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Abstract 

     This research concentrates on the preparation of polypyrrole nanofibers 

(PPy-NFs) polymer using chemical polymerization technique and the 

nanoparticles of (Co0.8-xZnxMn0.2Fe2O4) by co-precipitation technique 

followed by thermal treatment in a hydrothermal autoclave reactor where the 

values of (x) were within range (0-0.8) with (0.2) increment in each sample. 

Then the polypyrrole nanofibers were decorated with different ferrite 

nanoparticles to obtain (PPy-NFs/Ferrite nanoparticles) nanocomposite. 

     The prepared materials were characterized via several techniques, 

including X-ray Diffraction (XRD), infrared spectroscopy (FTIR) and Field 

emission Scanning electron microscopy (FESEM). (XRD) results 

demonstrated the amorphous character of polypyrrole and the single phase 

cubic spinel for the ferrite nanoparticles. The Crystallite size (D311) of the 

ferrite particles was within the range (8.54-14.47) nm. Also, (FESEM) images 

revealed that polypyrrole has polymerized in form of a 1D nanofibers net. 

Also, ferrite nanoparticles are spherical with little change in particle size 

distribution. (FTIR) of ferrite nanoparticles revealed two distinct absorption 

bands belonging to the tetrahedral places and octahedral places, respectively. 

In addition to it exhibited fabulous coherence between polypyrrole (PPy-NFs) 

and Ferrite nanoparticles. This indicates for the infallible fabrication of 

nanocomposites. The optical characteristics of the samples had also examined, 

and it has been noted that the value of the energy gap and absorbance behavior 

change with the change in the addition ratios and ferrite content. 

     The magnetic measurements were made at room temperature showed that 

the prepared samples have definite magnetic properties. It was also observed 

that the values of the saturation magnetization altered through the cobalt 



 

 
 

content change in the composition. It recorded highest value at (x=0) for 

(Co0.8-xZnxMn0.2Fe2O4), then it gradually decreases with the decrease in the 

cobalt content. 

     The prepared nanocomposite had been used to enhance the photodetector 

sensitivity. The highest photosensitivity for each of polypyrrole (PPy-NFs) 

was up to (43.42%) and ferrite nanoparticles was (81.47%) at (x=0.8). While 

Nanocomposite sample for (PPy-NFs/Zn0.8Mn0.2Fe2O4) was (103.74%) for 

light with power of (30 mW) and wavelength of (405 nm). The rise and fall 

time were about (0.5 sec). 

     The supercapacitors were prepared for polypyrrole, ferrite nanoparticles 

and nanocomposite samples in order to gain distinguish and periodically stable 

capacitances. The performance of samples had evaluated via CV, EIS as well 

GCD methods. The highest capacitance of the nanocomposite electrode for 

(PPy-NFs/Zn0.8Mn0.2Fe2O4) was equal (414.12 F/g) with scan rate (20mV/s). 

     Finally, the response of the prepared samples was studied for ammonia gas 

sensing. It was found that ammonia gas sensing increase gradually with the 

raise of the zinc content in the pure ferrite nanoparticles samples and the PPy-

NFs nanocomposite samples. It was noted that the largest response of 

ammonia gas at a temperature of (50
0
C) for ferrite nanoparticles at (x=0.8) 

equals (679.01%) and the nanocomposite samples for (PPy-

NFs/Zn0.8Mn0.2Fe2O4) was equal to (423.11%). 
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Chapter one 

Introduction and Literature Review 

1.1 Introduction 

     This work addresses the characteristics of composite material consisting 

of polypyrrole nanofibers supported by ferrite nanoparticles. To begin with, 

polymers are an essential sort of chemical that living would've been more 

significantly harder without it. Polymer comes from the Greece words poly, 

which means many, plus mers, which incomes components as well as units 

with an in height molar mass. Every molecule is comprised of a large 

number of distinct composition units that are arranged in a logical order. 

Polymers, also known as macromolecules, are large molecules with a high 

molecular weight that are made via combining a great number of small 

molecules called monomers. Polymerization is process of joining monomers 

together to produce a polymer [1]. 

     Synthesis polymers have been known and used as effective insulators for 

a long time. Billingham as well as Calvert contend that, “For most of the 

history of polymer technology, one of the most important characteristics of 

these polymers is their ability to work as an excellent electrical insulators.” 

Massive efforts have been made in the last two decades to develop 

innovative materials known as “conducting polymers” (CPs) [2]. Conducting 

polymers have been extensively studied for optical, electrochemical, and 

electronic applications due to their unique optical, electrical, and chemical 

features. When the right elements are doped into products, they can have 

conductivity ranging from semiconductors to metallic materials [3].  

     Due to their electric as well as electrochemical properties which are 

equivalent with those of traditional semiconductors as well as metals, 
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conducting polymers (CPs) have attracted a great attention across both basic 

plus applied investigation. CPs offer great features such as low 

manufacturing and treatment temperatures, adjustable conductivity, chemical 

and structural variety, and structural flexibility [4]. Impactful materials of 

CPs of good mechanical reliability, flexibility, as well as conductivities have 

been demonstrated to function as significant physical parts in light-emitting 

diodes[5], capacitors of electrochemical, actuators plus transistors [6], 

devices  of electrochromic [7], cells of photovoltaic as well as sensors, 

battery, memories and electromagnetic induction (EMI) shielding [8]. 

     Polyacetylene is the first conductive polymer that was discovered by 

Alan Heeger, Hideki Shirakawa, and Alan MacDiarmid in1977. After this 

discovery, a variety of conductive polymers were investigated, including 

PANI, polypyrrole, polythiophene, PEDOT, besides PPV polymer [9]. 

Polyaniline (PANI), polypyrrole (PPy), and polythiophene (PTh) are the 

most appealing polymer groups [10]. Over the past decades, these 

conductive polymers have indeed been studied widely and described. Due to 

their low cost, great sensitivity, quick reaction, their ability to work at room 

temperature, those polymers but also its derivatives have frequently used in 

nanosensors [11]. Because of their exceptional electrical and magnetic 

properties, spinel ferrites are intriguing ceramic magnetic materials that have 

been the focus of extensive theoretical and experimental research. Spinel 

ferrite nanoparticles have remarkable physical and chemical features, 

including substantial anisotropy, high saturation magnetization, high 

magnetic permeability, good chemical stability [12], Superparamagnetism, 

and temperature-dependent hysteresis, among others. It is employed in a 

variety of applications, including soft magnetic powders, hyperthermia, 
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magnetic fluids, heat transfer systems, transformer cores, drug delivery 

orientation, data storage devices, and magnetic sensors [13]. Many ferrites 

could be classified as magnetism semiconductors due to its distinctive 

features plus good functional features. They have a wide range of uses in a 

variety of industries. The magnetic characteristics of ferrites are determined 

by phase purity and crystalline nature. Magnetorheology[14] and microwave 

absorption are two further applications of magnetic ferrites [15]. The 

different ferrites can be synthesized using a variety of processes. The 

magnetic behavior of ferrites is determined by the structure of ferrites, the 

cations Spread at the octahedral plus tetrahedral positions, models defects, 

the nanocrystallites size, and other factors [16].  

1.2 Literature Review  

1. Hernandez et al. published a paper in 2007 about superior quality PPy-NWs 

made through template-directed chemical preparation. Temperature 

dependent electrical transport investigations revealed that the specimen was 

semiconducting with a minimal extent of disorder. For gaseous ammonia, 

sensors according to single nanowire demonstrated high sensitivity, 

detection limit, in addition to selectivity. At a concentration of 

approximately 40 ppm, the sensors provided reliable detection [17]. 

2. Yang et al. demonstrated in 2010 that using a FeCl3-MO reactive template, 

they could make polypyrrole (PPy) nanofibers quickly and easily. Chemical 

sensors were built into the sensor device using the prepared PPy nanofibers 

to discover NH3 vapors. In comparison to bulk Polypyrrole, sensor in 

accordance with PPy-NFs outperformed bulk PPy when it comes to time 

response plus sensitivity [18]. 
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3. Dubal et al. in 2011 Here, electrodeposition process for the production of 

PPy nanobricks have been tested. X-ray Diffraction, FTIR, TEM, plus SEM 

are used to characterize these PPy nanobricks. CV in addition GCD methods 

were used to assess the electrochemical performance of PPy material 

(electrode). Within the voltage range of 4×10
-1

 to -6×10
-1

 Volt in 5×10
-1

 M 

sulfuric acid, a great Cs of 47.6×10 F.g
-1

 had attained. Furthermore, PPy 

electrode had an 89% discharge/charge efficiency [19]. 

