to address the safety issues related to the communication systems of both the 

underground mines and the related mining camp in the example of the lack of connectivity and 

the low reliability of the network, the main challenges which need to be tackled can be 

partitioned into the following two groups:  

• The fabrication of the appropriete materials with specific properties required for 

setting up the mines communication system. These properties include the flexibility, stiffness, 

wearability, and conductivity. 

• Lowering the associated cost in order to guarantee the profitability of the process 
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1.3 OBJECTIVES AND SCOPE  OF THE THESIS 

The objectives of this research are the development of the methods to improve the radiation 

performance of the fluidic and composite transparent antennas using highly conductive, flexible, 

and robust materials. It can be further subdivided into the following sub-objectives: 

− The verification of the developed method by the fabrication of a flexible antenna for 

conformal applications, including its applications in the underground mining sector 

− The selection and evaluation of the ideal composite materials for the most efficient 

antennas application 

− An evaluation of the flexible composite materials and its application to the design of an 

antenna for the underground mining 

− The use of different mechanical and chemical compatibility methods, as well as the 

resulting materials characterization and application at a broadband of 2.4 KHz. 

This research will particularly impact the mining industry by improving the mining 

communication and reducing the surface miscommunication. In fact, the development and 

application of those antennas would result into the fatality reduction as improved communication 

would result into an efficient accidents mitigation and subsequent evacuations. 

 This study is limited to developing a method to integrate a highly conductive flexible 

material onto flexible dielectric materials to produce a flexible antenna that can efficiently 

perform when used in the mining sector and in future wireless networks. It covers the flexible 

fluidic antenna technology, the flexible clay composite matrix, the electrolyte solution, and the 

graphene /Elgin Composite. Moreover, the study investigates the use of a low-cost metal like 

silver and iron in the case of conformal antennas case where the antenna is bent to a certain 

curved surface. 
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CHAPTER-2 

2. Literature Review 

 

2.1 Mine Communication Techniques 

During the past decades, the workplace occupational safety and health (OSH) 

has gained much importance across the industries. The OSH which is crucial for the 

prevention of the work-related deaths and injuries, is particularly suited for the dynamic 

and dangerous working environment of the mines [1-10]. In fact, the actual statistical 

data across the industries show a worldwide higher incidence of fatalities and injuries in 

the mining sector [12-14]. Australia for example which is one of the greatest producers 

of minerals in the world, showed the fourth-highest mortality rate of any business in 

2019 with an average of seven fatalities per year (Safe Work Australia, 2020 ). 

The daily monitoring and management of safety and rescue operations in the 

mining industry has proven to be exceedingly difficult due to the high complexity and 

hazardous nature of their underground activities [15-18]. The literature shows that the 

poor visibility, the unsafe behavior of the miners, the jobsite circumstances and 

environmental conditions such as the poor lighting, poor ventilation, gas emission, wet 

conditions, confined space, falling rocks, as well as the structural failures, and the 

communication restrictions, are some of the main risk factors that contribute to the fatal 

and non-fatal accidents involved in the mining operations [19-22]. 

It is critical for safety managers to continuously monitor both the physiological 

status of the employees and the environmental factors associated to their workplace in 

order to safeguard the health and safety of the subterranean workforce [24]. In this 

regard, an appreciable amount of real-time data must be gathered and analyzed using 

advanced technological methods in order to improve the OSH in the underground mines 

[25-31]. In fact, the dynamic and complex working environment of the underground 
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mines causes the insufficiency of their traditional safety system [32]. In recent years, the 

use of wireless sensor network (WSN) technologies has been adopted for tracking 

down the whereabouts and the physical health of the miners, while monitoring the 

environmental parameters of the deep mines. According to Ranjan et al., a WSN 

consists of a collection of tightly packed sensor nodes that can sense, process, and 

communicate the relevant data [33]. 

Apart from the WSN, the IoT is another technique used in improving the communication 

in the mining industry. However, the design and deployment of the IoT devices is limited by both 

their weight restrictons, and their rigidy.   

Although significant steps have been achieved in the size reduction of these devices, 

their mechanical flexibility remains a challenging aspect to tackle. Due to their importance, 

several approaches have been proposed to deal with flexible electronic devices as they are 

meant to be lightweight, portable, cost-effective, and environmentally friendly [34]. The 

projection from the available data shows that the flexible electronic device industry is expected 

to exceed $40 billion by 2023 [35-36]. Figure 2-1 shows some applications of the flexible 

electronic devices. The flexible electronic systems require the implementation of flexible 

antennas which operate in a specific frequency range to supply the most-needed wireless 

connectivity.. 



 

8 
 

 

Figure  2.1 : Areas of application of flexible electronic devices. Adapted with permission 

from Hall et al. [9]. 

 

2.2 The Wireless communications systems 

The actual literature does not indicate any single technology or system that can provide 

the full spectrum of the communications system with the capacity for operating, managing and 

supporting every type and size of mine. In general, the mines can either be classified as short 

life for very small operations with a dozen miners, or large scale fully mechanized systems with 

thousands of daily miners. Moreover, they may either include open cut or underground 

operations [37]. LT and Communications Technologies play a critical role for ensuring a smooth 

running of the mining operations: This includes keeping the maximum operational efficiencies, 

achieving an effective management of both the workforce and the equipments, and finally 

maintaining the minimization of both the downtime and the equipment failures. Consequently, 

mines are required to deploy a collection of communications systems, networks and 

technologies for the voice communications the equipment monitoring and control, the ventilation 

systems, the video remote blasting, the vehicle management, the personnel, equipments and 

vehicles tracking, and the emergency evacuation systems [37].  

2.3 The Types of WBAN systems of communications 
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The wireless sensor networks (WSN) have attracted much attention during the last few years 

[38]. They offer several advantages over the traditional sensor networks: These include an 

elimination of costly wires, the security provided, and a larger coverage area [39,40]. 

An overview of the wireless networks classification is given in Figure 2.2. Their main differences 

lie in the area covered 

 

 

Figure 1.2  : An overview of the Wireless networks classification 

 

2.4 The advantages   and disadvantages of the  existing wireless antennas 

The wireless networks are those that use radio waves instead of cables for devices connection. 

E = mC2        (2-1) 

These devices commonly used for wireless networking include portable computers, desktop 

computers, hand-held computers, personal digital assistants (PDAs), cellular phones, pen-

based computers, and pagers. Wireless networks work similarly with wired networks; however, 

wireless networks must convert information signals into a form that is suitable for transmission 

through the air. Wireless networks serve many purposes: In some cases, they are used as 
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cable replacements, while in others, they are used to provide access to corporate data from 

remote locations. 

There is a number of advantages that wireless networks show over wired ones. They include 

their mobility, cost-effectiveness, adaptability, and security. All improved data communications 

lead to faster information transfer within the businesses, and between partners and customers. 

Sales agents for example can make a beter use of such advantage by remotely checking the 

stock levels and prices while they are on a sales call. 

The advantages of the wireless networks are further discussed in the specific paragraphs that 

follow. 

2.4.1 Better coverge and mobility 

Wireless communication systems provide the most desired freedom for changing locations 

without loosing connection. In fact, wires tend to restrict the activities down to one location. 

Moreover, the wireless system can be deployed without the need of extra cables and adaptors 

to access the office networks 

2.4.2 Flexiblity 

The communication system is quite flexible since office-based workers can be networked 

without sitting at dedicated computers; Moreover, they can continue to be productive away from 

the office. Such flexibility results in new working habits, such as working from home, or directly 

accessing corporate data from customer sites 

2.4.3 Cost savings 

Wireless networks can be easier and cheaper to install, especially in listed buildings or in those 

where installation of cables is forbidden. The absence of wires and cables significantly lowers 

the overall installation cost. Such low-cost results from a combination of many factors such as 

the savings associated with the purchase of the cables, their installations (trenching, drilling) 

and their maintenance, and the relatively low cost of the wireless routers.  

2.4.4 Their Adaptablity 
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The wireless communication system is highly adaptable as it provides a fast and easy 

integration of the devices into the network, coupled with the flexibility associated with potential 

installations modification. 

2.4.5  New opportunites and applications 

The wireless networking is an opportunity to offer new products or services. This is the case of 

many airports’ departure lounges, train stations, hotels, cafes and restaurants, where the newly 

installed wireless hot spots allow mobile users to connect their equipment to their home offices 

while travelling. Unfortunately, there are many drawbacks associated to those new 

opportunities. In fact, the wireless transmission is more vulnerable to hacking and access by 

unauthorised user; consequently, a particular attention has to be paid to security. 

2.4.6 The Coverage 

Although the wireless communication systems provide an appreciable coverage, it is sometimes 

plagued by the existence of black spots where no signal is available.  In some buildings in the 

example the structures built using steel reinforcing materials, getting a consistent coverage can 

be difficult; it is quite difficult to pick up the radio frequencies used. 

2.4.7 The Transmission speeds 

The wireless transmission can be slower, which results in wireless networks being less 

efficient than wired ones. That is why the backbone in larger wireless networks is usually wired. 

2.5   The   Electronic Packaging 

Multifunctional materials offer a lot of potential for such applications as they perform better at 

the aforementioned functions. This method provides a single material that performs several 

tasks in a synergistic manner, outperforming the capabilities of the constituent components as a 

whole [42]. Multifunctional materials offer a way to improve on the efficiency and adaptability; 

however this may result in a decrease in some parameters such as size, weight, cost, and 

complexity [43]. Multifunctional materials are necessary for electronic packaging as they provide 

the structural support, the mechanical and chemical protection, and finally the thermal 

management. Despites the advances made in the communication field, a degradation of some 

electronic elements is possible due to the presence of moisture, pollutants, mobile ions, 
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radiation (including alpha particles, gamma photons, and x-rays), and harsh environmental 

conditions such corrosion and oxidation [43]. In this regard, electronic gadgets need to be 

packaged in a way that ensures long-term dependability and environmental protection. 

Multifunctional materials frequently have competing properties, thus the necessity to further 

work on the optimization of their properties. 

Polymers have been generally adopted for the packaging of many electronic packaging 

components. These materials can be used as die adhesives, encapsulants, conformal coatings, 

passivation layers, and as the body of the package of an integrated circuit (IC) [44, 45]. 

Recently, an interest in the formulation of polymer based composite materials for electronic 

packaging has substantially increased. More information about the use of polymer based 

composite materials to replace the standard materials is further given in Section 2.3 

 

 

 

Figure 2.3: : An overview of some examples of types of electronic packaging, (a) Integrated 

circuits, (b) Electronic chips, (c) Liquid epoxy encapsulation [45]. 

 

2.5.1 The composite materials used for the antenna’s fabrication. 

The flexible/stretchable EM components are receiving significant attention from different 

research groups, due to their tremendous potential to enhance the emerging field of flexible 
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electronics. In conventional electromagnetic component design, rigid materials like solid metals 

are used as conductors, while rigid dielectric materials are used for mechanical support.  

2.5.2 The Flexiable materials in electromagnetic components 

2.5.3    The Flexibility and low loss  dielectric loss properties 

A large amount of research has focused on using flexible materials on diverse electromagnetic 

components which operate from the microwave to the optical frequencies. The key features of 

an ideal flexible microwave material are appreciable flexibility and excellent mechanical 

strength. Those flexible materials play a very important role in the resonant frequency tunability 

of electromagnetic components especially through their natural ability for mechanical 

deformations. The low loss of dielectric properties is essential for either providing a maximum 

signal transmission through the materials, or propagating it along electromagnetic structures. 

The different groups of flexible materials used in the design of electromagnetic components are 

further discussed in the following sections. 

2.5.4   The  flexible substrates  

Over the past decades, the core advancements made in the field of electronics devices relied 

on the use of semiconducting materials, especially those using a silicon wafer, which is both a 

brittle and rigid material. However, other forms of silicon such as nanoscale ribbons, wires, or 

membranes are flexible. Generally, any material which is presented in a sufficiently thin form is 

flexible, and its flexibility decreases linearly with the thickness. Unfortunately, its use is restricted 

by its important cost. Consequently, other polymeric materials such as silicone rubber, butyl 

rubber and fluoro-polymer are the preferred substrate material used for many microwaves and 

many electronic applications, as they offer the needed flexibility at a lower cost. A wide range of 

flexible polymers with varying mechanical and electrical properties have been investigated for 

the fabrication of flexible devices; they include Kapton polyimide, polyethylene naphthalate 

(PEN) and polydimenthylsiloxane (PDMS). 

2.5.5   The polymer-based composite materials 

It is quite difficult to identify a homogeneous material which is flexible and which offers a low 

loss of electromagnetic properties. Generally, polymer-ceramic composites are the proposed 
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solution, as most polymers offer excellent flexibility at low cost, while several ceramics have a 

low loss of dielectric properties. Some micro/nano-composite materials can be formulated with 

those elements to yield similar mechanical properties with the intrinsic form of its matrix. 

Ceramics are inorganic, non-metallic, often crystalline oxide, nitride or carbide materials. Many 

researchers have studied the effects of ceramic fillers such as SiO2 [MgO], and TiO2 on the 

composites surface [46].  

2.5.6  The conductive materials  

Thin metal films of gold or silver have been associated with flexible substrates used for the 

fabrication of microwave components such as antennas metamaterials and switches. However, 

the integration of thin metalllic films with flexible materials leads to the formation of micro-cracks 

during the bending and stretching cycles, and eventually to creation of electrical open circuits. 

Such has been the example of thin films of gold deposited on a PDMS substrate which have 

exhibited micro-cracks. 

2.5.7 The carbon nantubes  

The Interest in the carbon nanotubes was sparked by the observations of tubular shaped carbon 

nanometer by Iljima [47], and by the reports showing the possibility for their synthesis in large 

quantities [48]. Carbon nanotubes exist in the form of cylinder made of graphene sheets. Due to 

their remarkable mechanical qualities, carbon nanotubes, which have a diameter of a few 

nanometers and a length of a few microns, are regarded as some of the best reinforcements for 

thermoplastic matrices. In fact, their exhibited excellent mechanical properties are well-known 

characteristics of carbon nanotubes. These mechanical properties can be attributed to their C-C 

covalent bonds. Carbon nanotubes have been shown to have an elastic modulus of 1.2 TPa 

and a tensile strength of roughly 50-200 GPa [49]. However, this does not ensure the 

generation of the nanocomposites with superior structural properties. 

The following key elements directly affect the mechanical strength of the thermoplastic 

nanocomposites reinforced with carbon nanotubes: 

• The homogeneous dispersion and the distribution of the carbon nanotubes in the matrix 

• The alignment and orientation of the nanotubes in the matrix 

• The quality of the interface between the matrix and the carbon nanotube reinforcements. 
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2.5.8   The modified organo clays  

Organo clays such as smectites are a special class of clay-based minerals which are highly 

prized in the field of nanocomposi . Their importance is justified by their abundance, their 

physicochemical characteristics, and their structural characteristics when compared to other 

materials. The organo clay structures consist of sheets that are stacked on top of one another to 

create smectites with the layers’ thickness of a few nanometers and lateral diameters ranging 

from 200 to 600 nm.. 

2.6   The Properties of composite materials  

2.6.1  The thermally  conductive materials 

The phenomena of heat transmission from the higher to the lower temperature portions  of a 

material is known as thermal conduction [50]. Consequently, the parameter that describes a 

material's capacity to transfer heat is called thermal conductivity.. 

There are two primary heat flow mechnisms through a solid material: The first is via free 

electrons and the second is via photons, which are lattice vibration waves. The free or 

conducting electrons take part in the electronic thermal conduction, while the movement of 

phonons photons is linked to a certain amount of thermal energy [51]. Photons or lattice 

vibrations account for the majority of the heat transfer within a non-metallic material [52]. 

In the case of metals, the free electron heat transfer mechanism is more efficient than the 

photon movement since electrons which are more resistant to scattering also move at higher 

velocities. The large number of electrons present within the metallic structure is an added 

advantage for the thermal conduction process. Apart from promoting heat conduction, this 

mechanism also increases the electrical conductivity in accordance to the Wiedemann Franz 

law [53]. Ceramics are generally known as electrical insulators which means that contrary to 

metals, they do not possess important amounts of free electrons. Consequently, the heat 

transfer is in ceramics occurs predominantly through photons Eventhough free electrons are 

much more efficient for heat conduction, some ceramics exhibit relatively high thermal 

conductivities.. 
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Table 2.1  Examples of electronic packaging: (a) integrated circuits, (b) electronic chips, and (c) 
liquid epoxy encapsulation [52]. 

  

 

2.6.2   The electrically insulating materials 

The electrical resistivity (ρ), which is the opposite of the electrical conductivity, describes a 

material's capacity to resist the conduction of electrical current. Based on the electrical 

conduction, the materials can be classified in three major groups which are the conductors, 

semiconductors, and insulators. By definition, conductive materials must exhibit an electrical 

conductivity of at least 103 (S/cm). In the same manner, an electrical conductivity which is less 

than 108 (S/cm) indicates an insulator; and finally, those materials found between the 

conductors and the insulators are known as semiconductors. An overview of this general 

classification is given in Figure 2.4. 

When insulators are required in some applications, polymers are frequently used because of 

their strong electrical resistivities [54]. Such is the case for the polymers used in flexible 
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coatings of electrical wires and cables [55]. These materials can also be found in printed circuit 

boards, transformers, end-fittings, and capacitors [56, 57]. 

 

Figure 2.4: : Scope of the electrical conductivities (S/cm) of different classes of materials. 

 

2.6.3 The stretchable component of the materials   

Various flexible/stretchable EM components like resonators, antennas, switches, filters and 

oscillators have been reported in diverse applications, especially in the electronics, 

communications, biomedical and industrial fields. The flexible/stretchable EM components can 

be produced by integrating flexible substrates with fluidic liquid metal as conductor. Normally, 

the liquid metals are encapsulated in flexible substrates with a resulting tolerance change 

caused by external bending/stretching forces. In the case of stretchable devices, liquid metals 

are suitable materials due to both their ability of not forming micro-cracks when stretched 

repeatedly, and their exhibited self-healing properties. 

2.7 The fabrication methods 

 Some studies have been conducted about the best methods of combining a polymer with the 

filler particles to achieve the desirable properties. Agari et al. [54] tested four methods of 

fabricating test specimen that were in the form of powder, solution, roll-milled, and melt mixed 

materials [58]. It appears that powder mixed referred to a dry-blend method where the materials 

are combined at room temperature and then melted into the appropriate shape. Solution mixing 

however, refers to the cases where the filler was dispersed into the matrix with the help of 

toluene used as solvent until it evaporated and the solute was removed and then melted. In the 

case of roll-milled samples, the fillers were mechanically kneaded into the melted polymer 
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followed by melt mixing using a twin-screw compounder to combine the filler and matrix while 

the polymer was in a molten state. The thermal conductivity of the prepared specimen increased 

in the following order: melt mixture < roll milled = solution mixture < powder mixing [59]. These 

results suggest a non-uniform composite morphology, which facilitates the formation of 

conductive networks through the material.  

 

2.8 The nanocomposites manufacturing process based on thermoplastic matrices 

The successful formulation of nanocomposite materials based on thermoplastic matrices 

primarily depends on the polymer matrix's chemical, physical, and thermal properties, but also 

on the following conditions:  

a. polymer-filler interaction 

b. interaction between the charges 

c. Nanocomposites based on thermoplastic matrices can be created using three 

different techniques 

d. Clay, carbon dioxide, or organic fibers can be used in the formulation of 

nanocomposites based on thermoplastic matrices. 

The first, and the most common method is the elaboration by solution. In this case, 

nanoparticles are first dispersed in an organic solvent in which the polymer serving as matrix 

has previously been dissolved. The nanocomposite is obtained by evaporating the solvent. This 

method is less advantageous because of its high cost driven by the slow process and its 

consumption of important solvent volumes. 

The second method is known as the “in-situ polymerization”. During this process, the 

nanoparticles are dispersed in the monomers, with or without solvent, then the polymerization 

reaction is initiated to obtain the nanocomposite. The presence of nanoparticles in the 

prepolymerization state makes it possible to establish the chemical interactions with the polymer 

matrix. This method was applied for the processing of polyamide-based nanocomposites loaded 

with CNC, with an interesting improvement of the mechanical properties of the polyamide 
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The third method consists in mixing the melt. This method derives from the difficulty in 

dissolving some polymers in organic solvents. Generally, any molten polymer can be blended 

with nanoparticles as long as the polymer's temperature is high enough. However, the 

implementation must be carried out at a temperature lower than the load's degrading 

temperature, and the frequent issues of dispersion, and compatibilization must be addressed. 

Normally, the distribution across the polymer melt is caused by the shear forces applied 

in this method. This method is the favorite of industrial promotors because it is both cost 

efficient with respect to other methods, and environmentally friendly. 

The literature reports numerous attempts to create nanocomposites using thermoplastics 

loaded with clay, natural fibers, or carbon-based nanoparticles using extrusion by Hasegawa et 

al. [60]. 

The case of clay minerals reinforcing polyamide 6 matrices have also been reported. It 

indicates that minerals from clay were distributed into the polymeric matrix by extrusion. The 

fillers and the polymer were combined at the polyamide-6 processing temperature. the ocean 

Vacuum is used to expel evaporated . Mack et al. [61] have reported the use of this technique 

while reinforcing polycarbonate with carbon nanotubes. In fact, 1 to 5% of polycarbonate was 

melted before an addition of the carbon nanotubes. 

2.9   The economic potential of nanocomposites 

The commercialization of polymer-based nanocomposites began in 1991 with the Toyota Motor 

Co.'s introduction of nylon-6/clay nanocomposites into the market [62]. 

Ube Sectors and Toyota created a timing belt covers for the Toyota Camry's engine. The 

polymer matrix nanocomposites have taken over the market with their peculiar properties such 

as high modulus, low weight, excellent mechanical properties, and dimensional stability. They 

have a higher shock resistance, they are not flammable, they show a better scratch resistance, 

and better thermal resistance. All these qualities are the reason why nanocomposite materials 

are replacing specific components in different industries; such is the case for some metallic 

components of the automotive industry. 

2.10   Conclusion 



 

20 
 

In order to enhance the rigidity, fire resistance, and in some circumstances the electrical 

conductivity of the polymer material, some traditional composite materials are formulated by 

using organic, inorganic, and hybrid fillers. Typically, these fillers take the shape of the fibers; 

that is larger than one micrometer in diameter. The anticipated performance is improved from 

the addition of these fillers; however, such performance depends on the quality of the filler and 

the matrix interface, and in some cases, on the filler's capacity to create a three-dimensional 

network within the matrix. Moreover, the microscopic additions lead to a high fillers (fibers) 

concentration. 

The reason for the actual appearance of nanoscopic fillers is their ability to maintain the same 

levels of efficacy at lower filler compositions. The quality and extend of the polymer-filler 

interfaces can be improved due to their compact size. This work has shown that an ideal 

anticipated improvement of the nanocomposites for the intended applications can be achieved 

by an even dispersion of the nano-reinforcements in the matrix. This kind of dispersion is still a 

challenge for researchers, whose major achievements have been the chemical alteration of the 

surfaces of both the nanofillers and the matrix in order to boost the compatibilization process. 

This chapter is based on a number of published findings that address the connected concerns 

that, in the context of our research, appear to be the most intriguing. We were able to locate the 

resources we used in our study thanks to the analytical bibliographies. In the chapters that 

follow, the findings are reported. Before that, the next chapter develops the experimental 

methodology that was applied in this work. 
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Abstract 

We describe the development and characterization of a stretchy and resilient micro-strip 

antenna made from a nanocomposite of polydimethylsiloxane (PDMS) and bentonite clay 

loaded with silver, copper, and graphene nanoparticles. The physical, mechanical, and thermal 

characteristics of the nanocomposite were extensively evaluated in relation to the different 

nanomaterial loading into the PDMS. This has included UV-Vis spectroscopy, X-ray diffraction, 

and other techniques in addition to tensile and flexural tests, rheological analysis, 

thermogravimetric analysis, scanning and transmission electron microscopy, dynamic viscosity 

study, and ion coupled plasma. The conductivity of the fabricated micro-strip antennas was 

assessed using electrochemical impedance spectroscopy, and the antenna pattern was suitable 

for usage in RF equipment for cutting-edge applications like military, sensing, and space. 

Keywords: composite; nanoparticles; polydimethylsiloxane; patch antenna, 

electrochemical impedance. 

3.1 Introduction  

There is a growing interest in applying flexible antennas in critical areas such as 

healthcare monitoring, search and rescue, and public safety [61]. A highly desired characteristic 

of such applications is the robustness of the antenna to withstand dynamic operating conditions. 

Etching metal patterns usually fabricate rigid antennas on rigid substrates [62]. However, they 

are susceptible to either permanent deformation or fracture from bending or twisting stress. To 

deal with such rigidity issues, some flexible antennas have been created with copper tape [64] 

and conductive ink [63,64] on flexible substrates. However, copper-based designs were still 

found to be rigid, while those based on conductive inks are not suited for long-term use due to 

peeling. Consequently, other designs have been tried using embroidered antennas and 

wearable sensors using conductive fibers on textiles and polymer composite substrates [63], 

[65,66] and embroidered wearable RFID tags on textile and polymer composites [67], [68].  
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Morris et al. reported using a 2.45 GHz dipole antenna on a PDMS substrate with copper 

mesh arms whose performance was compared to a copper wire dipole [69]. Similarly, a dual-

band textile antenna on PDMS substrate was reported by the group of Simorangkir [68] and its 

performance compared to those of its rigid version [70]. Lanlin and coworkers reported a textile 

antenna used in body-worn communications and medical sensors with comparable performance 

to their copper counterparts [71]. However, only a narrow bandwidth has been considered in all 

these designs.  

