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Abstract 

The development of radar absorbing materials (RAM) has gained significant 

attention due to their crucial role in stealth technology and electromagnetic 

interference shielding. In this study, we present the synthesis and characterization of 

a multi-walled carbon nanotubes (MWCNTs) based nanocomposite incorporated 

with MnFe2O4, Fe3O4, and Co nanoparticles for enhanced radar absorption 

performance. The nanocomposite was prepared using a facile and cost-effective co-

precipitation method, which ensures uniform dispersion of the magnetic 

nanoparticles on the MWCNTs surface. The resulting nanocomposite was then 

thoroughly characterized using various techniques, including X-ray diffraction 

(XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy 

(EDX), and vibrating sample magnetometry (VSM). The XRD analysis confirms the 

successful formation of MnFe2O4, Fe3O4, and Co nanoparticles in the 

nanocomposite. TEM and SEM images reveal the well-dispersed magnetic 

nanoparticles anchored onto the MWCNTs' surface, forming a stable and 

interconnected nanostructure. The EDX analysis further confirms the presence of 

MnFe2O4, Fe3O4, and Co elements within the nanocomposite. Moreover, VSM 

measurements demonstrate the magnetic behavior of the nanocomposite, indicating 

its potential for efficient radar absorbing applications. 

The radar absorbing properties of the MWCNTs-MnFe2O4-Fe3O4-Co 

nanocomposite were evaluated using reflection loss (RL) measurements in the 

frequency range of interest. The nanocomposite exhibited exceptional RL values 

over a wide bandwidth, signifying its potential as a high-performance RAM. The 

superior radar absorption performance can be attributed to the synergistic effect of 

the MWCNTs and magnetic nanoparticles, which provide enhanced impedance 

matching and multiple polarization mechanisms.  

Overall, the MWCNTs-MnFe2O4-Fe3O4-Co nanocomposite showcases great 

promise as an efficient and lightweight radar absorbing material. This study offers 

valuable insights into the design and synthesis of advanced nanocomposites for 
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cutting-edge RAM applications, opening up new avenues for the development of 

next-generation electromagnetic wave absorbers. 
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Chapter 1 

1 Introduction 

1.1 Background 

Radar absorbing materials (RAMs) constitute a category of materials purposely 

designed to absorb or disperse radar waves, resulting in the reduction of an object's 

radar cross-section (RCS). The RCS, which determines an object's detectability by 

radar, is influenced by factors like size, shape, and material composition[1]. The 

choice of RAMs relies on the specific application and the radar frequency to be 

absorbed, typically lying within the microwave spectrum (2-18 GHz) of 

electromagnetic waves[2].  

Since WWII, RAMs are being developed; at first Germany used carbonyl iron in 

rubber sheets to camouflage their submarines[3]. Afterwards research focused was 

shifted to development of effective RAM for stealth technology[4, 5]. 

To effectively reduce the RCS of an object, the RAM must be designed to absorb as 

much of the incident radar wave energy as possible. The absorption properties of the 

RAM depend on factors such as the composition, thickness, and structure of the 

material, as well as the frequency and polarization of the incident radar wave[6]. 

Typically, RAMs were made up of composite materials that were developed by 

mixing materials like carbon black[7], graphite[8], iron and carbon fiber[9] with 

polymers like foam and rubber, which were made in the form of sheets. These RAMs 

can absorb or scatter radar waves with 25% efficiency having a few centimeter 

thicknesses[10]. These materials are often designed to be lightweight and durable, 

play a critical role in modern military and civilian applications, including stealth 

aircraft, naval vessels, and ground-based installations[11]. 

Different types of materials can be used for microwaves absorption. Carbon-based 

materials (carbon fibers, carbon black, etc.) are used due to their high conductivity. 

Magnetic materials (iron, nickel etc.) are used to absorb microwave by converting it 

into heat, and they are effective at absorbing low frequency microwaves. Dielectric 
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materials (ceramics, polymers etc.) are used to reduce the reflection of radar waves; 

they are effective at absorbing high-frequency microwave. Hybrid materials (a 

combination of carbon-based materials, magnetic materials, and dielectric materials) 

can give the combine effect of all[12-14]. The selection of materials for a RAM 

depends on factors such as the specific application, frequency range, and desired 

level of absorption. 

Reflection loss (RL) is an important parameter used to characterize the effectiveness 

of a RAM. The measurement of RL involves comparing the radar signature of a 

reflective surface with and without the RAM. It is expressed in decibels (dB). A 

reflection loss of -10 dB or more is generally considered to be a good indication of 

effective RAM performance, and indicates that the RAM is able to effectively 

convert the incident microwaves into heat or other forms of energy that are 

dissipated within the RAM[15]. 

The absorption loss of radar waves in the materials is a function of materialôs 

conductivity, dielectric permittivity and its magnetic permeability[16, 17]. The 

reason of absorption of radar waves in the RAMs is due to the arrangement of 

magnetic dipoles within the material[18]. . This requires a careful balance of 

electromagnetic and material properties, including complex permittivity, 

permeability, and magnetic anisotropy. 

The field of nanotechnology and nanomaterials has witnessed significant 

advancements in recent times; leading to extensive research in the field of radar 

absorbing materials (RAMs) utilizing nanotechnology [16, 19-22]. Magnetic 

Nanomaterials used as RAM have excellent absorption properties but have high 

densities[23]. On the other hand, dielectric absorbers are light in weight but have 

less relative absorption[24].  

Both spinel and hexaferrite magnetic materials are commonly used for RAM, but 

they have different properties and advantages. Spinel ferrites, including magnesium 

ferrite (MgFe2O4) and nickel ferrite (NiFe2O4), possess a cubic crystal structure 

and are renowned for their notable electrical resistivity, low dielectric loss, and 
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excellent microwave absorption properties in the frequency spectrum. They have 

relatively low density and are easy to process, making them attractive for RAM 

applications. In addition, spinel ferrites have a high magnetic saturation, which 

allows for effective absorption at high frequency[25, 26]. 

Hexaferrite materials, such as barium hexaferrite (BaFe12O19) and strontium 

hexaferrite (Sr Fe12O19), have a hexagonal crystal structure and are known for their 

high magnetic anisotropy and magnetocrystalline anisotropy, which allow for strong 

magnetic alignment and control. They also have a high coercivity, which makes 

them effective for absorbing low frequency. However, hexaferrites have a relatively 

high dielectric constant and dielectric loss, which can limit their absorption 

properties at higher frequencies[27]. 

Over the years, substantial advancements have been achieved in the field of radar 

absorbing materials (RAMs), employing various approaches to enhance their 

absorption capabilities. These include composite materials, multilayer structures, and 

frequency selective surfaces, as well as the development of new magnetic materials 

and nanocomposites[28]. 

Despite these advancements, the design and development of effective RAM 

materials remains a challenging and active research area. The unique properties of 

the combination of carbon nanotubes (CNTs) and spinel magnetic materials have 

positioned it as a potential material category for high-performance RAM 

applications[29]. 

Carbon nanotubes (CNTs) have already been studied as a promising material for 

extraordinary-performance RAM applications due to its unique properties. CNTs are 

allotrope of carbon that has a cylindrical nanostructure, with a high value of aspect 

ratio and surface area. They have excellent electrical and thermal conductivity, high 

mechanical strength, and low density. The use of CNTs in RAM can be attributed to 

their strong electromagnetic interference (EMI) shielding properties, which are 

related to their high electrical conductivity and dielectric loss. CNTs can absorb 
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electromagnetic radiation over a wide range of frequencies, making them ideal for 

use in broadband RAM applications[30]. 

Similarly, magnetic materials-based RAM has been extensively studied for achieving 

high absorption properties. These materials possess a unique combination of 

magnetic, electric, and dielectric properties that can be tuned to optimize their 

absorption performance in the radar frequency range. These materials can absorb the 

incident electromagnetic radiation by converting the electrical energy into heat 

through the loss mechanisms of magnetic resonance, eddy currents, and natural 

resonance. The magnetic nanoparticles are generally ferrites, spinelôs, or 

hexaferrites, which exhibit high magnetic permeability and strong magneto 

crystalline anisotropy[31]. 

Spinel magnetic materials possess a high magnetic moment and excellent magnetic 

anisotropy. The magnetic anisotropy in spinel magnetic materials is caused by the 

arrangement of ions on the crystal lattice, which results in a directional preference 

for the magnetization of the material. 

The use of spinel magnetic materials for RAM applications has several advantages 

over other magnetic materials, such as hexaferrites or garnets. These advantages 

include a high magnetic permeability, low magnetic loss, and excellent stability 

under high temperatures and corrosive environments. The high magnetic 

permeability of spinel magnetic materials enables them to effectively absorb 

electromagnetic radiation over a wide range of frequencies, while their low magnetic 

loss ensures minimal energy loss during absorption[32]. 

Combining these two classes of materials allows for the synergistic effect of their 

individual properties, resulting in a composite material with enhanced absorption 

properties. 

1.2 Objective 

This research aims to develop optimal composition of hybrid nanomaterial (carbon 

based and different magnetic nanomaterials) based RAM to achieve the best possible 

performance.  
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1. The design and development of hybrid nanocomposite (MWCNTs and 

magnetic material) based RAM by careful selection of material based on its 

magnetic properties.  

2. Optimization of the magnetic and dielectric properties of the individual 

nanocomposite by careful control of synthesis parameters such as the size, 

shape, composition, and concentration of the nanoparticles attached on CNTs.  

3. Preparation of hybrid nanocomposite of CNTs with all magnetic materials.  

4. Investigate the properties of prepared individual nanocomposite and hybrid 

nanocomposite by various characterization techniques to optimize to provide 

a high-performance and lightweight RAM solution for a wide range of 

applications. 

1.3 Organization of Thesis 

In chapter 2, a complete literature survey on microwave absorber, its design, 

mechanisms, and design of low dimensional materials is discussed.  Chapter 3 

contains the detailed experimental procedures of the synthesis of nanocomposites, 

materials used and characterization techniques employed to evaluate the synthesized 

nanocomposite for RAM application. Chapter 4 is focused on the results obtained 

from different characterization and its discussions and finally the conclusion of this 

work in chapter 5. 
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Chapter 2 

2 Literature Review 

2.1 Stealth Technology 

The successful execution of missions for combat aircraft relies heavily on speed and 

visibility. To achieve this, combat aircraft must penetrate the enemy's territory 

undetected, leaving no trace behind. Stealth technology, also known as low observable 

technology, is utilized in various platforms such as vessels, aircraft, missiles, 

submarines, and satellites to avoid being detected by radar, sonar, infrared, and other 

surveillance systems[33]. The main goal is to hide the precise position and presence of 

defensive weaponry from potential adversaries. 

Stealth aircraft can fly for extended periods of time while carrying out armed missions at 

elevated speeds and elevations without being seen by hostile sensors. Among the most 

important considerations in tactical strategy is stealth. This not only influences the 

success of missions but also improves the ability to survive in hostile areas. Radars 

operate throughout a wide range of microwave and radio frequency bands, making them 

one of the main threats in detection. They can be dispatched from a number of land, air, 

and marine platforms and operate continuously in all types of weather [34]. 

The commonly used microwave frequency bands, such as L band (1-2 GHz), S band 

(2-4 GHz), C band (4-8 GHz), X band (8-12 GHz), Ku band (12-18 GHz), K band 

(18-24 GHz), and Ka band (24-40 GHz), find extensive applications in long-range 

surveillance, military operations, aircraft, and aerospace industries. Marine and 

aviation radars, in particular, typically operate within the frequency spectrum of 1-18 

GHz[35]. 

Stealth Technology has emerged as one of the most significant study areas in the domain 

of military hardware in the age of the advance warship. Incorporating functional 

materials with radar/microwave absorption properties is the sole feasible approach to 

implement stealth features, other than engineering airframe to minimize the radar cross-

section (RCS). To satisfy such strategic needs, research into the development of 
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innovative materials that can absorb incoming RADAR waves is growing quickly[36-

38]. 

When radar waves encounter radar-absorbent materials (RAMs), a portion of the 

incoming wave reflects back at the air-RAM interface, while the rest either transmits 

through the material or gets absorbed with multiple reflections within the material. The 

absorption of incident waves can occur through several localized processes, 

encompassing multiple reflections and scattering, polarization at interfaces, magnetic 

resonance, and conductivity loss [39].  

In the beginning, German military painted carbonyl iron over combat aircrafts to serve 

as RAM[3]. Conventional RAMs, however, featured a few drawbacks, such as high 

density, weak absorption, and narrow absorption bandwidth, which limited their 

practicality. 