4. Hosseini et al. in 2012 synthesized polypyrrole-MnFe2O4 composites by 

core-shell construction using in situ-polymerization in the existence of 

surfactant plus doping. FeCl3 also served as an oxidation factor. XRD, VSM, 

SEM, FTIR, and the four-wire technique were used to determine the 

structure and magnetic properties of manganese ferrite nanoparticles. 

Utilizing vector network analysers in the frequency region from eight to 

twelve GHz, the microwave-absorbing properties of nanocomposite powders 

were investigated. At 11.3GHz, A reflection loss of -1.2×10 dB measured as 

the minimal. The results of spectroanalysis show that Polypyrrole chains in 

addition to particles of ferrite have a mutual interaction [20]. 

5. Shinde et al. reported in 2013 a low-cost, innovative, in addition to easy 

chemical production of thin films PPy to supercapacitors applications. XRD, 

FTIR, and SEM are used to evaluate these PPy films. The electrochemical 

supercapacitors characteristics for PPy thin films were assessed via CV in a 

5×10
-1

 M Sulfuric acid, with an extreme Cs of 32.9×10 F/g with a scan rate 

about 5mV/s. Furthermore, electrochemical impedance measurements 

revealed that the (ESR) for thin films PPy are 108×10
-2

 ohm The charge 

transfer is attributable to both redox and non-redox reactions, as indicated by 

the Nyquist and Bode plots, which is supported by the findings of charge 

discharge experiments [21]. 
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6. Geng et al. in 2013 synthesized polypyrrole/γ-Fe2O3 hybrid materials in situ 

via sol-gel polymerization and studied them using FTIR, XRD, and 

HRTEM. At thirty, sixty, plus ninety Celsius, the sensitivities of gas in 

ammonia, CO, H2, acetone and ethanol atmospheres had measured. The gas 

sensitivities findings revealed which the polypyrrole/γ-Fe2O3 had a great 

sensitivity for ammonia at a low working temp (<hundred Celsius), 

overcoming disadvantages of PPy's slow response time and γ-Fe2O3 high 

operating temperature. As a result, the hybrids had crucial and practical 

properties for the production of gas sensors [22]. 

7. Eeu et al. in 2013 reinforced polypyrrole by reduced graphene oxide plus 

(Fe2O3) to obtain electrochemical stabilization and improvement, A simple 

one-pot chronoamperometry technique was used to create the ternary 

nanocomposite film. When comparing the nanocomposite to their individual 

(polypyrrole) as well as binary (polypyrrole/RGO) counterparts, cyclic 

voltammetry measurements revealed a two-fold and four-fold increase in 

current for the nanocomposite. Even after 200 charge/discharge cycles, the 

film of ternary composite retained its Cs quite well. The PPy/RGO/Fe2O3 

electrode has a specific capacitance of 1257×10
-1

 F.g
-1  while the 

Polypyrrole/reduced graphene oxide plus polypyrrole materials (electrodes) 

have 933×10
-1

 and 766×10
-1

 F.g
-1

, respectively [23]. 

8. Ullah et al. In 2013 investigated the response mechanism of polypyrrole as a 

sensor to ammonia. The interaction of ammonia with the oligopyrrole lowers 

the impedance to electron transport across the oligomer backbone. Changes 

in electronic characteristics like as ionization potential, electron affinity, 

HOMO, LUMO, band gap, and λmax are also used to assess resistance 

decrease. The capacity of nPy oligomers to detect ammonia is additionally 

aided by their electron affinity and band gap (HOMO to LUMO). When 
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oligopyroles interact with NH3, band gaps narrow and LUMO energies rise 

[24]. 

9. Navale et al. In 2014 used a spin coating method on a glass substrate to 

produce Polypyrrole-iron oxide hybrid nanocomposite sensor films, which 

were then analyzed for structural and morphological features using XRD, 

FTIR, and SEM. The hybrid nanocomposites' gas-sensing properties were 

investigated and compared to Polypyrrole plus α-ferric oxide (Fe2O3). This 

was discovered which polypyrrole/α-ferric oxide (Fe2O3) hybrid composites 

could somewhat compensate for limitations for pristine polypyrrole and 

ferric oxide. this was discovered that a polypyrrole/α-ferric oxide (Fe2O3) 

(fifty %) hybrid sensing working at room temp can discover Nitrogen 

dioxide (NO2) at small concentrations (ten ppm) and high selectivity 

compared to C2H5OH as well as sensitivity (5.6×10%) and superior 

stabilization (85%) [25]. 

10.  Moloudi et al. In 2015 prepared a nanocomposite of hard (BaFe12O19)/soft 

ferrite, and then produced an in situ polymerisation method to create a PPy- 

BaFe12O19/Fe3O4 multicore-shell. VSM and the four-wire approach were 

used to characterize the nanocomposite's magnetic characteristics and 

electrical conductivity, respectively. Electrical conductivity of conducting 

ferromagnetic polymer nanocomposites is order of 0.5×10 
 

  
 , as well as Ms 

is 0.3×10  
   

 
 as prepared [26]. 

11. Elahi et al. In a 2015 used sol-gel and in situ chemical polymerization to 

synthesize Zn0.5Ni0.45Mn0.05Fe2O4 and polypyrrole-ferrite nanocomposite 

structures. The formation of a two-phase system is revealed by XRD, FTIR, 

and FESEM experiments. When ferrite was added to PPy, the phase 

separation increased. Because of the bonding influence among the metals 
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cations with the polypyrrole, the electric density for the polypyrrole chain 

decreased, lowering conductivity. When ferrites are included into a 

conducting polypyrrol matrix, the dielectric constant and dielectric loss 

increase. When comparing pure samples to composite materials, the loss 

tangent was found to have large values. The magnetic characteristics of 

composites were also affected by the amount of ferrite [27]. 

12. Sun et al. in 2016 synthesized PPy/coated ZnFe2O4 double-shelled hollow 

spheres in a study conducted. The ZnFe2O4/PPy composite that emerges 

combines the benefits of hollow structure and nanocompositing. The hollow 

interior reduces volume changes during charge and discharge, while the PPy 

coating improves structural stability and conductivity. The electrochemical 

performance of the ZnFe2O4/PPy composite is much better than that of 

pristine ZnFe2O4 with a double-shelled hollow structure. This study found 

that combining hollow structure and nanocompositing to develop the 

electrochemical act of anode materials (Transition metal oxides or TMO) 

[28]. 

13.  Mažeika et al. in 2018 synthesized CoFe2O4/polypyrrole composite 

nanoparticles using a high energy ball mill. For sample characterisation, 

Mössbauer and FTIR spectroscopies, VSM, and TEM were used. 

Nanoparticles were exposed to an alternating magnetic field to assess the 

specific loss power. When comparing CoFe2O4 nanoparticles to 

CoFe2O4/polypyrrole composite nanoparticles, some differences in 

coercivity were detected and explained [29]. 

14.  Zhang et al. in 2018 reported new NH3 gas sensing according to self-

assembled Polypyrrole/Zn2SnO4 composite. In-situ chemical oxidative 

polymerization was used to prepare the PPy nanospheres, and C element 

microspheres had used as a sacrificial model to synthesize the Zn2SnO4 
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hollow nanospheres. The reported materials were characterized using XRD, 

FTIR, EDS, XPS, TEM, in addition to SEM techniques. When exposed for 

ammonia gas, gas sensor characteristics for Polypyrrole/Zn2SnO4 nanofilm 

had studied. In terms of a reduction discovery limit, greater responsiveness, 

shorter response with recovery time, and exceptional repetition to ammonia 

gas, the PPy/Zn2SnO4 Nanofilm sensor outperformed its pristine Polypyrrole 

and Zn2SnO4. The substantial improvement in gas sensor characteristics 

for PPy/Zn2SnO4 Nanofilm is attributed to the deprotonation/protonation 

technique of NH3 adsorption/desorption on the Polypyrrole surface, unique 

relations at the p-n Hetero junction, as well as large surface area of the 

PPy/Zn2SnO4 composite [30]. 