In general, flexible antennas are fabricated using various conductive materials and 

substrates. The substrate is selected based on its dielectric properties, tolerance to mechanical 

deformations (bending, twisting, and wrapping), susceptibility to miniaturization, and durability in 

the external environment. On the contrary, the selection of conductive materials dictates the 

antenna’s performance features, such as its radiation efficiency. Conductivity is essential for 

ensuring high gain, efficiency, and appropriate bandwidth. Additionally, resistance to the 

degradation induced by mechanical deformation is another desired feature for the conductive 

material. For this reason, nanoparticle (NP) inks such as silver and copper are often preferred 

for the fabrication of flexible antennas due to their high electrical conductivity; however, silver-

nanoparticle ink edges are preferred over copper nanoparticles due to their low oxidation rate 

[72]. At the time of writing, very few investigations into flexible antennas made of copper-based 

nanoparticles have been reported [73].  

Besides nanoparticles, electro-textile materials like Ni/Ag-plated, metalized conductive 

nylon fabrics in the example of Flectron™ and nonwoven conductive fabrics (NWCFs) are 

generally used in flexible antennas. Various types of textile and non-textile conductive materials 

such as adhesive copper [74], copper tapes [75], and copper cladding [76] have been reviewed 

in previous works for the development of flexible antennas , 
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Figure 3-1: Schematic representation of various antennas with different conducting materials. 

(a) Polymer ultra-wideband antenna using poly (3,4-ethylenedioxythiophene) and polystyrene 

sulfonate (PEDOT: PSS) [77]; (b) Platinum-decorated carbon nanoparticle/polyaniline hybrid 

paste for flexible wideband dipole tag-antenna [78]; and (c) A stretchable microstrip patch 

antenna with a flexible conductor made of silver nanowire (AgNW) and polydimethylsiloxane 

(PDMS) [79].  

Figure  3-1 shows different antennas designed with various conducting materials. 

Conductive polymers like polyaniline (PANI) [80], polypyrrole (PPy) [81], and poly (3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) [32] seem promising for flexible 

and wearable antennas. The addition of different conducting materials improved the low 

conductivity of these polymers in carbon nanotubes [83], graphene [84], and carbon 

nanoparticles [85]. The future of flexible antennas made with graphene is promising as they 

combine both decent electrical conductivity and excellent mechanical properties. In fact, the 

performance of flexible antennas relies on their conducting traces; meanwhile, a combination of 

high deformation and good electrical conductivity is desired [36]. In this regard, graphene paper 

[78], graphene nanoflake ink [88], graphene oxide ink [89], and graphene nanoparticle ink [90] 

have been used in previous studies to fabricate flexible antennas.  
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Table 3-1 :  Conductive materials and their conductivity values 

 

Table 3-2: Commonly used flexible substrates with dielectric constant, loss, and thickness. 

Substrates Dielectric 

constant 

(εr) 

Dielectric 

loss (tan 

δ) 

Thickness 

(mm) 

PET [49] 3 0.008 0.140 

PEN [50] 2.9 0.025 0.125 

Polyimide [51] 2.91 0.005 0.2 

PDMS-MCT [52] 3.8 0.015 - 

Material types Conductive materials Conductivity, σ (S/m) 
Metal nanoparticles  Ag nanoparticle [91]  2.173 × 107 

Cu nanoparticle [92]  1 ×106 

Conductive polymers PEDOT:PSS [93]  100-1500 

Polyaniline (Pani) [93] 5 

Polypyrrole (PPy) [94] 40-200 

Conductive polymers with 

additives 

C nanotube [95] 4000-7000 

PANI/CCo Composite 7.3 × 103 

AgNW/PDMS [96] 8130 

Ag flakes + Fluorine Rubber [96] 8.5 × 104 

Graphene-based materials 

Liquid Metal 

Nanoflakes [97] 6 × 105 

Paper [93] 4.2 × 105 

Meshed Fabric [98] 2 × 105 

Eutectic GaIn [80] 3.4 × 106 
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PDMS [53] 2.65 0.02 - 

 1.85 0.014 - 

PDMS/phenolic microspheres [54] 2.24 0.022 - 

PDMS/silicate microspheres [55] 2.45 0.02 - 

Paper (Kodak photo paper) [56] 2.85 0.05 0.254 

Liquid crystal polymer [57] 2.9 0.0025 0.1 

Wearable 

antenna 

substrate 

Fleece Fabric [58] 1.25 - 2.56 

Cordura [59] 1.1-1.7 0.0098 0.5 

Woolen felt [60] 1.16 0.02 3.5 

Felt [61] 1.3 0.02 1.1 

Cotton/polyester [62] 1.6 0.02 2.808 

 

In order to accommodate the mechanical strain and deformation while preserving the 

performance of the antennas, the conductivity of different stretchable materials used is often 

improved by the doping process. Some of the examples found in the literature include silver 

nanowire embedded silicone [98], silver loaded fluorine rubber [99], carbon nanotubes (CNT)-

based conductive polymers [100], liquid metals in the stretchable substrate [101], and 

astretchable fabric itself [102]. Table  3-1 lists the different conductive materials used to 

fabricate a flexible antenna and their conductivity values. Table 3-2 shows some substrates 

commonly used to fabricate flexible antennas and their dielectric constant, dielectric loss, and 

thickness values.  

In 2018, Romano et al. applied the integral convolution between elastic strain and a nonlocal 

kernel, adapted for the simulation of nonlocal long-range interactions [103]. Moreover, they 

worked on Eringen’s strain-driven nonlocal integral model to collude against significant 
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obstructions, which is a significant structural application. Although the stress field is associated 

with the nonlocal constitutive law, it does not meet the requirements for equilibrium. In contrast, 

another study on EDM, widely recorded in previous literature, interprets the nano-beam 

mechanical conduct .The difference between EIM and SDM leads to excellent structural-like 

technically significant SDM flexural and torsional analysis [104], nonisothermal structural 

problems . linear and nonlinear analysis of transverse free vibrations , and longitudinal free 

vibrations of Bernoulli-Euler nano-beams [105]. 

3. 2   MATERIALS AND METHODS 

3.2.1 Materials 

 

The chemicals reagents, copper (II) sulfate (CuSO4·5H2O), silver nitrate (AgNO3) with 

99% purity, and graphene powder used in the preparation of the composite were purchased 

from Sigma Aldrich (Montréal, Canada). Meanwhile, the organic solvents, polymers, and 

bentonite clay (B-clay) were supplied by Fisher Scientific Canada (Montréal, Canada). Finally, 

the Dow Corning®Sylgard 184 PDMS elastomer and the curing agent (silicone elastomer) were 

supplied by Dow Chemical (Toronto, Canada). 

3.2.1 Fabrication of clay-graphene composites. 

Graphene and the right amount of B-clay were mixed with distilled water and ultra-

sonicated for 24 hours. The precipitate was separated by centrifugation and dried under a 

vacuum. The solution was further treated with 3ml of a 0.5 M electrolyte solution, stirred by 

centrifugation for 5 hours, and dried. 

3.2.2 Fabrication of the clay assembled nanoparticles.  

B-clay nanopowder was crushed using a planetary ball mill type PM 400 from RETSCH 

(Montréal, Canada) at 150 rpm for 5 hours, followed by the modification preparation methods 

[64]. In details, 5g of graphene nanopowder and 2.5g of NaNO3,10ml of the electrolyte solution 

0.5 M (CuSO4 and AgNO3) were mixed with 5 drops of concentrated H2SO4, 5ml of H3PO4 and 

stirred in an ice bath to keep the temperature below 5°C. The suspension solution was 
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centrifuged and washed repeatedly with deionized water and 5% HCl. Finally, the product was 

dried at 60°C [106]. 

 

3.2.3 Fabrication of the clay graphene – PDMS copolymer.  

Using the stoichiometry ratio (1:1) wt/wt dried graphene and B-clay composite, then 

dissolved in 10ml of PDMS solution and stirred for 45 minutes, then a suspension of the curing 

agent was added at a ratio of (1:10 w/w). The mixture was further cast with a thickness of 

roughly 1.5 mm, cut into 2.5 cm by 2.5 cm squares, and transferred into a degasser vacuum for 

10 minutes to remove bubbles. The samples were finally molded by compression with the plates 

heated at 75 oC for 45 minutes, followed by cooling to room temperature. 

3.2.4   Fabrication of the PDMS substrate. 

The PDMS substrates were prepared using the conventional method; mixing the PDMS 

elastomer and its curing agent at a ratio of (10:1) wt/wt, stirring for 15 minutes, and transferring 

into a degasser vacuum for 10 minutes to remove the bubbles. The mixture was finally molded 

onto a hotplate at 75 oC for 45 min, cooled down to room temperature, and put inside the O2 

plasma reactor. 

3.3 Characterization methods. 

3.3.1 X-ray diffraction (XRD) analysis. 

 X-ray diffraction (XRD) analysis was carried out to survey the crystalline structure and 

the phase composition of the investigated materials. This was done using a D8 Advance X-ray 

diffractometer from Bruker (Montréal, Canada) equipped with a copper (Cu) source. It allows the 

qualitative and quantitative characterization of the samples depending on their crystallographic 

evaluation, grain size, and thickness of their layers. The device consists of a standard sample 

holder, several analyzer stations, a 9-position auto-sampler (FLIP-STICK), a control software, 

and a high-temperature furnace (HTK, 1200N). The measurements were executed in a 2θ range 

of 10°C to 70°C. 

3.3.2The scanning electron microscopy  (SEM).  
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 A scanning electron microscope (SEM) model Oxford instrument INCA/Sight 40 kV, 

consisting of a Vega3SB connected with a Bruker Energy Dispersive Spectroscopy (EDS), was 

used to study the morphology of the investigated samples.  

3.3.3 Transmission electron microscopy (TEM). 

 A TEM model JEM-1230 from JEOL operating at 120 kV with an integrated CCD camera 

was further used for the samples’ characterization. TEM is an appropriate way to investigate the 

surface morphology of the prepared samples using copper grids pre-wrapped on a thin 

amorphous carbon film. Each sample was placed on the carbon-coated grid and tested at 

ambient temperature. 

3.3.4 Electrochemical characterization. 

 The electrochemical behavior of the samples was investigated through 

electrochemical impedance spectroscopy (EIS), in which measurements are related to both their 

resistance and conductivity. The tests were conducted on a potentiostat-galvanostat instrument 

containing eight channels using batteries (10V and 4Amp). Based on its association with 

Corrware/Corrview, the operating software, it can be applied for most electrochemical analyses. 

In addition, by coupling with the 1255B frequency analyzers, the equipment is used to measure 

the electrochemical impedance. This equipment detects the physicochemical properties such as 

the resistivity, the electron transfer rates, and the charge transfer kinetics associated with 

different frequency ranges based on the samples’ impedance. Such analysis is the classical 

method of studying the variations of different parameters, such as impedance and capacitance, 

and bio-sensors applications. The prepared material’s conductivity was investigated at 

frequencies ranging from 1.5 kHz to 2 MHz with an open circuit potential (OCV) of 0.44 V using 

specific electrodes with 15 mm diameter at room temperature. These measurements are based 

on the following material ionic conductivity equation: 

  σ  = L
R
⋅ S                                     (3-1) 

where σ is the ionic conductivity, L is the working electrode thickness, and S is the electroactive 

surface area of the electrode. 
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3.3.5 Dielectric measurements of the PDMS substrate. 

 The dielectric constant of the PDMS substrate was measured with a dielectric analyzer 

(Novocontrol BDS 20 GmbH). The samples holder was in a vacuum chamber to avoid any 

measurement errors. Further analysis of the PDMS substrate was conducted using the 

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). It is a qualitative and 

quantitative technique used to determine the chemical composition of the investigated 

substance, especially traces of the major elements found in the periodic table. It was carried out 

using an ICP-AES spectrometer model 5100 from Agilent Technologies. The methods consisted 

in dissolving the samples into a solution of 2-5% nitric acid followed by their injection into an 

argon plasma gas of around 6000 K.  

3.3.6 UV analysis. 

 A comparative qualitative analysis was performed between the samples of clay 

assembled with graphene, copper, and silver nanoparticles and the samples of PDMS 

composite using a combination of the UV-visible and near-infrared techniques. The 

measurements were made using a Lambda 750 double-beam spectrometer from Perkin Elmer 

(Montréal, Canada) over a wavelength range between 175 and 3000 nm.  

3.3.7 Measuring the dynamic viscosity and the particle size analysis of the fluidic solution. 

 The samples’ viscosity was analyzed using a vibrating viscometer model SV-10 from 

A&D (Montréal, Canada). The measurements were performed at room temperature with a 1% 

reading accuracy based on Equation 2 -2, where αρ, T, ρ and P are the apparent viscosity, 

temperature, density, and atmospheric pressure, respectively. 

αP = −1
ρ
�dρ
dT
�
p

           (3-2) 

 Similarly, the characterization of the particle size distribution in the mixing phases was 

done using the Zetasizer Nano analyzer model S90 from Malvern (Montreal, Canada), in 

combination with a red laser whose wavelength and power are respectively 632.8nm and 4mW. 

The Zetasizer instrument could detect particles with diameters between 1nm and 5 microns. 
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3.3.8 Thermal characterization of PDMS and its composites. 

 The thermal behavior of PDMS and its composites was evaluated based on both the 

thermo-gravimetric analysis (TGA) carried out with a TGA model Q500 from TA Instruments 

(Montéal, Canada) and the differential scanning calorimetry (DSC) with a DSC model Mettler 

Toledo from (Montréal, Canada). The TGA samples weighing between 0 and 200 mg were 

heated at 10oC/min in an N2 atmosphere while the variations and thermal events were recorded 

with a sensitivity of 0.01%; meanwhile, the DSC samples weighing an average of 0.2 mg were 

sealed in aluminum pans and heated in comparison with decomposition based on its stability. 

The thermal events were recorded following a three stages protocol between -60 and +600°C  

The fabricated antenna analysis was done using a vector network analyzer (Model #5071 B) 

from Agilent Technologies, Polytechnique in Montreal, Canada. Initially, the network analyzer 

was slandered using the two-port Ecal module posture model #85092C using frequency applied 

ranges from 300 kHz to 10GHz, which supplied an excellent accuracy. 

3.4 RESULTS AND DISCUSSION. 

3.4.1 XRD analysis. 

 The XRD analysis of the structures of clay, NPS-metals assembled on clay, and the 

composite are presented in Figures 2-2(a), 2-2(b), and 2-2(c), respectively. The 2-theta of the 

particle size for crystallography structure of pure metals and composite scattered X-rays 

interference  is calculated using the Debye Scherrer Equation: 

𝐷𝐷 = 0.9 𝜆𝜆
𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽

          (3-3) 

    Where D is the mean size of crystallites (nm), K is a crystallite shape factor, and a good 

approximation is 0.9, λ is the X-ray wavelength, B is the full width at half the maximum (FWHM) 

in radians of the X-ray diffraction peak, and θ is the Braggs’ angle (degré.). The spectra are 

given in terms of the peak intensity versus the angle 2θ. It shows an increase of the peak 

intensities in the following order: clay, clay nanoparticle composites, and nanoparticles. NP and 

graphene clay composites show the same group of peaks with different intensities, while clay 
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shows some differences, notably an extra peak around 2θ value of 5° and the absence of others 

after 40°. Some of the representative peaks include a peak at the middle 2θ value of 29.9° 

matching the (110) plane, as well as slightly weak triple peaks at 2θ value of 46.4°, 63.8°, and 

78.9°, respectively, parallel to the (200), (220) and (310) planes.  

 

Figure 3-2: An XRD analysis of the bentonite clay used: Chemical structure: 

Al2H2Na2O13Si4. 

 
Figure 3-3: XRD analysis of the NPs—metals assembled on clay.  
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Figure 3-4: XRD analysis of the composite. 

3.4.2 Scanning electron microscopy.  

 Figure 3-5 illustrates the morphology of the various samples, partitioned into Figure 3-

5(a), Figure 3-5(b), and Figure 3-5(c) for clay, nanopowder, and graphene clay composites, 

respectively. Figure 3-5(a) shows a uniform shape of bentonite crystal. Its diameter and width 

are 20 and 2 μm as compared to Figures 3-5(b, c). This can be associated with the treatments 

with graphene and PDMS, which increase the surface area of clay that can bind nanoparticles 

like silver, copper, and graphene. Furthermore, Figure 3-5(c) shows some layers of flocculated 

clay resulting from the impregnation process by nano-metals. These observations are 

comparable and shown in Figures 3-5(a) and 3-5(b).  
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Figure 3-5: SEM micrographs of different materials: a) Pure clay; b) Nano-powder; c) 

Graphene- clay-composite. 

3.4.3 Transmission electron microscopy (TEM).  

 Figure 3-6 shows the TEM micrographs of the investigated samples. Moreover, Figure 3-

6(a), Figure 3-6(b), and Figure 3-6(c) show the structures for the samples for clay, nanopowder, 

and graphene clay composites, respectively. 

 

Figure 3-6: Representative TEM images of (a) and (b) graphene dispersed into PDMS 

solution, (c) composite of clay PDMS polymeric assembling graphene.  
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Figure 3-6(c) points out the typical structure of sodium montmorillonite clay, which describes a 

homogeneous distribution of clay flakes carrying out nanoparticles inside the clay sheets due to 

the size of the arranged nanoparticles ≈ 20 - 28 nm. 

 The surface morphologies of the clay-PDMS composites indicate an immense layered 

structure and huge flakes coupled with some spaces between the layers. Important changes 

can be observed between Figures 3-6(a) and 2-6(c). They include a reduction of the interlayer 

of the clay composites, indicating a distribution of the nanoparticles (graphene, silver, and 

copper) between the clay layers. Furthermore, the smooth surface morphology of graphene-

PDMS shown in Figure 3-6(b) is completely transformed in Figure 3-6(c). It shows an 

aggregation of the nanoparticles on the surface of PDMS, resulting in a decrease in the 

structure’s surface area. 

 Moreover, the images’ differences are evidence of the grafting of the nanoparticles on 

clay and PDMS matrix to form novel composite materials. Furthermore, The TEM image of 

Figure 3-6(a) displays tiny spaces between individual silver particles and copper nanoparticles, 

which self-aggregate and relate to the surrounding negative charges. Consequently, there is a 

possibility for forced interactions between the cations of clay and the anions resulting from the 

reduction of the Cu/Cu+2 // Ag-/Ag cell. 

 Figure 3-6(c) shows that PDMS is tied to the outer shell of both copper and silver 

nanoparticles. In addition, mitigation of free ions charge (Ag and Cu) which are suspended with 

Graphene Nanoparticles inside the colloidal solution is, made the boundary of output a negative 

charge (cloud) on the graphene surface, forming dual characterization resonating of electrons 

(π-π) on a layer and the other layer is an electrochemical reaction of Cu/Ag cations in conclude. 

Both Figure 3-5 and Figure 3-6 confirm the complete distribution of nanostructure of 

nanoparticles assembled interlayer spaces clay and PDMS matrix. 

3.4.4 Electrochemical characterization. 

 Figure3-7 shows a comparative variation of the electrochemical resistivity of the various 

investigated samples. They all show the same pattern; moreover, they increase as a function of 

their composition, starting from clay, then the composites and PDMS. This behavior is probably 
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related to the motion of free ions, the viscosity, and the disturbance of the ions inside the 

solution. It is then suspected that the graphene bond types, such as the (π-π) and the metallic, 

have a large impact on the conductivity of these substances and the facility of ions transfer 

inside the solution. 

 

Figure 3-7: Variations of the EIS measurements for pure PDMS, clay-NPs, and 

graphene-clay-composites. 

3.4.5 Dielectric measurements of the PDMS substrate. 

 Figure  3-8 shows the variations in the dielectric constant of pure PDMS with the 

frequency. It shows a constant value of 2.67 throughout the observed frequencies. This can be 

related to both the chemical structure and the intermolecular interactions. Apart from the 
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polarization of the Si-O-Si bonds, the system appears to be internally stable and under the 

influence of no external force which could enhance the conductivity of the dielectric material.  

 

Figure 3-8. Variations in thedielectric constant of the PDMS substrate. 

Figure 3-9 shows the ICP composition of the nanoparticles while validating the presence 

of silver, copper, nickel, and the elements related to the graphene composition.  
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Figure 3-9: ICP in the composite structure. 

3.4.6 UV analysis. 

 Figure 2-10 shows the variations in the absorbance of the samples of the composite geo 

polymeric of clay PDMS assembling graphene as a function of the wavelength. It shows that the 

equivalent of some peaks found on the composite spectra is nonexistent on the clay 

nanopowder spectra. This is a good indication of the presence of silver, copper, and graphene 

NPs in the interspace of the PDMS substrate. In addition, there is a slight shift for copper and 

silver in the first structure (clay-NPS), which indicates the formation of a chelating complex from 

the cation exchange between clay arrangements and the nanoparticles. Overall, the UV 

analysis confirms the clay-NPS-PDMS composite composition as a matrix block. 
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Figure 3-10: Comparative UV-Vis-NIR analysis of graphene assembled clay composite 

and metals/clay nanopowder. 

3.4.7 Measurement of the dynamic viscosity and the particle size analysis of the fluidic solution. 

 Figure 3-11 shows the variations in the apparent viscosity with both the investigated 

materials and the temperature. It indicates an increase in the nanoparticles that it contains, 

resulting from the co-aggregation and conjugation of the particles. Such observation is also 

related to the interactions between the outer sphere charges of the particles suspended in the 

solution and the various solutions containing cations such as bentonite, the anions of the 

dissolved nanoparticles, and the PDMS matrix. The resulting increase in the dynamic viscosity 

occurs in the following order: clay, clay-NPs, graphene, graphene-NPs, and finally clay-PDMS. 

Moreover, the lowest and highest values attributed to clay and clay-PDMS are 7.02 and 13.98 

m.ps.  
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Figure 3-11: Variations in the dynamic viscosity of the samples with their composition 

and temperature. 

 

 The particle size analysis is given in Figure 3-12. The results are shown as frequency 

variations with the size for graphene-PDMS in Figure 2-12 graphene/nanoparticles in Figure 3-

13 and clay/PDMS-NPs in Figure 3-14  

 In Figure 3 -12 graphene nanoparticles are mainly found suspended and uniformly 

distributed inside the PDMS solution. As large as 118.6 nm, the resulting particle size could be 

caused by either a combination or an aggregation of small particles. However, in Figure 3-12(b), 

the particle size analyzer recorded two significantly different particle sizes of 640 and 5565 nm. 

This may be attributed to the adhesion of metal nanoparticles of different sizes on the graphene 

surface. Finally, Figure 3- 10 shows the presence of medium-sized particles with an average of 

540nm. It probably results from various causes, such as the process where metal nanoparticles 
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fill the voids between clay interlayers while graphene nanoparticles are distributed inside PDMS 

solution and the shielding of huge particles. It is also important for the charge transfer through 

the fluidic solution. In the overall, no massive flocculation is formed during the process, 

indicating a solution that can transfer charge without restriction. 

 

Figure 3-12: Particle size analysis of graphene-PDMS.  
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Figure  3-13:Particle size analysis of graphene/nanoparticles. 

 

 

Figure  3-14: Particle size analysis of clay/NP/PDMS Composites. 
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3.4.8 Thermal characterization of PDMS and its composites.  

 The DSC and TGA measurements are respectively found in the thermograms of Figures 

3-15(a) and 3-15(b). They indicate different thermal behavior for the pure PDMS, PDMS-

graphene, and PDMS-NPS-clay.  

 

a) DSC 

 

 

Figure 3-15 : DSC (a) and TGA (b) thermograms of PDMS, PDMS /Clay –NPs, and graphene-

PDMS. 

 

 The DSC thermograms show comparable patterns for the investigated formulations 

except for a small deviation shown by pure PDMS around 450oC. All the formulations show four 

significant stages of thermal degradation. In the first stage, about 8.59% of weight loss found 

between 30 oC and 115 oC can be attributed to water molecules. In the second stage, a loss of 

7% occurring between 115 ℃ and 160 oC.  is attributed to the degradation of the SiO2 is the 

main skeleton structure of PDMS polymer composition. The third degradation stage, between 

160 oC.  and 320 oC., indicates good thermal stability without exhibiting any chemical or physical 

changes[107]. 

 In the fourth stage, located between 320 oC and 490oC, a weight loss of 22.36% was 

recorded and could be explained by the polymeric chain breakdown and the pyrolysis of the 



 

44 
 

composite structure. Based on the following thermal degradation reaction, water, carbon 

dioxide, light hydrocarbons such as methane, are byproducts, while clay acts as a cracking 

catalyst [108].  

 

Si(CH3)2 + 4O2 → SiO2 + 2CO2 + 3H2O                           (3-4) 

 

 Additionally, the highest thermal stability was exhibited by PDMS-graphene and the 

lowest by pure PDMS. This could be caused by the interactions between PDMS and either clay 

or the nanoparticles, thereby reinforcing the crosslinks, reducing the intermolecular spacing, and 

increasing the degradation temperatures. 