RAMs necessitate specific attributes, including extremely high reflection loss (RL), a 

broad frequency range for RL effectiveness, low density, and thinness [40, 41]. 

With the emergence of nanomaterials and nanotechnology at the start of the twenty-first 

century, new studies in the area of RAMs emerged that centered on the development of 

novel nanomaterials. The present focus of scientific study is on discovering new 

nanomaterials that are better able to absorb microwaves and have higher reflection 

losses, wider absorption bandwidths, and lighter weights[42-45]. 

The most successful stealth aircraft to date is the B-2 Bomber. The latest generation 

of stealth aircraft comprises the F-35 Lightning II (Lockheed Martin Aeronautics, 

United States), T-50 (United Aircraft Corporation, Russia), Chengdu J-20 Sukhoi 

and Chengdu J-20 (Chengdu Aerospace Corporation, China),. It is believed that 

these aircraft incorporate radar absorbing materials (RAMs) in their construction. 

2.2 Radar Cross Section 

When a radar system transmits a signal, part of that signal interacts with the object, 

causing it to scatter electromagnetic waves in various directions. Some of these 

scattered waves are directed back towards the radar system, where they are detected 
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and measured[36]. The radar cross section RCS is the measure of strength reflection 

of incoming radar wave in the direction of radar. It can be defined by [46]  

ὙὅὛ
ὖέύὩὶ ὶὩὪὰὩὧὸὩὨ ὴὩὶ ίέὰὭὨ ὥὲὫὰὩ

ὍὲὧὭὨὩὲὸ ὖέύὩὶȾτ“
 

RCS does not solely represent a geometrical cross-section. The magnitude of the 

RCS is indicative of the object detectability. The RCS of an object can be calculated 

using the following formula: 

ὙὅὛ 
τ “ ὃ

‗
 

Aeff is the effective area of the object that reflects or scatters microwaves back to the 

radar system. It measures how much the object interacts with the incident radar 

signal. It depends on the object's shape, size, and material properties. The larger the 

effective area, the more microwave energy is scattered back, resulting in a higher 

RCS value [47]. 

RCS is typically measured to assess an object's radar visibility and can have a 

significant impact on military operations, surveillance, and target identification in 

radar systems. The Radar Cross Section (RCS) of a target is influenced by several 

factors, including its shape, dimensions, frequency, polarization, and angle. 

Achieving the minimum RCS value relies on optimizing the properties of the 

absorbing materials utilized and the shape of the object[48]. 

2.3 Reduction of Radar Cross Section 

2.3.1 Shaping 

 This is a first step to reduce radar cross section of the target by using flat surface 

and sharp edges or continuously varying curvature. This technique reflects or 

diffracts the incoming radar wave in direction away from the radar. This cannot be 

carried out on an entire aircraft because there always will be view angles at which 

surface are seen at normal incidence and reflection will be maximum. For an aircraft 

the cone section in front is the primary source of RCS and is required to move from 

forward sector to broadside. The Lockheed F-117A is an example of extreme 
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faceting applied to an aircraft. Whereas Northrop B-2 uses some faceting but mainly 

relies on flat surface for its RCS reduction [36]. 

2.3.2 Passive Cancellation 

This is technique, employed to reduce the radar cross section, require that the 

surface of the target is designed in such a way that the reflected wave from one part 

of target cancel out the reflected wave from another part. For this purpose, a port can 

be machined in the target body, the design of size and shape of the interior cavity is 

extremely difficult due to frequency dependence of each cavity. Even for a simple 

body, the passive cancellation for one frequency drastically decreases for other 

frequencies. Therefore, this requires a large number of ports on the surface with 

varying frequency and information of the incoming radar wave [48]. 

2.3.3 Active Cancellation 

This technique requires sending another radar wave from the target that cancels 

out the incoming radar signal. This can be carried out by emitting radar signal of 

equal but out of phase amplitude to that of incoming wave. This information require 

to carry out active cancelation are angel of arrival, amplitude, waveform and 

frequency of incoming radar wave. This is a challenging task as the active 

cancellation should read the above information and reradiate the signal of proper 

amplitude and phase[46]. 

2.3.4 Radar Absorbing Materials 

Radar absorbing materials (RAMs) are used for RCS reduction. As the name 

suggest, they absorb the incoming radar wave and reduce the strength of wave 

reflected back. The radar energy is absorbed by different mechanism depending upon 

the type of RAM used. The properties of material involved in the absorption of 

microwave are dielectric and magnetic properties. The loss of incoming wave is 

actually conversion of microwave energy into heat. The energies involved are so 

small that when a RAM is illuminated by a radar wave, the temperature rise of the 

RAM is hardly noticeable. There are generally two classes of RAMs; dielectric RAM 

and magnetic RAM. Dielectric RAMs are usually too bulky, fragile and unusable in 

limited space. Magnetic RAMs possess advantageous qualities such as being 
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compact, thin, and capable of withstanding loads and harsh environments. However, 

they are relatively heavy and expensive. As a result, magnetic RAMs are better 

suited for use in Mach 2 aircrafts [49]. 

2.4 Design of Radar Absorbing Materials 

 Effective RAMs can be designed by transmission line theory. The interaction 

of electromagnetic wave (EM) with a material can be defined as a combination of 

three phenomena; reflection, transmission, and absorption. The two methods for 

designing effective RAM materials are [50]; 

1. Optimizing the absorption parameter of the material 

2. Reduce reflection at the interface and increase transmittance of wave inside 

material 

The microwave absorption of RAMs is characterized by complex permittivity ‭ and 

complex permeability ‘, which describe interaction of electric and magnetic field of 

microwave with the RAM. 

‭ ‭ Ὦ‭ͼ 

‘ ‘ Ὦ‘ͼ 

The real part of permittivity and permeability ‭ȟ‘  are related to store energy and 

imaginary part ‭ͼȟ‘ͼ corresponds to energy dissipated [51]. ‭ͼ depends on the 

conductivity of material and ‘ͼ depends on the intensity of magnetization[52]. 

‭ͼ    
„

‫‭
 

‘ͼ  ὓ‘‫  

The losses in the medium are expressed in term of dielectric tangent loss ‏ and 

magnetic tangent loss ‏ . These are represented as  

ÔÁÎ‏
‭ͼ

‭ᴂ
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The dielectric losses primarily stem from conduction loss and polarization loss. The 

polarization loss encompasses ionic polarization, electronic polarization, dipole 

polarization, and interfacial polarization. On the other hand, the magnetic losses 

consist of magnetic hysteresis, eddy current loss, domain wall resonance, exchange 

resonance, and natural resonance[51, 53]. 

Absorption is not the only the only mechanism of RAMs. The reflection at the air 

RAM interface could be optimized to design effective RAM. The important 

parameter that defines the propagation of waves inside the medium is its intrinsic 

impedance (Z)[54], defined as  

ὤ ὤ
‘

‭
 

Where Z0 is the intrinsic impedance of free space and is a constant (377ɋ). 

Reflection occurs when a wave travel from one medium to another at interface of 

two medium. This reflection is due to the impedance mismatch of the two medium 

[55]. The reflection coefficient ũ is defined as  

ɜ
ὤ ὤ

ὤ ὤ
 

Where Zi is the input impedance at the interface[7] and is given by 

ὤ ὤÔÁÎÈ‎Ὠ 

Z represents the intrinsic impedance, and ɔ be the complex propagation constant 

[56], which can be expressed as follows 

‎ Ὦ
ς“Ὢ

ὧ
 ‘‭  

The reflection loss can be expressed as  
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Efficient RAMs strive for a reflection of zero at the air-RAM interface, a condition 

known as impedance matching. Impedance matching is one of the most critical 

aspects of microwave absorption. Impedance matching is attained when the ratio of 

input impedance to free space impedance equals 1. This condition ensures the full 

entrance of incident waves into the RAM [57]. 

After complete entrance within RAM, attenuation within RAM is a significant part 

of absorption mechanism. The attenuation coefficient [58] is given by  

‌
Ѝς“Ὢ

ὧ
 ‘ͼ‭ͼ ‘ᴂ‭ᴂ ‘ͼ‭ͼ ‘ᴂ‭ᴂ ‭‘ͼ ‭ͼ ‘ᴂȢ  

To attain high attenuation within the RAM, matching condition is used i.e. ‭‘ͼ

‭ͼ ‘ᴂ. To design RAMs with magnetic component and dielectric components, this 

condition is essential. Therefore, for achieving high microwave absorption, the RAM 

should exhibit a balance between high dielectric and magnetic loss values.  

2.5 Types of Radar Absorbing Materials 

2.6 Impedance matching Radar Absorbing Materials  

 These RAMs reflect incident waves due to high intrinsic impedance as compared 

to incident medium. Reflection is a function of impedance mismatch between incident 

and reflected medium. These RAMs are specially designed so that the intrinsic materials 

impedance is closer to the impedance of incident medium i.e. air. At the front of the 

RAM, the impedance is closer to that of air (377 ɋ) but decreases to zero as move 

towards rare surface. As minimum impedance mismatch is at the front so there is no 

large reflection [59].  

2.6.1 Pyramidal Radar Absorbing Materials 

These RAMs have a thick structure with a cone or pyramidal shape. The 

height and periodicity of the pyramids should be approximately one wavelength. 

Attenuation occurs due to multiple reflections between the pyramids, and with each 
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reflection, a portion of the wave is absorbed by the pyramid material. However, a major 

drawback of these RAMs is their fragility and thickness [60, 61]. 

2.6.2 Tapered Loading Radar Absorbing Materials 

It consists of a conventional slab shape, comprising a mixture of high loss 

material and low loss material. The high loss material is uniformly distributed along the 

length, leading to impedance variations throughout the thickness. Compared to pyramid 

RAMs, these RAMs offer advantages in terms of thickness, but their performance tends 

to be lower [62, 63]. 

2.6.3 Matching layer Radar Absorbing Materials 

A matching layer is introduced between the incident surface and the 

absorbing layer to enable a gradual transition, thereby reducing the overall thickness. 

The impedance of the matching layer lies between that of the incident medium and the 

absorbing medium, equalizing the impedance of the incident medium with the combined 

impedance of the matching and absorbing layers. For effective matching, the thickness 

should be 1/4 wavelength of wave [59].  

2.7 Resonant RAMs 

 These RAM have an impedance mismatch with the incident medium, so they are 

not able to absorb the entire incident wave due to their small thickness. There are 

multiple reflections from the RAM i.e. at the surface of RAM and at the back metal 

sheet of RAM, which are out of phase by 180°. If the transmitted wave travels multiple 

of half wavelength, then reflect wave will cancel out each other due to destructive 

interference[64]. 

2.7.1 Salisbury Screen 

Salisbury screen is a resistive layer that is positioned in front of a conducting 

(metal) back on an odd multiple of a wavelength, often separated by an air gap. The use 

of a substance having a significant permittivity value can replace the air gap. However, 

this will reduce the needed gap's thickness at the expense of bandwidth. The first version 

of the screen was made of canvas coated with colloidal graphite, mounted on a plywood 

frame [65].  
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2.7.2 Dallenbach layers 

 A Dallenbach layer absorber (DLA) is a uniform single layer of dielectric 

substance placed on a conducting surface, typically metal. The reflectivity of RAM is 

investigated in relation to the material's thickness, permittivity, and permeability [66]. 

Ferrite-based materials have been used to create DLA [67]. Titanium dioxide, carbon 

black and silicon carbide-filled silicon rubber sheet has also been used to create DLA 

RAMs. The usage of two-layer RAMs, one with a ferrite layer at the air/RAM interface 

and the other with small metal as well as ferrite fibers at the RAM/metal interface, 

increases the bandwidth of conventional ferrite RAMs. A ferrite layer serves as an 

impedance matching layer and RAM. In the frequency range of 8 to 12 GHz, the 4.6 

mm ferrite-based layer demonstrates excellent performance with attenuation exceeding 

20 dB [68].  

2.7.3 Jaumann layers 

These RAMs are updated form of Salisbury screen in which many, thin, 

resistive sheets separated by gaps on front of the metal substrate to boost bandwidth are 

used. The RAM's thickness is sacrificed in order to boost bandwidth. Additionally, a 

layer's resistivity differs from its front surface to its rear [64]. Polyethylene foam was 

employed as a spacer, while resistive layers were formed using cellulose, a polyvinyl 

acetate binder, or phenol-formaldehyde filled with carbon powder [69]. 