15.  Assar et al. in 2019 prepared Co0.5Ni0.2Li0.15Fe2.15O4/Polypyrrole using the 

mechano-synthetic technique. Their magnetic plus structural features were 

studied. The rise of the nonmagnetic Polypyrrole shell in comparison with 

nanoparticles magnetic in the core resulted in a linear drop in Ms, Mr, K1, 

and an almost stable value of Hc, which was found and explained. This could 

also explain why the composite samples' ζdc values were higher than the 

pure models'. The frequency dependency of the composite models ε', ε", ζ'ac, 

and tanδ has been studied. (Z'-Z") graphs of composite models revealed 

various overlapping semi-circles based on electrical variables. The 

semicircles relate to series parallel resistor-capacitor circuits. Depending on 

the electrical conditions, the composite models' (Z'-Z") charts revealed 

distinct overlapped semi-circles parts. These semi circles relate parallel 

series resistor-capacitor pairings [31]. 

16. Scindia et al. in 2019 prepared the composite electrode of NiFe2O4/PPy 

using easy with low cost in-situ chemical oxidation route in an aqueous 

medium by the presence of surfactant and described of the structural, 
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spectral, electrical, morphological and thermal investigations. The super 

capacitive behavior of NFO/Polypyrrole material (electrode) had studied in 

an aqueous 10
-1

N sulfuric acid (electrolyte sol). The NFO/polypyrrole 

electrode has the maximum Cs of 72.166×10 F.g
-1

. The specific power, 

specific energy, as well as coulomb efficiency, respectively, were found to 

be 61.8×10
-1  

  

  
, 519.5×10

-1
 
  

  

 
, with 990.8×10

-1
 %. This material electrode 

demonstrated electrochemical stabilization after (10
3
)

th
 continuous CD 

cycles, and it was found to be an effective electrode substance for 

supercapacitors deices [32]. 

17. Chunping Xu et al. in 2019 used a one-step hydrothermal technique to 

synthesize polypyrrole-modified iron oxide nanomaterials. By performing 

the synthesis at various temperatures, the impact of the reaction temperature 

was examined. Nanohybrids manufactured were incorporated into electrodes 

to create supercapacitors devices. Controlling the (C+N)/Fe ratio on the 

surface, which is highly sensitive on reaction temperature, allowed for 

effective tailoring of the electrochemical characteristics. Ppy@Fe2O3-180°C 

nanohybrid had the highest electrochemical performance, with a noticeable 

capacitance amount of 56×10 F.g
-1

 at a current density of 5 A.g
-1

  in addition 

to an extraordinary cycling stability of 9.73×10% after 2×10
4
 cycles of CD 

at 4×10 A.g
-1

 [33]. 

18. Yağan in 2019: Use aqueous solution comprising monomer and oxalic acid, 

polypyrrole was electropolymerized potentiodynamically on a prepassivated 

Fe electrode. PPy was electropolymerized between 3×10
-1

 and 8×10
-1

 Volt 

against saturated calomel electrode (SCE) at a scan rate about 20 
  

 
. CV, 

GCD cycling, plus EIS were utilized to investigate the electrochemical 

features of PPy coated Fe electrode. The greatest specific capacitance of a Fe 
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electrode covered with PPy is 2280 F.g
-1

 [34]. 

19. Liu et al. in 2019 used a simple and quick microwave approach to 

manufacture polypyrrole nanofiber (PPyNF)/NiOx composites. The samples 

were analyzed using differential scanning calorimetry and thermal 

gravimetric analysis, as well as X-ray photoelectron spectroscopy and SEM. 

PPyNF/NiOx nanocomposites were also electrochemically analyzed via 

GCD, CV, as well as EIS methods. They are the higher Cs (65.7×10 F.g
-1

 at 

0.05        , which means that it can be used in supercapacitors [35]. 

20.  Wang et al. in 2020 synthesized polypyrrole/Fe2O3 nanocomposites using a 

one-step hydrothermal method in order to improve polypyrrole's gas 

response to NO2. XPS, HRTEM, and TG studies have all shown the 

presence of ferric oxide in composites. At 50°C, the polypyrrole/Fe2O3 

sensor has a good selectivity for NO2 and a fast response. The polypyrrole/ 

Fe2O3 materials are easier to manufacture in comparison to other 

polypyrrole/metal oxide materials, and the gas sensor has a greater response 

of 220.7%, a lower detection limit of 0.1 ppm, and a strong linear 

relationship when NO2 concentrations vary from 0.1 ppm to 10 ppm. In 

comparison to pure polypyrrole and Fe2O3, the gas response is dramatically 

improved [36]. 
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1.3 Aims of the study  

1- By simple methods and effective cost, polypyrrole nanofibers (PPy-

NFs) were synthesized by chemical oxidative polymerization 

technique. Nanoparticles of Zn0.8Mn0.2Fe2O4 were prepared by the co-

precipitation method and followed by heat treatment in an autoclave 

reactor As well as, (PPy-NFs/Co0.8-xZnxMn0.2Fe2O4) nanocomposites 

from PPy-NFs and ferrite nanoparticles. 

 

2- Studying the influence of zinc replacement in magnetite structure on 

the structural properties, magnetic properties, optical properties, and 

performance efficiency of manufactured devices. 

 

3- Selection of optimal conditions for the preparation of samples and 

their uses in electrochemical applications such as Supercapacitors, 

Optoelectronic Applications, and Gas Sensing. 
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Chapter Two 

Theoretical and Basic Concepts 

2.1 Introduction  

     This chapter delves into theoretical notions and nanotechnology, as well as 

the qualities, features, and applications of the materials studied. The methods 

used to prepare and measure them, as well as an explanation of the 

relationships and mathematical equations are also employed here. 

2.2 Nanoscience and Nanotechnology Background 

     Progress in the field of material science can be used to chart the evolution 

of human civilization. Materials science is a convergence of physics, 

chemistry, biology, chemical engineering, mechanical, civil, and electrical 

engineering, among other science and engineering disciplines. One of the 

oldest branches of applied and engineering science is material science. With 

the advancement of materials science expertise, such as Nanotechnology, new 

branches are emerging. The introduction of nanoscience and nanotechnology 

as a leading technology of the twenty-first century has only accelerated 

material science's development. Nanoscience and nanotechnology are now 

synonymous with material science and technology. These nanostructure 

materials frequently have very strong electrical, optical, magnetic, and 

chemical capabilities that their bulk counterparts don't have, which could lead 

to new and intriguing applications. 

     The term "nano" should be defined as the beginning point for this 

presentation. The definition of this prefix is one-billionth (10
-9

) component, 

which originated in Greek and was used to denote anything extremely small. 
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As a result, at minimum 1 spatial dimension between one and hundred 

nanometer is described as Nanoscale. [37]. 

     Nanoscience is the research of nanoscale materials that makes use of 

nanotechnology to characterize their unique chemical, physical, as well as 

biological features [38]. Nanotechnology is the advancement of 

miniaturization techniques that begins at the macroscopic level and leads to 

the nanoworld. It also encompasses the atomic, molecular plus supramolecular 

manipulation of functional systems to produce new nanoscale materials, 

structures, components, as well as systems. Nanomaterials are chemical 

compounds or materials with at minimum one external dimension on the 

nanoscale. Nanostructured materials are created to provide novel and 

distinctive qualities such as electrical, mechanical, and optical when 

comparing to the identical material without nanoscale properties [39].  

2.3 Nanomaterials Classification 

     Nanomaterials can be classified in a variety of ways, depending on their 

dimensions, for example (among others). They can be divided into four types 

based on their dimensions [40]: 

1- 0D Nanomaterials: The essential feature of zero-dimensional nanomaterials 

is that they have all three dimensions compacted to nanoscale (are smaller 

than 100 nm). Nanoparticles are an example of this [41]. 

2- 1D Nanomaterials: Nanotubes, nanorods, and nanowires are all included in 

this category. One nanostructure dimension in these nanostructures would be 

larger than a nanometer [42].  



Chapter Two                                                   Theoretical and Basic Concepts 
 

14 
 

3- 2D Nanomaterials: One of the three dimensions of thin films and surfaces 

has been compressed to the nanoscale. Metals, metallic oxides, and carbon-

based materials can all be used to make them. Coatings and thin multilayer 

films, nanowalls, and nanosheets are among the nanofilms involved [43]. 

4- 3D Nanomaterials: These nanomaterials can be seen in structures and 

electronics, with all of these dimensions being outside the nanometer scale. 

Bulk materials made up of discrete blocks with dimensions ranging from 1 to 

100 nanometers [44]. 