3.4.9 Measuring the performance of flexible antenna without bending.  

 Return Loss Characteristics 

 Figure 3.16 illustrates the capability of the fabricated composite to be used for a device 

such as an antenna, based on both the simulated and the measured data.  

The simulations and measurements of the flexible antenna were recorded at two band 

frequencies between 1.9 GHz and 3.8 GHz with a frequency step size of 20 MHz [109]. The 

simulation results suggest that this flexible antenna and the transmission lines of that region 

made the fabricated material resonate at a frequency of 2.44 GHz. 
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Figure  3-16: Return loss characteristics of the fabricated antenna. 

3.5   Conclusion 

 In this experiment, polydimethylsiloxane and bentonite clay nanocomposites loaded with 

silver, copper, and graphene nanoparticles were successfully fabricated to create a stretchable 

and robust micro-strip antenna. Some characterization results were conducted with tensile and 

flexural tests, rheological and thermogravimetric analysis, UV-Vis analysis, electrochemical 

impedance spectroscopy, x-ray diffraction, scanning, transmission electron microscopy, 

dynamic viscosity analysis, and ion coupled plasma measurements of the associated loads of 

the nano additive. These tests show that these nanocomposites could be considered for 

microstrip antenna applications due to their electrical conductivity and mechanical flexibility. 

These composites may also be employed mainly for flexible RF devices in the military, sensor, 

and space industries. Additionally, the flexible composite has been used to fabricate an antenna 

device in the WLAN band area. The results of the measurements and the simulations show two 

frequencies at 1.9 and 3.8 GHz. 
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Abstract:- 

This work was done in view of creating a specific chip, that is wearable, flexible and which is a 

conductor, based on conventional physical methods like grafting and assembling metals (silver, 

copper, and gallium indium alloy) on graphene as a composite, following by immersion inside 

PDMS matrix. However, due to an incompatibility between liquid gallium and graphene sheets, 

a bridge of metallic nanoparticles as of silver and copper was used as a barieer to its different 

charges to maximize the interfacial interactions between amorphous carbon and liquid gallium. 

Different characterization methods such as EIS Impedance  includes both resistance and      

reactance and CVT were used to evaluate the conductivity of the chip during the fabrication 

process. Moreover, the chip’s thermal stability was evaluated by the differential scanning 

calorimetry (DSC), its mechanical properties determined by the tensile tests, and its morphology 

characterized by a combination of TEM IR and UV absorption techniques.  The dielectric 

constant (ἑ) of the composite was evaluated at a different range of frequencies as 3.73 which is 

higher than the value of PDMS which is 2.69.  

Keywords: 

PDMS, Tensile response, graphene, Ag, Cu nanoparticles, electrochemical impedance. DSC 

4.1 INTRODUCTION. 

Nowadays,  flexible and wearable electronic devices are rapidly gaining ground around the 

world. It is found in many areas in the example of biosensing, human health monitoring, 

electronic communication and media devices. A variety of the integration and trials of liquid-

phase technologies are used in the fabrication of these applications including spanning for 

smart packaging [110, 115] biosensing and macro chips [116] flexible fluidic antenna [117], 

renewable energy management [118], and printed electronics inks devices [119].  Central to this 

technology are high performance graphene which is an appealing material for electronics 

applications due to its unique properties, its high conductivity, flexibility, and mechanical 

stability. Recently, a wide variety of applications depending mostly on Graphene have been 

reported [120].  Many production routes exist for graphene; however, liquid-phase exfoliation is 

well-suited and cost efficient for electronic applications [121]. There are numerous advantages 

of using graphene in electronic applications, one of the most important being its stable and high-
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concentration dispersion in suitable organic solvents. Although reduction of graphene-to-

graphene oxide can meet this standard, the degradation might affect its efficiency, thus the 

motivation to use the pristine graphene during the preparation process. [122] The diffusion of 

pristine graphene demand adopts organic solvents, surfactants, or polymer stabilizers to reduce 

paring aggregation.  

Therefore, a need for new composite materials in the fabrication of electronic and optical 

modules is pivotal [123]. Polydimethylsiloxane (PDMS) is an example of polymer used in such 

composite materials. In fact, PDMS is reported in the literature as used in most electronic 

technological applications.  Its unique polymeric characteristics include  stretchability, ease of 

handling and packing,  transparency, non-toxicity, and low cost. [124]. Some applications 

making use of those features of PDMS include sensors, valves, detectors, filters, solid elastic 

lenses, and antenna substrate for microelectromechanical systems (MEMS) [125]. various 

literature studies had been carried out on the physical and chemical properties of PDMS, 

involving specific synthesis parameters  like curing agent ratio,  , curing temperature and curing 

times. In order to improve on the elastic modulus of PDMS, the use of reinforcements such as 

ceramics or fillers is needed, leading to more  To suitable characteristics, such as surface 

energy compatibility, superior hydrophobicity  [126]. A proper choice of those reinforcement and 

fillers is important, especially in terms of size and shapes, as well as their overall effect in the 

composites.  In this regard, ZnO, Ag, and GO materials have been reported as appropriate 

candidates for biocompatible applications, and for their versatility in the fabrication of 

microstructures In fact, the concept ‘‘reinforcement’’ points out to the improvement of the stress-

strain behavior, and the abrasion resistance, which can be achieved by either filling out or 

grafting nanomaterials inside the cross-sectional gaps of polymeric matrices. Some reported 

examples includes the grafting of carbon black on natural rubbers or metals oxides on polymers 

to improve their conductivity.  Numerous inorganic fillers have been used to reinforce the 

polymeric structure; some for examples include the nano metal oxides, SiO2, Al2O3, graphene, 

CaCO3, fiber-glass, and carbon nanotubes,[127,128], which offer special advantages such as 

appropriate size and shape, as well as the compatibility with the matrix.  [129] During the 

reinforcement process, a special care has to be placed on both the miscibility and the 

homogeneous dispersal of the nanoparticles into the matrix [130]. Recent development in the 

field of nanotechnology are focused on the fabrication of ceramics – reinforced composites 
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owing to the positive physical and chemical effects of the ceramic materials on the final 

composites [131]. Similarly, silicates and carbon nanotubes (CNT) have been used as fillers for 

various polymeric materials with very promising results [132,134]. 

In the same manner, graphene is a potential sensing material for a flexible antenna; its special 

characteristics include its high Young’s modulus, its ions charge mobility, and its piezoresistivity 

[ 135-137]. Significant efforts have been made in improving the conductivity of graphene-based 

material by either assembling or grafting a graphene membrane on a silicon substrate [138], 

depositing graphene thin layer on a silicon nitride substrate [139], or employing graphene as 

flakes coating into a silicon base [140]. Most of the common recent practices include the use of  

graphene-polymer composite [141-142], laser-scatter graphene foam [143], modal graphene on 

elastomer [144], and graphene rolling [145-147]. Furthermore, it has been suggested to work on 

a fluidic antenna, which has a great potential for wearable besides applications based on 

electric conductivity and flexibility Mercury has long been used in so many electronic devices, 

but it has a high toxicity as compared to eutectic Gallium-Indium (EGaIn), which is a liquid metal 

alloy at ambient temperature as well as a good conductor with appreciable wetting properties 

[148].  EGaIn used into a flexible substrate are found in unable and reconfigurable electronic 

applications, electromagnetic devices, and systems involving electrical probes [149], microfluidic 

channel electrodes [150], nanowire conductors [151], patch antennas [152], [153], as well as 

metamaterials. and 3D electronics re-workable silicon [154]. 

In the same manner, graphene’s unique characteristics and stable detection [155] which is 

known by its two-dimensional carbon structure, leads to special features applicable in 

electronics  like the quantum dots effect [156]  which helps understanding the Dirac fermions, 

the tunable bandgap based on channel width, and the localization spin at the zigzag edge state 

[157].  There are many conventional methods of the graphene growth in the example of the 

chemical vapor /deposition (CVD) on a metal thin film such as Ni, Co, and Cu.  Although CVD is 

an easier way to grow a large amount of graphene [158], it is mostly related to how to manage 

the disorder and the layers thickness of graphene. The scope of p−n heterojunction instruments 

with n-type 2D materials such as graphene and MoS2. GaTe also expounded high-interest 

levels anisotropy plane, electronic reflection, and optical properties.  However, the forward 

movement of Ga silicone-based devices is quite challenging and requires special environmental 

conditions [159] Furthermore, 2D materials like graphene, and carbon nanotubes have a special 
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potential for that environmental stability, due to its excellent surface area to volume ratio. Herein 

we depict fluid metal eutectic, Ga–In “e-gain”; 75% Ga, 25% In by weight, m.p. =15.5 8C) [160].  

Although the deposition of nanoparticles of metals like Au, Ag, Cu, and Ti is widely documented 

in the literature, it is considered as one of the conventional methods of electron-beam or thermal 

evaporation causing the damage of the deposited thin-layer of metals and organic materials, 

and the wall defection of the fabricated materials [161] [162].  

There are numerous reported applications of the gallium-indium (Ga–In) alloys in different fields 

as biomimetic devices, biosensors [163], and communication, , due to its unique metallic 

properties, as well as its compatibility with different polymeric substrates to form stretchable, 

wearable and robust conductors and sensors. Furthermore, other attractive properties of these 

materials include their low melting temperatures, low resistivity (≈29 × 10−6 Ω cm) [164], a low 

dynamic viscosity (≈2.4 mPa s) [165] which helps it to adapt and dilate to a different pattern 

during the process. Additionally, the existence of a thin layer of oxide at the surface of Ga–In 

alloy is the main cause of the induced high surface tension (≈ 0.6 Nm−1) responsible for the 

formation of stable structures [166]. Recent applications based on distortion and deformable 

forming include tunable fluidic antennas, pressure sensors, elastomer materials conductors 

[167], 3D flexible conductors, (radio frequency (RF) sensor [168], and wearable tangible. 

Electrochemical techniques are some important methods to investigate the characteristics of 

materials related to its conductivity. Normally, liquid conductivity depends on molecular vibration 

and molecular motion which induces charge transfer; therefore, the measurement of the 

material conductivity is often made by electrochemical impedance spectroscopy (EIS) [169]. 

Different electrode systems have been adopted for measuring the impedence; Impedance we 

approach, different electrode system stander or reference, count, and working electrode with 

applying an alternative current (AC) to measure the effectiveness of the interface the resistance 

between the electrode and electrolyte substance [170]. In addition to impedance measurement 

acquire a relatively time with certain open voltage cycles [171] to performs the measurement 

[172, 173]. This paper explores and demonstrate the possibiliyy of impregnating PDMS with 

materials such as graphene, silver, copper, and gallium alloy to promote the physical and 

electrical properties of the composite to be applied as a flexible and stretchable chip . 



 

51 
 

4.2 MATERIALS AND METHODS. 

4.2.1. Materials. 

Gallium - Indium alloy, Graphene Nanopowders with a high purity (99%) and 300 mesh, as well 

as n-Hexane and Tetrahydrofuran (THF) both used as solvents were supplied by Sigma – 

Aldrich (Toronto, Canada). Most of the salts including copper sulfate and high purity silver 

nitrate (purity > 99%) were supplied by scientific Fisher (Toronto, Canada). Finally, 

Polydimethylsiloxane (PDMS) type Sylgard R 184, was supplied by Dow Coming Corporation 

(Toronto, Canada). 

4.2.2 Methods. 

The process is a three-step operation involving the compounding of PDMS and graphene, the 

preparation of an electrolyte solution enriched with graphene, and the molding of PDMS 

composite. 

 

4.2.2.1 Compounding of PDMS and graphene. 

 

It is achieved by dissolving graphene in n-hexane for several days, followed by blending with a 

PDMS solution while stirring for 5 hours. 

 

4.2.2.2. Preparation of the electrolyte solution enriched with graphene. 

A colloidal solution containing 0.5 M of AgNO3 and CuSO4 was mixed with 3 ml solution 

containing 0.05 g   graphene, gallium indium alloy (75:25) and PDMS. In order to create oe 

phase between gallium and ygraphene, graphene was dissolved in hot water for several days, 

followed by an ultrasonic heat stirring with gallium for 1hour at 60 oC; in the same manner an 

ultrasonic stirring overnight at ambient temperature led to a complete homogeneity. 
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4.2.2.3 Fabrication of PDMS composite. 

The A composite samples of PDMS reinforced with graphene nano particles (PDMS - G/NPs) 

was were fabricated by mixing the two solutions, followed by stirring for 5 hrs. Then the final 

solution was molded by mixing with the curing agent at the ratio of  w/w (1:10), while stirring for 

20 min, and transferred into the degasser vacuum for 15 minutes for all the bubbles removal, 

prior to the heating on a hotplate at 70 ℃ for 45 min. The molding operation was followed by 

cooling at room temperature. The process is better illustrated in Figure (4 – 1).                  

 

Figure 4-1:  . Illustration of the PDMS composite fabrication process. 

In that work, we detected the conductivity through impedance at frequencies  2.5 MHz to 1.5 

kHz at open cycle volt (OCV =0.40 ) for deliberated the electrical properties of various 

conductivity composite and electrolyte solutions (composed of O.5M CuSO4, Gallium/indium, 

and AgNO3 ) as a liquid electrolyte and as grafting inside matrix composite of PDMS base. 
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4.2.3. Reactions mechanism  

The first reaction consists in the grafting of graphene inside the PDMS material. It aims at 

creating a better adhesion at the interface through crosslinking. This is followed by the creation 

of more active sites inside the PDMS structure by engrafting metal nanoparticles like silver and 

copper. The system works by charge and ion transfer between graphene and the metals based 

on oxidation and reduction reaction.   The EGaIn junction (Cu–EGaIn), which inclusive of two 

interfaces—the metallic Cu–Cu  interface, and the noncovalent PDMS /EGaIn interface—is also 

much modest than the Ag -connection, thus, creation of different sites of redox- chain reaction 

as follow,  (Cu+2/ Cu graphene //graphene-Ag-/Ag+), and( Cu+2/ Cu graphene //graphene-Ga-

/Ga+). Which has, nominally, three interfaces: the covalent Ag–Ag interface, the van der Waals 

(//) interface between the two electrochemical forces (e.m.f )  and third is graphene π-π   bonds, 

as resonance characteristic interface. 

Assuming that EGaIn act correctly as a liquid, the energy Er related to the attached EGaIn to 

graphene surfaces can be expressed using the Equation (3-1). 

(4-1)         

EGaIn has smaller than its adhesion both of two substrates. Thus, it seeks to form metallic 

bonds with different specious silver and copper. Adhesion angle contact of Egalin, its makes it 

difficult to directly contact PMDS, so it makes abridge with other dissolved metals or graphene. 

Some studies worked on that phenomena Dickey et al. [174] confirm another reason for EGaIn 

is an oxide layer formed on its surface, thus it needed to more electron to facilities contact, to 

confirm that concept, gallium droplets coexistence with graphene layer partition inside PDMS 

matrix,  
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EDAX analysis is another technique used in identifying the main nano particles components 

such as sliver, copper, and gallium which had impregnated the composite structure. The results 

given in Figure (3-9) show some agreement with those from the Ion coupled plasma (ICP) 
analysis, which is a qualitative physical method of chemical analysis used for elements 

detection. It consists of a plasma torch ( Model: Agilent Technologies, 5100 ) that 

simultaneously measures in a few minutes. the ionizing sample is injected into an argon plasma 

at about 6000K.   The prepared samples undergo wet mineralization or acid dissolution prior to 

the analysis.  

This technique was carried out on (QuickTest QTS3) instrument in ETS, Canada. It is used for 

Tensile Testing, The 6 mm samples were clamped and pulled at a cross head speed of 60 

mm/min until either failure or it reached 30% of its original length 

The measurements were carried out in a Differential Scanning Calorimeter model Pyris 1 from 

Perkin Elmer. we used Differential scanning calorimetry (DSC), Model: Mettler Toledo, 

UQAM (Montreal, Ca ). high heat capacity as well as, equipment provided with a heating rate 

around  -60°C and +600°C under a controlled atmosphere (N2 or air).by applying 0.25 mg of 

sample for twice scanning cycle 140uC to 270uC  under the rate  10uC/minutes.  

 

4.3. RESULTS AND DISCUSSION  

4.3.1 Electrochemical characterization  

4.3.1.1 Cyclic voltammetry (CV) 

The main importance of conducting cyclic voltammetry (CV), is the detection of any reversible 

oxidation – reduction reaction  inside the prepared solution. In this case, the composite samples 

were prepared from different homogenous solutions such as the graphene -PDMS, the 

electrolyte salts, and the composite solution. By setting up three cell electrodes ( reference, 

working, and counter electrode ) then applying voltage in the circuit between ( relationship 

Current (I) and Volt (v) )  The cyclic voltammetry of the prepared solutions is given in Figure (4 – 

2). It shows a linear increase of the electrode potential with time in a cyclic manner following the 
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Ohm’s law. This can be explained by the fact that dynamic potential has resulted into the 

chemical reactions and the charge transfers between different reactants  

 

Figure 4-2 : Cyclic voltammetry (CV) of the prepared solutions. 

 

The cyclic voltammetry was accomplished for potentials between 0.4 and 1.0 V as shown in 

Figure (4-2). Moreover, different peaks are shown as evidence for both reduction and oxidation 

processes. Such is the example of the peak found around −1.45 V, and varying in the opposite 

scanning (+1.45 V) which coincide with the electrolyte salt. Moreover, the sensibility of 

nanoparticles dissolved in the electrolyte solution is increased with increasing redox process, 

which means slightly shifting the oxidation potential peak from 1.8 to 0.6 on the one hand; on 

the other hand, that peak did not appear in the PDMS-Graphene solution. This illustrates that 

graphene conductivity is only dependable on BI-BI bonds’ SP2 resonance, thus, not creating 

enough active sites on its surface for reversible reactions as compared to the cases when 

mixing two components are mixed  together to form the composite materials. In the later case, 

there are some peaks at (-1.1 V) which slightly shift at (+0.9V) and which can be explained by 

the loss of an electron by the composite and the formation of a a covalent bond with Ag + to 

become Ag0. 

 

4.3.1.2  EIS impedance measurements.  
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The conductivity of PDMS-composite, Nanoparticles electrolyte, and graphene -PDMS  were 

measured by EIS which is a favorable used method, which is carried out by using a conductivity 

cell (HTCC, auto lab Bio-Logic Science Instruments) and EIS instrument(VMP-300, Bio-Logic) 

[63]. using multi-channel of Potentiostats sensor connected with a Frequency Analyzer (MPFA), 

operated by potentiostat -galvanostat united with eight channels, which used for electro-

chemicals electrolytes and corrosive coating studies at (10V, 4A), applied of  Sinusoidal voltage 

and different range of frequency from and a Nyquist plot software program to detection 

resistance of a material, then conductivity throughout equation  (σ = K/R)  where,  resistance (R) 

and specific resistance constant (K), which could count by the surface area electrode and length 

submerged in electrolyte or substance, we used three-electrode to complete circuit, reference 

electrode(glassy), stander ( Pt )electrode and the counter electrode.  

 

 

Figure 4-3 : Impedance diagram of various samples. 

 

Fig (4-3) illustrates the resistivity of different prepared samples. It shows a reversible 

relationship between and resistance and conductivity (C=1/R), meaning that the conductivity 

decreases with an increase in the resistance. The measurements show that Cu2SO4 , AgNO3, 

and Gallium alloy show the highest conductivity. In fact, due to their liquid and salt solutions, 

they offer an ease of mobility of the electrons as compared to the case of other components.  In 
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the case of pure PDMS polymer, which is non-conductive polymer, the high value of the 

resistivity appears on the Nyquist plot. However, its conductivity increases with the addition of  

nano particles and graphene. Furthermore, treating graphene with either salt solutions or 

electrolytes increase its conductivity, however, its values remained below those of the 

electrolyte salt. In fact, graphene could be hindering the movement of ions in the solution. 

Fnally, the observed conductivity can be in summarized in the following order: Electrolyte salts 

>> Graphene-salt solution  >> Ccomposite >> Pure PDMS. 

4.3.2 Spectroscopic characterization.  

4.3.2.1 The Fourier Transform Infra Red (FTIR) spectrometry. 

This Raman microscope comprises an optical microscope Model: Renishaw, inVia Reflex 

(UQAM Montréal), dimension (x5, x20, and x50) connected to a Raman spectrometer, which its 

two lasers’ sources (532 nm and 785 nm). The optical microscope is used to magnify and 

recognize the sample surface, mechanism of the Raman spectrometer is spread out light then, 

detected the irritation vibrations. Furthermore, it could obtain optimized Raman spectra of 

samples at resolution   2 µm.  

The Raman spectroscopy was used to characterize the different samples of 

graphene/electrolyte salts (silver nitrate, copper sulfate, and gallium), electrolyte salts, and 

PDMS composite. The results summarized in Figure (4-4) show that the hybridized sp2 carbon 

atoms’ positions are stretched with a slight shifting from the electrolyte solution. The electronic 

configuration of graphene and the new metallic bonds between metals (M-M) and with graphene 

causes the disappearance of the graphene’s double bond and the shifting of the spectrum. 
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Figure  4-4 : Raman spectra of three different PDMS samples 

 

 

spectrums peaks show outstanding at 109, 115,162, 176, 210, 270, and 285 cm−1 in good 

convention with previous assessment. 25, 26, 42 with a slight exception of two peaks for 

nanoparticles assembled on PDMS  (Ag and Cu ) appear at different slight peaks  .this data 

agree with the previous literate reviewer[64]. 

 

4.3.2.2 The Ultraviolet (UV) Characterization. 

The UV Characterization is carried out by Lambda 750 UV-vis-NIR spectrophotometer (UQAM, 

Montreal), from Perkin Elmer using blank sample distilled water as seen as Figure (4-5) 

demonstrated UV absorption spectra of comparing prepared samples composed of pure of 

PDMS, electrolyte salts solution –Graphene and composite PDMS. Figure (4-5) shows the 

comparative UV spectra of the investigated samples. There are specific peaks around 280–350 

for the electrolyte salts (Ag, Cu, and gallium). which is slightly disappear on the spectrum of the 

PDMS composite. In the same manner,  the matching peak with p–p* electronic transitions for 

the graphene resonance structure is also vanishes from the composite matrix.  Various peaks 

are also revealed around the wavelengths of 350 and 280 nm in the electrolyte-graphene 

samples, and could respectively be attributed to the n–p* transition of Ag- Graphene or Cu –
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Graphene . addition to other parts is related to metallic nanoparticles like silver and copper 

makes another bonded with amorphous carbon   

 

 

Figure   4-5: UV spectra of the prepared materials samples. 

 

4.3.3 Surface morphology characterization  

4.3.3.1 The Transmission Electron Microscopy (TEM) characterization.  

The morphologies of PDMS and PDMS composites were investigated by scanning electron 

microscopy (SEM) carried out also (ETS, Canada) throughout the Zeiss Ultra plus (3 kV, 15 mA) 

instrument.  The surface morphology which characterization is shown in Figure (4-6) shows that 

the surface morphology of PDMS is too smooth without flocculated and aggregated particles, as 

compared to Figure (4 -7 (a, b)) which is composed of the thin layer of graphene spread on the 

surface of PDMS; the added is submerged inside PDMS structure. Thus a good evidence for 

the reinforcement of the cross-section of structure; Furthermore, Figure (4- 7(a, b)) shows that 

graphene appears at the fold-up edge of the buckled surface. Fig. 4-7(b) shows graphene 

stacking which consists of different thin layers with a space area of 0.36 nm. The thickness of 

amorphous carbon film is roughly 15~20 nm based on previous knowledge, the thickness of 

graphene is changing randomly (slightly increase) by 2~3nm, as it could be deposited or 

aggregated of by many layers forming a thick layer of graphene nanotubes impregnated with 

dissolved metals like sliver and cupper 
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Figure (4-8a) further various nano suspended particles detached from the surface of liquid 

gallium. However, there are some films cut off into small fragments in the liquid but still in 

contact with each other.  These fragments removed in a Cu-mesh tended to collapse . 

 

4.3.3.2 The Scanning Electron Microscopy (SEM) And ( TEM ) analysis. 

The newly fabricated composites have been characterized by SEM; and therefore, their cross-

sectional morphology and their surface are shown in Figure (3-6)..the Moreover, Figure (3-7b) 

shows many ripped and shard pieces distributed on cross-sections of PDMS A comparison of 

the two figures shows smooth surface of PDMS without any depletion or aggregation, in the 

opposite of Figure (3-7a) which shows a complete change of the surface morphology of PDMS. 

This is an indication that many nano particles such as silver, gallium and copper fill out the 

space area of the PDMS matrix.  Furthermore, it was noticed that whiskers are mostly arranged 

and expanded along the surface of PDMS as seen in Figure (3-8b). However, in the case of 

PDMS-NPS reinforced composites, an excellent dispersal of the nano composies is shown on 

the whole PDMS surface. This leads to the formation of the reinforcement matrix build-up that 

looks like tetrapod’s arms oriented towards different directions, In the case of PDMS -NPS filled 

composite, the nanoscale particles are hardly dependable applicable structure . As shown in 

Figure (3-8b), a huge number of Ag nanoparticles are found in the vicinity of Cu nanoparticles; 

this it could be explained by the fact that electrostatic attractions result in the fornation of  

metallic bonds.  
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Figure   4-6  :  Scanning electron micrograph of PDMS sample. 