2.8 Design of Low Dimensional Microwave Absorber 

2.9 Dielectric Loss 

 As previously mentioned, dielectric loss materials involve two main 

mechanisms: polarization loss and conduction loss. Dielectric relaxation involves 

diverse forms of polarization, which encompass interfacial polarization, ionic 

polarization, electronic polarization, dipolar polarization, and dipole orientation 

polarization. Ionic and electronic polarization often manifest in the THz and PHz 

frequency ranges [70].  

2.9.1 Interfacial Polarization 

 Interfacial polarization arises from the accumulation of charges at the 

interfaces of heterogeneous dielectric materials [71]. The significant specific surface 

areas of low-dimensional materials facilitate the buildup of polarization 
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characteristics on their surfaces within the heterogeneous system [72]. The 

interfacial polarization and multiple scattering of electromagnetic waves in carbon 

nanotubes (CNTs) are significant factors that contribute to microwave attenuation in 

binary and ternary composite absorbers. This is due to the presence of large number 

of atoms at the surface, dangling and double bonds in CNTs, which are widely 

recognized mechanisms in this context [70].  

2.9.2 Dipolar Polarization 

 Dipolar polarization signifies the impeded realignment of dipoles [71]. Low-

dimensional materials, with their assortment of defects and surface functional 

groups, provide numerous dipolar polarization sites, creating a potential avenue for 

dielectric engineering through controlled modulation of the crystalline structure [73]. 

The Debye relaxation model can be used to characterize the relaxation loss caused 

by dipolar polarization when dipoles rotate in response to an electric field [70]. 

2.9.3 Conductive Loss 

 The occurrence of conduction loss in low-dimensional materials can be 

attributed to two main mechanisms: charge transport through conductive channels 

and electron hopping across barriers formed by topological defects. The behavior of 

these mechanisms is contingent upon the carrier concentration and mobility of the 

material [74]. Certain low-dimensional materials, such as graphene and carbon 

nanotubes (CNTs), demonstrate exceptional conductivity, resulting in substantial 

conduction loss [75]. The utilization of low-dimensional dielectrics offers notable 

advantages in the absorption of electromagnetic waves, particularly in carbon-based 

materials. In such materials, conductivity primarily arises from the non-locality of 

the double bond electrons that is a prevalent characteristic among carbon materials. 

[76]. 

Considering these exceptional attributes, employing low-dimensional 

dielectrics provides clear benefits in microwave absorption. 

2.10 Magnetic Loss 

 Similar to the dielectric loss, the complex permeability (magnetic loss) is a 

crucial factor determining the microwave absorption properties of nanomaterials. 
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Magnetic loss refers to the material's ability to retain a magnetic field. It is defined as 

the ratio of ɛò (the imaginary part of permeability) to ɛô (the real part of permeability). 

When microwaves are incident on a magnetic material, the magnetic domains/ moments 

inside the nanomaterials align itself with the external magnetic field of microwave [2]. 

The dissipation of microwaves within low-dimensional magnetic materials is marked by 

many causes, encompassing eddy current loss, domain wall resonance, natural 

resonance and hysteresis [77]. At lower applied frequencies, domain wall resonance and 

hysteresis are the prominent mechanisms contributing to losses, but they become 

insignificant at gigahertz frequencies[78]. On the other hand, at microwave frequencies, 

the eddy current loss and natural resonance loss are the primary mechanisms involved in 

the magnetic loss.  

2.10.1 Eddy current loss  

Eddy current loss refers to the energy dissipated when a conductive material 

is subjected to an alternating magnetic field. This phenomenon is prevalent in magnetic 

materials with high electrical conductivity. This loss is represented by coefficient of 

eddy current loss. The coefficient C0 depends on electrical conductivity, magnetic 

permeability and thickness of absorber [79].  

ὅ
ς

σ
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From above equation, it is clear that the eddy current loss is independent 

from the frequency. So, the magnetic loss should remain constant if contribution is only 

from eddy current loss [80]. This mechanism is mainly observed in ferromagnetic 

materials [81].  

Zhang et al. conducted an experiment to investigate the behavior of the loss 

value in a composite material consisting of carbon-coated reduced graphene oxide 

(rGO), magnetic CoFe2O4 hollow particles, and modified multi-walled carbon 

nanotubes (MWCNTs). The researchers found that the loss value remained same in the 

7-18 GHz range. This observation indicates that the composite material demonstrates a 

significant influence from eddy current loss [82]. 
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Tong et. al. investigated that in Nickel-MWCNTs composite at low ratios of 

PEG to Nickel, the loss is constant over a wide range indicating solely eddy current 

dissipation contribution in magnetic loss [83].  

2.10.2 Magnetic resonance  

The mechanism for resonance for magnetic can be defined by [84] 
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K1 is anisotropic coefficient, Ms is the saturation magnetization and Ha is the 

anisotropic energy. From above equation, it is possible for low saturation magnetization 

to provide significant anisotropic energy. Low-dimensional magnetic materials exhibit 

high natural resonance frequencies as a result of their significant anisotropy [85]. 

Enhanced microwave absorption benefits from high anisotropic energy [78]. The fr can 

be manipulated by changing Ms of the absorber. 

2.11 Magnetic ï Dielectric Synergy 

 The most significant design principle currently used for microwave absorber is 

the magnetic-dielectric synergy effect [86, 87]. A single composite made of magnetic 

and dielectric materials may synchronously provide matching characteristic impedance. 

By reducing surface reflection and enhancing attenuation capacity, this approach can 

enhance the efficiency of RAMs and effectively decrease the incident wave. 

2.11.1 Impedance Matching  

In case of a synergetic absorber, as the value of ɛr and Ůr become closer the 

RL value starts to increase. Ji and co-workers have provided a typical illustration of this 

complementary phenomenon between a dielectric and magnetic loss material. They 

showed that moderation between permittivity and permeability of Carbon ï Nickle 

composite leads to a impedance value of 1 in a wide bandwidth [88].   

In the experiment conducted by Hou and colleagues, a magnetic-dielectric 

synergy effect was observed, resulting in the emergence of twin absorption peaks. This 
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phenomenon occurred due to the presence of Ca-doped BiFeO3 nanoparticles, which 

displayed two impedance matching frequencies [89]. 

According to the findings of Wang et al., the Co/ZnO/C composite, which was 

synthesized using metal-organic frameworks (MOFs), has notable microwave 

absorption capabilities. This effectiveness can be primarily ascribed to the well-balanced 

dielectric and magnetic properties inherent in each constituent component [86]. 

2.11.2 Improvement of Attenuation Capability  

A magnetic-dielectric synergistic composite has a higher attenuation capacity 

than any of its dielectric or magnetic components alone. The abnormally high dielectric 

loss capacity is a common issue with dielectric nanomaterials. Their impedance can 

hardly be matched despite their significant attenuation capability, creating a narrow 

effective absorption band. To achieve a proper equilibrium between the energy 

dispersion of dielectric and magnetic properties, the design of RAMs calls for well-

thought-out dielectric engineering.  It is also seen to be a worthwhile research path to 

develop novel methods for increasing magnetic loss tangent while keeping its dielectric 

characteristic. 

Dimensional Design of a Material for Microwave Absorption 

2.12 1-Dimensional Carbon Nanomaterials 

 In recent years, there has been a notable surge in the interest around the 

application of one-dimensional carbon nanomaterials in the domain of electromagnetic 

wave absorption. These materials provide notable advantages, such as an ultrahigh 

anisotropy ratio that amplifies their dielectric loss capacity. Furthermore, the distinctive 

electrical characteristics and chirality of these materials demonstrate remarkable 

promise in the realm of electromagnetic wave absorption. 1D carbon nanomaterials can 

be categorized into three distinct types based on their structural variations: carbon 

nanotubes (CNTs), carbon nanofibers (CNFs), and carbon nanocoils (CNCs). 

2.12.1 Carbon Nanotubes 

 One-dimensional (1D) cylindrical structures are typical of CNTs; these consist of 

carbon atom walls arranged in a hexagonal lattice and closed ends that form 
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hemispherical fullerenes. They look like perfectly rolled graphene. The conductive 

properties of a CNT wall depend on its rolling angle, also known as chirality, and can 

vary between metallic and semiconductive. Multi-walled carbon nanotubes (MWCNTs) 

are known for their inherent metallic conductivity and exceptional ability to endure 

significantly high current densities, reaching up to 109 A.cm
-1

. This value is 

approximately one thousand times more than that observed in noble metals. Moreover, 

multi-walled carbon nanotubes (MWCNTs) demonstrate resilient and adaptable 

mechanical characteristics, elevated charge mobility, advantageous dielectric constant, 

reduced density, and exposed surface dangling bonds, along with remarkable thermal 

conductivity [90]. These exceptional attributes make them highly promising for 

microwave absorption applications.  

The electromagnetic loss mechanism in carbon nanotubes (CNTs) is primarily 

due to dielectric loss rather than magnetic effects. As a result, the effectiveness of pure 

carbon nanotubes (CNTs) as microwave absorbers has not been well documented, 

mostly due to their poor capacity for microwave absorption. 

The study conducted by Qi et al. involved synthesis of carbon nanotubes (CNTs) 

without any metal catalyst and the subsequent investigation of their microwave 

absorption efficiency [91]. The findings indicated that both the unprocessed carbon 

nanotubes (CNTs) and the purified CNTs demonstrated a limited reflection loss (RL) 

and a narrow bandwidth. 

The investigation conducted by Katsounaros et al. aimed to enhance the existing 

body of knowledge on carbon nanotubes in the microwave. Specifically, researchers 

focused on examining the microwave absorption capabilities of films composed of 

multi-walled Carbon nanotube that are vertically aligned. The results of their study 

demonstrated that vertically aligned carbon nanotubes (VACNTs) exhibited a notable 

capability to absorb roughly 56% of the input electromagnetic wave [92]. 

In order to fulfill the need for efficient broadband absorption, Yang et al. devised 

a meta-material consisting of a film composed of carbon nanotubes (CNTs) arranged in 

a periodic manner. The findings of their study revealed that the meta-material composed 



20 
 

of carbon nanotubes (CNTs) had a bandwidth of 14 GHz, with a signal attenuation of 

less than -8 dB [93]. 

The research conducted by Zhao et al. introduced an innovative methodology for 

harnessing the numerous reflection properties of a forest and spring structure within 

carbon nanotubes (CNTs). This was achieved by fabricating a coiled amorphous array of 

CNTs, characterized by a distinct three-dimensional spiral arrangement. This innovation 

opened up new possibilities for efficient electromagnetic wave dissipation using CNTs 

[94]. 

In another study, Che and colleagues were able to attain notable microwave 

absorption outcomes by fabricating aligned carbon nanotubes (CNTs) sheets using the 

chemical vapor deposition method [95]. The researchers showcased the impact of 

various stacked intersectional angles on the regulation of microwave absorption in the 

fabricated carbon nanotube (CNT) films.  

Multiwalled carbon nanotubes (MWCNTs), which comprise numerous graphitic 

carbon concentric tubes, exhibit potentially enhanced microwave (MW) absorption 

capabilities in comparison to single-walled carbon nanotubes (SWCNTs). Subsequent 

research confirmed that this benefit resulted from the development of a more effective 

conduction network. Naidu et al., who used MWCNT-filled epoxy resin to produce 

radar-absorbing structures (RAS), accomplished remarkable results. At 11.5 GHz, 

across a frequency bandwidth of 3 GHz in the X-band, they achieved an outstanding 

reflection loss (RL) of -29 dB [96]. 

Due to its many advantages, integrating CNT networks into a hierarchical 

framework to create EM wave absorption composites has become a common practice. 

The internal conduction network included in this structure enhances resistance loss to a 

remarkable extent and promotes greater surface exposure. This, in turn, facilitates the 

grafting of functional groups and the creation of heterointerfaces. As a result, intensive 

interface effects are triggered, ultimately leading to remarkable dielectric loss in CNT-

based composites, making them effective in absorbing EM waves 
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These findings offer valuable insights for further research in this field. 

Additionally, numerous efforts have been dedicated to advancing CNTs-based 

microwave absorbers, contributing to the overall progress in this area of study. 

2.13 0D-Magnetic Nanoparticles 

In the progression of nanostructured microwave absorbers, nano-magnets have 

gained preference due to their advantageous characteristics. The materials exhibit a 

notable surface-anisotropy field, resulting in an expanded resonance bandwidth, as well 

as significant particular surfaces that facilitate the manipulation of magnetic and electric 

characteristics. Furthermore, nano-magnets demonstrate a strong magnetic coupling 

relationship, resulting in enhanced impedance matching. This subsection elucidates 

notable research advancements pertaining to transition metals, alloys, and ferrites within 

the specified context.  