2.4 Conducting Polymers (CPs) 

     Polymer has long been thought of insulator, and their insulating qualities 

have led to applications. In fact, any electrical conduction in polymers caused 

by weakly coupled ions has previously been regarded as an unfavorable 

phenomenon. Polymers, on the other hand, have evolved from essentially 

passive substance as coat and vessel to effective matter with beneficial optic, 

electric, power storage, in addition to mechanical features [45]. Because of 

their conjugated π-bonds, conductive polymers are polyconjugated organic 

polymers that transmit electricity. Metallic conductivity or semiconductor 

properties are possible in such compounds. The ability to produce conductive 

polymers, primarily by dispersion, is their greatest benefit [46]. Conductive 

polymers are not thermoplastics, which means they cannot be thermoformed. 

They are organic compounds, like insulating polymers. They have good 

electrical conductivity, but mechanical qualities are not comparable to those of 

other commercially available polymers. Organic synthesis methods and 

advanced dispersion techniques can be used to fine-tune the electrical 

characteristics. Conducting polymers have limited electrical conductivity in 

their pure form (undoped or pristine state) and act like an insulator or a 
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semiconductor. By treating these polymers with proper oxidizing or reducing 

chemicals, they can be transformed to polymer salts with electrical 

conductivities comparable to metals. Synthetic metals are these types of doped 

polymers with high electrical conductivities [47]. 

2.5 Classification of Conducting Polymers 

     Conducting polymers are classified into the following types: 

2.5.1 Intrinsically Conducting Polymers 

2.5.1.1 Conjugated Conducting Polymers 

     They're conducting polymers with single and double bonds that alternate. 

The sigma (ζ-bonds) is single bonds. One bond and one π-bond combine to 

form a double bond. The overlap of sp
2
 hybrid orbitals in conjugated polymers 

forms a sigma bond backbone. Carbon atoms' leftover orbitals overlap 

sideways with neighboring Pz-orbitals to create π–bonds. The electrons 

involved in the creation of π–bonds are delocalized throughout the polymer 

chain, resulting in the formation of valence and conduction bands. When the 

energy gap between the two bands is small, electrons being excited from the 

low-energy valence band to the high-energy conduction band, which results in 

higher conductivity [48].  

2.5.1.2 Doped Conducting Polymers 

     Conjugation isn't enough to turn a polymer into a conductor. A technique 

known as 'Doping' can raise the conductivities of pristine polymers (pure 

conjugated polymers) from insulating. Dopants are introduced into polymer 

films or powders by exposing them to dopant vapors or solutions, or by 
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electrochemical oxidation and reduction. P-type dopants and n-type dopants 

are the two varieties of dopants [49]. 

2.5.2 Extrinsically Conducting Polymers 

2.5.2.1Conductive Element Filled Polymers 

     To make the polymer conduct, an insulating type of polymer is mixed with 

appropriate conducting components such as carbon black, metallic fibers, 

metallic oxides, and so on. Percolation threshold refers to the smallest amount 

of conducting element necessary to make an insulating polymer conduct [50]. 

2.5.2.2 Blended Conducting Polymers 

     It is produced by blending a regular polymer with a good conducting 

polymer. This approach produces polymers with improved physical, chemical, 

electrical, and mechanical properties, as well as the ability to be processed 

more readily [50]. 

2.6 Synthesis of Conducting Polymers 

     Conducting polymer synthesis and characterisation has become a major 

focus of research in polymer and materials science [51]. New and unique 

architectures, good processibility, simplicity of synthesis, better defined three-

dimensional structures, stability, solubility, and other factors will all play 

important roles in the synthesis of conducting polymers. Because conducting 

polymers are organic materials, their synthesis allows for some flexibility, 

allowing us to leverage device input and combine end-use needs to tune 

conducting polymer features. The flexibility of synthesis will be critical to the 

commercialization of conducting polymers. Chemical and electrochemical 

methods can be used to make conducting polymers. 
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2.6.1 Chemical Polymerization 

     The reaction is carried out in this approach by mixing the monomer with 

various oxidants in an aqueous solution. The chemical reaction can be carried 

out for various lengths of time and at various temperatures. It is affordable, 

and the product yield is extremely high. The monomer is oxidized to a cation 

and then coupled to generate a coupled radical. The polymer chain is formed 

by the repeating of these radicals. Dispersion polymerization, interfacial 

polymerization, and vapor phase polymerization are examples of these 

processes. Interfacial polymerization is ex-situ, whereas dispersion is in-situ. 

This process uses a variety of oxidizing agents, including FeCl3, ammonium 

persulphate, potassium paramagnet, and potassium dichromate, among others. 

In the case of vapor phase polymerization, the polymerization takes occur on 

an oxidizing agent-coated desirable surface. When the substrate is exposed to 

monomer vapour, a polymer film is formed on the necessary surface. 

Chemical polymerization can also be controlled by adjusting various factors 

like as concentration, reaction temperature, amount of doping, and so on [52]. 

In terms of acceptable conductivity qualities, for chemical polymerization of 

pyrrole monomer , ferric chloride and waters been discovered to have been the 

ideal oxidizing and solvents. 

2.6.2 Electrochemical Polymerization 

     The best films are made using the standard electrochemical process, which 

uses a divided cell with a working electrode, a counter electrode, and a 

reference electrode [53]. For the creation of electroactive/conductive films, the 

electrochemical polymerization process is commonly used. Conditions for 

electrolysis include current density, electrode potential, solvent, as well as 

electrolyte. can all be easily changed to influence the film properties. The 
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thickness of the polymers can also be controlled. The concentration and nature 

of the monomer/electrolyte, the solvent, cell parameters, electrode, 

temperature, applied voltage, and pH all affect the feature (quality) and yield 

of the film during electrochemical synthesis. As a result, it's difficult to 

optimize all of the parameters in a single experiment. Chemical 

polymerization, on the other hand, does not necessitate the use of any specific 

equipment and is a rather straightforward and quick procedure. The oxidant 

polymerization synthesizing pyrrole monomer using chemical oxidants in non-

aqueous or aqueous solvents via chemical vapor deposition to generate PPy 

polymer as small particles, is the chemical polymerization approach [54]. 

2.7 Principles of Electrical Conduction 

2.7.1Band Theory 

     A material's electrical conductivity is determined in part by its electronic 

structure. The band theory provides the most reasonable explanation of a 

material's electrical structure. Atomic electrons can only have definite or 

quantized energy levels, according to quantum mechanics. The energy levels, 

on the other hand, form bands in the crystal lattice, where the atoms are 

closely spaced. The valence band is made up of the most occupied electronic 

levels, while the conduction band is made up of the least populated levels. The 

electrical characteristics of traditional materials are defined based on how the 

bands are filled. No conduction is noticed when the bands are totally filled or 

empty. When the band gap is narrow, thermal excitation of electrons from the 

valence band to the conduction band causes conductivity at room temperature, 

as it does in traditional semiconductors. Whenever the band gaps become 

broad, thermic energy being inadequate to drive electrons over the gaps at 

room temperature and the materials become insulators. Since the valence band 
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covers the conduction band in conductors, there is no band gap, resulting in 

strong conductivity (Figure 2.1) [55,56]. 

 

Figure 2.1: Band Theory. 

2.7.2 Conduction by Reinforcement 

     Doping is the process of converting insulating polymers (for example, 

polyacetylene) into good conductors (Figure 2.2) [57]. Doping occurs when 

electron donors such as sodium or potassium (n doping, reduction) or electron 

acceptors such as I2, AsF5, or FeCl3 (p doping, oxidation) create charge-

transfer complexes. The doped polymer backbone becomes negatively or 

positively charged as a result of the process, with the dopant generating 

oppositely charged ions (Na
+
, K

+
, I

3-
 , I

5-
 , AsF

6-
, FeCl

4-
). An electric potential 

causes counterions to move in and out, allowing the polymer to transition 

between a conducting, doped state and an insulating, undoped state [58]. 
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Figure 2.2: Conductivities of insulator, semi-conductors, metals and CPs. 

2.7.3 Polaron and Bipolaron Model 

      When charge-carrying species (electrons or holes) are spinless, the band 

theory is insufficient to explain electrical conduction in electrically conducting 

organic materials like polypyrrole. Despite the fact that the mechanism is 

unknown, polaron and bipolaron conduction is now thought to be the most 

common mode of charge transfer in organic materials. This theory is also used 

to explain why doping causes color shifts to intensify dramatically. A 

bipolaron is a diradical dication, whereas a polaron is a radical cation which is 

somewhat delocalized across several monomer parts. The generation of 

polarons and bipolarons is determined by the doping level. Polarons are 

formed when doping levels are low, while bipolarons are formed when doping 

levels are high. Polarons and bipolarons can both migrate along polymer 

chains and are mobile [58].  