 

Figure  4-7: Transmission electron micrographs of  PDMS –Graphene composite with 

the magnification of 200 nm (a) and 100 nm (b) . 
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Figure 4-8: Transmission electron micrographs of  PDMS-nanoparticles (a), prepared  

composite (b) . 

 

4.3.3.3 Energy-dispersive X-ray spectroscopy (EDAX) Characterization. 

Figure (4-10) points out the nano metals like silver, copper, and gallium alloy, found in the 

sample and confirmed in the diagram below; all the data is confirmed by the EDAX analysis.  
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Figure   4.9 : EDAX measurements of the investigated samples 

 

 

 

Figure  4-10 : ICP analysis of the composite matrix  solution. 

 

4.4 Physical characterization of the prepared composite samples. 

4.4.1 Stress-strain analysis  
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.   

 

 

 

 

Figure 4-11: Tensile response of the fabricated composites of PDMS at applied stress 

at 15% strain. 

 

The mechanical properties are one of the main elements of the performance evaluation of new 

composites) especially with respect to their stretchability and flexibility. The tensile response 

experiment has been carried out on prepared composites to improve in the stiffness and 

reinforcement of synthesized PDMS, and PDMS -nanoparticles by applying stress-strain at 15%  

MPa . All the results are summarized in Figure (4-11). There is a direct correlation between 

applied strain and resulting stress for all prepared components, with the highest values found for 

PDMS /Graphene -NPS. This can be explained by the reinforcement of the 2D structure of by 

the graphene crosslinking with nano-particles like Ag and Cu. In conclusion, the inter-structural 
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attraction between Metals (silver, copper, and Gallium) and graphene   linkage requires a higher 

applied pressure to stretch. 

 

4.3.4.2 The differential scanning calorimetry (DSC) measurements. 

Figure (4-12) illustrates the differences between the investigated samples. Most polymeric 

elastomers compounds reveal glass transition temperatures (Tg) far below ambient 

temperature. Thus, it is considered a unique property of complexed branched polymeric chains 

which possess special abilities of elongating and stretching.  

  Figure (4-12) shows that the elastic modulus of the polymer is slightly increases by grafting 

their nanoparticles like silver, copper, and graphene. A comparison of the glass transition 

temperature (Tg)  for different investigated samples shows an increase as follows PDMS<< 

PDMS-graphene << PDMS -graphene –NPs. In fact, Tg increases with a decrease of either the 

fillers or the gaps inside PDMS polymer, thus,  creating new attractive forces between NPS 

/PDMS/Graphene and new electrostatic attractive and repulsion forces between graphene 

carbon base throughout resonance of bi bond beside, NPS strong metallic bonds between NPS  

Ag-Ag or  Cu-Cu. simply lead to deformable volume and more rigid parts Based on the Tg 

results curve, the sample’s stiffness increases with the filler fraction. There is no change in heat 

flow (w/g) for Tg for pure PDMS elastomer sample, compared to the heat flow in the two other 

composite samples (PDMS-Graphene and PDMS -graphene /NPS).[175-177] Their values are 

respectively 0.13, 0.17 and 0.27. 
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Figure  4-12 : DSC measurements for different PDMS based samples  

 

4.3.4.3 Dielectric characterization 

Figure (4-13) shows the variations of the dielectric constant of pure PDMS, PDMS-graphene, 

and PDMS-graphene nano composites. The results point out that there are more enhancements 

for electric characterize from 2.69, 3.21, and 3.73. The strong interface of the nano composites 

resulting from the ions mobility also has a predominant effect on their dielectric properties                                                                                     

The increase in the interfacial area in polymer nanocomposites sets interfacial polarization 

which is based on the mobility of ions as a predominant physical effect for their dielectric 

performance [177-179]. Consequently,  there are more similarities between the potential 

differences reported in Figure (4-13).  The main generation of interfacial dipole moments that 

can occur, giving rise to significance. 
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Figure  4-13 : Variations of the electric constants of the investigated formulations  

4.5   Conclusion. 

Moreover, using polymeric substrates like PDMS or styrene are conventional methods and 

works as a support material, being dielectric, flexible, and lightweight. On the other hand, there 

are effective materials, conductive nanomaterials, such as nanoparticles, graphene, and carbon 

nanotubes have been employed as flexible electronics and wearable devices.in our work, we 

depend specifically, on Graphene, due to it has been treated for fabricated many sensors 

moreover, its magnificent electrical and mechanical features and graphene-based 

nanomaterials have capable to created active sites with assembling nanoparticles like Ag, Cu, 

and gallium, because it has bi- bi bond which facilities move one charge and ions inside the 

structure .in that work we reached to created composite materials has unique characterize ( 

thermal, conductivity and mechanicals ) to apply on the flexible antenna next work. 
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This work has investigated the fabrication of wearable and flexible chip with gallium and silver 

metals composites assembled on graphene inside a PDMS matrix. It was found that it great 

achievement to print this is an important milestone as future applicable   antenna  
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ABSTRACT  

Every year hundreds of serious accidents and catrastrophies such as flooding and 

emolition occur in the mining sector. An effective communication is a way to possibly avoid 

those sad events or limit their consequnces. Such issue is addressed in this paper by the 

fabrication of a new durable, flexible and wearable chip that is highly efficient in sending and 

receiving communication signals at 2.4 GHZ band.    The process is based on doping a bunch 

of unique conductive metals (silver, copper, and gallium indium alloy) assembled on graphene, 

followed by its integration into Polydimethylsiloxane to be used in future antenna. Furthermore, 

mailto:abda02@uqat.ca
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the physical, thermal, structural, and electric properties of the composite were evaluated using a 

variety of techniques such as the Electrochemical Impedance properties (EIS), the cyclic 

voltammetry (CV), the Differebtial Scanning calorimetry (DSC), as well as, the Transmission 

Electron Microscopy (TEM), and, the Scanning Electron Microscopy (SEM). Other spectroscopic 

techniques such as the Ultraviolet-visible (UV), inductively coupled plasma (ICP), and Energy-

Dispersive X-ray (EDX) were applied to reinforce and elucidate the solid-state of ions inside 

fabricated antenna. On the other hand, throughout stress-strain for the stretchability of 

fabricated is expanded to 30% of its original length, It was found that the thermal stability was 

maintained until 485°C compared to pure PDMS substrate. Moreover, the electric conductivity of 

the composite ship was enhanced.   

Keywords: PDMS; graphene; metalnanoparticles; characterization; flexible antenna 

5.1   INTRODUCTION 

There have been significant advances in the design and fabrication of antenna since the 

year 2000. This situation is normal as innovation is necessary for meeting the new market. 

These applications include biosensors used in huan health monitoring, and communication 

devices.   Moreover, a variety of integration and trials of liquid-phase technologies are used in 

the process of fabrication of different electronic materials applications like smart packaging 

[180], biosensing and macro chips [181], flexible fluidic antenna [182], renewable energy 

management, and [183] printed electronics ink devices [184]. High-performance materials are 

indispensable to this technology. In this regard, graphene is an appealing material for the 

electronic field due to its unique properties, including a high conductivity, good flexibility, and 

mechanical stability. The literature contains a wide variety of applications based on graphene 

(the 2D, sp 2-bonded allocated carbon) [8]. Although there are many graphene production 

methods, liquid-phase exfoliation is a low-cost method that is well-suited for electronics [185-

189], because graphene has possess some interesting features.  In fact, graphene is made of a 

single atomic layer of graphite, it is an a more abundant mineral, and additionally, it is an 

allotrope carbon atom arranged in an hexagonal lattice structure. Graphene is formed with an 

has sp2 hybridization and its thickness is about 0.345 nm; furthermore, it has a high electron 

mobility that make it hundred times faster than silicon; while its electrical conductivity is 13x 

times higher than that of copper Graphene is used in various forms in the actual applications. 
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One method uses a stable and high-concentration dispersion in suitable organic solvents. 

Although reducing graphene to graphene oxide can meet this standard, degradation might affect 

the ions mobility in solution by the formation of a dielectric thin layer, which hinder charge 

transfer between atoms and motivates the use of pristine graphene during the preparation 

process. Thus, [190-192] the diffusion of pristine graphene demands the adaptation of organic 

solvents, surfactants, or polymer stabilizers to reduce the aggregation process [193]. 

Therefore, creating new composite materials composed of incompatible flexible materials 

(copper, gallium alloy, sliver, and graphene) in the fabrication of electronic antennas and optical 

modules is pivotal [194,195]. PDMS (sylgard 184), or polydimethylsiloxane, is known as an 

elastomer used in most electronic technological applications due to its unique polymeric 

characteristics like the stretchability, an ease of handling, , its structure, transparency, non-

toxicity, and its low cost. Moreover, PDMS can reduce the time of elaboration or refinement of 

the electronic components [196,197]. The previously mentioned features of PDMS, has have 

been exploited in improving the design and fabrication of microelectronic components such as, 

sensors, valves, detectors, filters, solid elastic lenses, and antenna substrate for 

microelectromechanical systems (MEMS) [198]. On the other hand, there is significant literature 

dealing with the physico-chemical properties of PDMS, implied in specific process parameters 

such as curing agents, molding ratio, temperature and curing times, composite materials, 

among others [199-204]. In order to improve on the relatively low elastic modulus of PMDS, its 

been reinforced by other materials like the composites or ceramics, to improve on the desired 

characteristics, such as the surface energy, compatibility, modulus and superior hydrophobicity 

[205]. 

In order to improve on the elastic modulus of PDMS, an appropriate filler with specific 

characteristics such as size and shape must be selected and its overall effects on the material 

investigated. Based on the literature, ZnO, Ag, and GO materials are very appropriate 

candidates because of their biocompatible behavior. The materials used for antenna fabrication 

(such as graphene, and metals alloy immersed inside PDMS can also be suitable for 

applications for living tissue, especially for medical purposes, both for therapeutic and non-

therapeutic applications; Moreover, they And are versatile in fabricating microstructures [206-

209]. In addition, rigid particles or fibers should be incorporated to improve the properties of 

polymers. Refining the process could improve the material’s stress-strain ability and its abrasion 
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resistance. This is achieved by filling out or grafting nanomaterials inside the gaps of the 

polymer matrix’s cross-section. This could include grafting carbon black to natural rubber or 

metal oxides inside the polymer to achieve conductivity. Various inorganic filler have been used 

for reinforcing the polymeric structures. In fact,  (it enhances the bonding between carbon 

chains inside the polymeric materials by filling the voids between the layers, and by reforming 

the chelating complexes with new bonds. Some examples include, nano metal oxides, SiO2, 

Al2O3, Graphene, CaCO3, fiber-glass, carbon nanotubes [210-216], which have certain 

characteristics like size, shape and compatibility with the main structure, and which are then 

good candidates to support the polymeric structures [217, 218]. One of the characteristics that 

should be considered is the miscibility and homogeneous dispersal of these nanoparticles as 

one phase that improves the electric conductivity efficiency of the fabricated composite by ions 

mobility [219]. Recently, nanotechnology has been very interested in developing methods of 

fabrication and reinforcement using ceramic composites owing to the material’s physical and 

chemical properties [220-221]. Silicates and carbon nanotubes (CNT), used as fillers for various 

materials and polymeric compounds, have shown promising results [222-227]. 

                                                                                                                                                                                         

Graphene is a potential sensing material for a flexible antenna due to some of   its 

characteristics such as its high Young’s modulus, its ions charge mobility, and its piezoresistivity 

[228-230]. Significant efforts were carried out to improve a graphene-based material and its 

conductivity by assembling or grafting a graphene membrane on a silicon substrate .. This has 

either involved depositing a thin layer of graphene onto a silicon nitride substrate [231, 232], or 

employing graphene as flakes to for coating well etched  silicon base [233]. Lately, more 

applications have used graphene-polymer composite [234] laser-scattered graphene foam 

[235], modal graphene on elastomer [236-237], and graphene rolling [238]. Furthermore, it has 

been suggested that it may work in the fabrication of fluidic antenna, which has great potential 

for wearable devices besides their applications based on their electric conductivity and flexibility 

[239]. In the same manner, mercury was used in so many electronic devices. However, it is 

highly toxic compared to Gallium-Indium eutectic (E GaIn), a metal alloy that is liquid at ambient 

temperature. [240]. It is also possible to turn EGaIn into a flexible substrate used for tunable and 

reconfigurable electronic applications. This includes electromagnetic devices and systems 

involving electrical probes, microfluidic channel electrodes [241], nanowire conductors, patch 
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antennas [242], as well as metamaterials [243] and 3D electronics in re-workable silicon form 

[244]. Moreover, its unique characteristics and the stable detection of graphene [245], which is 

known by the two-dimensional carbon structure. Much of its astonishing electronic 

characteristics were also discovered including the quantum dots effect [246] which leads to the 

understanding of the Dirac fermions, tunable bandgap [247] based on the channel width, and 

the localization spin at the zigzag edge state [208]. Many conventional methods are associated 

with the graphene growth technique in the example of the, chemical vapor deposition (CVD) on 

a thin metal film such as Ni, Co, and Cu. 

Although the CVD technique is an easier way to produce a large amount of growing 

graphene [249], it relates to managing the disorder and layer thickness of graphene. The scope 

of p−n heterojunction instruments with n-type 2D includes materials such as graphene and 

MoS2 [250]. GaTe also expounded high-interested anisotropic planes, electronic reflection, and 

optical properties [251]. However, there is still challenges to tackle for the development and 

improvement of efficient Ga silicone-based devices which adhere to the environmental stability 

[252]. Furthermore, 2D materials like graphene and carbon nanotubes are specially fit for 

environmental stability because they possess an excellent surface area to volume ratio. Herein 

we depict a fluid metal eutectic, Ga–In “e-gain,” 75% Ga, 25% by weight, m.p.=15.5 8C [213]. 

Although the deposition of metal nanoparticles metals like Au, Ag, Cu, and Ti is in widely 

published in the literature and is considered one of the conventional methods of electron-beam 

or thermal evaporation [254] , it causes damage to the thin layer of deposited metals and 

organic materials and reduces the efficiency of the fabricated materials [255]. 

Various advancements have actually been made in creating an outflow of gallium-indium (Ga–

In) alloys in different fields of applications, especially in the area of biomimetic devices, 

biosensors, communication, and biocompatible devices. This is due to their metallic and 

conductive properties, their compatibility with the different polymeric substrates to form 

stretchable, wearable and robust conductors and sensors. Furthermore, the attractive quality of 

these materials, including their low melting temperatures, low resistivity (≈ 29 × 10 −6 Ω cm), and 

a lower viscosity rate (≈ 2.4 mPa s) means that it can adapt and dilate to a different constellation 

during the process. Additionally, the existence of a thin layer of oxide on its exposed surface is 

the main cause of high surface tension induction (≈0.6 N m −1), and formation of stable 

structures [256].  
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5.2 MATERIALS AND METHODS 

5.2.1 Materials 

Gallium indium alloy, graphene nanopowders (purity > 99%, 300 mesh), and  n-Hexane, 

THF were purchased from Sigma-Aldrich Co. Ltd (Toronto, Canada). Most of the salts (copper 

sulfate and silver nitrate, purity > 99%) were provided by Fisher Scientific fisher. 

Polydimethylsiloxane (PDMS sylgard R 184) was purchased from Dow Corning Corporation, 

Canada.  

5.2.2 Methods 

The fabrication of a conductive, and flexible composite chip was done in the following steps:  

First the dispersion of the graphene nanopowder into the PDMS, which was done by immersing 

graphene Nanopowder in n-hexane for several days, followed by blending with 10 ml of 

polydimethylsiloxane (PDMS Sylgard R 184) using an overnight ultrasonic stirring to ensure 

complete homogeneity.  

An electrolyte solution enriched with graphene/metals alloys was prepared with 10 ml of a 

0.5M solution of silver nitrate, and copper sulfate salts solution mixed with 3 ml of another 

colloidal solution composed of (0.05 g graphene, gallium indium alloy (75:25), and PDMS. In 

order to integrate gallium metal alloys gallium and graphene as one phase, graphene 

nanopowder was dissolved  in hot water at 80℃ on ultra-sonic plates  for 24 Hr.), then on the 

string at 60℃ for one more hour till mixture is completely homogeneous. The third step, 

fabricated PDMS compositeis formed by mixing 5ml of PDMS graphene dispersion solution and 

5ml of prepared electrolyte solution enriched graphene/metals alloys, stirring 3hrs, then the 

whole solution (10 ml) is molded by w/w (1:10) curing agent (cross-linker), mixed, stirring 20 

minutes, then put inside a degasser vacuum for 15 minutes to remove all bubbles. Finally, the 

mold is heated on a hotplate at 700C for 45 minutes and left at room temperature to cool down 

to become ready for characterization and application. 

In fact, the EIS or impedance of a material is related to the frequency range and is strongly 

connected to biological sensors or communication devices. DC voltage/current has been 

applied to gauge the conductivity of dielectric (i.e., low-conductivity) materials or gel-liquids due 

to resistivity effects by a few changes of ions concentration between interface resistance and 



 

75 
 

electrolysis of these liquids. The conductivity of solid-state materials is different from liquid 

conductivity measurements, and detection by DC approaches. Thus, the conductivity of 

materials is counted throughout the resistance and dimensions of a sample. However, the 

resistivity of solid material on the DC circuit needs a different electrode-material interface.  

The conductivity of PDMS-composite, nanoparticles electrolyte, and graphene - PDMS was 

measured by EIS, a favorable and widely used method. It is carried out using a conductivity cell 

(HTCC, auto lab Bio-Logic Science Instruments) and an EIS instrument (VMP-300, Bio-Logic). 

Using a multi-channel sensor connected with a Frequency Analyzer (MPFA). The potentiostat - 

galvanostat was operated with eight channels for electro-chemicals electrolytes corrosive 

coating studies at (10V, 4A). The sinusoidal voltage was applied with different frequency ranges 

using the Nyquist plot software program to detect the resistance of a material followed by its 

conductivity based-on Equation (4-2) 

                                                 (σ = K/R)                                                                   (5-1) 

Where, the resistance (R) and the specific resistance constant (K), can be evaluated by the 

surface area of the electrodes and the length submerged into the electrolyte or the substance. 

A three-electrodes system was used for the impedance measurements or to complete the 

EIS circuit. They are reference electrode (glassy), the stander (Pt) electrode, and the counter 

electrode. The conductivity was detected through impedance at frequencies between 2.5 MHz 

to and 1.5 kHz at open cycle volt (OCV) of 0.40 to derive the electrical properties of various 

conductive composites and electrolyte solutions (composed of 0.5M CuSO4, gallium/indium, and 

AgNO UV characterization  

The UV characterization is carried out by Lambda 750 UV-vis-NIR spectrophotometer 

(UQAM, Montreal) from Perkin Elmer using blank sample distilled water. The sample were 

prepared then had been tests procedure 3) both as a liquid electrolyte and as grafted inside the 

PDMS matrix composite. 

This technique was carried out using a (Quick Test QTS3) instrument in ETS, Canada, for 

tensile detection testing; all fabricated samples were put on an elongation base of 6 mm. The 

expanded ratio is c.a. 30% of its original length. The sample is held on with clamps, and then 

the applied strain rate was carried out at 60mm/minute to avoid errors induced by sample 
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slippage from the clamps. The tensile stress of a specimen were calculated with an area of 

206561 mm2 at ambient temperature based on Equation (4-4). 

                                                                    S = F/A0,        (5-2)                         

Where F is the applied force and A0 is the sample’s cross-section area. 

The measurement was carried out in a Differential Scanning Calorimeter (Perkin Elmer 

Pyris 1). The glass transition temperature (Tg) is one of the most important parameters of the 

polymer’s physical properties. Tg of a (semi-crystalline materials) occurs in a range of 

temperatures that involves two phases of polymeric material (above Tg crystalline (rubbery) and 

below Tg is a liquid phase over which this glass transition occurs until the melting temperature 

(Tm) is reached. The differential scanning calorimetry (DSC) model: Mettler Toledo, UQAM 

(Montreal, Canada) was used in measuring the Tg values. The high heat capacity and 

equipment were provided with a heating rate around -60°C and +600°C under a controlled 

atmosphere (N2 or air) by applying 0.25 mg of sample by scanning twice at 10 ℃/min between 

140 ℃ and 270°C 
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Figure  5-1: The pathway process of the PDMS composite 

5.3 RESULTS AND DISCUSSIONs 

Reaction mechanism 

This part gives an explanation of the reaction mechanism during the process and it shows 

the importance of grafting graphene particles inside PDMS. 

In fact, the grafting of graphene facilitates more adhesion and interfaces crosslink by 

converting PDMS to a conductive material. There was another attempt of creating more active 

site inside the PDMS structure by engrafting metal nanoparticles like silver and copper. Such 

operation led into a charge and ion transfer from graphene through metallic bonds basd on 

oxifdation and reduction reactions. The EGaIn junction (Cu–EGaIn) includes both a non 

covalent and a metallic Cu–Cu interface. 

PDMS /E GaIn interface is also much modest than the Ag-connection. Thus, it creates 

different sites of redox-chain reaction as follows, (Cu+2/ Cu graphene //graphene-Ag-/Ag+), and 

(Cu+2/ Cu graphene //graphene-Ga-/Ga+) which has, nominally, three interfaces: the covalent 

Ag–Ag interface, the van der Waals interface between the two electrochemical force (e.m.f ) and 

graphene π-π bonds, as a resonance characteristic interface. On the other hand, assuming that 

EGaIn act remains correctly as a liquid, the energy E r related to the attached EGaIn to 

graphene surfaces can be expressed using the following equation: 
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Ε = 𝛾𝛾(1 + 𝐶𝐶𝐶𝐶𝐶𝐶 𝜃𝜃 )                                                             (5-3) 

Another explanation for this electrochemical phenomenon, it could be returned to, the 

EGaIn adhesion surface tension force is lower than both of the two PDMS, and Graphene 

substrates. Thus, it seeks to form a metallic bond with different types of silver and copper. The 

adhesion angle contact of Egalin makes it difficult to contact PMDS directly, so it should be 

abridged with other dissolved metals or graphene.[257] on the other hand, Dickey et al. [258] 

confirm that E GaIn is an oxide layer formed on its surface. Thus, it needs more electrons to 

facilities contact to confirm that gallium droplets coexist with graphene layer partition inside the 

PDMS matrix. It is also related to metallic nanoparticles like silver and copper that make another 

bonded with amorphous carbon. 

Electrochemical characterization 

In order to study the behavior of the prepared solution, the cyclic voltammetry (CV) tests 

were conducted to describe the electrochemical reaction and detect the occurance of some 

reversible oxidation-reduction reactions  inside the prepared solution. The composite was                                                                                                                                                                                                                                                                                                            

prepared from different homogenous solutions (graphene-PDMS, electrolyte salts, and a 

composite solution). By setting up three cell electrodes (reference, working, and counter 

electrode) then applying a voltage in the circuit it appreass that the potential of the electrode 

increases linearly with time. According to ohms law, the dynamic potential has resulted in a 

chemical reaction and charge transfer between different reactants.  

 

Figure 5-2: Cyclic voltammetry (CV) of the prepared solution 
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The cyclic voltammetry was accomplished for the potential between 0.4 and – 1.0 V. The 

results summarized in Figure (5-2) shows different potential (V) peaks, which is evidence for the 

occurance of various reduction and oxidation reactions inside the composite solution. Different 

active holes were created to transfer charges on the composite surface; such is the example of 

the peak found around −1.45V and varying in opposite scanning (+1.45 V) which coincides with 

the ions of the electrolyte salt solution. Moreover, the sensibility of the nanoparticles dissolved in 

the electrolyte solution increases with the strength of the redox process, which means a slight 

shift in the oxidation potential peak from 1.8 to 0.6. On the other hand, the peaks that did not 

appear in the PDMS-graphene solution illustrate that graphene is conductive only with π-π 

bond. It does not have enough active sites to create a reversible reaction on its surface. 

However, when mixing two components to form the composite, some peaks appear at (-1.1 V) 

which slightly shifted at (+0.9V), indicating the loss of an electron. As a result, the composite 

carries out a negative charge form a covalent bond with Ag + as it is reduced into Ag0. 

EIS Impedance measurements 

 

The literature shows that the conductivity of a material is better measured by the 

impedance rather than by direct potentiometer . 

 

 

Figure   5-3 : EIS measurements for different investigated samples 
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Figure 5-3 illustrates the resistivity of various investigated materials. It confirms the 

existence of a reversible relationship C=1/R, meaning that the material’s conductivity decreases 

with an increase in its resistance. According to Equation (4-3), the ionic conductivity of the 

prepared solution based on charge mobility inside the solution, and the ions mobility in the 

electrolyte salt solution, and graphene with suspended nanoparticles is higher than PDMS 

(dielectric).  

 

𝝈𝝈 = 𝑳𝑳
𝑹𝑹𝑹𝑹𝑹𝑹

                                             (5-4) 

 

Where electrolyte conductivity is (σ), (Ω) is the real electrolyte impedance, S (cm2) is the 

electrode surface area, and L (cm) is the thickness of the working electrode. 