2.13.1 Transition Metal 

Ferromagnetic and its alloys are most suitable for microwave absorption for their 

superior MS compared to other magnetic systems. Their elevated permeability enables 

effective microwave absorption across a wide frequency range. The occurrence of 

magnetic loss in these metals can be attributed to the phenomena of natural resonance 

and eddy currents. 

The research undertaken by Che and colleagues centered on investigating the 

microwave magnetic response and its correlation with the morphology-domain structure 

and magnetic coupling network [97]. In their study they presented evidence that hollow 

microspheres composed of iron (Fe) display various domain structures, such as cross-tie 

walls, Neel walls, and Bloch walls. The presence of several domains inside the state 

leads to the emergence of wide-ranging effective fields and resonance frequencies, 

hence facilitating the absorption of a broad spectrum of wavelengths. 

Sun and colleagues synthesized Fe with a dendrite structure through a reduction 

synthesis, which displayed notable absorption properties in the 2 GHz to 18 GHz range. 

The maximum reflection loss (RL) achieved was approximately -25.0 dB for 2 mm thick 

samples [98]. 



22 
 

In another scenario, Co nanoparticles were uniformly dispersed within a 

graphite-coated carbonaceous matrix generated from MOFs. Because of this 

configuration, a magnetic coupling interaction network was established that was also 

compatible with the conductive network. The material's electromagnetic characteristics 

are kept under check by this intrinsic network. [99]. 

2.13.2 Ferrites 

Ferrites, ceramic materials denoted by the general formula M-FexOy, incorporate 

additional metallic elements in small quantities denoted by "M." Compared to metals or 

alloys, ferrites exhibit several advantageous properties, including higher resistivity, 

superior saturation magnetization (Ms), excellent environmental tolerance, and 

adjustable anisotropy fields. These characteristics make ferrites a highly promising 

alternative for various applications. In the realm of electromagnetic functions, two types 

of ferrites stand out: spinel and hexagonal. These ferrite variants are widely employed 

due to their distinct crystal structures and their ability to for high microwave absorption. 

For example, the spinel ferrite structure MFe2O4, characterized by tetrahedral 

M
+2

 oxygen and octahedral Fe
+3

-oxygen coordination, typically exhibits a high 

permeability. The complex permeability of spinel ferrite is closely tied to its chemical 

composition. Mandal and Mandal did a comprehensive investigation, wherein they 

unveiled that hollow nanospheres of MFe2O4 (where M represents Mn, Co, Ni, Cu, and 

Zn) exhibit a natural resonance characterized by low-frequency behavior, alongside a 

notable eddy-current loss at high frequencies. Additionally, Dai et al. conducted a study 

in which they provided evidence that the permeability of nanocrystalline Ni1īxZnxFe2O4 

is highly dependent on the Zn concentration. The imaginary part of permeability, 

denoted as ɛǌ, exhibits its maximum value at x = 0 as a result of the large Ms value. By 

precisely engineering the structure of Fe3O4, it becomes possible to adjust the resonance 

frequencies in microwave region, which plays a vital role in overcoming the limitations 

of Snoek's limit. 

Another illustration involves Fe3O4, which falls under the category of cubic 

inverse spinel ferrites. Within this particular arrangement, a total of two Iron +3 ions 

and one Iron +3 ion exhibit a strong affinity towards oxygen, resulting in the formation 
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of a densely packed face-centered cubic structure. The distinctive arrangement of iron 

+2 and +3 ions in Fe3O4 enables efficient electron transfer, resulting in high permittivity 

and permeability. This property allows Fe3O4 to closely match the characteristic 

impedance. Furthermore, in the nanoscale state, Fe3O4 commonly demonstrates a 

pronounced inherent resonance at frequencies in the gigahertz range. Notably, research 

conducted by Sui and his colleagues demonstrated a correlation between the magnetic 

resonance behavior of Fe3O4 nanospheres and their size. Nanoparticles with a size below 

200 nm possess a natural resonance frequency at 3.5 GHz, while larger nanoparticles 

exhibit a reduced resonance frequency. 

2.14 Binary Ferrite Microwave Absorbing Nanocomposite  

2.14.1 Carbon nanotubes-based magnetic metal composites 

Multiple investigations have demonstrated that the attainment of high absorption 

efficiency employing single-component carbon nanotubes (CNTs) as absorbents 

presents a significant challenge due to their limited magnetic attenuation capability and 

inadequate dispersion characteristics. In order to maximize the efficacy of absorption, 

scientists have integrated carbon nanotubes (CNTs) with other materials that exhibit loss 

properties, hence augmenting permeability and facilitating enhanced interaction at the 

interface. The materials encompassed in this collection consist of iron (Fe), cobalt (Co), 

nickel (Ni), silver (Ag), as well as their respective alloys.. The primary focus of CNTs-

based metal composites is the design of innovative nanomaterials by incorporating 

magnetic metal nanoparticles either inside or on the surface of CNTs. This approach 

aims to achieve impedance matching and construct unique microstructures for enhanced 

microwave absorption. 

The study conducted by Zhao et al. provided evidence that the inclusion of iron 

nanoparticles into the carbon nanotubes (CNTs)-epoxy composite matrix led to 

increased permeability and magnetic loss. In a similar vein, Srivastava et al. conducted a 

study whereby they examined a composite material composed of polystyrene and CNTs 

that were filled with nickel (Ni) nanoparticles. The results of their investigation 

demonstrated the consistent integration of Ni nanoparticles into the multi-walled CNTs. 

The composite material containing 0.5 weight percent of nickel-decorated multi-walled 
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carbon nanotubes (Ni@MWCNTs) within a polystyrene (PS) matrix demonstrated a RL 

of -33 decibels (dB) at a relatively low frequency of 2.7 gigahertz (GHz). 

Using a direct current arc discharge approach, Fang et al. produced Nickle-

Cobalt connected SWCNTs, which they then integrated into CoFe2O4 nanocrystals via 

mechanical agitation. An outstanding RL value of up to -47.9 dB at 14.7 GHz was 

shown by the created NiCo-SWCNTs/CoFe2O4 nanocomposite, with the novel 

nanocomposite demonstrating thinner and lighter weight features at a matched thickness 

of 1.8 mm. 

Similarly, Yan et al. developed a novel composite consisting of three-

dimensional cobalt nanoparticles encapsulated within nitrogen-doped carbon nanotubes 

(CNTs). The researchers successfully synthesized this composite utilizing a newly 

developed solution-phase approach. The unique structure of the composite played a 

crucial role in achieving a remarkable dispersity of the cobalt nanoparticles, as 

evidenced by the obtained reflection loss (RL) value of -46 dB. 

In a study conducted by Zhao et al., a wet chemical process was employed to fill 

multi-walled carbon nanotubes (MWCNTs) with silver (Ag) nanowires. This synthesis 

approach led to the formation of one-dimensional (1D) composites known as Silver-

MWCNTs. The composites exhibited a minimum reflection loss (RL) of -22.9 dB at a 

frequency of 11.4 GHz. This remarkable performance was reached with a 5 wt% 

concentration of the Silver-MWCNTs hybrid within the epoxy matrix. Zhang et al. 

successfully developed a three-dimensional Silver-MWCNTs absorber, which 

effectively enhanced the absorption properties of the Silver-MWCNTs. This 

improvement was achieved through the creation of additional conductive network 

routes. 

The study conducted by Qi et al. was centered around the development of core-

shell structures for the purpose of microwave absorption. Through their research, they 

were able to successfully fabricate a nanocomposite consisting of Co/CNTs-graphene. 

This nanocomposite demonstrated remarkable capability in attenuating electromagnetic 

waves, as reported in their study. The excellent RL value of -65.6 dB at 12.4 GHz, with 
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a thickness of 2.19 mm, was achieved in the ternary composite due to the 

complimentary interaction among its components. In addition, the research team 

successfully fabricated a core-shell structured nanocomposite consisting of iron 

nanoparticles encapsulated within carbon nanotubes (Fe@CNTs). The nanocomposite 

exhibited a remarkable minimum reflection loss (RL) value of -40.15 dB at a frequency 

of 17.15 GHz, while maintaining a thickness of 1.5 mm. These findings highlight the 

exceptional microwave absorption capabilities of the Fe@CNTs hybrid material, 

positioning it as a highly desirable product in this field. 

Similarly, Che et al. conducted comprehensive study on absorbers with core-

shell structures. In a recent study, the researchers successfully synthesized carbon 

nanotubes (CNTs) resembling dandelions, which were incorporated with cobalt (Co) 

nanoparticles. This resulted in the formation of a binary composite material consisting 

of carbon (C) and cobalt (Co), exhibiting the remarkable ability to absorb 90% of 

microwaves throughout the entire X-band frequency range. Figure 5a presents a 

schematic representation of the synthetic procedure employed for the creation of this 

composite material. Additionally, Figure 5d exhibits scanning electron microscopy 

(SEM) photographs showcasing the morphology of the resulting product. The C/Co 

composite demonstrated exceptional microwave absorption capabilities, achieving a 

remarkable reflection loss (RL) value of -52.9 dB at a frequency of 9.3 GHz. This 

achievement can be attributed to the effective dispersion of cobalt (Co) nano-particles 

within the carbon nanotubes (CNTs).  

2.14.2 Carbon nanotubes-based ferrites composites 

Despite the widespread application of magnetic metal/CNTs composites as 

electromagnetic wave absorption materials, one of their major drawbacks lies in the 

vulnerability of metal nanoparticles to oxidation and corrosion. This climate 

susceptibility restricts their practical usability, particularly in certain working 

environments. To address this issue, researchers have turned their attention to ferrite-

based microwave absorbers, including Fe3O4, ZnFe2O4, NiCo2O4, CoFe2O4, 

BaFe12O19, NiFe2O4, and others. The integration of carbon nanotube (CNT)-based 
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materials with ferrite presents a viable approach to establish a synergistic link between 

carbon materials, particularly spinel ferrite, and ferrite itself. 

For instance, Li et al. conducted an experiment where they combined single-

walled carbon nanotubes (SWCNTs) with CoFe2O4 nanocrystals. This led to the 

formation of a composite material known as SWCNTs/CoFe2O4. At a frequency of 12.9 

GHz, the composite material demonstrated an impressive RL value of -30.7 dB, as 

reported in reference. Zhang et al. conducted a study wherein they incorporated 

NiFe2O4 onto carbon nanotubes (CNTs) and introduced asphalt as an additional 

component. This resulted in the development of a composite material, namely a 

1Dimensional-2Ddimensional MWCNTs-NiFe2O4-graphene, and exhibits a EAB of 14 

GHz. The composite material had a notable minimum RL (reflection loss) value of -45.9 

dB within the C band frequency range. Shu et al. investigated a straightforward 

approach for producing a composite material consisting of reduced graphene oxide 

(rGO), multi-walled carbon nanotubes (MWCNTs), and zinc ferrite (ZnFe2O4). The 

resulting composite exhibited a three-dimensional conductive network. The composite 

material demonstrated a RL at the Ku band of -22.2 dB, exhibiting an ultrathin 

composite of 1 mm. 

The researchers, Cao et al., have successfully created a Fe3O4/MWCNTs 

nanocomposite using a simple approach. This nanocomposite exhibits exceptional 

absorption and a large EAB.  The Fe3O4/MWCNTs composite in its original state has a 

RL of -75 dB at 10.9 GHz. Additionally, for composite of thickness 3 mm, it exhibits an 

EAB of 10 GHzin X band. This study presents compelling analysis comparing 

heterostructures with two phases (Fe3O4/CNTs) and heterostructures with two phases 

Polyaniline-Fe3O4-Multiwalled Carbon Nanotubes, in order to shed light on the impact 

of interfaces on absorption capacity. The significance of the phase interface in 

improving magnetic characteristics is widely acknowledged. This is due to the presence 

of Fe3O4 nanoparticles, which generate several interfaces that promote resonance, 

thereby substantially enhancing the attenuation of electromagnetic waves. 

To elucidate the effect of magnetic coatings on the absorption characteristics, Li 

et al. conducted a synthesis with two distinct types of Fe3O4@CNTs hybrids. These 
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hybrids were referred to as nanoparticles Fe3O4-CNTs compact FCC and Fe3O4-CNTs 

FLC and synthesized by solvothermal. Transmission electron microscopy (TEM) 

pictures, absorption characteristics, and schematic representations of ferromagnetic 

composites (FCCs) and ferroelectric liquid crystals (FLCs). The microwave absorption 

characteristics exhibit a strong correlation with the structure of the magnetic coating, 

suggesting that the electromagnetic absorption capacity is greatly influenced by the 

density of magnetic nanoparticles that cover the surfaces of carbon nanotubes (CNTs). 