     The electrical conductivity of PPy conductive polymers is one of the most 

essential features of analytical applications. In the ground state, Polypyrrole 

polymer is a CPs with a non-created CB. (conduction band). Polarons and 

bipolarons are the major charge carriers in these polymeric conductors, as 

previously stated. The PPy conduction mechanism has yet to be clearly 
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identified due to the polymer's continual structural disruption [58]. Carrier 

hopping plus charge transport along polymer chains are the most frequently 

accepted views of conductivity in these systems [59]. With a complete valence 

band and an empty conduction band separated by an energy gap, electrically 

conducting polymers are known as semiconductors. Doping these polymers 

results in the formation of additional levels in band gap, allow electrons to 

traverse to these novel bands as well as boosting substance conductivity. 

Bipolarons have a significant influence on the electrical and transport 

properties of conductive polymers. The bipolaron concept was shown to 

provide an uniform and consistent picture of conductive doped polymer 

characteristics, and the potential of a narrow energy gap. The positive charges 

produced on the polymer's backbone serve as charge carriers for electrical 

conductivity (called polarons). It moves by travelling across sections of a 

conjugated polymer chain and hopping charges between chains [59]. 

     Electrical conductivity is determined by the number among these charges 

in the substance and their relative transit. The charge on the polymer is 

stabilized by a counterion (in this instance, an anion, as well defined as a 

doped anion), while remains relatively immobile within the dry substance. As 

a result, instead of being ion conductors, these polymers are electrical 

conductors. As a result, the electrical conductivity of PPy is determined by the 

amount of carriers and their mobility. When the amount of doping is 

increased, the density of charge carriers increases.The nature and 

concentration of the electrolyte or counterion [60], plus the doping  amount, 

current densities, and synthesis heat, all affect the conductivity of PPy films 

[61]. 
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2.8 Conductive Polymers Activation 

     To obtain high conductivities, CPs have been doped using several ways 

[62]. Undoped polymers have been known to be insulators, however their 

conductivity can shift from insulating to metallic when doped. However, 

because of their distinct chemical structures, [CPs] have a fundamentally 

different doping process than their inorganic counterparts. Charges are 

transported between dopants in the polymer during redox reactions, resulting 

in the creation of charge carriers [63]. The dopant has two functions: it 

removes electrons from the CP and adds electrons to the CP backbone. 

Doping causes electrons to be taken from the valence band's highest occupied 

molecular orbital (HOMO) (oxidation) or transferred to the conduction band's 

lowest unoccupied molecular orbital (LUMO) (reduction). Charge carriers 

being created inside the polymer including polarons, bipolarons, or solitons as 

a result of this oxidation/reduction process [64]. The electron passes directly 

from the polymer's HOMO to the dopant species in p-type doping, in the 

backbone, creating a hole. In negative category doping, in contrast, electrons 

from of dopant species migrate to a polymer's LUMO, growing electron 

density. Consequently, doping can be used to control the density and mobility 

of charge carriers [65].  

2.9 Applications of Conducting Polymers 

     Anti-static coatings, LED (light emitting diode), sensors, electromagnetic 

shielding, corrosion resistance, solid electrolytes for capacitors, and other 

applications have made conducting polymers one of the most widely 

investigated materials in recent decades [66]. Because conducting polymers 

have outstanding mechanical qualities and can be obtained in thin sheet form, 

a great number of gas sensors are made of them [67]. Because their electrical 
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and optical properties may be controlled by doping-dedoping processes, CPs 

have been extensively studied as chemical sensors, optical sensors, and 

biosensors. Another application of conducting polymers that has recently 

emerged is conversion coatings for metals [68, 69]. The conducting polymer 

serves a dual purpose here, protecting the cathode while also resisting erosion. 

By shrinking the size of bulk devices, the development of nanometer-sized 

conducting polymers has increased their utility. In addition, combining these 

polymers with traditional polymers creates new classes of polymeric materials 

with improved electrical and optical properties. EMI shields, electronic 

packaging, display devices, and electrodes are all possible applications for 

these composites [70]. 

2.10 Polypyrrole Polymer (PPy) 

     Polypyrrole is a nitrogen-based ringed heterostructure with five members. 

The oxidation of pyrrole monomer results in the production of a conjugated 

chain with overlapping π-orbitals and positive charges, which is known as 

polypyrrole [71]. Chemical stability and electrical conductivity are provided 

by PPy's heteroatomic and -conjugated backbone structure. Figure 2.3 depicts 

the structure of PPy. Some of the first examples of PPy were reported in 1919 

by Angeli and Pieroni, who reported the formation of pyrrole blacks from 

pyrrole magnesium bromide.[72] Since then pyrrole oxidation reaction has 

been studied and reported in scientific literature. Different methods can be 

used to synthesize PPy, but the most common are electrochemical synthesis 

and chemical oxidation [73]. Chemical oxidation of pyrrole: 

n C4H4NH + 2n FeCl3 → (C4H2NH)n + 2n FeCl2 + 2n HCl 
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The process is thought to occur via the formation of the pi-radical cation 

C4H4NH
+
. This electrophile attacks the C-2 carbon of an unoxidized molecule 

of pyrrole to give a dimeric cation [(C4H4NH)2]
++

. The process repeats itself 

many times. Conductive forms of PPy are prepared by oxidation ("p-doping") 

of the polymer: 

(C4H2NH)n + 0.2 X → [(C4H2NH)nX0.2] 

The polymerization and p-doping can also be effected electrochemically. The 

resulting conductive polymers are peeled off of the anode. Cyclic voltammetry 

and chronocoulometry methods can be used for electrochemical synthesis of 

polypyrrole [74]. Because of its high electrical conductivity and outstanding 

environmental stability, polypyrrole has been researched extensively among 

conducting polymers [75]. Gas sensors, electrical devices, electrodes for 

rechargeable batteries and supercapacitors, electromagnetic shielding 

materials, corrosion-resistant materials, electrochromic devices, membranes, 

and other possible uses have all been investigated. Furthermore, the PPy 

nanostructure with a greater surface-to-volume ratio provides more efficient 

reactivity, which is critical in the development of highly efficient organic 

electronics [76]. Its ability to generate biologically suitable polymer matrix 

makes it a promising candidate in a variety of biomedical applications, 

including biosensors [77], tissue engineering [78], and implantable bio-

devices. Its capacity to modify its redox activity has also increased its utility in 

solar cells, medication delivery systems, and other applications [79]. 
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Figure 2.3: Structure of PPy in the neutral state. 

2.11 Composites 

     A composite is a substance made up of two components or more, such as 

supporting (reinforcing) agent or filler as well as a matrix binder that works 

well together. When these components are combined, a new material with 

distinct traits and properties emerges. The components do not dissolve in the 

synthetic assemblage; rather, they merge into one another to function in 

harmony. The parts besides the interface between them could typically be 

physically identifiable, even though they operate as if they are one substance. 

The interface between the components, in general, controls the composite's 

behavior and properties. The qualities of the composite cannot be achieved by 

any of its components functioning alone because it is a completely new 

material with unique characteristics [80].  

     Nanocomposite is an important term that we must address. A 

nanocomposite is a composite material with at least one of its constituents' 

diameters on the nanoscale scale [81]. The chemical composition of each 

component and how the components interact determine the difference in 

optical, catalytic, or conductive capabilities between nanocomposites and their 

constituent components. This interaction is greatly influenced by the interface, 

size, form, and structure of each component. The qualities of the composites 
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should be equivalent to a simple sum of the attributes of the individual 

elements in extreme circumstances, where there is no or minimal interaction 

between the components. The features of the composite system can differ 

significantly from the simple sum of the attributes of the separate components 

when the interaction between the elements is strong. As a result of the high 

interaction, the individual components' properties are lost, and new features 

emerge [82].  

     The composites could be classified in several difference methods. The 

structural components of composites can be classified as fibrous, laminar, or 

particulate. Fibrous composites are made up of fibers in a matrix, laminar 

composites are made up of layers in a matrix, and particulate composites are 

made up of particles in a matrix. Ceramic matrix composites, Polymer matrix 

composites, carbon-carbon matrix composites, metal matrix composites, as 

well as intermetallic composites, or hybrid composites can all be classified 

based on the type of matrix [83]. 