In the first phase, dealing with the electrolyte salt solution (Cu2SO4, AgNO3,) and the 

nanoparticles suspended solution (copper, silver, and gallium alloy), the measurements point 

out highly conductivity values compared to the others, due to different factors such as the ionic 

charge distribution, ions mobility, temperature, particle size, particle movement, and viscosity of 

the medium. In the case of pure PDMS or passive substrate for antenna device, the Nyquist plot 

curve indicates high values of resistivity and dielectricity of the polymer compared to the 

integrated PDMS with ceramic conductive metals, and graphene, the resistivity reduced and the 

conductivity of the polymer composite increased. Furthermore, when treating graphene with 

electrolyte salt solution or suspended metal nanoparticles, its conductivity gets better than that 

of both PDMS and the composite, since the solution is saturated with ionic charges. The cases 

of the matrix of PDMS, graphene, and the electrolytes, showed good results for them to be 

applicable as conductors’ active part of the antenna. , which it will be applicable flexible and 

stretchable wearable composite and an acceptable conductor compared to the conductivity 

copper metals or electrolyte solution [259]. 
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 In summary, according to the EIS on the Nyquist plot curve, the conductivity of the 

prepared materials is ordered as follows: Electrolyte salts >> graphene solution assembled with 

nanoparticles >> composite matrix >> pure PDMS. 

Surface morphology characterization 

Raman spectroscopy was used to characterize our different prepared samples of 

graphene/electrolyte salts (silver nitrate, copper sulfate, and gallium), electrolyte salts, and 

PDMS composite.  

Raman microscope comprises an optical microscope model: Renishaw, inVia Reflex 

(UQAM Montreal), dimensions x5, x20, and x50 connected to a Raman spectrometer with two 

lasers sources (532 nm and 785 nm). The optical microscope is used to magnify and recognize 

the sample surface mechanism of the Raman spectrometer, spread out light, and detect the 

irritation vibrations. Furthermore, it could obtain optimized Raman spectra of samples at a 

resolution of 2 µm.  

The Raman measurements are shown in Figure (4-4) as the variations of the intemsity with 

the wavelength. It shows that in a colloidal solution of graphene and electrolyte salts, the carbon 

atoms in the sp2 hybridized positions are stretched and slightly shifted, due to the electronic 

configuration of the graphene structure and the new metallic bond between M-M and M-

graphene structure, which causes the disappearance of the resonance of double bonds of 

graphene and the shifting in the remaining spectra. 

 

Figure   5-4 : Raman spectra of three different PDMS samples 
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The spectra show outstanding peaks at 109, 115,162, 176, 210, 270, and 285 cm−1 in good 

convention with previous assessment .25, 26, 42 with a slight exception of two peaks for 

nanoparticles assembled on PDMS (Ag and Cu) which appear at 128 and 145 cm−1, 

respectively. These data are consistent with findings from existing literature [260-263].  

. 

 

 The UV characterization results are shown in Figure (4-5), in the form of absorption spectra 

of the investigated samples of pure PDMS, electrolyte salts solution – graphene, and with 

PDMS composite. Figure (5-5) shows the appearance of a spectrum around the region of 280–

350 for the electrolyte salts (Ag, Cu, and gallium), but slightly disappears in the PDMS 

composite. In the same manner, the matching p–p* electronic transitions for graphene 

resonance structure also vanishes inside the composite matrix. Various peaks are revealed 

around the wavelengths of 350 and 280 nm in the electrolyte and graphene samples 

respectively, and it could be attributed to the n–p* transition of Ag-graphene or Cu-graphene.  

 

Figure   5.5: UV spectra of the investigated materials samples 

The Energy Dispersive X-ray analysis (EDAX) is another technique used to illustrate the 

composite’s main components, which are impregnated with nanoparticles of silver, copper and 

gallium. An analysis of the samples based on Figure (5-6) shows an agreement with the 
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analysis of Ion coupled plasma (ICP) analysis, a physical method of chemical analysis used to 

detect elements of the qualitative analysis. It consists of a plasma torch (model: Agilent 

Technologies, 5100) simultaneously measuring in a few minutes. The ionized sample is 

obtained by injection into an argon plasma with at a temperature around 6000K. The samples 

should be dissolved in acid (wet mineralization) prior to that injection. Figure (5-7) shows the 

elemental composition of a sample of a matrix consisting of different nano metals like silver, 

copper, and gallium alloy confirmed in the diagram below. All data is confirmed with EDAX 

analysis.  

 

Figure 5-6 : EDAX measurements of the investigated prepared samples. 

 

Figure  5-7 :ICP analysis of the composite matrix solution. 
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Study of the mechanical and thermal characteristics of the new composite 

The stress-strain analysis  

 

 

Figure   5- 8: The tensile response of the fabricated composites of PDMS at applied 

stress at 15% strain 

The stress-strain analyses are used to investigate some mechanical properties of the fabricated 

chip antenna’ like the stiffness and flexibility. The values and measurements of the tensile tests 

of different fabricated samples are shown in Figure (4-8). The analysis is based on Equation (5-

5).  

                                                                E = ε/σ                  (5-5)   

Where E is the Young’s modulus, σ is the fracture stress, and ε the fracture strain.                                         

The tensile experiment has been carried out on the prepared composites to improve on the 

stiffness and reinforcement of synthesized PDMS and PDMS nanoparticles based on an 

application of the stress-strain load at 15% MPa. [85-87]. According to the results shown in 

Figure (4-8), there is a direct proportion between the applied strain and stress of all prepared 

components, with a slight increase shown for the composite chip, PDMS/Graphene-NPS, and 
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pure PDMS. This can be explained by the fact that the second dimension of the graphene 

crosslink with Ag and Cu nanoparticles reinforced the composite structure. It can be concluded 

that the effect of inter-inter attraction between metals (silver, copper, and gallium) and graphene 

linkage requires a higher applied pressure or force to stretch [264]. 

The nano metals and PDMS were joined together in bearing the tensile load. No crack or 

cut was noticed in the samples with an increase of the stress rate compared to some 

deformation of the specimens of pure PDMS in the same conditons. 

In addition to the metallic bonds, the σ-σ and n-π bonds which have the potential of 

effecting on or reinforcing the nanofillers on polymers crosslinking, the silicate groups of PDMS 

are the key factor for a larger Young’s modulus based on the reports from previous authors 

[265]. 

 

DSC measurements 

Figure (5-9) illustrates the DSC micrographs of various investigated PDMS-based materials 

at different rates. Most polymeric elastomers reveal a glass transition temperature (Tg) far 

below ambient temperature. Thus, it is considered that the unique properties of complicated 

branched polymer chains can be elongated and stretched due to the narrow molecular weight 

(NMWT) of polymeric chains during the synthesis as well as the segmental rotation between 

cross-linked networks. By comparing the transition temperature for PDMS, PDMS/Graphene, 

and PDMS-Graphene/NPS fillers, Tg increased in the following order: PDMS substrate << 

PDMS-graphene << PDMS-graphene-NPs, as shown in Figure (5-9). Tg increases with a 

decrease in the fillers or gaps inside the PDMS matrix. This can be possibly explained in two 

ways : Firstly, the new bond causes the net attractive force between the elements of 

NPS/PDMS/Graphene to be higher than bewteen the elements of Graphene/PDMS. Secondly, 

the electrostatic attraction and repulsion forces between graphene carbon bases throughout the 

π-π bond’s resonance. NPs’ strong metallic bonds between NPS and Ag-Ag or Cu-Cu lead to 

deformable volume and more rigid parts. Based on Tg results,[266]. The more the filler fraction 

increases, the stiffness increases linearly increase. There is no change in the heat flow (w/g) for 

Tg in the pure PDMS elastomer sample compared to the heat flow in two other composites 
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(PDMS-Graphene and PDMS-graphene/NPS). The values of the heat flow in these cases are 

respectively 0.13, 0.17, and 0.27  

 

Figure 5-9: DSC measurements for different investigated PDMS-based materials. 

5.4 CONCLUSIONS 

This work has evaluated preparation and evaluation of conductive polymeric composites 

from metal alloys and graphene to be future flexible antenna device.Further work was done 

about the mechanical, thermal, and electrochemical of the prepared composites devices to 

evaluate their elementary properties (flexibility, stretchability, and robustness) prior to their 

application on antenna that can operate 2.4GHz broadband in the mining sector. Furthermore, 

the physical and mechanical properties of the fabricated antenna were studied using both 

different spectroscopic analysis techniques, and the evolution of the electrochemical reaction 

during its fabrication. It showed the importance of graphene as a working carrier or bridge which 

can create some active sites by assembling nanoparticles like Ag, Cu, and gallium, and which 

has a π-π bond that facilities the movement of charges and ions inside the structure. 
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Abstract 

This work shows the design and fabrication of a fluidic antenna based on dielectric PDMS 

substrate, its unique properties of conductivity, flexibility, robustness, and use as an antenna. 

An appropriate fluidic solution comprised of a polyethyleneimine (PEI) matrix assembled with 

nanoparticles of titatinum oxides and graphene were evaluated.  The investigations the 

mechanical flexibility (stress), thermal properties (DSC), and IR spectroscopy have been carried 

out on fabricated PDMS substrates, and a dielectric was recorded at 2.67. In addition, (TEM), 

IR, UV, and Electrochemical Impedance (EIS) tests have been performed to evaluate the 

polyethyleneimine (PEI) matrix-like surface morphology. The measurement and simulation 
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outcomes show that the fabricated antenna operates at 1.8–2.6 GHz, which covers the WLAN 

band area. 

Keywords 

PDMS, tensile response, graphene, TiO2 impedance, TGA, dielectric.  

6.1   INTRODUCTION 

At the beginning of the 1970s, it was possible to fabricate microsensors using bulk fluidic and 

silicon surface micromachining. In addition to replacing microelectronics, conventional 

processes used high-aspect-ratio structures and suspended layers techniques. These new 

techniques opened up the potential for biosensing applications technologies to integrate non-

traditional (i.e., not silicon-based) materials. Thus, a new microelectromechanical system 

(MEMS) emerged.[267] The first iteration of fluidic channels in inkjet printer heads showed that 

tiny amounts of liquids could be handled in micromachined channels. A few years later, Terry et 

al. created a micro machined gas chromatograph in silicon[268].  

Nanocomposite polymers have attracted a considerable deal of attention in recent years due to 

their remarkable mechanical and barrier properties, particularly compared to traditional micro 

and macroscale composites. They also usually have low filler content [ 269], for example, 

ceramic nanoparticles such as titania, alumina, silica,[270] carbon nanoparticles[271], graphite 

sheets, and 2D carbon nanotubes.[272] All the materials are used and reinforced with a carbon-

black skeleton. Recently silica has been widely utilized for many applications. The main 

objective of nanoscale materials is to obtain materials with novel functions and enhance their 

overall characteristics. Among the various materials, Nano titanium plays a special role in a 

wide range of applications like biosensors, photo-catalytic cracking for the petrochemicals 

industry, and chelating complexes with alternative materials [273].   Several studies have been 

conducted on titanium dioxide’s properties and its use as a reducing agent for degradation 

compounds in an aqueous solution based on its electronic configuration in D-orbitals [274], and, 

TiO2. It has been described in many scientific papers and is a widely used oxide in 

photocatalysis [275]. 
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The elastomer matrix plays a vital role in controlling the dielectric constant, the dielectric 

breakdown strength, strain stress of silicone elastomers, and polydimethylsiloxane (PDMS). 

PDMS is one of the most widely used materials for dielectric elastomer actuators because of its 

good elasticity, reliability, and steady response speed [276]. In addition to the repeatability of 

actuation onto activation, it shows a lower tendency to age and experience Mullins (stress 

softening). PDMS increases actuation (at low strains) up to more than 4 million cycles without 

failure [277-280].                 

PDMS is an almost semi-crystalline silicone and non-entangled elastomer. It melts around -

40°C, crystallizes at -90°C, and cools around -125°C. Previous studies have performed tests on 

PDMS’s crystallization function and kinetic behavior based on DSC and TDG measurements 

(Dollase et al.) [281-283]. To our knowledge, in many conventional elastomeric materials, the 

combination of weak intermolecular forces, stretchability, and the high flexibility of PDMS chains 

lead to inferior mechanical and physical properties over the melting temperature area. This 

yields important challenges during the application process at room temperature. These 

challenges have been tacled in several studies conducted on PDMS by the use of various fillers 

[284-288]. 

Microfluidic devices were created from the microfabrication process, which used electronic dots, 

chips, and Micro Electro Mechanical Systems (MEMS). These devices are famous for their tiny 

features (sizes ranging from 1 to 100 μm) and high precision. Typically, most microfluidic 

devices are fabricated by a lithography process based on various molding techniques for 

applied to flexible silicone and elastomers, like PDMS (polydimethylsiloxane), polyacrylic rubber, 

and silicone rubber [289-293].  However, this material is compatible with aqueous solutions; 

moreover, it is non-toxic, inert and flexible, robust, optically transparent, and gas permeable. 

These properties make it more appropriate for biological and microscopic applications. In recent 

years, several studies and research efforts have been carried out to meet these needs, such as 

Surface Acoustic Wave (SAW) sensors [294], which are intuitive to surface contact 

radiofrequency-detection based fluidic or pitch antenna [295].  These studies led to a high 

degree of progress in the telecommunication and network sectors. 

In this article, we describe the fabrication of a fluidic chip and its unique properties. It is 

comprised of a micro-fluidic solution (conductive) and dielectric PDMS substrate. It could 
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operate as an antenna device in the future. The fluidic or conductive is contained in a colloid 

solution of polyethyleneimine (PEI), titanium nanoparticles, and graphene. Various 

measurements and tests were performed on the chip during the fabrication process to identify 

and investigate future devices’ efficiency and characteristics. 

6.2  Materials and Methods  

Dow Corning® Sylgard 184 and the curing agent (cross-linker) were purchased from Dow 

Corning Corporation Toronto, Canada. TiO2 and graphene oxide were purchased from Sigma 

Aldrich, Canada. 

6.2.1 MATERIALS CHARACTERIZATION 

The Electrochemical characterization (EIS) of the materials was performed at NanoQam in 

Montreal, Canada. EIS is used to identify the fluidic liquid impedance. The instrument consists 

of an eight-channel battery, model: MTI Corporation, BST8-WA using rechargeable batteries at 

0.002-1mA to and 5V. The data analysis was performed using the NOVA potentiostat software. 

The technique depends on the electrode setting (working, standard, and reference) at different 

frequencies.  

The Ultraviolet-visible spectroscopy (UV-vis) was carried out using a Perkin Elmer, Lambda 750 

spectrophotometer in the range of 200-1000 nm.  

A Zeiss Evo 18 instrument was used to perform the transmission electron microscope (TEM) 

imaging analysis of the samples in NanQAM, Montreal, Canada.  

The TDG measurement was done using a Thermogravimetric Analyzer (Q500), with the 

possible temperature variations up to 1000°C using inert N2 gas.  

In addition, mechanical (stress-strain) properties were characterized using an electronic tensile 

machine (JPL-2500 from Testing Instrument, ETS, Montreal, Canada) using an ASTM D882 

standard for the tensile testing of thin layers of fabricated PDMS at room temperature.  

The breakdown field strength of the PDMS was carried out using an AMS-10B2 high voltage 

amplifier (Matsusada Precision Inc., Montreal, Canada). 

6.2.3   Preparation methods 
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6.2.3.1 Preparation of PDMS substrate  

The PDMS prepolymer and curing agent were blended in 50 mL polyethylene cubes at a ratio of 

(10:1) by weight. It was placed in a vacuum and degassed for 5 to 15 minutes at room 

temperature to remove any bubbles. The PDMS was then coated in fabricated channel design 

(gum) fixed on the baking dish. It was finally transferred into a 75°C oven for curing during 45 

minutes with the entry covered, and cooled down at room temperature. The same process was 

then repeated for the other PDMS substrates. Both sides of the two fabricated PDMS substrates 

were then joined. The two fabricated PDMS substrates were then placed inside the plasma 

reactor chamber as soon as it was set up. This procedure was performed according to reports 

from the existing literature. Thin PDMS slabs (~2mm) were also put inside the case. PDMS 

slides were degreased with acetone inside an ultrasonic bath, rinsed two times using IPA, and 

dried with nitrogen. Two PDMS substrates were joined together by placing them inside the 

oxygen plasma chamber (100 W for 2 minutes, 20 sc/cm O2 flow rate, and 0.67 m bar); Then 

using a syringe, we injected the electrolyte solution inside the microfluidic channel. 

6.2.3.2 Preparation of fluidic solution 

Graphene oxide (GO) was generated by the chemical exfoliation method described by 

Hummers and Offerman[256-258]; then, 5 g of KMnO4 was added to the suspension solution 

composed of 25 mL of 3% N concentration of H2SO4 and 3 g of graphite. An ultrasonic stirring 

was then performed for 4 hours. The mixture was treated by adding H2O2 (28 wt % in water) 

until all gasses had been released. The suspension solution was then intensively washed 

several times, once using a diluted hydrochloric acid (0.1 mol/dm3). The filtrate was also washed 

using distilled water. Eventually, it was centrifuged and dried to get the GO. Graphene was 

obtained by reducing GO. This was done by adding 3 mL of NH2OH (0.1 mol/dm3) to 7 mL of a 

colloid solution of concentrated GO (0.5 mg/mL) followed by stirring for 20 minutes. In order to 

raise the solution’s pH to 12, a few drops of concentrated NaOH (0.1 mol/dm3) were added, 

heated the suspended solution was heated at 85 ºC for 1 hour, washed, and dried for 

characterization. 

TiO2/Graphene nanocomposites were synthesized using the hydrothermal method reported in 

previous studies  . The proper amount of graphene/GO was scattered in a solution containing 



 

92 
 

1:1 deionized water and ethanol, and then an ultrasonic stirring was performed for 45 minutes. 

Subsequently, 25 mg of TiO2 was mixed with a solution, stirred for 1 hour until the mixture is 

was fairly homogenous, and then 10 mL of this prepared solution was placed in a Teflon lined 

autoclave, sealed, and heated to at 120ºC for 3 hours. The final product was washed with 

distilled water and freeze-dried to avoid the agglomeration of the nanoparticles. Eventually, 0.5 

mg of the prepared product was dissolved in 5 ml of PEI solution and stirred for 1 hour until 

complete spreading, and the homogenate matrix was achieved, as shown in Figure (6-1). 

 

Figure  6-1 : The preparation method for a fluidic antenna device. 

6.3 . Results and discussion  

6.3.1 Fluidic liquid characterization  

6.3.1.1Electrochemical characterization 

Electrochemical Impedance Spectroscopy (EIS), is an excellent quantitative technique with 

widespread application in characterizing functionalized electrode surfaces and electrolyte 
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conductivity. Impedance is defined as an electric circuit element’s capability to hold the current 

flow and, therefore, the reluctance force to electrical current in a circuit measured as resistance 

(Ω). The impedance of the electrolyte solution (Z) can be calculated according to Ohm’s Law, 

given by Equation (6-1).    

𝐙𝐙 = 𝐸𝐸(𝑡𝑡)
𝐼𝐼(𝑡𝑡)

               (6-1) 

Where E(t) is the applied potential I(t) resulting current, t is time, and Iº is the current 

oscillations’ magnitude [259-261]. In order to obtain the ionic conductivity of two solutions (PEI 

and graphene /Ti-NPS/ PEI) at room temperature, optimize parameters like the operating 

frequencies range from 3 MHz to 1 kHz, an and open circuit potential (OCV) = 0.43 V must be 

respected using three electrodes (working, reference and counter electrodes) inside the 

prepared solution. The Nyquist diagram (a Cole-Cole plot) is used to study the electron transfer 

because it is an easy way to predict circuit elements. It includes plotting Z-imaginary as a 

function of Z-real, which usually appears as a semicircle, as shown in Figure (6-2), which 

provides a visual charge transfer dynamics at the electrochemical interface. This analysis is 

based on Equation (6-2),  

Z = U / I = R + jX             (6-2)        

Where R = Re [Z] is the resistance and X = Im [Z] is the reactance, both expressed in Ohms 

units. 

It is observed that the Nyquist diagrams varied incrementally with the successive modifications 

of the graphene/Ti/PEI solution as compared to PEI. It is due to the formation of an active layer 

of charge cloud on the graphene. In addition, the photoelectrochemical characteristics of 

titanium helped it to form a Ti-Ti metallic bond. These factors enhance the ion charge transfer, 

then increase the conductivity according to Equation (6-3).  

 ℴ = 𝐿𝐿
𝑅𝑅𝑅𝑅𝑅𝑅

.                       (6-3)  

Where electrolyte conductivity is (σ), (Ω) is the real impedance of the electrolyte, S (cm2) is the 

electrode surface area, and   L (cm) is the thickness of the working electrode. Finally, the 

conductivity of PEI composite is greater than the conductivity of pure PEI. 
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Figure  6-2 :  Impedance measurement of a pure PEI and PEI /Graphene /Ti –NPs 

solutions. 

 

6.3.1.2 IR Characterization 

The chemical structure of PEI was detected with a Fourier transformation infrared spectroscopy 

(FITR) technique. The functional groups of PEI are shown in Figure (5-3). There are identical 

characteristic peaks for PEI at 3271 cm−1 (NH stretching), 2945–2833 cm−1 (CH stretching 

group), as well as, 1576 cm−1 (bending NH), 1465 cm−1 (CH bending), and 1350–980 cm−1 (–C–

N stretching). There is another distinct peak at 1656 cm−1 for the –C=N   bond. 
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Figure 6-3:   FT IR spectrum of polyethyleneimine. 

 

6.3.1.3 UV analysis.  

According to previous reports, PEI-TiO2/Graphene NPS’s zeta potentials shifted from +39.44 

mV to +94.46 mV. TiO2 nanoparticles are adapted between -56.61 mV and -119.34 mV. This 

indicates the dramatic adsorption and disappearance of TiO2 nanoparticles inside the PEI 

matrix. Furthermore, the Ti peaks shifting from 267 nm to 285 nm are caused by UV-vis diffuse 

reflectance [296]. Additionally, the absorbance recorded in titanium and graphene causes 

relative ion interference between pairing electrons on NH and Ti –NPs. That means the PEI 

reveals a high affinity for Ti cations in an aqueous solution, which is also described in the 

literature 37. 
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Figure  6-4:  UV-Vis-NIR analysis of graphene/TiO2/PEI, and TiO2 solutions. 

 6.3.1.4 Morphological Analysis 

It was common to observe that  in terms of allocation, figure, and dimensions, the TiO2 

nanoparticles were far uniform because the tiny spherical Ti particles are around 20 - 25 nm, 

and in most cases, the nanoparticle composite leads to the aggregation and fluctuation.  
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Figure 6-5 : TEM micrographs showing:  a) TiO2, b-c) Graphene /TiO2 dispersion inside 

PEI solutions. 

 

Figure (6-5a) points out Ti -NPs morphology, its existence, agglomerates, and the high volume 

of the spread of TiO2 on the surface. Titanium oxide nanoparticles is a cubic structure which 

side is about 25 nm. Also, it is expected to have a more uniform spread in different areas on the 

image. It could be returning to the hydrothermal process treatment of the titanium oxide 

nanoparticles, which are wholly adhered and coherent to their surfaces. Figure (6-5b) shows the 

TEM micrographs of the colloid solution (PEI/Ti/Graphene). It is also possible to recognize some 

graphene spots which randomly spread on the TEM sheets. In addition, it has a unique size of 
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around 100 nm. We also found some flocculation and aggregation of graphene 

nanoparticles/PEI. The graphene carbon skeleton’s nature may be more compatible with 

polyethyleneimine’s carbon structure in solution. 

6.3.2 Substrate Characterization   

Figure (6-6) displays the PDMS dielectric substrate, which has been investigated using Fourier 

transform infrared spectroscopy. The IR spectra results are consistent with previous reports 

PDMS fingerprint spectra indicate some peaks at 860 and 795 cm−1 which are attributed to Si–

CH3 group and the stretching vibrations of (Si–C) bonds. In addition to the peaks appearing at 

1400 and 1252 cm−1, which are respectively assigned to symmetrical and asymmetrical 

distortion of CH3  and Si–CH3 groups. Two peaks were also observed at 1075 and 1015 cm−1, 

which were associated with the Si–O–Si bonds stretching and bonds vibration. In the same 

manner, the bonds stretching of  -CH2 - and -CH3 were assigned around the 2895–2950 cm−1 . 

 

Figure  6- 6 :   FT-IR spectra of PDMS and PDMS/graphene/Ti. 
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6.3.2.1 Dielectric measurements  

Generally, when applying an electric field on an elastomer film, the dielectric constant is 

reduced along the thickness according to the electrostatic charges and it is elongated along the 

transverse direction under the compression force also known as Maxwell stress [297] which 

is calculated by Equation (5-4). 

                       (6-4)  

Where єr is the relative dielectric constant of the PDMS elastomer, and the dielectric constant is 

є0 of the air. V expresses the applied voltage, and t signifies the thickness of the elastomer. 

Figure (5-7) shows the variations of the dielectric constant and the dielectric loss of the PDMS 

substrate as a function of frequency. It can be found that the dielectric constant of the PDMS 

sample was a somewhat a constant recorded value at 2.67 compared to the improvement value 

of 4.98 of the dielectric constant of the PDMS/composite when the frequency was raised from 

10 kHz to 10-6 kHz. There was no change in the dielectric loss of PDMS with the change in 

frequency. 