Fu et al. were also intrigued by porous microwave absorption materials, 

developed a one-pot process to manufacture porous Fe3O4@carbon nanorods on CNTs 

surfaces. Consequently, the composite attained a remarkable RL value of -37.5 dB at 

9.66 GHz, with a bandwidth of 3.06 GHz. More polarization centers were provided by 

the porous Fe3O4@carbon, while the CNTs acted as the conductive network in their 

model. The numerous paths of attenuation available to electromagnetic waves in this 

porous Fe3O4@carbon and CNTs combination allowed for exceptional absorption 

performance for microwaves. 

Chen and colleagues conducted a study wherein they synthesized composites 

of nickel ferrite-MWCNTs and cobalt ferrite/MWCNT by sol-gel method, varying 

the mass fractions of CNTs. Their research demonstrated the significant influence of 

CNT content on microwave absorption properties. The microwave absorption 

performance reached its peak when the CNT mass fraction was set at 20% for 

coatings with a thickness of 1mm. For the nickel ferrite/CNT composites, the 

absorption peak reached approximately -14.02 dB. On the other hand, the cobalt 

ferrite/CNT composites exhibited an absorption peak of around -19.2 dB with 3.1 

GHz EAB. 

Xiao and his team conducted a study wherein they developed Co0.6Cu0.16Ni 

0.24Fe2O4/CNT (CCNF/MWCNTs) composites using the solution-filling method. The 

researchers prepared Co0.6Cu0.16Ni 0.24Fe2O4, MWCNT-Iron Ferrite, MWCNTs-

CCNF composites by filling multi-walled CNTs with ferrite, serving as the magnetic 

component, through a filling method. The process involved inducing nitrate 
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solutions of cobalt, copper, and nickel into the open CNTs via capillary adsorption, 

followed by converting them into CCNF nanoparticles. 

The incorporation of CCNF into the MWCNTs resulted in a notable 

improvement in both the RL and EAB of the composite. The absorption properties of 

the nanocomposite MWCNTs-CCNF generated utilizing the solution-filling 

technique was found to be superior when compared to MWCNTs and CCNF 

individually. The sample, with a thickness of 2mm, demonstrated a remarkable 

reflection loss of 22.47 dB at a low frequency of 9.76 GHz. 

Che and colleagues showcased an improved absorption phenomenon in 

multiwalled carbon nanotubes that have been encased within a layer composed of 

iron within epoxy. The composite exhibited remarkable results, with reflection loss 

(RL) exceeding 25 dB and a wide range of frequencies covering a bandwidth of 16 

gigahertz. The extraordinary absorption was due to the presence of double 

absorption resonance peaks observed in the relatively thin sample, approximately 1.2 

mm in thickness. 

Zeng and his team introduced a composite material composed of Fe3O4 

nanoflowers and Carbon nanotubes (CNTs). The heterogeneous structure of the 

Fe3O4/CNTs composite demonstrated a remarkable microwave (MW) absorption 

performance. At the optimum thickness of 1.52 mm, they display a remarkable low 

reflection loss of -58.6 dB. The unique properties of the composite arise from the 

interaction of different components. CNTs contribute to polarization relaxation, 

Fe3O4 nanoflowers provide magnetic resonance, and the magnetic-dielectric 

interface governs interfacial polarization. These factors collectively contribute to the 

significant enhancement of the reflection loss. 

Pang and colleagues investigated the microwave (MW) absorption properties 

of CNT-coated MnFe2O4 and found that CNT/MnFe2O4 exhibited superior MW 

absorption compared to pure MnFe2O4. Moreover, the MW absorption performance 

could be regulated by adjusting the quantity of CNT.  
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2.15 Ternary Ferrite Microwave Absorbing Nanocomposite  

Shu and his team fabricated a hybrid nanocomposite containing reduced 

graphene oxide and multiwalled carbon nanotubes and ZnFe2O4 using a one-pot 

hydrothermal route. In this process, ZnFe2O4 nanoparticles were loaded onto the 

surface of MWCNTs and The RGO is interconnected, resulting in the formation of a 

network of conductivity in the final material, which exists in three dimensions (3D). 

The ternary nano compound demonstrated a dual-band absorption characteristic in 

the C band and the Ku band. At a thickness of around 1.5 mm, in the context of an 

absorber, the composite demonstrated MW absorption for C radar range, while the 

thickness is 3.5 mm, it exhibited MW absorption in the Ku band. 

Cao and colleagues fabricated ternary nanocomposites of 

MWCNTs/CoFe2O4/FeCo. The nanocomposite was coated with polyaniline using 

sol-gel in situ polymerization. The 1.5mm sample displayed a remarkable minimum 

reflection loss (RL) of approximately -90dB at 13.8GHz, with an effective 

bandwidth of 4GHz. These nanocomposites exhibited improved polarization at the 

interfaces, matching of impedance, and exchange coupling, resulting in exceptional 

microwave absorption properties. They proved to be excellent absorbers, featuring 

strong absorption, thin thickness, and the widest effective bandwidth. 

Zhu and colleagues successfully fabricated ternary composites of 

MnFe2O4@SiO2-Polyaniline-PVDF. A core-shell structure was created utilizing a 

straightforward approach at ambient temperature. The research results revealed that 

the composites containing 20wt% MnFe2O4@SiO2 and 20wt% Polyaniline in the 

Polyvinylidene fluoride matrix displayed the most extraordinary performance. The 

minimum RL is -25.73dB at 12.32GHz, and the EAB spanned from 10.72 to 

14.40GHz. 

Xiong and his team developed a novel ternary composite of 

NiFe2O4@SiO2/MWCNT. This composite exhibited exceptional absorbing 

performance due to the combined effect of dielectric loss, magnetic loss, and 

excellent impedance matching. The reflection loss (RL) of the composite was 

approximately -67.8dB when the thickness was 1.9mm. For a thickness of 1.5mm, 
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the effective absorption bandwidth (RL < -10dB) extended over 4.5GHz (from 

13.5GHz to 18GHz). Similarly, for 2.2mm, the EAB reached 5.3GHz (in-between 

12.7GHz to 18GHz). 

Hosseini et al. synthesized core-shell nanocomposites of 

MnFe2O4/Fe3O4/polythiophene through a two-step co-precipitation method and in 

situ polymerization. The resulting nanocomposites displayed a core-shell structure 

with an average diameter ranging from 30 to 60 nm. The TEM images clearly 

showed the Fe3O4 coating on the surface of MnFe2O4. The nanocomposite 

demonstrated a lowest RL of -21 dB over a frequency of 12 GHz, with a thickness of 

1.5 mm. 

Wang and colleagues investigated the microwave absorption properties of 

Iron ferrite-Cobalt-porous carbon obtained through in situ thermally carbonizing in a 

N2 environment, utilizing ferrite/ZIF-67. Among prepared samples, FC500, produced 

at 500°C, exhibited the most robust microwave absorption performance. At a 

thickness of 1.5 mm, FC500 demonstrated a minimum RL at 14.32 GHz of 

approximately -31.05 dB, with an EAB spanning 4.8 GHz (from 12.24 GHz to 17.04 

GHz). At a thickness of 2.5 mm, the effective absorption bandwidth (RL Ò -10 dB) 

was 2.72 GHz (from 6.80 GHz to 9.52 GHz). The study findings indicate that a thin 

ternary absorbing material is optimal, leading to ferrite absorbing material with 

significant decreased weight. 

2.16 Quaternary Ferrite Microwave Absorbing Nanocomposite  

Yu-Lan and his team achieved a significant milestone by successfully 

synthesizing quaternary nanocomposites comprising graphene, Fe3O4@Fe core/shell 

nanoparticles, and ZnO nanoparticles. The electromagnetic parameters measured 

from these nanocomposites demonstrated their impressive performance. The 

absorption bandwidth, where the reflection loss is less than -20 dB, reached up to 7.3 

GHz, and within this frequency range, over 99% of the electromagnetic wave energy 

was attenuated. 
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Yan and his team developed a quaternary composite of 

CuS/RGO/PANI/Fe3O4 and extensively investigated the impact of its unique 

microstructure on electromagnetic wave absorption performance. The measured 

results revealed that CuS/RGO/PANI/Fe3O4 exhibited remarkable microwave 

absorption capacity, surpassing that of CuS/RGO and CuS/RGO/PANI composites. 

The most significant reflection loss reached -60.2 dB at 10.2 GHz, and the 

absorption bandwidth below -10 dB spanned 7.4 GHz (ranging from 7.5 to 14.9 

GHz) for a 2.5 mm coating thickness. 

In their study, S.S. Afzali et al. investigated the microwave absorption 

characteristics of nanocomposites consisting of MWCNT/CuO/Fe3O4/Polyaniline. 

These nanocomposites were synthesized using three different weight ratios of 

CuO/Fe3O4/PANI to MWCNT (1:3, 1:4, and 1:5). Figure 37 illustrates the minimal 

reflection losses observed for the MWCNT/CuO/Fe3O4/PANI nanocomposites with 

weight ratios of (1:3), (1:4), and (1:5), which were 45.7 dB, 58.7 dB, and 85.4 dB, 

respectively, 87.4 dB. 

In conclusion, the quaternary nanocomposite absorbing material exhibits 

significantly enhanced microwave absorption performance compared to binary or 

ternary nanocomposites. This improvement is achieved through the synergistic impact 

of dielectric loss, magnetic loss, and impedance matching, along with the special 

hierarchical nanostructure that integrates distinct microwave loss mechanisms of each 

component. However, it is important to consider that the preparation process for 

quaternary composites is more complex, necessitating careful attention to the binding 

and matching of each component. 

The review above highlights the promising future of quaternary hybrid 

nanocomposites in advancing stealth technology, offering strong absorption and wide 

frequency capabilities. 
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Chapter 3 

3 Experimental and Characterization 

3.1 Materials  

Ammonium iron (III) sulphate dodecahydrate ((NH4)Fe(SO4)2 . 12H2O, Reagent Plus, 

Ó99%, Merck), ammonium iron (II) sulphate hexahydrate ((NH4)2Fe(SO4)2 . 6H2O, 

Reagent Plus, Ó99%, Merck), manganese(II) sulfate monohydrate (MnSO4 . H2O, 

Reagent Plus, Ó99%, Merck), cobalt nitrate hexahydrate (Co(NO3)2 . 6H2O, ACS 

reagent, Ó98% Merck) ammonia solution (NHϞOH, 35%, AR for Analysis, Fisher 

Chemicals), sodium hydroxide (NaOH, pellets, anhydrous, reagent grade, Ó98%, 

Merck), sulfuric acid (H2SO4, ACS reagent, 95% - 98%, Merck), nitric acid (HNO3, 

65%, EMPLURA, Merck), hydrazine monohydrate (N2H4 . H2O, reagent grade, 98%, 

Merck), ethylene glycol (C2H6O2, anhydrous, 99.8%, Merck) were used as received 

without any additional steps for purification. 

3.2 Synthesis of Nanocomposite 

3.2.1 Functionalization of multi-walled Carbon nanotubes (MWCNTs) 

Multi-walled carbon nanotubes with diameter of 10-20 nm, length up to xµm 

were used. The as received MWCNTs have no surface charged functional group on 

them. The carbon atoms are strongly covalent bonded with no interaction with other 

species. By functionalizing the surfaces of CNTs with negatively charged functional 

groups (MWCNTs-COOH), these can be used for further applications. 