 

2.12 Nanoparticle/Polymer Composite Techniques 

     Making good polymer matrix nanocomposites samples is a difficult task 

that requires a lot of time and effort. To make polymer matrix 

nanocomposites, researchers have used a variety of processing techniques. 

The physical and chemical differences between each system, as well as the 

various types of equipment available to researchers, make creating a universal 

technique for making polymer nanocomposites difficult. Depending on the 

processing efficiency and desired product properties, each polymer system 

requires a unique set of processing conditions to be formed. In general, the 



Chapter Two                                                   Theoretical and Basic Concepts 
 

27 
 

various processing techniques do not produce comparable results.  Several 

methods were used to create polymer nanocomposites. Nanofillers can be 

dispersed in polymers in three different ways. Solution mixing, melt blending, 

and in-situ polymerization are some of the techniques used. 

2.12.1 Mixing of Solutions 

     To get beyond the melt mixing method's limitations, both the polymer with 

the particles are dispersed or dissolved in sol. This method allows for surface 

modification without drying, which reduces particle agglomeration. The 

nanoparticle/polymer solution can be cast into a solid after dissolution, or the 

nanoparticle/polymer composite can be isolated using solvent evaporation or 

precipitation methods. For further processing, conventional techniques can be 

used [84].  

2.12.2 Melt blending 

     Nanofillers are incorporated into the polymer matrix while it is still molten 

in this method. Nanoparticles are dispersed inside the polymer matrix via 

extrusion and injection molding. This approach effectively prepares 

thermoplastic nanocomposites [85]. In between the voids of nanofillers, 

polymer chains are intercalated or exfoliated. Because no solvent is required 

for the manufacture of nanocomposites, the melt intercalation process is a 

preferred method in industry. The downside of the melt mixing method is that 

it causes tension and produces high temperatures [86]. 

2.12.3 In-Situ Polymerization 

     Dispersing nanoparticles in a monomer solution or monomer, subsequently 

polymerizing the resultant mixture using traditional polymerization 
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procedures, is described as in-situ polymerization. The polymer can be grafted 

onto the particle surface using this approach. In-situ polymerization has been 

used to process several different forms of nanocomposites. PPy 

particle/amphiphilic elastomer nanocomposites [87], magnetite coated 

MWNTs/PPy composites [88], in addition to PPy/silver composites are just a 

few instances of in-situ polymerization. Optimum filler dispersion in the 

monomer is crucial for in-situ polymerization. The settling process is faster in 

a liquid than in a viscous melt because dispersion becomes simpler inside a 

liquid [89], this frequently necessitates modification of the particle surface. 

Polymer nanocomposites with molecular-level particle dispersion can be 

produced via in-situ polymerization. Finally, the functionalized nanoparticles 

become a chemically linked part of the polymer matrix, improving both 

mechanical and physical properties significantly. Other manufacturing 

procedures have been developed in addition to these three major processing 

methods. Solid intercalation, the sol-gel technique, and others are examples 

[90]. 

2.13 Magneto Polymeric Materials  

     Composites made up of multiple materials can combine the qualities of 

their constituent materials into a single composite. Conducting polymers and 

ferrite materials can give unique or improved features for a variety of 

applications. Magneto polymeric materials are the name for these materials. 

Conducting polymerferrite composites with a well-organized structure offer a 

new functional combination of organic and inorganic materials [91].The size 

scale of the component phases and the degree of mixing between the two 

phases have a significant impact on the characteristics of magneto polymeric 

nanocomposites [92]. These characterizations are critical for defining 
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properties such as electrical conductivity, magnetic behavior [93], catalytic 

effects, microwave absorption [94], drug delivery capacity and controllable 

release [95], and their applications in optoelectronics, rechargeable batteries, 

corrosion equipment, micro cavity resonance [96], biomedical markers, 

vibration damping media [97], wireless radio communication systems, and 

sensors in various technological applications [98]. Furthermore, in order to 

optimize their microwave absorption or electromagnetic shielding capabilities, 

these nanocomposites should have low dielectric loss. Conducting polymers 

are known to successfully shield electromagnetic waves created by an electric 

source, whereas only magnetic materials can effectively shield 

electromagnetic waves generated by a magnetic source, especially at low 

frequencies. As a result, the conducting polypyrrole–magnetic ferrite 

composites can be employed as microwave absorbers and EMI shielding from 

a variety of electromagnetic sources. Different polypyrrole (PPy) and ferrite 

nanocomposites have recently been produced, and each of these composites 

has shown to have highly intriguing features [99]. 

2.14 Magnetic Nanoparticles 

     Nano magnetism is a branch of physics that studies the magnetic 

characteristics of objects with at least one dimension in the nanometer range. 

The study of the properties and uses of the magnetism of solitary 

nanoparticles, Nano dots, nanowires, thin films and multilayers, as well as 

macroscopic samples containing nanoscopic particles, is included in the scope 

of nano magnetism. Nanostructured materials are materials that contain 

particles, films, and other structures on the nanometric scale. Magnetic 

nanoparticles display a range of distinct magnetic phenomena that differ 

significantly from those seen in bulk. They have attracted a lot of attention 
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since these features can be useful in a range of applications [100], such as 

magnetic fluids, catalysis, bio-applications, magnetic resonance imaging, and 

data storage [101].  

     Many factors influence the magnetic characteristics of nanoparticles, the 

most important of which are chemical composition, crystal lattice type, 

particle size and shape, morphology, and particle interaction with the 

surrounding matrix and neighboring particles. The magnetic characteristics of 

materials can be altered by altering the size, shape, content, and structure of 

nanoparticles [102]. Magnetic nanoparticles have gotten a lot of attention in 

the last two decades. Magnetic nanoparticles for industrial and biomedical 

applications have been developed as a result of fundamental research into 

nanostructures, physical and magnetic properties, and toxicity (among other 

things). 

2.15 Origin of Magnetism 

     A magnetic field surrounds a source of potential and has a contoured 

sphere of influence or field, similar to gravitational and electrical fields. 

Magnetic dipoles are what cause the magnetic potential to exist. The orbital 

(L) and spin (S) motions of the electron are responsible for magnetism (as 

Figure 2.4). The motions of electrons, which are considered magnetic dipoles, 

produce very small currents. The atoms canceled each other out due to their 

random orientation. However, when apply magnetic field, the magnetic 

dipoles are net aligned, and the medium becomes magnetically polarized 

[103]. 



Chapter Two                                                   Theoretical and Basic Concepts 
 

31 
 

 

Figure 2.4: Demonstration of the magnetic moment associated with 

(a) an orbiting electron and (b) a spinning electron. 

     Magnetic field H measures the intensity of the magnetic field (magnetic 

field strength) that magnetizes the substance. The magnetic induction or 

magnetic flux density inside the magnetized material that is subjected to a H 

field is known as B. The units of H are Amperes per meter or (A/m). Teslas 

[or webers per square meter or (Wb/m
2
)] are the units for B. The flux density 

(B) and magnetic field strength (H) are related by:        

 B = µ H ..……………………………………………………… (2.1) 

    The parameter µ is called the permeability, which is a property of the 

specific medium through which the H field passes and in which B is 

measured. The permeability has dimensions of webers per ampere.meter 

(Wb/A.m) or henries per meter (H/m) [104].  

     Magnetization M refers to the magnetic moment for every unit of volume 

of a magnetic substance. (and has also units of A/m), The summation of the 

magnetic moments mj for each volume of unit is the magnetization M. 

M = ∑ volume mj …………………………………………….…..… (2.2) 
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     The magnetic properties for magnetic materials are explained by the 

amount and sign of magnetization (M), as well as the manner M fluctuates 

with H. Magnetic susceptibility χ is the ratio of these 2 variables. 

 χ = M ∕ H ………………………….………………...……….… (2.3)   

     The substance magnetization M is expressed via the formula:   

B = µ0 (H + M) = µr µ0 H = µH …………………..…………..... (2.4) 

     The permeability of free space is μₒ = 4π ×10
-7

 H/m, and B and H are 

denoted in Tesla (T) and A/m, respectively. The relative permeability of the 

substance is denoted by μr, and it can be seen from the formulas (2.3) and 

(2.4) that: 

µ = µ0 (1+ χ) …………………….…………………………….... (2.5) 

     The values of χ and μr describe the magnetic features of a material [105]. 