 

Figure  6-7 : Dielectric constant of the PDMS substrate film at 1 kHz. 
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6.3.2.2   DSC curves 

Figure (5-8) shows the DSC curve carried out at different heating rates for the PDMS polymer. 

There are three highlighted clear peaks related to the glass transitions, crystallization, and 

melting. These results confirm the hypotheses made from the thermomechanical assumptions. 

The measurements show that the significant appearance of the glass transition temperature Tg 

of PDMS is around -120°C. The glass transition has transferred to a higher temperature in the 

PDMS sample. At a given heating rate, the addition of glass crystallization, the PDMS switches 

to a lower temperature. The melting temperature reduces with an increase in the silica (SIO2) 

content, and the melting peak broadens in regards to minimizing temperatures. We can count 

the polymer’s degree of crystallinity using the crystallization enthalpy divided by the sample 

percentage, by based on the formula  

X c = ∆ HC /∆H100%, where   ∆H100%   is the enthalpy of fusion of PDMS, taken as 37.43 J/g [298] . 

Moreover, the reaction curve dropped under the exothermic curve, which is directly proportional 

to the total crystallization rate. On the other hand, by raising the heating rate, the crystallization 

peak increased the PDMS structure’s decomposition. In addition to the breakdown of some 

molecular bonds, some weak bonds between PDMS molecules eliminated water, a CO2 

molecule, a carbonyl group, and finally, some  molecular decomposition took place. 
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Figure  6-8:  DSC thermograms of pure PDMS. 

 

Figure (5-9) shows the tensile stress-strain curves of the pure PDMS tested in the form of thin 

layers at different applied pressures. Some mechanical properties such as shear strength and 

stretchability are also shown in Figure (5-9). It is noted that by increasing the applied stress, 

stretchability increases, which could lead to a softening of the PDMS structure and the formation 

of a passive charge of on its surface. PDMS films indicated the lowest Young’s modulus and 

higher elongation at breaks at 15 MPa rather than layer PDMS films at the same value. That 

can be attributed to the stronger carbonyl group C=O in the PDMS structure, which act by 

reducing the PDMS molecules’ crosslinking density. It has been reported that crosslinking 

between PDMS molecules depends on the hydrosilation, which occurs between the active pair 

of electrons in the carbonyl group and the other linear PDMS’s carbon skeleton 42. 
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Figure 6.9: Tensile stress-strain curves of the pure PDMS 

 
6.3.3   Measurement of the performance of fluidic antenna without bending. 
  
The performance of the fabricated antenna was evaluated using a vector network analyzer 

(Model #5071 B) from Agilent Technologies, Polytechnique Montreal, Canada. Originally the 

network analyzer was slandered using the two-port Ecal module posture (Model #85092C) with 

applied range frequencies from 300 kHz to 10GHz, which supplies excellent accuracy.  

 
Return Loss Characteristics 

Simulated and Measured Results 

The fluidic antenna’s simulations and measurements had been investigated at frequencies from 

around 1.0 GHz to 3.0 GHz with a frequency step of 20 MHz. Figure (5-10) displays S11 plots 

that show good indicators. With some of the simulation results, this fluidic antenna resonates at 

a frequency of 2.44 GHz and reveals a -10 dB return loss bandwidth of 109.02 MHz 
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Figure  6-10 : Return loss characteristics of the fabricated antenna. 

 

Gain, directivity, and efficiency of the fabricated antenna.  

There are two parameters used in assessing the performance of an antenna. They are the 

directivity and the gain Directivity is a measurement of the radiation concentration in a direction 

while gain represents the power transmitted in the main beam. 

Some simulations were carried out within a frequencies range of 1.0 GHz to 3.0 GHz, in order to 

obtain the fabricated antenna’s parameters such as gain, directivity, and radiating efficiency. 

The equivalent gain of the antenna measured at the same frequency range is known as the 

gain-comparison method [299]. Figure (6-11) illustrates the simulated gain, experimental gain, 

and simulated directivity as a function of the applied frequency. Such characterization is based, 

on the standard detection formula. The values of the directivity of the fabricated antenna are 

calculated from the measurements of the radiation patterns. On the other hand, directivity can 

be extrapolated from the ratio between the power radiated in the direction of the strongest 

emission to the total power radiated by the antenna while gain is the ratio of the power radiated 

in the direction of the strongest emission to the total power accepted from the source. For this 

reason, the gain is basically the directivity multiplied by the efficiency of the antenna . In this 

regard, antennas applications with low directivity can generally function as good receivers while 

antennas with high directivity can be good transmitters. 
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“AntennaGain” is defined as the ratio of the radiation intensity in a given direction to the 

radiation intensity to be produced if the power accepted by the antenna were isotropically 

radiated. Usually this ratio is expressed in decibels with respect to an isotropic radiator (dBi). 

Gain is a unitless measure that combines an antenna's radiation efficiency displaystyle and 

directivity D through the following formula: G=ƞD  The radiation efficiency ƞ of an antenna is the 

ratio of the total power radiated to the net power accepted by  the transmitter  antenna  

connected. G dBd =10.log 10 (G/1. [300-301]  

 

 

Figure 6-11:  Gain and directivity plots for the fluidic antenna. 

 

6.4   Conclusions 

In recent years, a growing attention of the scientific researchers have been drawn to the 
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fabrication of dielectric elastomers    due to their unique characteristics such as flexibility, 

stretchability, ease of transport, mechanical resiliency, and low cost that make them auspicious 

materials for flash electromechanical applications in actuators, environmental sensing, and 

biomedical sensors. This paper introduces some novel composite strip materials to be be used 

in future applications. The device is composed of graphene immersed in Polyethyleneimine 

(PEI) matrix and assembled with Titanium oxide. That fluidic solution had been evaluated and 

characterized using different spectroscopic methods, then injected inside a microchannel of 

PDMS substrate to be evaluated. The gain, directivity, efficiency, and S11 measured at a 

broadband frequency of 2.44 GHz and 2.8  reveals a -10 dB return loss bandwidth of 109.02 

GHz. 
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Abstract 

In this work, the preparation and the physical evaluation of a series of miscible 0.2 M solutions 

in 50/50 volume ratios were addressed. A total of 5 solutions comprised of plain electrolyte/ 

graphene, plain electrolyte / graphene-ethylene Glycol, plain electrolyte/ graphene-poly-ethylene 

glycol, plain electrolyte/ graphene-glycerol, and plain electrolyte/ Graphene–Polyethylenimine 

was assembled with Ag, and copper metal nanoparticles. The physical properties were studied 

by electrochemical impedance spectroscopy, the solution conductivity calculations, the viscosity 

and flexibility measurements, as well as particle-size distribution analysis. Moreover, the surface 

morphology characterizations were done by transmission electron microscopy. A comparative 

https://journals.sagepub.com/metrics/pin
https://journals.sagepub.com/metrics/pin
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approach of the physical properties between the five  solutions serves as a guide to select the 

most appropriate fluid applicable to the upcoming device.  

Keywords: Electrolyte, electrical conductivity, graphene, Ag nanoparticles, electrochemical 

impedance. 

7.1   INTRODUCTION  

Nanomaterials and nanoparticles bound to organic or inorganic compounds in the form of 

nanowires are most often seen in sensing applications. In order to significantly magnify the 

device response, enhancing the physical properties such as the electrical conductivity and the 

impedance of a nanowire by associating complementary nanoparticles to form potent 

composites has been a common route for device engineering. Some materials can also react to 

light irradiation, which can be combined with nanomaterials for sensing purposes as well. 

Completely depending on the type of change induced by adduct material, an immediate effect 

will rise on charge and electron transfer efficiency. Also, by modifying the sensing surfaces with 

nanomaterials, some improvements in the electrochemical properties will result. Such 

improvements are low background current or higher signal-to-noise ratios.1 Many metallic 

nanoparticles, for example, silver (Ag), cobalt (Co), copper (Cu), iron (Fe), platinum (Pt), 

palladium (Pd), iridium (Ir), and nickel (Ni), either taken alone or in composites have also been 

embodied into biosensors.[302-205]. In the one hand, metal oxides and transition metals have 

been implemented in the fabrication of biosensor [306-309], -On the other hand, organic 

nanomaterials have also partaken in enhancing their electrochemical behaviors. Allotropes of 

carbon, such as carbon nanotubes (CNTs), graphene, carbon capsules, carbon powders, 

carbon nanowires, and carbon nanotube arrays are most frequently found in those 

applications.[310]. Many organic-inorganic hybrid nanomaterials such as graphene-Pt 

nanoparticle and Pt-nanoclusters planted with polypyrrole nanowires [311] have also been 

investigated as potential candidates for those applications. 

A nanomaterial possesses an additional advantage of a considerable surface area to volume 

ratio. On this note, CNTs show a high loading capacity of biological or chemicals catalyst 

molecules capable of capturing target analyte signals, which is ideal for both identification and 

quantification purposes. Nanomaterial catalysts are one of the most-liked in terms of design and 

fabrication of applicable sensors and electrochemical detectors. This is mostly due to their 



 

108 
 

stability, conductivity, and sensitivity. In general, colloidal particle behavior does not allow 

adequate diffusion or sufficient homogeneity.[312-314] Nanomaterials also undergo numerous 

chemical reactions as soon as released into the vessel harboring reaction conditions in solution. 

Some of these nanomaterials, especially copper and silver nanoparticles (CuNPs and AgNPs 

respectively), carbon nanotubes (CNTs), and nanoscale cerium oxide, show many advantages. 

They provide an abrasion sphere during reaction times, that can be regarded positively, and 

they are also produced in many shapes and sizes. Different factors affect their applications such 

as the  number of layers, thickness, length, and type of helicity. CNTs are known for their 

excellent surface area to weight ratios, that increase their electrical properties as shown by their 

high conductivity identifying as metals compared to other elements behaving more as semi-

conductive. The CNTs’ charge carrying capacity has been reported to reach a 1000 fold that of 

copper wires .[315] The literature contains many techniques used for the preparation of CNTs.  

They include amongst others, the chemical vapor deposition (CVD) ,[316-318] the electric arc 

discharge (EAD) ,[295] and the graphite electrode laser vaporization26 or laser extirpation (LA) 

Furthermore, CNTs have excellent commercial production value, trading high production costs 

for intensive labor. [319] However, a major challenge faced by the industry concerns the growth 

of CNTs of uniform lengths, without aggregation. Leading to reduced undesirable on specific 

binding of proteins or other molecules on the CNT walls. Despite the previously stated 

limitations, the electrochemical properties of different types of CNTs are excellent .[320]As 

mentioned above, nanoparticles of copper, palladium, cobalt, silver, platinum, and others have 

also been incorporated into various biosensors,[321-324]. In this regard, Baioni et al   

assembled 30 nm copper hex cyanoferrate nanoparticles by using the electrostatic deposition 

layer-by-layer (LBL) to deactivate fluorine-doped tin oxide electrodes. This technique has been 

produced by electroactive films capable of sensing hydrogen peroxide (H2O2) with remarkable 

detection limits, even in the presence of interfering ions. Conductive polymers are mainly 

organic compositions with a pi-orbital network responsible for electrons delocalization within the 

polymeric structure.[325-329] The modeling and synthesis process is based on methods that 

associate electronic and mechanical properties, thus improving the flexibility and conductivity of 

the produced polymer. Ideal polymers are well known for being thermally and environmentally 

stable, conditionally soluble, easily operated, and appreciably conductive. The electrical 

conductivity of polymers changes over several orders of magnitude depending on the applied 

potentials, pH, and environment. [330] The conducting polymers are usually linked to better 
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defined electroactive area or clearer electroactive area, when compared to other less efficient 

nano-scaled materials. In the same manner, conductive polymers have a remarkably 

ameliorated signal and performance in contrast to other classical materials used in biosensing, 

due to electroactive surface area exposure .[331] The electrochemical methods enable us to 

remove interferences resulting from other sample components. This is for example done, by 

picking out the specific amperometric response through electrode-solution interface detection. 

The sample color change or turbidity can be disregarded as interference, and can still be 

considered a homogeneous analysis.[332] Moreover, the electroanalytical processes require a 

small amount of sample and electrochemical analyte measurement and signal detection 

techniques trend towards inexpensive and portable handheld devices. 

Numerous Nano electrodes have proved to be advantageous, especially in biological and 

industrial applications. In the biological sector for instance, applications have crossed single cell 

investigations, point-of-care clinical analysis, interconnected biosensor development, the 

invention of microchips [,333-335] and patterned electrodes[336, 337]. Overall, the nano 

electrode application discipline is a rapidly broadening its research area due to recurrent 

progress made in the area of material sciences, the cost-effectiveness, and the additional 

electrode fabrication methods integrating both electronic and biological components in the 

biosensor development. Many electrochemical techniques include handy screen-printed 

electrodes (SPEs) fabricated with graphite, gold, and silver ,[338-339] which can be mass-

produced with high profitability. 

The three-electrodes electrochemical cell setup is commonly used in electrochemical detection 

operations. Those electrodes are respectively the working electrode, the reference electrode, 

and the auxiliary electrode (usually a platinum wire). The working electrode is a strongly 

conductive material such as glassy carbon, gold, platinum, or mercury. In the three-electrodes 

setup, a charge flows through the electrolyte from the electroactive interface between the 

working electrode and the electrolyte solution to the auxiliary electrode. The reference 

electrode, ensures an accurate output of the tension at the electroactive site. Common 

reference electrodes are the reversible hydrogen electrode (RHE), silver/silver chloride 

electrode (Ag/AgCl), and the standard calomel electrode (SCE). All three electrodes must be 

distanced one from the other to avoid short-circuiting the cell. Generally, the electroanalytical 

techniques are used to gauge current, potential, or impedance. The techniques for these 
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measurements are respectively known as Potentiometry, Amperometry,  voltammetry, and 

Coulometry.[340,344] Carbon-based electrodes are classified according to the carbon atoms 

hybridization comprising the electrode. Graphite for instance is highly oriented pyrolytic graphite 

(HOPG), adopting an sp2 hybridized orbital arrangement, whereas diamond structure is 

fabricated of sp3 hybridized carbon atoms. Glassy carbon is one of the widespread carbon 

materials for electrode applications. It complies conformably with the three sought-after 

characteristics of a good working electrode. In fact, it is chemically inert, its surface is easily 

renewed and it has a large stable potential range (ca. − 0.4 V to + 1.7 V (vs SHE)) .[345, 346] 

Consequently, carbon electrodes are easily coupled to work with organic redox molecules. The 

performances of electrode materials vary differently from noble metals to carbon or even 

conductive polymers for specific applications.  Some metals like (platinum, gold, and silver) 

have excellent conductivity and superior kinetics with regard to electron transfer. Moreover, 

some of them like platinum and gold possess noticeable chemical stability and high inertness. 

Hence, gold contribution to microfabrication and immobilization in biological applications. 

Effective electrode material can be used dependably when potential stability domains are 

around − 0.1 and + 1.3 V (vs SHE) .[347] Although mercury is the most common electrode 

material in polarography, it has limited applications due to its inveterate toxicity.[348] 

Semiconductor electrode materials have gained some attention, for example, indium tin oxide 

(ITO), because they are cheaper than noble metals, transparent, and easily applicable. 

Furthermore, their potential stability domains are larger than that of gold (− 0.4 V to + 1.9 V vs 

(SHE)). However, ITO has a remarkably lower conductivity (104 S cm−1 vs 107 S cm−1), [349-

350] and is unstable in an acidic medium  . Based on electron transfer kinetics, ITO is slower 

than noble metals or and glassy carbon.[351,352].  

One of the most applicable industrial polymers is polyethylene glycol (PEG) because it is a 

water-soluble neutral polyether (due to the polarity of the hydroxyl group). PEGs can be 

prepared with different molar masses. Interestingly, low molar mass PEGs are eco-friendly and 

non-hazard solvents with potential uses in industrial applications, especially in the biological 

field.[353,354] Due to PEG, aqueous biphasic systems (ABS) have been recognized as key 

tools for the extraction and purification of biomolecules.[355] UV/Vis spectroscopy is used for 

the characterization of metal nanoparticles suspended in plain electrolyte/ organic solutions, 

between wavelengths of 250 and 1000 nm, for investigating noble metals and graphene. In this 
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work, UV/Vis spectrophotometry scanned a series of prepared colloidal solutions made of a 

plain electrolyte solution made with graphene nano-tubes, silver nanoparticles, and gallium 

metal particles. The same electrolyte was also mixed with PEG, glycerol, and PEI. The size of 

Ag nanoparticles was estimated to be in the range of 15–20 nm depending on the solution 

composition. Ag NPs were also aggregated and their sizes did not remain in the nanoscale 

range due to particle enlarging following aggregation. 

Various studies have worked on creating and characterizing metal nanoparticles for many 

applications in different areas of the field of life sciences, as well as the biological, industrial, 

and engineering sectors .66-69 Some strategies are used for the improvement of those fields 

like synthesis or fabrication to keep up with the demands from the different fields. They both 

optimize the size and shape of nanoparticles, which are important factors for potential 

applications [356] Besides, nanoparticles are highly unsteady because, they have high surface 

energy trending towards the conversion into bulk materials, as aggregated particles .[357-359] 

For this reason, metal nanoparticles must be prepared more stably by using many stabilizing 

agents like surfactants or emulsifiers [360], dendrimers, [361]Copolymers, [362] and gels Gels 

incorporated with nanoparticle metals have prospective applications in biomedicine, optics[363], 

Electronics, photonics [364], and catalysis [365]. These blends can be also conveniently 

characterized by different spectroscopic techniques like the transmission electron microscopy 

(TEM) [366] and the scanning electron microscopy (SEM). The Fourier transform infrared 

spectroscopy (FTIR) [367] and the ultraviolet-visible spectroscopy (UV/Vis) [368] have their 

characteristic advantages and disadvantages. In order to gain specific information for the single 

metal in composites, Khan et al. [369] assembled P(NIPAM-AA) gels by the microwave 

irradiation process. Some micro-reactors were used in situ for the synthesis of Ag NPs in the 

presence of glucose reducing agents [370], then confirming the incorporation of  Ag NPs gel by 

acquiring the UV/Vis spectra at 429nm. On the other side, Metals are characterized by 

promising conventional EMI shielding material ascribable to their excellent electrical 

conductivity. For instance, metallic meshes are often used as a shielding material in 

smartphones protecting their electronic components from cellular transmitters and receivers. 

Though metals are highly-conductive, they suffer several drawbacks like corrosion, high density, 

rigidity, relatively high material and processing cost, and also limited tuning of shielding 

effectiveness (SE).[371-372].  
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The selective distribution of fillers including graphene filler in the polymer blends is quite easy. 

The case of fibrous fillers like carbon nanotube, carbon fiber, nanowire, which has a high aspect 

ratio (length/diameter), is quite difficult. In the literature, Ajayan et al. [373-376] have reported 

their use in the polymer matrix as it imparts a unique combination of electrical, thermal, and 

mechanical properties for conductive polymer composites. 

7.2 EXPERIMENTAL  

All chemicals (Copper (II) Sulfate (CuSO4), Aluminum Chloride hydrate (AlCl3-3H2O) and Sliver 

Nitrate 99 % (AgNO3), Glycerol, Polyethylene Glycol (50v/50v) (PEG, MW = 2000), 

polyethyleneimine (PEI, average molecular weight of 750–1000 KDa (50% w/w aqueous 

solution) and graphene nanotubes used in the preparation were purchased from Sigma Aldrich 

at 99.9 % purity. Other organic solvents and polymers, stated below, were bought from Fisher 

Scientific, Toronto, Canada:  

7.2.1  Preparation of the electrolyte solution 

The electrolyte solution was prepared with 0.2 M of different salts (AgCl, AlCl3, NaCl, and 

CuSO4). Then 3-5 drops of acetic acid were added to keep the pH at around 4 and to prevent 

the precipitation of Ag. The prepared solutions were kept under stirring for 5 hrs.  

7.2.2  Preparation of the colloidal composite solutions  

A mass of 0.1 mg of nano graphene was dissolved in the 0.2 M electrolyte solution, followed by 

stirring for 24 h. The composite solutions were then prepared by adding organic compounds at a 

50/50 volume ratio. Ethylene glycol, glycerol, polyethylene glycol, and polyethyleneimine were 

added to the electrolyte graphene solutions, then stirred overnight. Furthermore, 0.2 M of 

AgNO3 was added to each solution while stirring for 8 additional hours, until the particles 

became homogeneously suspended. 

7.2.3 polydispersity index (PDI) of polyethyleneimine 

In that experiment we need to calculate (PDI) by retied compressed cycles of PEI synthesized 

nanoparticles are dispersed by using repeated centrifugation–redispersion cycle at 25,000rpm 

for at least 2 cycles (30 min each cycle). The supernatant thin layer from each centrifugation–
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redispersion cycle were collected for determining the unbound PEI and a percentage of grafted 

PEI through the colloidal polymeric solution. 

7.3 Materials characterization 

Electrochemical characterization  

The EIS, and CVT: 

The EIS, and CVT experiments was were carried out in Nano- QAM, (Montreal, Canada); to 

detect the impedance., An 8 Channels Battery Analyzers model: MTI Corporation, BST8-WA 

was used. It is consists of an eight-channel with rechargeable batteries at 0.002 – 1mA up to 

5V. It is operated by using Nova potentiostat software which provided the electrochemical 

impedance measurements, the OCV and the CVs impedance to detect the ionic conductivity 

using the EIS technique. The prepared solution was run at frequencies between 3 MHz to and 1 

kHz and in an open circuit potential (OCV = 0.43 V) using three electrodes (working, standard, 

and reference). The surface area of the electrode is 15 mm at ambient temperature. The cyclic 

voltammetry measurements were conducted using a three-electrode, Ag/AgCl as a reference, 

platinum, and the counter electrode. The voltammetric analysis was reported with Princeton 

model: 263A potentiostat/galvanostat operated using a CV power software.  

The dynamic viscosity: 

The measurements of the dynamic viscosity of the prepared solutions were done using a 

Sine-wave vibro Viscometer SV-10. The viscosity detection was done by using an optimized 

electrical current to resonate both of sensor plates at a steady amplitude of less than 1 mm and 

at a frequency of 30 Hz. This viscometer is reliable up to viscosities between 0.3 and 10000 

mPa·s at broad temperatures from 0 to 160 °C, with an accuracy of 1 %. The samples were 

added inside cubic cups at room temperature.   

The Particle size analyzer: 

The Particle sizer analyzer associated with Zetasizer Nano S90 (Malvern) from Nano-QAM, 

Montreal was used to measure the particles size in the liquid phase. The red laser (632.8cnm, 4 

MW), used by the Zetasizer instrument at a receptor angle of 90 degrees was used to facilitates 

the detection of particles with diameters between 1nm and 5 microns. 
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The ICP Technique: 

The ICP Technique is composed of the ionization of the prepared sample by injection into an 

argon plasma (Temperature around 6000 K). The samples have to be prepared by dissolution 

into acid (wet digestion) before analysis. The solution is then injected into the plasma as a fine 

aerosol, made by a pneumatic device (nebulizer). ICP analysis uses 2-5 % HNO3   as a 

reference. All test has been carried out at Nano-QAM, Montreal. 

The transmission electron microscope (TEM):  

All analyses have been conducted by Transmission Electron Microscope H-9500, Which is a 

100-300 VK TEM attached to an electron gun Panorama La B6 with high Diffraction Pattern. 

The specimen composed of Single crystal silicon (Si) and accelerating voltage range of 40 to 

100KV; with a camera diffraction length: of 0.5m. The instrument has a magnification range of 

18× to 450,000×; a resolution (objective lens) of 0.5nm/5.0Å (point), 0.34nm/3.4Å (line) The 

core-shell morphology of PEI-immobilized nanoparticles was distinguished by transmission 

electron microscopy (TEM; JEM-1400, JEOL, 100 kV). 15 μL of 500-fold diluted sample was 

deposited on a copper grid and stained with phosphotungstic acid (PTA, 2 wt.%). Then, a 

sample was dried under an ambient environment and inspected by TEM. TEM images were 

also used to determine the volume-average diameter of the core compartment (Dcv) and the 

number of particles per volume (Np), using the following Eq. (1) [377] 

 

Np=𝑇𝑇𝛽𝛽𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝛽𝛽𝑇𝑇𝑇𝑇𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑇𝑇𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝛽𝛽𝑇𝑇𝑇𝑇𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇𝛽𝛽𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡𝑇𝑇𝑇𝑇𝑣𝑣𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡𝑣𝑣𝑇𝑇𝑇𝑇𝑇𝑇

=  𝑇𝑇𝑇𝑇/𝑃𝑃𝑇𝑇
𝑣𝑣/6(𝐷𝐷𝑇𝑇𝑇𝑇)3

        (7-1) 

 

where mp is the total mass of polymerized monomer and ρp is the density of each core polymer 

assumed to be the density of the corresponding bulk polymer. [91,92]. Some experiments have 

also been conducted at ETS, Montréal, Canada. 

The UV-vis absorption analysis: 

The UV-vis absorption analysis was carried out at the University of Québec in Montréal 

(Montréal, Canada), using a Perkin Elmer spectrophotometer, model Lambda 750 in the range 
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of 200–1000 nm. It is a double beam spectrometer that permits transmittance, absorbance, or 

reflectance detection for liquid or solid This spectrometer is operated by a temperature controller 

(Pelletier type) to keep the temperature constant during the analyzes. 