Functionalization of MWCNTs was done by thermal oxidation. One gram of as-

received MWCNTs was added to a 50 ml solution of concentrated nitric and sulfuric 

acid in a ratio of 1:3 (v/v). The mixture was dispersed using a bath sonicator for 1 hour 

at room temperature. The solution was then refluxed under magnetic stirring at 80°C for 

6 hours.  After cooling the mixture to room temperature, the mixture is diluted with 

excess deionized water followed by centrifugation at 8000 rpm for 10 minutes. The 

washing process is repeated until the pH of MWCNTs reaches around 7. Subsequently, 

the material is dried in a vacuum oven at 100°C. The final solid dry MWCNTs are 

grinded into fine powder by mortar pestle.  
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3.2.2 Synthesis of MWCNTs ï Iron Ferrite Nanocomposite (MWCNTs-Fe3O4) 

The growth of ferrite nanoparticles on MWCNTs' surface followed a co-

precipitation route. A solution of Fe
+2

 salt and Fe
+3

 salt were prepared in 200ml 

deionized water with Fe
+2

:Fe
+3

=1:2. In the above solution, the oxidized MWCNTs were 

sonicated for half an hour. The mass ratio of MWCNTs : Fe
+2

 + Fe
+3

 should be 1:1. The 

solution was placed in a water bath and heated up to 50°C. 8M NH4OH solution was 

added drop wise in the above mixture with constant stirring until the pH of the solution 

becomes 12. The solution is further stirred and heated at 50°C for 2 hours to complete 

the growth of nanoparticles. The       co-precipitation reaction for growth of Fe3O4 is  

&Å  ς&Å  /(ᴼ &Å/ ᴽ  τ(/ 

The MWCNTs - Fe3O4 nanocomposite was separated by a strong magnet. The 

nanocomposite is washed several times with deionized water and ethanol until pH 

becomes normalized. After washing, the nanocomposite was dried at 60°C in a vacuum 

oven. The mass ratio is between MWCNTs and Fe
+2

 + Fe
+3

 is varied as (1:1/2, 1:1/3, 

1:1/4, 1:1/5, 1:1/6) to obtain MWCNTs with different loading of Fe3O4 nanoparticles. 

These samples are denoted as CF1, CF2, CF3, CF4, CF5, CF6. Similar procedure is 

adapted to synthesis Fe3O4 nanoparticles without MWCNTs. 

3.2.3 Synthesis of MWCNTs ï Manganese Ferrite Nanocomposite (MWCNTs-

MnFe2O4) 

  The reaction procedure for synthesis of MWCNTs-MnFe2O4 is same as above. A 

solution is prepared in 200ml deionized water of Mn
+2

 and Fe
+3

 salts with Mn
+2

 : Fe
+3

 = 

1:2. The solution is sonicated with MWCNTs (MWCNTs : Mn
+2

 + Fe
+3

 = 1:1) for half 

hour. Subsequently, the mixture was heated in a water bath, gradually raising the 

temperature to 50°C.. Ammonia solution (8M) is added drop wise with constant stirring 

till pH reaches 11-12. Afterwards, the solution is kept at 50°C for 2 hours with constant 

stirring. The precipitation reaction is  

-Î   ς&Å  /(ᴼ -Î&Å/ ᴽ  τ(/ 

The obtained MWCNTs-MnFe2O4 was not attracted by a magnet. Subsequently, 

the sample was subjected to vacuum filtration using a filter paper of pore size 3 µm. It 
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was then thoroughly washed with deionized water and ethanol. After the washing 

process, the sample was dried in a vacuum oven at 60°C. A pellet of sample was 

prepared and sealed in a quartz tube with a vacuum of 10
-2 

mbar. The sample was 

annealed at 800°C for 2 hours. After reaching at room temperature, the pellet was 

removed from vacuum tube and grinded into fine powder with mortar pestle. The mass 

ratio is between MWCNTs and Mn
+2

 + Fe
+3

 is varied as (1:1/2, 1:1/3, 1:1/4, 1:1/5, 

1:1/6) to obtain MWCNTs with different loading of MnFe2O4 nanoparticles. These 

samples are denoted as CM1, CM2, CM3, CM4, CM5, CM6. Similarly, the MnFe2O4 

nanoparticles are synthesized without addition of MWCNTs. 

3.2.4 Synthesis of MWCNTs ï Cobalt Nanocomposite (MWCNTs-Co) 

MWCNTs ï Cobalt nanocomposite was prepared by reduction in hydrazine-

alkaline system. An appropriate amount of Co
+2

 salt is dissolved in 50 ml ethylene 

glycol. The MWCNTs were sonicated in the solution mentioned above using probe 

sonication for duration of half an hour. The mass ratio between MWCNTs and Co
+2

 is 

1:10. NaOH (2.5 M) is then added in the above solution. The solution is heated and 

stirred in a water bath at 80°C. A solution of hydrazine and ethylene glycol was added 

drop wise in the above solution. All Co
+2

 ion are allowed to precipitate in the solution 

by keep heating at 80°C for 60 minutes. The precipitation reaction is as follows 

#Ï  .(  τ/(O  ς#ÏȢ  .  τ(/ 

The nanocomposite is collected by a strong magnet and then washed with 

ethanol until pH is normalized. The collected sample is dried under vacuum at room 

temperature. The mass ratio is between MWCNTs and Co
+2

 is varied as (1:5, 1:2.5, 

1:1.25, 1:0.6, 1:0.3) to obtain MWCNTs with different loading of Co nanoparticles. 

These samples are denoted as CC1, CC2, CC3, CC3, CC5, CC6. Cobalt nanoparticles 

are also prepared from the same synthesis reaction. 

3.2.5 Synthesis of MWCNTs ï Manganese Ferrite ï Iron Ferrite - Cobalt hybrid 

Nanocomposite     (MWCNTs - MnFe2O4 - Fe3O4 - Co) 

The hybrid nanocomposite is prepared by the synthesis procedure discussed 

above. Initially, MnFe2O4 are precipitated, as the synthesis required high temperature 

annealing. Afterwards, Fe3O4 are grown on the surface of MWCNTs - MnFe2O4. 
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Finally, Co nanoparticles are reduced on the surface of MWCNTs - MnFe2O4 - Fe3O4 

nanocomposite. The mass ratio of MWCNTs, Mn
+2

 + Fe
+3

, Fe
+2

 + Fe
+3

, and Co
+2

 is 

(1:1/5:1/5:0.6). 

3.3 Characterization Techniques 

3.3.1 Scanning Electron microscopy (Size and morphology) 

The morphology and particle size of all synthesized nanomaterials was studied in 

a JEOL JSM-6490A (JEOL, USA, Inc.) scanning electron microscope (SEM). A 

suspension each sample of nanocomposite was prepared by dispersing small quantity of 

dry powder in absolute ethanol using a probe sonicator (Sonics Vibra VC750, Newtown, 

CT, USA). A fractional quantity of each diluted suspension was deposited onto a glass 

slide and allowed to undergo evaporation under ambient conditions. The determination 

of the size and its distribution of the produced nanomaterial involved measuring the 

individual size of 100 particles and afterwards creating a histogram using Image-J 

software. 

The energy-dispersive X-ray detector (EDX) was used to determine the elemental 

composition of the substance. 

3.3.2 X-ray Diffraction (Crystallographic analysis) 

The phase and structure of synthesized nanomaterial were analyzed by X-ray 

diffraction (XRD, GNR, Explorer, Italy). The powder samples' patterns were recorded at 

room temperature with Cu KŬ radiation (ɚ =1.5406 ¡) using an operating voltage and 

current of 35 kV and 45mA. The XRD patterns were scanned in the range of 20° and 

80° with a step increment of 0.01°. 

The average size of the crystallite was calculated using the Scherrer equation: 

Ὀ ‌‗Ⱦ‍ὧέί—  

In the given equation, Ŭ represents the shape factor, which typically has a value 

of 0.9 for quasi-spherical nanoparticles. ɚ denotes the X-ray wavelength used, which is 

1.5406 ¡. ɓ represents the full width at half maximum (FWHM) of the peak, and ɗ is 

half of the Bragg angle. 
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3.3.3 Vibrating Sample Magnetometer (Magnetic hysteresis measurement)  

The magnetic hysteresis of all nanocomposites was determined using a vibrating 

sample magnetometer (VSM, Lakeshore 8600, Westerville, OH, USA). The 

measurements were performed at room temperature by subjecting the dry powder 

sample, placed in a plastic sample holder, to an external magnetic field to generate the 

hysteresis curves.. 

3.3.4 Thermogravimetric analysis  

The content of magnetic phase in the CNTs nanocomposite is determined by 

thermogravimetric analysis (TGA). The measurement involves recording the changes in 

mass with respect to temperature. The thermogravimetric analysis of powder samples 

were investigated with a thermal analysis system (TGA/DSC 1, Mettler Toledo, USA) in 

air with a heating rate of 12°C/min from 30°C to 850°C.   

3.3.5 Fourier transformed Infrared spectroscopy  

FTIR spectroscopy was carried out using a JASCO-FT/IR-6800 

spectrophotometer (Hachioji, Tokyo, Japan) covering the wavenumber range from 4000 

cmī1 to 1000 cmī1. 

3.3.6 Raman Spectroscopy  

Raman spectra measurements on powdered samples were performed on an 

iRaman     BWS415-532S (B&W Tek, Newark, NJ, USA) portable spectrometer system. 

The samples were excited by using a near-infrared laser diode having a wavelength of 

532nm and maximum laser output of 60mW. All the spectra were recorded on a peltier 

cooled linear CCD array detector. 

3.3.7 Microwave Absorption 

Microwave absorption was measured in the range of 1-20 GHz range by using a 

network analyzer (Anritsu MS46122B) with coaxial waveguide method. The sample 

was mixed with melted paraffin wax with a ratio of 10%. The mixture was compressed 

into a ring of inner diameter 2.95 mm, outer diameter 6.1 mm and thickness of 1 mm. 
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Chapter 4 

4 Results and Discussion 

4.1 Raman Spectroscopy 

The Raman spectroscopy is employed to investigate the effect of functionalization on 

MWCNTs by analyzing the attachment of functional groups. Figure A illustrates the 

Raman spectra of both pristine and functionalized MWCNTs. In both cases, 

characteristic bands of CNTs are observed, including the G-band around 1530 cm
-1

, the 

D-band around 1350 cm
-1

, and the G' band (D overtone) around 2700 cm
-1

. The G-band 

arises from in-plane or tangential vibration of carbon atoms, involving bending and 

stretching of sp2 carbon-carbon bonds in the C-plane of graphite. On the other hand, the 

D-band originates from structural disorders in the carbon nanostructures. It represents 

collective in-plane vibrations towards and away from the ring center formed by sp
2
 

bonded carbon atoms. 

The ID/IG intensity ratio directly correlates with the quantity of surface defects and sp
3
-

hybridized carbon atoms present in a CNT, thereby providing valuable information 

about the extent of sidewall functionalization. On the other hand, the IGô/IG intensity 

ratio indicates the degree of graphitic order extension. Lastly, the IGô/ID intensity ratio 

represents the degree of crystallinity in the CNT sample.. 

Figure 1 Raman Spectra of Unfunctionalized and Functionalized MWCNTs 
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The value of ID/IG measured from the spectra of pristine MWCNTs is 0.93 and 

functionalized MWCNTs is 1.042. The increase in ID/IG ratio after functionalization 

indicates new defects in MWCNTs geometry by successful binding of functional group 

on the surface of MWCNTs. The modification process involves two steps: opening of 

tube caps and formation of functional groups at the side walls.  

The slight difference in ID/IG values between pristine and functionalized 

MWCNTs indicates that the overall structure of the CNTs was preserved after 

functionalization. Harsh oxidation conditions can potentially damage the MWCNT 

structure and reduce their reinforcing ability in nanocomposites. However, our 

functionalization procedure was designed to create the desired functional groups while 

maintaining the integrity of the MWCNT structure to minimize the risk of tube 

shortening. 

4.2 X-ray Diffraction 

4.2.1 XRD of MWCNTs ï Iron Ferrite Nanocomposite (MWCNTs-Fe3O4) 

The figure shows the XRD pattern of functionalized MWCNTs (a), Fe3O4 (b) 

and MWCNTs- Fe3O4 (c). From figure (a), the sharp diffraction peaks at 25.5° indexed 

as (002) plane and peak at 42.4° indexed as (100) plane corresponds to characteristic 

peaks of MWCNTs (JCPDS No. 96-101-1061). The figure (b) shows the diffraction of 

synthesized Fe3O4 nanoparticles. The diffraction peaks in the pattern appeared at 30.0°, 

Figure 2 XRD pattern of MWCNTs, Fe3O4 and MWCNTs-Fe3O4 nanocomposite 



39 
 

35.5°, 43.1°, 57.0, 62.7° corresponds to the crystallographic planes (220), (311), (400), 

(511), (440) respectively. These peaks correspond to formation of magnetite 

nanoparticle with cubic inverse spinel structure (JCPDS No. 00-091-0629). Magnetite is 

a type of iron oxide with a mixed valence, consisting of Fe
+2

 and Fe
+3

 ions, arranged in 

an inverse spinel structure. Within each unit cell of magnetite, there are eight tetrahedral 

interstitial sites occupied by Fe
+3

 ions, along with an additional sixteen octahedral 

interstitial sites that are shared between eight Fe
+3

 and eight Fe
+2

 ions. Additionally, 

there are 32 oxygen ions situated in closely packed planes throughout the structure.  