2.16 Types of Magnetic Materials  

1. Diamagnetism: Diamagnetic materials are those that lack elementary 

magnetic dipoles. A diamagnetic substance's magnetic susceptibility (χ) is 

negative, somewhat less than 1, and on the order of 10
-5

. There is no 

discernible diamagnetism fluctuation with temperature. Each atom has a net 

zero magnetic dipole moment in the absence of a magnetic field. The angular 

velocities of the electronic orbits are modified when a magnetic field is 

applied. These induced magnetic dipole moments align with the applied field 

in the opposite direction. In superconductors and artificial materials, 

dimagnetism can have a significant effect. Diamagnetic materials are repelled 
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by both magnet poles. Diamagnetic materials include water, gold, bismuth, 

copper, zinc, and mercury [106]. 

2. Paramagnetism: Every atom or molecule in some substances has its own 

permanent magnetic moment due to its orbital plus spin magnetic moments. In 

the absence of an exterior magnetic field, individual atomic magnetic 

moments are oriented arbitrarily. The net magnetic moment and magnetization 

of the material are both zero. However, when an exterior magnetic field is 

applied, the singular atomic magnetic moments tend to align in direction of 

the applied exterior magnetic field, resulting in a nonzero weak magnetization. 

The phenomenon is known as paramagnetism, and these materials are 

paramagnetic [107]. Materials possessing a permanent magnetic dipole 

moment, such as atomic or molecule structures with an odd number of atoms, 

or ions, or ions electrons in vacant orbitals, can exhibit paramagnetism. 

Because the overall spin of the system cannot be zero, paramagnetism is 

present in atoms, molecules, and lattice defects with an odd number of 

electrons. Paramagnetism can be found in metals, free atoms and ions with a 

partial fill inner shell, transition elements, plus a little compounds containing 

an even number of electrons, such as O element [108].When a magnetic field 

is applied to paramagnetic materials, they attract each other. Diamagnetism 

can be found in paramagnetic materials, however the effect is usually minor. 

When these materials are exposed to an external magnetic field, they exhibit 

modest magnetism; however, once the field is removed, thermal motion 

disrupts the magnetic alignment. The magnetic susceptibility of these 

materials to an external magnetic field is extremely modest and positive. 

Thermal agitation (as temperature rises) disturbs the magnetic moments 

alignment, requiring larger fields to achieve the same magnetization. As a 
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result, as the temperature rises, the paramagnetic susceptibility falls. The 

temperature has an inverse relationship with paramagnetic susceptibility. It is 

as follows [107]: 

 χ = C ∕ T ……………………………………………………….  (2.6) 

     It is referred to as the Curie Law of Paramagnetism.  Hence, χ denotes 

susceptibility of paramagnetic, T denotes absolute heat, as well as C denotes 

the Curie constant. Al, Ca, Mg, in addition to Na are instances of 

paramagnetic elements. 

3. Ferromagnetism: The occurrence of spontaneous magnetization is called 

by Ferromagnetism. It is a significant number of molecule magnetic moments 

aligned in a proper orientation in the solid. Below only a certain temperature, 

referred to as the Curie temperature, does ferromagnetism appear. The 

moments have arbitrarily orientated above Curie temperature, resulting the net 

magnetization its value zero [108]. Ferromagnetism can occur whenever 

atoms were organized in a structure and their magnetic moments react with 

align them parallel to one another. Even in the absence of an external 

magnetic field, a ferromagnetic substance displays spontaneous magnetization 

because of align of their magnetic moments [107]. The transition metals Fe, 

Co, and Ni are examples of ferromagnetic materials, although additional 

elements and alloys containing transition or rare-earth elements are also 

ferromagnetic due to their unfilled 3d and 4f shells.  To an external magnetic 

field, these materials had a positive as well as great magnetic susceptibility. 

They are attracted for magnetic fields and can keep their magnetic qualities 

after the exterior magnetic field has been eliminated. When heated 

ferromagnetic substances, the degree of alignment of the atomic magnetic 

moment diminishes due to thermal agitation of the atoms; finally, the thermal 
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agitation becomes so strong that the material becomes paramagnetic.  The 

temperature of this transition is the Curie temperature, Tc (Fe: Tc =770 °C, Co: 

Tc =1131 °C and Ni: Tc =358 °C). Above Tc the magnetic susceptibility varies 

according to the Curie-Weiss law [107]. 

4. Antiferromagnetism: In antiferromagnetic materials, the dipole moments 

remain equivalent, but neighboring dipoles are pointing in opposite directions. 

[109]. There are also materials having more than two sub lattices plus 

triangular, canted, and spiral spin arrangements. Antiferromagnetic matters 

have a non-zero modest magnetic moment as a result of these characteristics 

[110]. They exhibit a low positive susceptibility on the order of paramagnetic 

substance at all temperatures, whereas its susceptibilities fluctuate by a 

unusual way. Néel was the main developer of antiferromagnetism theory in 

1932. At ambient temperature, chromium is the only element that exhibits 

antiferromagnetism [109]. Antiferromagnetic substances are comparable to 

ferromagnetic substances, however the anti-parallel arrangement or alignment 

for atomic moments is caused by the exchange contact between nearby atoms. 

As a result, the magnetic field cancels out, and the material behaves similarly 

to a paramagnetic material. The lower magnetic susceptibility of 

antiferromagnetic materials is due to the antiparallel arrangement of magnetic 

dipoles in these materials. These substances, as the ferromagnetic matters, turn 

paramagnetic at temperatures above the Néel temperature, TN (Cr: TN =37 °C). 

5. Ferrimagnetism: Ferrimagnetic materials have both spin-up and spin-

down components in their spin structure, however one of those orientations 

have a net magnetic moment not equal zero [111]. In antiferromagnetism, the 

atoms magnetic moments on neighboring sub lattices remain opposed each 

other; nevertheless, the opposing moments are uneven in ferrimagnetic 
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materials. Over than two sub-lattices, as well as spiral or triangular 

arrangements for sub-lattices, could account for this magnetic moment [112]. 

Only compounds with more complicated crystal structures than pure elements 

exhibit ferrimagnetism. As ferromagnetic substances, these substances 

spontaneously magnetize below a certain temperature referred to the as Curie 

temperature (Tc). Although the magnetic susceptibility of ferrimagnetic and 

ferromagnetic substances is identical, the arrangement or alignment of dipole 

moments is vastly various. Certain double oxides of iron and other metals, 

known as ferrites, are the most important ferrimagnetic compounds. 

Diamagnetism, paramagnetism, ferrimagnetism, antiferromagnetism, and 

ferromagnetism are all depicted in Figure. 2.5. 

 

Figure 2.5: Different types of magnetic behavior [113]. 
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2.17 Ferrites 

     Engineers and scientists have long been fascinated by ferrites with unusual 

magnetic and electrical properties. Ferrites include non-conductive 

ferrimagnetic ceramics chemical substances made up of iron and oxygen or 

iron oxides such as Fe3O4 (magnetite) and Fe2O3 (hematite), in addition to 

metal oxides. Ferrites materials are hard, nonconductive, and brittle, just like 

most other ceramics. Ferrites are employed in magnetic recording medium as 

well as ferrite cores for transformers, permanent magnets, and microwave 

devices [114]. The ferrites are frequently classed as "soft" or "hard" depending 

on their magnetic characteristics. 

2.17.1 Soft Ferrite 

     Magnetic materials with a low coercivity field and a high resistance are 

known as soft ferrites. Through a modest magnitude of magnetic field, they 

are easily magnetizable and demagnetizable. The magnetization of these 

materials (soft ferrites) can quickly reverse due to their low coercivity and 

high resistivity, resulting in low hysteresis and eddy or foucault's currents 

losses. These substances are thus potential options for great frequency uses 

due to their little loss. Manganese-zinc, cobalt-zinc, nickel-zinc ferrite, as well 

as others are frequent models of soft ferrites. Due to its great saturation 

magnetization, great permeability, plus great resistivity, ferrites can be utilized 

in important applications like transformer cores, recording heads devices, 

inductors, as well as more other uses [115].  

2.17.2 Hard ferrite 

     Hard ferrites are permanent magnets with high coercivity and retentivity 

after being magnetized. The much more essential feature of these ferrites are 



Chapter Two                                                   Theoretical and Basic Concepts 
 

38 
 

great coercivity, that is defined as a great values for magnetic crystallite 

anisotropy energy. They are difficult to magnetize or demagnetize with a 

modest amount of field. These materials are a great magnetic permeability and 

are composed of Fe and Sr or Ba oxides. This magnet can store a greater 

magnetic field than iron and they are frequently found in household products, 

particularly refrigerator magnets. Barium, Strontium, plus cobalt ferrite are 

models of hard ferrites which are utilized in a variety of applications such as 

permanent magnets, magnetic recording, and so on [116].  