7.4   Results and DiscussionS 

Figure (7-1) explained that there are some wrinkles on the graphene nanotubes. They are 

induced by a reduction process that happens on the surface of graphene by both the Ag-NP and 

the hydroxyl groups of EG and PEG, thus turning the outer layer into a negative moiety. 

Ultimately, a charge flow is facilitated inside the composite solution. 

 

Figure 7-1:  The reaction between graphene and the electrolyte solution 

The importance of NPs in the electrolyte/organic solution is underlined by allowing fast electron 

transfer. Their small size and large surfaces lead to the formation of both Ag-Ag and Al–Al 

metallic bonds  as well as an aggregation of the NPs.   These events are depicted in cyclic 

voltammetry figures below. An observation of these voltammograms marks a reversible redox 

reaction. On the other side of Ag-NPs (mean size 15  nm), self-assembled monolayers (SAMs) 

stabilize the particles by preventing aggregation within the slightly viscous solution. By doing so, 

they also prevent Ag-NPs from aggregation and encourage interactions with CNTs via p–p 

interactions to give a uniform dispersal of Ag-NPs on CNTs. 
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Electrochemical characterization 

EIS analysis on the Nova potentiostats provided electrochemical impedance 

measurements,The open-circuit voltage (OCV), and the cyclic voltammogram (CVs). 

The impedance results describe physicochemical properties such as conductivity and electron 

transfer rates and mass transfer kinetics at different frequencies.[378] Studies worked on 

impedimetric values are relatively common in electrochemical sensors, especially in medical 

applications. In this work we investigated the  conductivity  through impedance at frequencies 

ranging from 3 MHz to 1 kHz fixed at open circuit potential (OCV = 0.43 V) for the different 

50v/50v modified miscible solutions   plain electrolyte, electrolyte/graphene, EG/ electrolyte/ 

graphene, PEG/ electrolyte/ graphene, EG/ electrolyte/ graphene, glycerol/electrolyte/ graphene 

and PEI/electrolyte/ graphene. A three-electrode setup (working, reference, and counter 

electrodes).  
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Figure 7-2: EIS results of plain electrolyte, electrolyte/graphene, EG/ electrolyte/ 

graphene, PEG/ electrolyte/ graphene, EG/ electrolyte/ graphene, glycerol/electrolyte/ 

graphene and PEI/electrolyte/ graphene. 

Nyquist plots of the different solutions are depicted. In all cases, a similar semicircle is observed 

yet slightly increasing in real resistance as shown in fig.[6-2]. The observed trend goes as 

follows (electrolyte < electrolyte/ graphene < electrolyte/ graphene/ EG < electrolyte/ graphene/ 

PEG < electrolyte/ graphene/ glycerol< electrolyte / graphene/ PEI). Conductivity is inversely 

proportional to molar resistance. We also found another relationship between resistance and 

frequency. By decreasing resistance, an increase of the characteristic frequency was found in 

all solutions. The frequency ratio of the electrolyte solution sub-circuit was obtained via 1/ReCe. 

Thus, by changing the electrolyte composition of nanomaterial consistency, the characteristic 

frequency of the electrolyte solutions would shift to bigger values. In other statements, if the 

electrolyte resistivity is high enough, the characteristic frequency would also be high. Therefore, 

the response of electrolyte solutions, which was shown as a small arc in the Nyquist plots, 

showed good conductivity within the plain electrolyte solution. On the other hand, as illustrated 

in Figure (7-2), in cases where EG and PEG   were loaded by graphene Nanotubes, the real 

resistance spans from -70 to+110 and -75 to +150 ohms respectfully. This reflects that the 
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concavity of EG > PEG. Due to the viscosity parameters which are higher in PEG, obstruction of 

the movement of ions in solution increases resistance and suppresses the beneficial 

conductivity effects of graphene nanotubes.Looking into Z values for (PEI/ graphene, glycerol 

/graphene, and electrolyte/ graphene), high conductivity (low impedance) was noted.   The Z-

value was roughly identical. Functional groups on the nitrogen atoms of PEI and the three 

hydroxyl groups in glycerol created a resonance complex that lead to higher conductivity. On 

the other hand, electrolyte/ graphene solution, also demonstrated high conductivity when 

compared, but less than the plain electrolyte. Our explanationconsiders graphene Nanotubes as 

semiconductors. When aggregated in solution, charge transfer capabilities might be affected, 

thus becoming less conductive than the plain electrolyte. We conclude that the conductivity 

arrangement in decreasing order is as plain electrolyte > electrolyte/ graphene > electrolyte/ 

PEI/ graphene > electrolyte/ glycerol/ graphene > electrolyte/ EG/ graphene > electrolyte/ PEG 

/graphene. 

 

𝜎𝜎 =
𝐿𝐿

𝑅𝑅 × 𝐶𝐶
                      (7 − 2) 

 

Ionic conductivity tests were conducted at frequencies 3 MHz to 1 kHz at open circuit potential 

(OCV = 0.43 V) by using a working electrode surface area of 15 mm in diameter at ambient 

pressure and temperature. The ionic conductivity of solutions (σ) was calculated according to 

the equation above where (Ω) is the real impedance electrolyte, L (cm) is the thickness of the 

working electrode, and S (cm2) is the electroactive surface area of the electrode. 

Cyclic voltammetry (CV) of the fluidic solutions was conducted by a three-electrode 

electrochemical cell setup, we applied a changing bias between the counter and working 

electrodes whilst the reference electrode served as a reference for the applied bias. Cyclic 

voltammetry (CV) is a dynamic measurement technique where potential applied on the working 

electrode flows within a range while simultaneously monitoring the current on the working 

electrode. The range may be repeated in individual or numerous cycles before stopping. Cyclic 

voltammograms display the relationship between the current and the applied potential. This 

technique can illustrate a chemical reaction occurring between reactants, changes of energy in 
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species and relate these changes to the potential. All transformations are a result of electron 

transfers of species at the vicinity of the electroactive surface. The performance of the different 

miscible (organic/ salt solution), herein the plain electrolyte, electrolyte/ graphene nanotube, 

50% electrolyte/ 50% ethylene glycol (EG) and graphene nanotube, 50% electrolyte/ 50% 

polyethylene glycol (PEG) and graphene nanotube, 0% electrolyte/ 50% poly ethylene imine 

(PEI) and graphene nanotube and 50% electrolyte/ 50% Glycerol and Graphene nanotube were 

evaluated by using cyclic voltammetry. Different scanning rates (10 to 100 Mv/s), using the 

three-electrode framework, involving carbon as the working electrode, Ag/AgCl reference 

electrode, and a platinum counter electrode.   

 

 

Figure  7-3 :  Cyclic voltammetry (CV) of  a) prepared solutions, b) plain electrolyte, c) 

PEG/ electrolyte –graphene, d) electrolyte –graphene, e) EG/ electrolyte – graphene, f) 

glycerol/ electrolyte – graphene. 
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Cyclic voltammetry was executed between potentials + 1.5 V to – 1.5 V. Many = reduction and 

oxidation peaks were observed in this scanned range.  According to the results, the electrolyte 

salts sensitivity increased. This increase in sensitivity is seen as a shift in the redox potentials 

(Figure 7-E). The potential measurement in an electrochemical cell (E) can be predicted by the 

Nernst equation and the standard reduction potential of a specimen (Eo) and the activities of the 

oxidized reduced forms of the analyte in solution. It is therefore also possible to derive the ratio 

of the activities of an analyte at a given potential. From the equation, F is Faraday’s constant, a 

universal gas constant is R, number of electrons is n, and ambient temperature is T.       n the 

case of the EG/ graphene–electrolyte solution, there is   

𝐸𝐸 = 𝐸𝐸° +
𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛

ln
(𝐶𝐶𝑂𝑂)

(𝑅𝑅𝑅𝑅𝑅𝑅)
= 𝐸𝐸° + 2.3025

𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛

 𝑙𝑙𝑙𝑙𝑙𝑙
(𝐶𝐶𝑂𝑂)

(𝑅𝑅𝑅𝑅𝑅𝑅)
                               (7 − 3) 

Dynamic viscosity of the fluidic solution  

Results for different fluids are seen in Figure 7-4. Dynamic viscosity (η)  is a key tool for 

physically optimizing parameters for liquid-liquid equilibria andmass-charge transfer. 

Additionally, it is an important thermodynamic and kinetic value of reacting it is equalν = η / ρ   

Whereν is  Kinematic viscosity,   ρ isfluid density and  Dynamic viscosity ions is η.  

On the other side, we noticed T he densities (ρ) for studied polymer electrolyte solutions at room 

temperature is shown in a diagram below (4). By comparing densities of different prepared 

solutions: plain electrolyte, electrolyte-graphene-EG, electrolyte-graphene-PEG, electrolyte-

graphene-PEI, and electrolyte-graphene-glycerol. We deduced that viscous fluids do not 

obstruct charge movement inside solutions, yet slightly decrease the flow rate and increase 

cohesiveness. Therefore, the solution gains stability at room temperature and remains 

continuously bound.[379-380]                  

∝ 𝑃𝑃 =  −
1
𝑃𝑃
�
𝑅𝑅𝑑𝑑
𝑅𝑅𝑑𝑑
� 𝜌𝜌                                (7 − 4) 

The relationship viscosity (ρ) and practical size r distribution are illustrated in the equation 

above. The particle sizes of dissolved particles are directly proportional with viscosity and 

inversely with conductivity, as evidenced in Figure [7.4]. Taken for example the plain electrolyte 

showing low real resistance (z –value ), high charge transfer,  in Figure [7-3],  viscosity is lower. 
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Mass transport and the energy of reaction through this process have been investigated by 

Different studies worked on solvent reaction mediums that are dependent upon the viscosity 

factor of solvent. The ratio of the size of the hole to ion increases with an increase in the molar 

mass of the PEG of DES. Viscosity decreases with increased concentration (molar ratio) of the 

organic solvent solution,  particle size distribution, and weakening of solute intermolecular 

interactions. The overall viscosities determined from the viscometer in decreasing order were 

PEI > GLYCEROL> PEG  > EG > plain electrolyte. 

 

 

Figure 7-4:The viscosity of the miscible electrolyte solution 

Raman spectroscopy of the fluidic solutions 

A Technique used for investigating the liquid solution structure is Raman spectroscopy. It was 

used for the electronic characterization of graphene/ organic materials in prepared solution 

(Figure [7-5]. There are stacks of sp2 hybridized carbon atoms associated with specific 

vibrations and the number of stacks might affect the electronic configuration of delocalized 

electrons in p-orbitals. Also, there are many wide bands of scattered light appearing on the 
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spectra for different material compositions, especially for carbon from graphene Nano Skelton at 

1583 cm-1. A broad peak located at 2715 cm-1 and a broad high peak located at 2700 cm-1 

correspond to the 2D band. It is noticed that different peaks are not as intense and broad. This 

is a trait characteristic of amorphous carbon, provided by the light scattered from the carbon 

chain of polyethylene glycol or Ethylene glycol. On the other hand, the Raman spectrum of 

aqueous polyethylene glycol/ electrolyte is at different molten states which strongly appears in 

the spectrum through frequency shifts related to the helical splitting observed in the electrolyte 

solutions. Peaks may be subjected to change in presence of NP colloid in PEG. The particles’ 

effect on bond stretching by forming metallic-organic or hydrogen bonds. By comparing spectra 

of EG, PEG, glycerol, PEI, and plain electrolyte solution, observations lead to believe that some 

of the solutions linked with NPS through polar functional groups (OH) in PEG, EG, and Glycerol. 

Thus, broad Hydroxyl group signals shifted softly and appear broad instead of sharp. In other 

cases, PEI marks its amino groups, which have a pair of electrons (electron-donating), to make 

a conjugated bond with NPs like Cu2+ and Al3+. The methylene group’s bending region is visible 

by two bands at 1475 and 1440 cm-l. Between 800 and 900 cm-1, as shown in Figure [6-5], 

considerable differences are noted in the band structure, another evidence for benzene ring 

resonance linked to the graphene structure. Raman peaks exist at 880, 840, and 805 cm-1, due 

to methylene groups attached with ionic species (cations or anions), more prevalently in the 

plain electrolyte solution. In the lower frequency region, bands are observed at 520 and 551 cm-

1, with some residual scattering at 586 cm-1.  
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Figure  7-5:  Annotated Raman spectra of the prepared solutions. 

 

The scattering of PEI on the NPS (Ag–graphene) in solution leads to a marked change in the 

Raman spectrum. Noticeably, a decrease in intensity is observed for the bands corresponding 

to the formation complex (conductive polymer composites) which caused shielding, then shifted 

the amino(N-H2) bending peak closely. There are both asymmetric and symmetric stretching 

vibrations that, are carefully shifted upwards in PEI solution. PEI is one amino group carrying 

polymers. Through Raman spectrum of PEI/ electrolyte salts, Ag and Cu peaks disappear on IR 

spectrum  Figure [7-5], Our explanation reasons that a pair of electrons on the donating nitrogen 
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atom on Aminos groups, conjugates and forms a complex with NPS (Ag and Cu), which has 

been confirmed by EDX and TEM analyses[381]. 

The particle size.it is considered one important method to judge on our physical properties 

prepared solution through charge transfer movement, carrying charge, depletion, and 

flocculated particles.   

 

Figure  7- 6:  Frequency size analysis of the prepared solution 

Furthermore, Particle size analyzer is considered one of the important characterize techniques 

used to describe the physical distribution of particles in phase and stability of solution  ( inter-

interaction ) or intra –interaction molecules ( van der Waals force ) Also, it gave us surface 

charge of nanoparticles( Ag, Cu  ) colloid in solution .by forming a double layer ( ions charge )  

from outers hare of NP charge and the solution, these ions pass through solution carrying 

charge. So if particles are too much size then it gets be depletion and aggregated then 

precipitated to become low efficiency in solution .through picture (6- 6) using modules used 

Malvern Instruments model NO. Zen 3600 Zeta sizer. GO-PEG-Cur aqua was diluted with DI 
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water and put in a zeta cell. Each spectrum was obtained using 25 scans. This analysis was 

repeated three times to detect Graphene and Ag NP  in PEG, EG, Glycerol, and PEI   solution. 

Glycerol and electrolyte solution were found withholding aggregated crystals of potentially salt 

crystalline flocculated graphene nanotubes and Rheology of organic composition. This results in 

detrimental charge transfer properties in our prepared solutions[382]. 

Inductively   coupled plasma characterization. 

This analysis had been done to qualitative the existence of Nano metals by using Inductively 

coupled plasma is a physical method of chemical analysis set aside confirmation of most of the 

elements simultaneously at a few minutes off preparation. Concerning Figure [6-7], it appears 

that sliver, Aluminum, and Copper are present in our prepared samples.We conduct that test to 

detect and measure qualities and quantify main elements inside prepared composite material 

besides its consider highly sensitive, its high degree of selectivity. Regarding figure [6-7 ], it was 

noticed many element spectra appear like Ag, Al, Cu, and Na, that is confirm dispersed metallic 

ions inside prepare solution and mobility of free ions inside the fluidic solution. All test has been 

carried out in Nano QAM ,Montreal,Canada  
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Figure 7-7: ICP for compositional analysis of the plain electrolyte solution. 

 

Morphological study of fluidic solutions (TEM and EDX characterization). 

Morphological and particle size studies hence, assert the existence and spread of Ag NPs (20-

25 nm) was too small in the proximity of the larger PEI (25 nm) as depicted by the TEM results 

(Figure 7-8). By Correlating the results from the particles size distribution and TEM images 

(Figures 7-8a and 6-8b), it is clear that the small particle sizes can move freely without 

considerable restriction.  
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Figure 7-8  :TEM of different miscible solutions. (a-b) TEM of PEI Electrolyte–Graphene, 

(c-d) TEM Glycerol/ Electrolyte–Graphene, (e-f) TEM of EG/ Electrolyte–Graphene, (g-

h) electrolyte –graphene/ PEG, (i-j) Electrolyte–Graphene, k) EDX of Electrolyte 

/Graphene–EG. 

Furthermore, smaller particles have greater ease in charge transport due to the large surface 

area to volume ratio. Also, there is a significant distribution of nanoparticles in all the prepared 

solutions, apparently more abundant in PEG solution than PEI and glycerol solutions. This 

implies that the polarity of the hydroxyl groups of PEG easily attached graphene by hydrogen 

bonding as is shown in Figure (7-8). Although glycerol contains three hydroxyl groups, it seldom 

appears in the TEM images. The high viscosity of glycerol may have affected its interaction 

ability with nanoparticles (Ag, Cu, and graphene). This reasoning could appoint the flocculation 

and aggregation remarked in the DLS results Figure (6-7), and reinforced by the glycerol TEM 

(Figures 7-8(c –d).  Supplementary evidence of metallic bonds among NPs of the same element 

(Ag-Ag) and (Cu-Cu) producing aggregated sediments is shown in (Figure 7-8). Graphene 

nanotubes are visible in all TEM photographs (Figure 6-8), despite shattering into fragments, 

due to small crystal masses of Cl–, Na+, and K+. These salt were investigated by EDX (Figure 
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8-k).Although there were similarities in the structures of polyethylene (PEG) and Ethylene Glycol 

(EG) (Figures6- 8e and –h), there was homogeneity within the surface morphology of the two 

components. Small holes and flocculated spots, raised evidence of bond formation or active 

sites between hydroxyl groups and other metallic nanoparticles (Figures 7-8-e and f). TEM for 

glycerol/ electrolyte–graphene illustrated by (Figures 6-9-c and –d) portrayed many massive salt 

crystals deposited, covered by a jelly substance or layer of glycerol with some metallic NPs 

dispersion of different size ranges (15-35 nm). Regarding the electrolyte salt, solutions with 

Nano Graphene (Figures7-8 (i –h) illustrated the formation of graphene nanotubes inside the 

electrolyte solution containing 0.2 M of (CuSO4, Ag Cl, AgNO3, Na Cl, and AlCl3) salts. 

Clustered inside those Nanotubes were large numbers of Nano-metals like copper, silver, and 

aluminum which have respectful sizes of 15, 25, and 20 nm. Sufficient proof of homogenously 

distributed metals and suspensions with relative bonds between them was found. There was a 

broken-down graphene nanotube, possibly issued by precipitations of some species. For 

example, Ag forming Ag Cl. As a remedy, Ph was decreased into a mildly acidic medium, 

favoring the soluble form of the salts and perhaps repacking the nanotubes (Figure 7-9). Figure 

7- 9 displays M-M nanoparticles on the surface of graphene sheets, which set up two layers of 

different charges (resonance). The negative charge is carried by graphene and the positive 

charge is carried by the nanoparticles (Ag, Cu, and Al). Electrolyte–graphene/ PEI according to 

TEM of representations (Figures 7-8-(a) and – (b) depict the smooth morphology without any 

flocculationsnor aggregations of nanoparticles. The fine particles of Ag, Al, and Cu submerged 

inside the graphene sheets, confirmed by EDX (Figure 7-8k), seen are around (10-25 nm)). 

There is no depletion or massive crystals formed as observed in the previous figures. Our 

explanation, although organic solution has shear strength associated with its viscosity ( carrying 

particle ), it also obstructs the movement ions and causes deposition. Also, Figure (7-8)(I,j ) 

show the images of Nanotubes graphene. It is possible to confirm that the graphene structure is 

formed by several thin layers arranged in stacks. Moreover, there is an oxidation process was 

happened for graphene slight changes appear in its surface morphology, with a rugged 

appearance with several lappets. This wrinkled or rugged portion might be explained by the 

oxidation process to elevated hydroxyl and with cations species in the solution created 

resonating electron inside carbon graphene structure depending on sp2 hybridization of carbons 

(planar structure) to switch to sp3 (tetrahedral structure). We could be mention another 

observation that the Graphene Oxide is formed on a layered structure might be associated with 
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material oxidation, since more degree of oxidation, most spaces are between the functionalized 

layers. Dikin et al (2007) investigated the same spotted during conducting a layered structure 

with several folding. [383-386]  

UV Characterization  

Characterize different prepared solutions by using Lambda 750 UV-vis-NIR spectrophotometer 

from Perkin Elmer, Nano-QAM, Montreal.it used to deionized water as blank sample Figure (6-

9) represented  UV absorption spectra of comparing serious   0.2 M OF prepared 

solutions(electrolyte, electrolyte –graphene, PEG  electrolyte –graphene, EG – electrolyte –

graphene, PEI – electrolyte –graphene, and glycerol – electrolyte –graphene ). Upon comparing 

the absorbance spectra of the prepared solutions, as can be seen in Figure (6-9), the absorption 

spectra of the electrolyte salts reveal strong absorption in the 280–300 region, matching with the 

p–p* transitions of the conjugated graphene nanotube rings. Many peaks appear in the region at 

wavelengths between 320 and 285 nm in the case of PEG/ electrolyte-graphene and electrolyte-

graphene. Could be assigned to n–p* transition of Ag-Ag nanoparticles metals to Graphene 

molecules.[96]In contrast, the disappearance of that peak by using PEI, glycerol The importance 

of using Graphene in metallurgical applications is owed to high plasticity, low melting point, and 

relative stability with different material alloys (graphene–Ag, Graphene –Cu). Normal and 

derivative absorption spectra were recorded by   UV/vis in the following figure (7-9).  In addition, 

we have seen different physical recorded peaks for metallic suspension on the fluidic solution, 

that is interpretation, mobility of free ion charge,[387] reversible redox reaction and miscibility of 

prepared solution without aggregation or any precipitation complex during the process. On the 

other hand, graphene works as an ionic bridge between both sides of the electrochemical cell of 

the reaction.  
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Figure  7-9 : Compilation of the absorption spectra of the different fluidic solutions. 

7.5   Conclusion 

Organic and inorganic nanocomposite materials play important roles in modern life. For 

example, nanoparticles or nanowires are mostly used in biological sensors to magnify their 

applications through nanowire electrical conductivity, electronic configuration, or modified way of 

nature. Nanoparticle complexes interact with matter. In the case of nanomaterials, they are 

usually employed for modifying the core or interface components.  

Transducers are responsible to quantify the generated signal in the presence of the target 

object. Analytic measurements on the other hand, With a worldwide trend towards the effective 

use of electrolyte solutions in different fields like renewable energies, rechargeable battery 

technology, and biomedical sensors have especially steadily increased. Many researchers have 

stepped forward in developing electrolyte material by enhancing some improvements over salt 

concentrations in suitable salt solvent combinations. Contributing technical advantage lots of 

data of merit over alternative materials. Thus in this work, we have acquired fluidic solutions that 

will be applied in antenna fabrication. The highlighted properties are mainly conductivity, 

flexibility (viscosity-cohesiveness), non-toxic and compatible composition.   