For figure (c), the diffraction pattern of nanocomposite distinctly coincides with both 

diffraction pattern of MWCNTs and cubic inverse spinel structure of magnetite 

nanoparticle, indicating the formation of MWCNTs- Fe3O4 nanocomposite. 

4.2.2 XRD of MWCNTs ï Manganese Ferrite Nanocomposite (MWCNTs-

MnFe2O4) 

The XRD patterns of functionalized MWCNTs (a), MnFe2O4 (b), and 

MWCNTs- MnFe2O4 before (c) and after annealing (d) are shown in figure. In the XRD 

pattern of synthesized MnFe2O4 nanoparticles (b), the peaks at 30.1°, 35.40°, 43.14°, 

53.30°, 56.88°, and 62.33° which correspond to (2 2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2),  

Figure 3 XRD pattern of MWCNTs, MnFe2O4, MWCNTs-MnFe2O4 
nanocomposite before and after annealing 
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(5 1 1), and (4 4 0) diffraction planes of the MnFe2O4 phase matched the standard 

values in JCPDS card no. 10-0319, confirming the face-centered cubic spinel of 

jacobsite ferrite and its space group to Fd3m. In the XRD pattern of MWCNTs- 

MnFe2O4 before annealing, the peaks of MWCNTs and a single peak of MnFe2O4 

appeared at 35.40 corresponding to (311) plane. This shows that the synthesized 

MnFe2O4 in the nanocomposite is not in a complete crystalline phase during the 

synthesis. After annealing, the sample shows all the characteristics XRD peaks of both 

MWCNTS and MnFe2O4. This confirms the formation of well-defined single phase 

cubic spinel structure. The (111) plane overlaps with the (400) that of CNT. No peaks 

were observed corresponding to formation of manganese oxide and/ or iron oxide. These 

peaks precisely coincide with both patterns i-e of MWCNTs and MnFe2O4 nanoparticle, 

indicating the formation of MWCNTs- MnFe2O4nanocomposite. 

4.2.3 XRD of MWCNTs ï Cobalt Nanocomposite (MWCNTs-Co) 

The XRD patterns shown in figure are MWCNTs (a), Co nanoparticles (b) and 

MWCNTs-Co nanocomposite (c). The diffraction pattern (b) shows multiple peaks at 

Figure 4 XRD pattern of MWCNTs, Co and MWCNTs-Co nanocomposite 
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41.5°, 44.5°, 47.3° and 75.9° attributed to hexagonal structure of metallic with 

diffraction planes (100) (200) (101) and (110) respectively. 

No characteristic peaks for impurities are detected indicating formation of pure metallic 

hexagonal Cobalt nanoparticles. The diffraction pattern (c) is the combination of 

diffraction pattern of MWCNTs and Co, which confirms the formation of desired 

nanocomposite. The average crystallite size of the synthesized nanoparticles was 

determined using Scherrer's formula, based on the characteristic high intensity peaks of 

each sample. The obtained values are listed in the table 1. 

Table 1 Crytsallizte size of Fe3O4, MnFe2O4, Co nanoparticles attached with MWCNTs measured from 
Scherrer formula 

Nanocomposite Plane 2ɗ (Á) FWHM 
Crystallite Size  

d (nm) 

MWCNTs-Fe3O4 (311) 35.54413 0.72816 12 ± 2 

MWCNTs-MnFe2O4 (311) 35.6203 1.04499 10 ± 2 

MWCNTs-Co (002) 44.54695 0.55104 16 ± 2 

 

4.3 Thermogravimetric analysis  

4.3.1 TGA of MWCNTs ï Iron Ferrite Nanocomposite (MWCNTs-Fe3O4) 

The quantities of Fe3O4 in the different composition of synthesized MWCNTs-

Fe3O4 nanocomposite are estimated by TGA in air shown in figure. The TGA curve of 

nanocomposite shows same decomposition behavior as that of MWCNTs. The initial 

weight loss in the functionalized MWCNTs curve was due to elimination of surface 

functional group i-e ïOH, -COOH. This is followed by a huge weight loss which occurs 

till ~600°C is related to the oxidation of MWCNTs to CO2. After 600°C, all of the 

MWCNTs were decomposed to CO2 and the residue corresponds to the mass fraction of 

nanoparticles attached to the surface of MWCNTs.  
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In case of MWCNTs-Fe3O4, the final residue corresponds to Fe2O3, due to oxidation of 

Fe3O4. 

τὊὩὕ ὕ ự φὊὩὕ  

From the residual weight of Fe2O3 and the above oxidation reaction, the weight percent 

of Fe3O3 is calculated. The weight percent loading of nanoparticles in each 

nanocomposite is given in the table.  

4.3.2 TGA of MWCNTs ï Manganese Ferrite Nanocomposite (MWCNTs-

MnFe2O4) 

In case of MWCNTs-MnFe2O4 nanocomposite, the comparison of TGA curves with 

decomposition of MWCNTs in air is shown in figure. Similar decomposition behavior 

of MWCNTs and nanocomposites can be observed. The final residues, after oxidation of 

MWCNTs around 600°C, are Mn2O3 and Fe2O3. This residual weight of MnFe2O4 

corresponds to oxidation of Mn(II) to Mn(IV). 

τὓὲ ὊὩὕ ὕ ự ςὓὲὕ φὊὩὕ  

Figure 5 TGA curve of different concentration of MWCNTs-Fe3O4 nanocomposite 
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According to the residual weight percent of nanocomposites and above oxidation 

reaction, the weight percentages of MnFe2O4 in the nanocomposites are calculated and 

given in the table. 

 

4.3.3 TGA of MWCNTs ï Cobalt Nanocomposite (MWCNTs-Co) 

The TGA curves of nanocomposite with varying amount of Co and MWCNTs 

are shown in figure. The decomposition of nanocomposite is analogous to that of 

MWCNTs with major weight loss due to oxidation of MWCNTs to CO2. According to 

the reaction below, the residue obtain corresponds to Co3O4 

σὅέ τὕ ự ςὅέὕ 

From the residual weight and above reaction the wt% of the Cobalt in the 

nanocomposite is estimated and given in the table. 

Figure 6 TGA curve of different concentration of MWCNTs-MnFe2O4 nanocomposite 
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The TGA of the nanocomposite, having a varying amount of nanoparticles 

attached MWCNTs, showed that the composition estimated during synthesis matches 

the results obtained via TGA. This indicates that the method reported is capable of 

exactly tailoring the composition of MWCNTs nanocomposite. 

Table 2 The percentage loading of nanoparticles on the surface of MWCNTs 
calculated from TGA decomposition curves 

Description 
Weight Percent Loading of Nanoparticles 

Fe3O4                 MnFe2O4                  Co              

CF1/ CM1/ CC1 64 64 68 

CF2/ CM2/ CC2 44 49 51 

CF3/ CM3/ CC3 30 40 47 

CF4/ CM4/ CC4 22 32 40 

CF5/ CM5/ CC5 21 23 38 

CF6/ CM6/ CC6 17 15 19 

4.4 Morphological Study 

4.4.1 Unfunctionalized and Functionalized CNTs 

 Surface morphology was examined of the as received MWCNTs 

(unfunctionalized) and acid treated MWCNTs (functionalized). The figure 1a shows the 

surface of unfunctionalized MWCNTs, which shows an equal size distribution of 

MWCNTs in the entire sample. Moreover, the surface of the unfunctionalized 

MWCNTs is very smooth, indicating no surface defects. The average size estimated of 

these unfunctionalized MWCNTs is 40 ± 10 nm. Figure 1b illustrate that the tube 

structure of MWCNTs with similar length was preserved after treatment with acid. 

However, the surface of functionalized MWCNTs appears to be rougher. This indicates 

that the acid treatment did not damage the structure of the MWCNTs but imparted 

defects on the surface of the functionalized MWCNTs in the form of carboxylic and 

hydroxyl functional groups. This is also evident from the size increase of functionalized 

MWCNTs. The average size measure of functionalized MWCNTs is 45 ± 10 nm. 

Figure 7 TGA curve of different concentration of MWCNTs-Co nanocomposite 
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4.4.2 MWCNTs ï Iron Ferrite Nanocomposite (MWCNTs-Fe3O4)  

The figure 2 shows the SEM images of MWCNTs-Fe3O4 synthesized nanocomposite 

with different loading of Fe3O4. All the images show the tubular structure of MWCNTs 

is intact after the in-situ growth of Fe3O4 nanoparticles. The figure 2a shows the  

                    Figure 8 SEM images of (a) Unfunctionalized MWCNTs (b) Functionalized MWCNTs 

Figure 9 SEM images of MWCNTs-Fe3O4 nanocomposite (a) 62% loading (b) 42% loading (c) 20% loading 
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MWCNTs-Fe3O4 nanocomposite with 62% loading. The high loading is evident from 

the figure. The particles are agglomerated on the surface of MWCNTs and also present 

on the surface of the sample holder.  The MWCNTs are overloaded with Fe3O4 

nanoparticles. Only the particles on the surface of the MWCNTs are chemically attached 

and further particles are adsorbed on the surface. This is evident that due to prolong 

sonication the adsorbed Fe3O4 nanoparticles were detached. The figure 2b shows 

nanocomposite with 42% loading. The nanoparticles have completely covered the 

surface of MWCNTs and very small agglomeration is seen on the surface. The figure 2c 

shows nanocomposite with only 20% loading. The low loading is evident from the 

figure, as most of surface of MWCNTs is without any Fe3O4 nanoparticles. The 

remaining surface can further be utilized for growth of other nanoparticles. The particles 

size of Fe3O4 is measured to be 20 ± 5 nm. 

4.4.3 Manganese Ferrite Nanocomposite (MWCNTs-MnFe2O4) 

The figure 3 depicts the morphology of MWCNTs-MnFe2O4 nanocomposite  

synthesized. The MWCNTs act as a substrate for nucleation of nanoparticles growth. 

Figure 10 SEM images of MWCNTs-MnFe2O4 nanocomposite (a) 29% loading before annealing (b) 29% loading 
after annealing (c) 40% loading after annealing (d) 16% loading after annealing 
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The structure of MWNCTs is intact, revealing that the structure is not damaged during 

synthesis. The figure 3a shows the SEM image of as synthesized MWCNTs-MnFe2O4 

nanocomposite (before annealing). A donut like structure of MnFe2O4 nanoparticles is 

obtained. However, the sample before annealing did not show any magnetic behavior. 

From figure 3b, after subjecting to annealing the morphology of the MnFe2O4 change 

into particle like structure with mean size of 15 ± 5 nm. This morphology of MnFe2O4 

nanoparticles are more magnetic as revealed by VSM (discussed later). The figure 3b, 

3c, 3d represents the nanocomposite with 29%, 40%, 16% loading. The figure 3d 

illustrate that the surface of MWCNTs is not completely covered with MnFe2O4 

nanoparticles and site for further nucleation is available for different nanoparticles in-

situ growth. 

4.4.4 MWCNTs ï Cobalt Nanocomposite (MWCNTs-Co) 

      The figure 4 represents the MWCNTs-Co nanocomposite synthesized. The observed 

Figure 11 SEM Images of MWCNTs-Co nanocomposite (a) 68% loading (b) 51% loading (c) 38% loading 
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morphology of tube structure of MWCNTs shows no damage during synthesis and 

particle like morphology of Co nanoparticles in all nanocomposite samples. All SEM 

images show successful attached of Co nanoparticles with MWCNTs. The figure 4a 

represents 68% loading of Co nanoparticles on the surface. The high loading of particles 

results in agglomeration of nanocomposite. Similarly, the figure 4b represents the 

nanocomposite with 51% loading. The particles are uniformly distributed on the surface 

of MWCNTs. Figure 4c illustrate 38% loading, revealing partial coverage of MWCNTs 

surface with Co nanoparticles. The functional group on the surface of MWCNTs acts as 

a nucleation site for nanoparticle growth. This causes a decrease in agglomeration and 

facilitates smaller particle size. The size measure of Co nanoparticles is 10 ± 5 nm. 

These SEM images show successful synthesis of MWCNTs nanocomposite with 

different magnetic nanoparticle with varying loading and small particle size. All of these 

factors contribute in large number of magnetic nanoparticles of MWCNTs having more 

surface area resulting in natural resonance, interface polarization and dipolar 

polarization for enhanced microwave absorption properties. 