Author Contributions 



 

131 
 

Dr. Nedil is completely responsible for  Conceptualization, Data curation, in addition to 

Investigation,  Prof . Fouad is a  Formal analysis data acquisition, Project administration 

supervision. DrSiaj is facilitated all, Resources, and  Software in his lab.  in UQAM, Montreal, 

Ameen  is collaborated in the collection data ,conducting experiments  , Validation, 

Visualization, Writing original drafts, Writing-review & editing with his advisors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

132 
 

CHAPTER 8 

INTEGRATED MATRIX INCORPORATING IMIDAZOLEGRAPHENE ASSAMBLED 

MATALLIC COPPERAND SILVER NANOPARTICALS TO BE  A FLUIDIC ANTENNA 

DEVICE  

Author(s): Ameen Abdelrahman1, Fouad Erchiqui2 and B M. Nedil3 

1School of Engineering, Université du Québec en Abitibi-Témiscamingue (UQAT),445 

Boulevard  de l’Université Rouyn-Noranda (QC) J9X 5E4,   abda02@uqat.ca 

2,3 Professeure- d’université | UQAT - Université du Québec en Abitibi-Témiscamingue 

445 boul. de l'Université Rouyn-Noranda J9X 5E4 819 762-0971 

Current Nanomaterials, ISSN (Print): 2405-4615,ISSN (Online): 2405-4623  

Published on: 14 February, 2023, DOI: 10.2174/2405461507666220516152840 

Abstract 

In that work, we get to enhance the unique conductive of imidazole from  (>1 × 10−5 S cm−1 to 

1.2 × 10−4 S·cm−1  using Graphene and grafting Silver and copper Nano metals, which it worked 

as active sites and charge transfer based on Graphene barrier.  Studying the Electrochemical 

behaviors and reaction mechanism using Cycle Voltammetry (CV) electrochemical technique. 

and it was reported multiple electrochemical reaction (redox) series between Imidazole and their 

complex .in order to justify the imidazole complex, We conduct various characterization 

likeElectrochemical impedance spectroscopy (EIS), Raman, Fourier-transform infrared 

spectroscopy (FTIR), Proton nuclear magnetic resonance 1HNMR, and particle size analyzer 

has been performed to imidazole and their `composite mixture to  evaluated the conductive 

solution to be ready in future work as an application for the fluidic antenna device 

 



 

133 
 

Keywords  

Imidazole, graphene, copper–silver alloy, impedance, characterization  

8.1   INTRODUCTION  

Today, Nanocomposite materials consisted of metal nanoparticles, Silver, Copper Graphene, or 

organo-clays distributed into a polymer matrix reveal a significant absorbing property due to 

their unique physical and chemical properties. [388-389] For example, Epoxy/Metal composites 

were applied in microelectronic packaging for embedded capacitors, optical, fluidic antenna, and 

lead-free interconnecting materials. [390-395] As well, Nanostructured particles like nanowires, 

nanotubes, Nano rods, or nanofibers are playing an essential role in the manufacture of 

electronic devices and nanocomposites. Metal nanowires such as silver and copper nanowires 

(Ag or Cu NWs) were employed as conductive materials in many fabricated process.[376–

386]Within the past decade, Metal−organic and  Absorptive coordination polymers have been 

exhibited to be good conducting materials,[397-399] due to  because their  intrinsic structural 

features like ,  tunable porosity, highly crystalline nature , and  tailorable functionality. The 

conductivity of polymeric materials  strategy is  involving the complicated preparation methods 

,like  encapsulating special nanomaterials  into the pores of polymeric matrix  to facile  and 

enhance the performance  proton conductors.[400-403] 

Kitagawa and co-workers were  worked on encapsulation of imidazole molecules into 

porous  polymeric compounds  using a  composite  some protonic conducting 

materials;[394]recently , considerable research attempt have been allocated to embedding  the 

N-heterocyclic atoms  (e.g.,Triazole, histamine ,and imidazole,) into the hole of various porous 

materials, like  graphene ,clay and carbon nanotubes[404,405] or  covalent organic 

structure,[399-401]and mesoporous organosilicons. [406]In order to get  the objective and  

evolve high-performance conducting materials. Imidazole is a  heterocyclic compound  

containing two  donating N atoms, each N atom  has a pair of electron which it capable of   

creating  resonance of charge  on imidazole molecule .Adding  or Grafting Nano particles and    

Organic–inorganic to the composite materials will be enhanced  and enrich whole physical and 

chemicals  characteristic of liquid.[407-408]Moreover , The preparation methods  of metals 

inorganic–organic composites matrix  has  also attracted much attention due to it may display 
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an excellent tunable physical properties,  like electrical , mechanical and optical  properties, as a 

result of cooperated properties of both organic polymers and inorganic metals.[409-411] 

On the other side Researchers and Scientists are looking forward to developing sustainable and 

environmentally friendly materials resources.[412] Materials Engineers and specialized 

Researcher   have to followed up with various approaches to synthesize and enhance both 

proton and ion conductivity in the biomedical field, specifically in sensors, and fluidic antenna 

chips fabricated. Proton-conducting materials are of much interest for various uses in different 

applications such as fluidic antenna, energy conversion and storage applications, Biological   

and Environment sensors. Particularly ,  Anionic electrolyte combines performance, efficiency, 

stability, and be operated at different temperature ranges.[413]Protonic solution  species  is 

distinguished by  a lower activation energy to convey through a liquid or solid-state crystal 

structures and associated interfaces due to the tiny ionic radius and lack of an electron cloud as  

compared another  conducting ionic species like  oxygen ions (O2-).[412]Moreover, the 

electrical characteristic for boundaries of nanostructured ionic conductors has attracted 

considerable attention by numerous scientists.[414,415] 

 Park et al. fabricated Nanostructured yttrium-doped barium Zirconate (BaZr0.9Y0.1O3) and 

study its grain boundary of protonic conductivity. As well as, Proton conductors solutions are 

very appealing due to their higher efficiency and low activation energy, thus it encourages 

various of scientists to work on that point: for instance, Zhao et al.[ 416 ].Elleuch traveled over 

an oxalate co-precipitation process.[418]Richter utilized a solid-state reaction method.[417] Zhu 

et al. applied a wet chemical method.[419-420] Many Researchers are preferred the co-

precipitation methods[421] in their experiments   to prepare the electrolyte protonic solution. The 

ionic liquid has unique properties and it can fulfill a cycle economics and environment protection 

due to its advantages inclusive of non-toxicity property and non-flammability, low vapor 

pressure,  conductivity, high intensity of charge transfer, and good stability performance which is 

served electrochemical application.[422-424]Malavasi et al. mentioned that nanoscale material 

show important  side effects in their reaction mechanism  because it has a short diffusion 

lengths and large density of  molecule interfaces, Eventually it is  consider a good evidence to 

justify the  effective nanomaterial commended and the grain boundary interfaces.[58, 59] 

Nobody denied the importance of  Ionic liquids(IL)  structural is playing an essential role in the 

electrochemical synthesis and  reaction mechanism . There are many factories is also effect on 
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the ionic conductivity of solution ,like  Temperature controlling limits, self-assembly, coordinated 

bonds , particles movement , viscosity,  and associate functional properties. One of the main 

function is Self-assembly processes, it involve different types, cations, anions, and side-chains 

depend on the nature of base solution.  Ionic liquids is also characterize by delocalized charge, 

which is responsible for intra-molecular interactions between molecules at less intensity. The 

organic and heterocyclic compounds' cations and anions of ionic liquids are mostly stabilized by 

resonance with highly delocalized charges.[425] Furthermore, their functional properties could 

be well-tuned, to be capable of creating an infinite number of different structural alteration with 

changing cations, anions, and substituents [426-427] 

In that paper we reached to create a conductive solution, its specificionic conductivity equal 1.2 

× 10−4 S·cm−1  .It   will be an active side of fabricated antenna device, addition to conduct 

several of analysis and characterization to evaluate the fabricated fluidic antenna such 

as[particle sizer analyzer, Proton Magnetic Resonance, and ICP coupled analysis] to assess 

fabricated fluidic liquid. 

8.2 EXPERIMENTAL   

8.2.1  Chemicals and Reagents 

 Imidazole and organic solvents   were  purchased from sigma –Aldrich (Toronto ,Canada  ) ,  

Graphene Nano powders  (purity > 99%, 300 mesh) was bought from sigma –Aldrich  Co. Ltd. 

(Canada).Most of Nano metals   and other salts  (copper oxide, sliver acetate , and sliver nitrate 

(purity > 99%, )) were   delivered  by  scientific fisher, Canada  used  ,n-Hexane, THF were 

purchased from sigma Aldrich,  Canada.  

 

8.2.2 Preparation Methods  

8.2.2.1 Prepared electrolyte solution enriched graphene. 

Electrolyte salt solution has been  Prepared using  0.2 M of  (AgNO3, and Cu O ) salts ,string 

ultrasonic for 45 minutes  , then  mixing with  5 ml of solution contains (0.05 g  suspended  

graphene/assembled (Ag ,Cu Nano-metals ).   
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8.2.2.2  Preparation of Silver/copper –Imidazole Complex 

 Take 5 ml 0.2 M. of Silver acetate (Ag Ac) solution, then add 0.2 of Copper Oxide (Cu O), 

magnetic string for 30 minutes at ambient temperature, then mixed with (5mmol.)   Imidazole 

solution for stirring overnight. 

8.2.2.3  Synthesis Colloid mixture imidazole/Graphene Metals nanoparticle.  

In order to obtain fluidic solution, we mixed the same ratio of imidazole solution (50V/50V) with 

Graphene Metals Mixture, stirring for 3 Hrs.   (Completely homogeneity), as shown as in figure 

(8-1) then it will be ready to characterize and applicable.  

 

Figure  8-1 : Reaction pathway process of Fluidic Imidazole complex. 

 

8.3 Instrumentation 

Ft-IR characterization,all analyses and characterizations are done using Spectrometer 

model Nicolet 6700/Smart FTTR at Nano QAM, Montreal Canada,and Attenuated Total 

Reflectance (ATR) which is used a Thermo- Fisher Scientific (diamond plate) as sampler carrier, 

operated by Omnic software. The absorption spectrum is covered a region between 650 - 4200 

cm-1. 
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Raman spectroscopyis usedto investigate the prepared imidazole, imidazole /Graphene 

and Imidazole, Imidazole/ Graphene /(Cu, Ag) NPs.  Instrument Model: Renishaw, in Via Reflex: 

This Raman microscope includes an optical microscope (x5, x20 and x50) coupled to a Raman 

spectrometer with two sources of lasers (532 nm and 785 nm). Optical microscope is usually 

utilized to enlarge and detect the sample areas, spectrometer diffuses with a resolution of 2 µm. 

Electrochemical characterization isone technique used to detect the  potential of fluidic 

solution to be a  good conductive .One of that technique is  the Cyclic voltammetry (CV) ,which 

is consist of potentiostat-galvanostat  including  8 channels optimized  (10V, 4A). Model: 

Solartron Instruments, 1470/1255B Coupled with the 1255B frequency analyzers. It is 

characterized by high performance linked with versatile Corrware / Corrviewoperate software 

makes it easier to implement all of the electrochemical characterization methods. This 

equipment also allows to measure electrochemical impedances and potentiometric cyclic 

voltammetry. All analysis has been carried out at Nano QAM center, Montreal. 

H1NMRCharacterization used for analysis imidazole solution is a Varian 600 MHz NMR 

spectrometer (Inova) located in Nano QAM  Montreal, Canada. 

Particle size distribution  

All Characterization has been performed using Zetasizer Nano S90 (Malvern) device, 

modal Nano S90 analyzer at Nano-QAM, Montreal. 

ICP coupled analysis is used for chemical analysis allowing to measure entire elements 

simultaneously inside mixture solution. Instrument is ionization chamber, Model: Agilent 

Technologies, 5100. It consists in ionizing the sample by injecting it into an argon plasma 

(temperature around 6000K. 

8.4 RESULTS AND DISCUSSIONS 

8.4.1 FT-IR spectra characterize  

With regard to Figure [8-2]  isillustratedthe specific spectrum for imidazole, imidazole/Graphene 

and their complex mixture (Graphene /Metals nanoparticles suspended in electrolyte and 

imidazole). Various spectrum had been recorded on figure such as the hydroxyl group (-OH-) 

absorbed region located at 3650 cm-1. Moreover, two identical peaks which involved 
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asymmetrical stretching and bending vibrations restricted to C-C, C-O and C-H groups. The 

imidazole C-H symmetrical bending group was also reported at 2880 cm-1. Methylene CH2 

group is observed at  wavenumber of 1470  cm-1 ,as well as , C-O function group  is  manifested 

at 1360 cm-1 and 1284  cm-1.different range of  strong  and week peak   had been recorded at 

950 cm-1 to  840cm-1 ,it is specific for C-H  aromatic hydrocarbon. Furthermore a peak for C-N 

group is appeared at 2180cm-1   .   On the other hand, two or three sharp bonds arose at 700 – 

900 cm-1. These peaks are confirmed that the electrolyte salts halogenated attached with 

carbon atoms .Also, spectra of imidazole, and its colloidal are show in Figure[8-2].  There are 

many sharp: spectra at 475 cm1 could be assigned to various Metals Element. Another peaks 

spectrum around at 2940 and 2839 cm-1 connected to the stretching of C–H and Aromatic –H 

bond back to structure imidazole. As wall as a strong sharp band appear at 1630 cm1was 

allocated to the C=N bond fingerprint for imidazole compound.   (Imidazolium ring) is   observed   

spectra   at 1631 cm-1. Which agree with pervious literature.[428] 

 

 

 

Figure 8-2 : Ft-IR spectra of different Fluidic Imidazole solutions 



 

139 
 

 

8.4.2 Raman spectroscopy  analysis. 

Figure [8-3] is explained the transmission spectrum intensity   for imidazole samples related 

wave length.  There are several a wide bands peaks of scattered light have been appeared on 

the spectra for different material compositions, specific at 1580 cm-1 that indicted for carbon 

skeleton of Graphene structure.  Furthermore another broad peak located at 2710 cm-1, and 

2700 cm-1 correspond to the 2D band of Graphene, addition to report several peaks are not as 

intense and broad. On the other hand , existence of  transmission intensity peaks inertly O-H at 

3150 cm-1 .The intensity of some pecks is  week and broad  ,it might be effect of assembling 

Nano particles(Cu, and Ag) in side  solution , it formed  metallic bonds as well as hydrogen 

bonds. 
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Figure 8-3: Raman spectroscopy of different fluidic imidazole solutions 

In order to conduct that voltammetry cyclic (CV) measurement. We should use three 

electrode electrochemical framework, involving carbon as a working electrode, Ag/AgCl 

reference electrode, and a platinum counter electrode. Different scanning rates (10 to 100 mV/s) 

were carried out during process.  Cyclic voltammograms diagram infigure [8-4] is display 

different redox electrochemical reaction for different specious related to change the current 

version with applied potential. Regarding to figure[7-4] ,There are several series electrochemical  

such as  oxidizing and reduction inside the mixture of (imidazole , graphene  and electrolyte 

salts) , due to  oxidizing  of Cu+2  to  Cu0   and  reduction  of Ag 0 to  Ag  in graphene bridge. Also 

, we noticed  different E (potentials difference) -0.24,-0.47 ,0.44 ,and 1.24V  in solution  contain  

graphene and (Ag,and  Cu) NPs  in imidazole  as shown as figure [8-4] . Several 

electrochemical reaction (Oxidizing and Reduction) take placed  inside solution. It leads to 

created many active sites in graphene surface between Metal (M-M) an M-π Graphene. Also, it 
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point out there are various ions transfer between reactants, change of energy and eventually it 

describe the potential ionic conductivity of fluidic Imidazole.[429] 
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Figure  8-4: Cyclic voltammetry (CV) of a) imidazole solutions, b) Imidazole/Graphene 

,c) Imidazole/Graphene/electrolyte, and Metals NPs 

 

8.4.3 Impedance (EIS) Measurement 

EIS characterize is another electrochemical technique   has been used to detect the conductivity 

of imidazole solution. More over The impedance (EIS) results is one way to describe 

physicochemical properties of our prepared solution such as ion conductivity, ions and   charge 
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transfer   and electro chemicals reaction. As well as Masstransfer, and kineticsenergy varied 

with frequencies ranges. The instrument is composed of Novapotentiostast software, which is 

providedus electrochemical impedance measurements at open cyclic volt (OCV) and CVs. In 

this experiment, we  reached to record  the ionic  conductivity  of series different solution ( 

imidazole/graphene ,Graphene /(Cu, Ag)NPs, and Imidazole /(Ag, Cu)NPs/Graphene )   at 

applied  frequencies from 3 MHz to 1 KHz and fixed at open circuit potential (OCV) = 0.42 V . 

We used three electrode setup (working, reference and counter electrodes) to do the 

characterization. The ionic conductivity of solutions (σ) were calculated according to the 

equation above where (Ω) is the real impedance electrolyte, L (cm) is the thickness of the 

working electrode, and S (cm2) is the electroactive surface area of the electrode according to 

Equation.   

        (8-1) 

Nyquist plots in  figure [7-5]  is  delineated of the different  prepared solutions .it  represented  

the  impedance plot ( imidazole/graphene ,Graphene /(Cu, Ag)NPs, and Imidazole /(Ag, 

Cu)NPs/Graphene ) measured at ambient  temperature.  With regard to figure [7-5], we noticed 

the ionic conductivity of solution   is increased as Graphene/ (Cu, Ag)NPs>>Imidazole/ (Ag, Cu) 

NPs/Graphene >>imidazole/graphene. According to real resistance (Z’) values 49Ω,100Ω, and 

148Ω. By studying the individual curve for each prepped solution .incase mixture imidazole 

/NPs/Graphene, ionic conductivity is increase with the increase of the imidazole / graphene with 

metals nanoparticles (Ag, Cu).   It could be related to the increase in the density of mobile 

charge carriers in solution. that due to two reason ,conjugation π-π bond (resonance )  

graphene particles and imidazole ,addition to redox of  graphene to graphene oxide and  

imidazole has become has a pair free electron  in solution .In case imidazole /Graphene solution  

,although graphene is good conductor materials ,but   a tiny viscosity of imidazole solution has a 

negative effect on mobility ions ,thus it coated the graphene particles with viscous outer shall, 

minimize inter-inter action force between particles ,eventually it leads to cause resistance of 

solution  .  
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Figure 8-5 :  impedance   of Imidazole/Graphene /Ag NPs, Graphene /Ag NPs, 

andImidazole/Graphene 

8.4.4 H1 NMR  Characterization. 

With regarding to  Figure [7-6] pointed out the H1NMR characterize of serious solution 

composed  from imidazole, imidazole /graphene and solution of imidazole/graphene /electrolyte 

salts using NMR spectrometer.The spectrum of the pure imidazole Figure[8-6] demonstrate a 

strong aliphatic and aromatic peaks ,addition to N–H resonance which is   recorded at a high 

Frequency. Imidazole sharp peaks is reported at 7.49, 7.36, 4.82, and 5.25 ppm respectively. 

On the other side. Resonating peak has been observed at heterocycle region at   higher 

frequency .it is finger print for imidazole   cyclic ring. The importance of nitrogen atom in 

imidazole structure is contained a pair of electron, whichis ascribe ‘‘mobile motion ’’ protons, 

whose dipolar- dipolar interactions were remarkably   by the molecular motion lesson. As far   

N–H resonance behavior was orderly with proton transfer, withan intensity of the aromatic 

resonances indicated be   reduced. 
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1H NMR spectroscopy is also, one of the best instrument   allow us to go into directly the 

protons charge as the main responsible for ionic conductivity in that colloid solution. For 

imidazole heterocyclic compound, anisotropic conductivity has been adduced and assigned   to 

H-bonding direction in the crystalline material Throughout  NMR spectra, we got  excellent 

evidence based on  sensitivity and high  resolution, due to  1H chemical shift is  responsible for 

an indicative  individual protons, especially  in presence hydrogen bonds in structure . 1H NMR 

chemical shifts  is used to detected and be more  sensitive to H-bonding and  aromatic ring  in 

the current effects, that  analysis  is built up on previously literature  

Although  Graphene is enhance the conductivity of solution ,due to  rich electron clouds (π-π) 

but the viscosity of imidazole solution  or imidazole content  has a negative  effect on the proton  

transfer inside solution that is also appear in figure [7-7]There is high peaks appear at 5 ppm  it 

described Graphene structure in imidazole solution . Regarding Figure[8] is demonstrated   the 

assembling of nanoparticles metals (Sliver, and Copper) inside imidazole solution. Different 

peaks were appeared at different concentration 7.81, 7.17, 4.83, 369, 340, 2.77, and 1.22 ppm. 

That is lead to the local mobility of the grafted Copper and silver Metals in imidazole solution 

was highly promoted a protonated imidazole rings, forming N–H+ charged groups.[430] 

The proton transport rate between N–H+ and –Ag or   redox among N–H+ groups and Cu+2  

Furthermore ,it leads to protonic solution carrying ionic charger .On the other hand, figure [8-9] 

is illustrate the chemicals shift of HNMR for conductive mixture formed from imidazole, 

electrolyte solution and (Copper ,Silver) nanoparticles  .We noticed slightly shifted for some 

peaks in structure appear at 3.69,3.48,3.16,2.27,and 1.22 ppm . It is good evidence to 

assembling of Nano metals on graphene inside imidazole mixture, furthermore created new 

activate sites on structure, it makes it anionic solution enrich cloud charge. 

 

 

 

 



 

145 
 

 

Figure 8-6:1HNMR a) imidazole 

 

Figure 8-7: 1HNMR b) Imidazole /Graphene Solution 
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Figure  8-8: 1HNMR solution contain Imidazole /Metals (Ag,Cu ) NPs  and Electrolyte 

solution 
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Figure  8-9 : 1HNMR Colloid solution (Graphene , Imidazole and suspended Metals 

NPs)  

8.4.4 particle size Analyzer   
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Figure 8-10: particle size analyzer of Fluidicprepared solution 

Regard to Figure [8-10] is describethe particle size analyzer of prepared solution Imidazole 

/Graphene, Graphene Ag nanoparticles solution, imidazole /Ag, and theirmixture. The technique 

is used to measure and justify the suspended particle size in fluidic solution. It is associated with 

Red laser (632.8nm, 4 mW), and operateda  Zetasizer instrument at   90 deg receptor angle, to 

make it easier  the detection of particles around 1nm to 10 microns diameter. It is consider an  

important way  to  describe  a physical properties of different  prepared solution, throughout a 

charge transfer movement ,carrying charge ,depletion particle charge movement ,and 

flocculated particles.Moreover , Particle size analyzer is used also to  characterize particles  

distribution inside colloid  phase based on movement particle  stability of solution  ( inter-

interaction ) or intra –interaction molecules ( van der Waals force ) .Graphene /imidazole in  

figure [8-10] ,the particles size is counted 3580 nm ,it is relative bigger comparing to 

nanoparticles metals (sliver ,and  copper ) /imidazole  solution 103 nm . In other hand , we 

noticed the volume of particles is increased to 285 nm  in(Ag, Cu)  nanoparticles /Graphene  

solution in the same figure .It might be assembled of metals  nanoparticles on surface of 
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graphene  Referring figure [8-10] particles size is moderated, it recorded 2601 nm , that is 

indicator for coating of graphene/Metals NPs  with imidazole  shell , it might be  effect  on the 

motion of charge transfer inside solution, but the coordination bonds  like metallic, and hydrogen 

bonds neutralized that effect .there are forming of  some  aggregated crystals inside solution 

caused by flocculated graphene and  viscus rheology and  shear rate    of imidazole  organic 

composition ,then lead to change the size of suspended particles[431] . 

 

Figure  8-11: ICP for compositional analysis of the plain electrolyte solution. 

8.4.4 ICP Coupled analysis  

The plasma characterization is a physical method used for chemical analysis allowing to 

measure entire elements simultaneously insidesample. All Sampleswas prepared by dissolving 

in an acid (wet mineralization HNO3, conc.  2-5 %)to be analyzed. Samples are injected into the 

plasma, then generated by a pneumatic device (nebulizer). All samples characterization is 

performed at Nano-QAM, Montreal. Canada. 

With regard to Figure [8-11] isdemonstrated the main content of prepared samples at different 

concentrationmixture ,which is composed from suspended metals like Ag ,and Cu  addition to 
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Al, and  Na  which are the main contain of electrolyte salts solution . Carbon peak intensity is 

recorded high value, it due to Graphene structure, and carbon skeleton of heterocyclic aromatic 

(Imidazole). 

8.5 CONCLUSION  

The main objective of that work, to obtain a Fluidic conductive solution to be used inside fluid 

antenna chip.We reached to improve the conductivity of imidazole from (>1 × 10−5 S cm−1 to 1.2 

× 10−4 S·cm−1) by using different additives (Graphene/electrolyte salt, and (Ag,Cu) NPs.   The 

improvement of ionic conduction of imidazole is illustrated and evaluated using electrochemical 

impedance spectroscopy measurements, which is analytical technique to affirm the 

improvement of conductivity. Further, using electrochemical cycle voltammetry analysis to 

investigate the different electrochemical reaction inside liquid complex.  Particle size analyzer is 

also confirmed    imidazole mixture is compatible andhomogeneous withoutany particle 

deposition, aggregation as well, reforming Hydrogenbond (O–H....O and N–H... O) Between the 

imidazole molecules and others additives (Graphene and metals ions nanoparticles) in the 

solution which is based on, molecular rearrangements and surface energy variation. One of the 

main importance of hydrogen bonds thatis responsible for just enrich    . It due to Nemours of 

reversible reaction and ions transfer (loses and gain) insidemixture. All in all, we got unique 

conductive solution non-toxic, biodegradable, could be used as a fluidic antennadevice. 
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GENERAL CONCLUSION 

 

Finding a communication method similar to Intel for use in the mining industry specifically or in 

health and pharmacy in general is the major objective of this research.Due to their unique 

manufacturing requirements and the way these elements interact, these materials' features call 

for creativity in both development and manufacturing. Numerous flexible materials were created 

through research and analysis that function to receive or receive the signal at 2.4 KHz.In 

addition to using high-conductivity solutions, coarse solutions are also employed, and their 

properties are enhanced by the addition of non-metric materials including graphene, copper, 

and silver. Inside a specific variety of PDMS polymer are conductivity fuses. to perform the role 

of a microchannel fluidic antenna In order to end our investigation, this work includes more than 

7 chapters that illustrate, analyze, discuss, and apply the findings. 

 We research the mechanisms underlying the reactions of conductive materials. One such 

substance is graphene, which exhibits dual characteristics and occasionally serves as an 

electron transfer catalyst in petrochemical reactions (oxidation and reduction). Ionic charge 

inside of a solution could be enhanced by an additional electron at work. In addition, we used a 

variety of produced nanometals with their application method and behavior being studied, such 

as titanium oxide and gallium indium. These metals affect the final product's physical and 

chemical qualities. In addition, we work with eco-materials like clay (bentonite) and embed it 

with nano metals, as well as research the chemical make-up of clay and its capacity to enrich 

the ionic charge in the mixture. Numerous experiments had been carried out to investigate the 

various properties of novel composite antennas, including mechanical shear stress, youngs 

moduli, and flexiblity, in addition to electrochemical properties like EIS (electrochemical 

impedance spectroscopy), cycle voulimeric, and additional pyhical properties like surface 

morphology, (TEM), (SCN), and EDAX, as well as micrfluid channel durability.Additionally, 

certain studies and experiments on the thermal characteristics of innovative fabrications, such 

as TGA and DSC, have been conducted. 

Overall, we performed simulations and measurements using their calculations (return loss, gain, 

and directivity) for fluidic and composite chip microstrips, and the outcomes are excellent. 
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