4.5 Magnetic Properties 

4.5.1 Magnetic Properties of MWCNTs ï Iron Ferrite Nanocomposite 

(MWCNTs-Fe3O4) 

The figure shows the magnetic hysteresis curves of MWCNTs-Fe3O4 

nanocomposite at room temperature. The hysteresis curve of MWCNTs shows non- 
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magnetic behavior. The saturation magnetization (Ms) of MWCNTs is 1.9231 emu/g, 

with coercivity (Hc) of 431.49 Oe and remanence magnetization (Mr) of 0.69945 emu/g. 

The magnetic properties of the MWCNTs-Fe3O4 nanocomposite depend on the 

concentration of attached Fe3O4 nanoparticles. An increase in the ferrite content leads 

to a higher Ms value and a decrease in coercivity (Hc). The diamagnetic behavior of 

MWCNTs shifts towards super-thin hysteresis, indicating superparamagnetic behavior 

as the wt.% of Fe3O4 increases. The magnetic properties of the nanocomposite are 

primarily influenced by the ferrite nanoparticles. However, the Ms value of the 

nanocomposite with the highest ferrite content is lower than that of the Fe3O4 

nanoparticles. This reduction is attributed to the non-colinearity of magnetic domains at 

the surface of Fe3O4 nanoparticles attached to MWCNTs, resulting in surface spin 

disorder and spin canting effects. The high Ms values in the nanocomposite may 

contribute to enhanced magnetic loss, which leads to increased absorption of the 

magnetic field associated with microwaves. 

4.5.2 Magnetic Properties of MWCNTs ï Manganese Ferrite Nanocomposite 

(MWCNTs-MnFe2O4) 

  Magnetic characteristics of the MWCNTs-MnFe2O4 nanocomposite were 

examined at room temperature, and M-H hysteresis curves were generated up to 5 kOe. 

The hysteresis curve for the MWCNTs-MnFe2O4 nanocomposite was compared before 

and after annealing, and the results are represented in the figure. Following the 

annealing process, the saturation magnetization (Ms) value increased significantly from 

1.23 emu/g to 11.7 emu/g, while the coercivity (Hc) decreased from 320 Oe to 156.61 

Oe. This observed enhancement in Ms and reduction in Hc can be attributed to the high 

degree of crystalline structure and the increased particle size resulting from the 

annealing process, which leads to reduced surface spin canting. Controlling the 

coercivity of spinel ferrite nanoparticles involves various factors, including strain, inter-

particle contact, grain size, and shape. The size of the nanoparticles has a particularly 

noteworthy impact on the Ms value. Smaller particles have a higher surface-to-volume 

ratio, which causes canted spins on their surfaces. Consequently, the saturation 

Figure 12 M-H hysteresis curves of MWCNTs and MWCNTs-Fe3O4 nanocomposite 
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magnetization of the sample diminishes, and the ferromagnetic core of the nanoparticle 

becomes more restricted in aligning with the direction of the applied magnetic field. 

The figure presents a comparison between pure MWCNTs and the MWCNTs-

MnFe2O4 nanocomposite with varying proportions of MnFe2O4. As the content of 

MnFe2O4 increases, both the Ms and Hc of the nanocomposite exhibit significant 

increments. This rise in MnFe2O4 concentration weakens the diamagnetic behavior of 

MWCNTs, leading to a shift towards superparamagnetic characteristics with lower Hc 

values. 

Despite the observed increase, the Ms value in the MWCNTs- MnFe2O4 

nanocomposite remains lower than the theoretically expected Ms value for MnFe2O4 

nanoparticles, which is 80 emu/g. The decrease in Ms value in the nanocomposite is 

ascribed to typical surface disorder in spin and canting effect associated with 

superparamagnetic particle magnetization. In this case, the magnetic moments align with 

the applied field but deviate when the field is removed due to thermal energy. The 

presence of non-magnetic MWCNTs causes a significant disordered surface spin layer 

and polar interaction at the interface between the two phases, resulting in lower Ms 

values for samples with higher MWCNT concentrations. 

 

Figure 13 M-H hysteresis curves of MWCNTs and MWCNTs-MnFe2O4 nanocomposite (a) all concentration after 
annealing (b) 29% loading before and after annealing 
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4.5.3 Magnetic Properties of MWCNTs ï Cobalt Nanocomposite (MWCNTs-Co) 

  The figure displays the magnetic hysteresis (M-H) profiles of the MWCNTs-Co 

nanocomposite, showcasing its magnetic characteristics at room temperature. All the 

composites demonstrate an increase in magnetization as the magnetic field is raised, 

indicating the magnetic activity of the Co nanoparticles connected to the MWCNTs. 

The rise in Ms (saturation magnetization) value is directly influenced by the 

quantity of Co nanoparticles present in the nanocomposite. It is worth noting that the 

coercivity measurements of the nanocomposite surpass the bulk value of 100 Oe, 

whereas the Ms value of the nanocomposite is lower than the bulk cobalt value of 161 

emu/g [26, 27]. 

The nanocomposites exhibit characteristics typical of soft magnetic materials, 

with narrower hysteresis areas and low Hc (coercivity). The nanocomposite's lower Ms 

compared to MWCNTs suggests that it will require less energy to be demagnetized and 

will be more responsive to external magnetic fields. However, it is essential to consider 

that the Hc and Ms are influenced by the size, composition, and form of the 

nanoparticles. Additionally, the presence of a surfactant layer and surface oxidation can 

also impact the magnetic properties. 

Figure 14 M-H hysteresis curves of MWCNTs and MWCNTs-Co nanocomposite 
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The tiny size of Co nanoparticles results in an increased surface-to-volume ratio, 

leading to enhanced surface oxidation of the metal nanoparticles and significant spin 

disorder on the surface. Coercivity's relationship with particle size shows that high Hc 

values are typically found for single-domain, tiny particles that are not 

superparamagnetic. 

 The addition of Fe3O4, MnFe2O4, and Co nanoparticles to MWCNTs results in 

an increase in Ms values across all the nanocomposites. This transition from 

diamagnetic to superparamagnetic and ferromagnetic behavior could contribute to 

enhanced magnetic loss, leading to increased absorption of the magnetic field associated 

with microwaves. 

4.6 Microwave Absorption 

According to transmission line theory, the electromagnetic wave absorption 

performances of all the composites can be described by the reflection loss (RL) 

coefficients. Generally, RL less than ī10 dB is requested to meet the demand for 

practical applications, which means more than 90% absorption of electro-magnetic 

waves. As demonstrated in Figure 5aïd a minimum RL (RL min ) value below ī30 dB 

can be achieved by all the samples in the 1ï20 GHz range, revealing high-attenuation 

broadband microwave absorption with a maximum wave absorbing efficiency of 

>99.9%. It is notable that the MWCNTs/Fe3O4 demonstrates an extremely high 

electromagnetic wave absorption with a RL min value of ī35.22 dB at 14.2 GHz and 

RL min of -16.74 dB at 19.17 GHz (Figure 5a), which makes it the most competitive 

absorber among all the composites. Meanwhile, MWCNTs/MnFe2O4 and MWCNTs/Co 

also deliver an excellent absorbing performance of RL min of ī31.54 dB (6.57 GHz) 

and RL min of ī19.15 dB (5.54 GHz). The effective absorption bandwidth (EAB, 

frequency region where RL Ò ī10 dB) values of all the samples are close in the region 

of 13 - 15 GHz and 18-20 GHz for MWCNTs/Fe3O4, 5 ï 7 GHz for MWCNTs/MnFe2O4 

and 5 ï 6 GHz for MWCNTs/Co. 
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The quaternary nanocomposite MWCNTs/ Fe3O4/ MnFe2O4/ Co exhibits a 

minimum reflection loss at two different frequencies corresponding to each of the 

constitute nanocomposite. The RL min value is -32 dB at 8 GHz and -30.47 dB at 16 

GHz. The EAB at both RL min is 5 ï 10 GHz and 15-18 GHz respectively. The first 

broadband absorption involve absorption from MnFe2O4 and Co nanoparticles whereas 

the second broadband is due to Fe3O4 nanoparticles in the quaternary nanocomposite. 

The quaternary nanocomposite absorber behaves as a band pass filter, allowing a 

specific range to pass and absorbing every other frequency. This type of absorber is very 

useful for stealth application because the microwave from radar detection system needs 

Figure 15 Minimum reflection losses characteristics of MWCNTs/Fe3O4, MWCNTs/MnFe2O4, MWCNTs/Co, and 
MWCNTs/MnFe2O4/Fe3O4/Co quaternary nanocomposite 
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sto be absorbed by the aircraft, while keeping an open communication link with their 

own center. This work ensures this band pass absorber by carefully engineering 

nanoparticles on the surface of MWCNTs. 

The nanocomposites containing Fe, Co, and Mn atoms display characteristics of 

spin magnetization. The Fe3O4and MnFe2O4nanoparticles exhibit an interesting 

antiferromagnetic coupling phenomenon involving Fe atoms, which contributes to a 

reduction in saturation magnetization. Under the influence of altering electromagnetic 

fields, the magnetic moments of Fe, Co, and Mn atoms can undergo resonance, resulting 

in a favorable magnetic loss capability for absorbing electromagnetic wave energy. 

Additionally, the dense magnetic field lines originating from the MWCNTs/ Fe3O4/ 

MnFe2O4/Co nanocomposite envelop magnetic materials with appropriate saturation 

magnetization exhibit magnetic coupling interactions that enhance their magnetic loss 

capacities. In the context of the MWCNTs nanocomposite, neighboring magnetic 

particles. The magnetic coupling effect among these Fe3O4, MnFe2O4, and Co 

nanoparticles leads to the creation of isolated magnetic loss units that form a compact 

magnetic absorption network. This network effectively amplifies the attenuation of 

electromagnetic energy. To sum up, the electromagnetic wave absorption mechanism of 

the synthesized ferromagnetic MWCNTs/Fe3O4/ MnFe2O4/Co nanocomposite primarily 

involves the conversion of electromagnetic energy into thermal energy through the 

synergistic interplay of dielectric and magnetic losses. The Fe3O4, MnFe2O4, and Co 

nanoparticles, along with the hetero-interfaces of MWCNTs, contribute to exceptional 

electronic dipole polarizations and interfacial polarization relaxations. Concurrently, the 

conductive MWCNTs network facilitates robust conductive loss through electron 

migration. Moreover, the ferromagnetic Fe3O4, MnFe2O4, and Co nanoparticles serve as 

magnetic loss units within the electromagnetic energy absorber system. The notable 

magnetic coupling interactions among adjacent nanoparticles form a densely 

interconnected magnetic absorption network. This network, coupled with the magnetic 

resonance of ferromagnetic atoms, effectively induces magnetic relaxation, thereby 

dissipating electromagnetic wave energy. 

  



55 
 

5 Conclusion 
 

In conclusion, the combination of MWCNTs with Fe3O4, MnFe2O4, and Cobalt 

nanoparticles has shown promising potential as radar absorbing materials. The 

nanocomposites exhibit enhanced magnetic properties, with increased Ms values 

achieved through the attachment of these magnetic nanoparticles. The increase of Ms 

from 1.9 emu/ g of MWCNTs to 35 emu/ g for MWCNTs- Fe3O4, 20 emu/ g for 

MWCNTs-MnFe2O4, 60 emu/ g for MWCNTs-Co. Also, the transition from 

diamagnetic to superparamagnetic and ferromagnetic behavior in the nanocomposites 

contributes to improved magnetic loss, resulting in higher absorption of the magnetic 

field associated with microwaves. 

The unique properties of these nanocomposites, such as their narrow hysteresis areas 

and low coercivity, indicate that they possess characteristics of soft magnetic materials, 

making them suitable for radar absorbing applications. The lower Hc compared to 

MWCNTs suggests that the nanocomposites will require less energy for 

demagnetization and will be more sensitive to external magnetic fields, making them 

effective in attenuating radar signals. 

Furthermore, the control of particle size, composition, and form of the nanoparticles 

plays a crucial role in determining the magnetic properties of the nanocomposites. 

Additionally, factors like surface oxidation can influence the magnetic characteristics, 

and surface spin disorder resulting from small nanoparticles further contributes to the 

overall performance of these materials. 

Overall, MWCNTs combined with Fe3O4, MnFe2O4, and Cobalt nanoparticles show 

great promise as radar absorbing materials due to their enhanced magnetic behavior and 

increased absorption of microwaves. Continued research and optimization of these 

nanocomposites hold the potential to advance radar absorbing technologies and 

contribute to various applications in the fields of defense, communication, and 

electromagnetic interference shielding. 
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