2.18 Crystal Structure of Ferrites 

     Ferrites are classified into three groups based on their crystal structure and 

chemical compositions: Spinel Ferrites, Garnets, and Hexagonal Ferrites are 

the three types of ferrites. 

2.18.1 Spinel Ferrites 

     The standard formula for materials that crystallize in the spinel structure, or 

structures that are substantially related to it, is AB2O4, in which the oxygen 

atoms are packed closely together in a cubic structure, with the A and B 

cations occupying tetrahedral and octahedral lattice positions, respectively. 

Cubic ferrites belong to the Fd3m space group. The cubic unit cell has 56 

atoms, with 24 cations occupying eight of the 64 tetrahedral sites (A sites) and 

sixteen of the 32 octahedral sites (B sites). 32 oxygen anions are compacted in 

a cubic close-packed arrangement. As a consequence, the cell has eight 

formula units (Z=8), which correspond to (   
         

        
     The 

divalent metal cations that inserted in ferrites structure were separated into 

those that preferred B-sites (Cobalt, Nickel, iron) and those that preferred A-

sites (Manganese, Zinc) (figure 2.6) [117].  
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Figure 2.6: Unit cell of spinel structure MeFe2O4 [117]. 

     The general formula for spinel ferrites is   
       

  [    
       

  ]  
    

Square brackets denote octahedral sites, while tetrahedral sites are indicated 

by cations before the square brackets.   is the inversion degree that determines 

ferrite categorization. The spinel compounds can be categorized into three 

groups based on the cation distribution over distinct crystallographic locations 

[118]: 

2.18.1.1 Normal Spinel Ferrites 

      Normal spinel structure, where all Me
2+

 ions occupy A sites; structural 

formula of such ferrites is Me
2+

[Fe2
3+

]O4
2--

. This type of distribution takes 

place in zinc ferrites Zn
2+

[Fe
2+

Fe
3+

]O4
2−

. This type of spinel ferrites is 

schematically illustrated in figure 2.7 [119]. 

2.18.1.2 Mixed Spinel Ferrites 

      When the cation Me
2+

 and Fe
3+

 occupied each A and B places, the ferrites 

has a mixed spinel configuration; the construction formula base of theses 
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ferrites are     
     

  [   
       

  ]  
  ., where δ is the degree of inversion. 

This sort of structure is represented by MnFe2O4, which has an inversion 

degree of δ=0.2 and hence has the structural formula 

    
       

        
       

     
   [119,120]. Figure 2.7 shows a schematic 

representation of this form of spinel ferrite.  

2.18.1.3 Inverse Spinel Ferrites 

      All Me
2+

 ions are in B-positions, and Fe
3+

 ions are evenly distributed 

across A and B-sites in this inversed spinel structure: structural formula of 

these ferrites are                 
  . Magnetite Fe3O4, NiFe2O4 and 

CoFe2O4 have inversed spinel structure [119]. Half of the Fe
3+

 is put in A-sites 

and the other half in B-sites in inversed ferrites. The moments of magnetic for 

bivalent cation Me
2+

 in B-places are mutually reparation, plus the ferrite's 

resultant moment is attributable to these magnetic moments. Figure 2.7 shows 

a diagram of this form of spinel ferrite.   

 

Figure 2.7: cation distribution in normal spinel ferrites, mixed spinel ferrites 

and inverse spinel ferrites [119]. 
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2.18.2 Garnet Ferrites 

     Garnets have the typical formula Me3Fe5O12, wherein Me is indeed a rare 

earth metals ion such as Gd, La, or Y. The unit cell of cubic consists of eight 

form units, or (160 atoms) and is characterized as a structure arrangement of 

about 96 O
2-

 plus the cations of interstitial. The YIG (Yttrium iron garnet), 

also defined as Y3Fe5O12, is well-known garnets [121]. 

2.18.3 Hexagonal Ferrite 

     Jonker and his colleagues investigated the hexagonal structures of 

ferrimagnetic oxides. Based on chemical formula and crystal structure, 

hexagonal ferrites are divided into numerous forms. MFe12O19 is their typical 

formula, with M commonly being Ba, Sr, or Pb. Barium ferrite, BaFe12O19, is 

the most important hexagonal ferrit. Because of their great coercivity, 

hexagonal ferrites are often used like remaining (permanent) magnets. They're 

used on a regular basis. The oxygen ions in such ferrites have a closed packed 

hexagonal crystal structure. Its ferrite hexagonal lattices are similar the spinel 

having closely packed oxygens, but there are also metal ions with same atomic 

radius as oxygens (oxygen ions). Hexaferrites get more ions than ferrite of 

garnet and are generated through oxygen ion substitution. Barium, strontium, 

and lead make up the majority of these bigger ions [122]. 

2.19 Superparamagnetism 

     If the MNP's size falls below a crucial threshold, it may be constituted of a 

single magnetic domain. It may also exhibit superparamagnetic activity if the 

temperature is above a certain temperature known as the blocking temperature 

(TB) [123]. Small magnetic nanoparticles, in other words, show 

superparamagnetism, which has numerous essential features, including zero 
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(or minimal) coercivity. As the size of magnetic particles grows larger, the 

thermal energy available to allow free rotation of their spins becomes 

insufficient. As a result, nanoparticles over a particular size, known as the 

"superparamagnetic limit," begin to exhibit ferromagnetic properties 

[124].Because the cost of forming a domain wall in a single-domain surpasses 

the reduction in magnetic energy, ferromagnetic particles must be downsized 

to be tiny enough to form monodomain. The magnetism of a small 

monodomain ferromagnetic particle is usually limited to lie either antiparallel 

or parallel to a specified direction. This could be attributable to a number of 

factors, such as magnetocrystalline anisotropy or shape anisotropy [125]. 

However, the assumed particle's energy density comprises Ksin
2
θ, where K is 

the anisotropy constant, which quantifies the energy density associated with 

this anisotropy, and is the angle formed by the magnetization and this specific 

axis. 

 

Figure 2.8: The energy density of a magnetic particle contains a term Ksin
2
θ, 

the energy is minimized when θ = 0 or π [126]. 
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     As a result, when θ=0 or π, the energy is minimized (Figure 2.8). To 

reverse a particle's magnetization from θ = 0 to π or from π to 0, it needs an 

activation energy of E = K V. Thermal fluctuations can potentially turn the 

magnetization of very small particles, such as those with KV smaller than kBT 

[127].  

     Assume that the distribution of these small ferromagnetic nanoparticles in a 

nonmagnetic medium is uniform, and that the particles are suitably spaced 

enough to avoid inter-particle interactions. For kBT >> K V, the system will 

behave like a paramagnet, but the individual moments will be huge in terms of 

the number of atomic moments in each given direction, each group enclosed 

within a ferromagnetic particle. As a result, such a system is known as a 

superparamagnet [128].Moments within particles can fluctuate rapidly at high 

temperatures, the Néel relaxation time, which is exponentially dependent on 

the energy barrier and thermal energy, is given by the following equation 

[129]: 

  𝜏  𝜏      
  

   
  …………………………………………….…  (2.7) 

Where 𝜏0 typically equal 10
-9

s is the characteristic relaxation time. The 

fluctuations slow down as the sample cools (Figure 2.9), the relaxation time 

grows, and the system tends to stop since it is significantly longer than the 

measuring time η of the provided laboratory instrument. Substituting the real 

time to monitor magnetic properties with a SQUID-magnetometer η =100s 

into equation 2.7 yields the following equation [130]:  

    
  

    
 

  

    
 ………………………………………………...  (2.8) 
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The anisotropy prevents the spins from fluctuating below TB, but the thermal 

energy overcomes the bonding of the total moment of the particles above TB, 

causing the system to become superparamagnetic [130]. 

 

Figure 2.9: The dependence of the relaxation time (η) as a function of 

temperature T (scaled by kB/KV) according to equation (2.7). As a result, as 

the temperature drops, the fluctuations slow down (η increase) [126]. 

2.20 Magnetic Domains  

     Under Curie temperature TC, the bulk magnetic substances are separated in 

to several tiny sections and domains, that are each totally magnetic. In other 

words, inside each domain, all moments are aligned in the same direction 

[131].The domains are separated by domain walls, which have a specific 

width and energy connected with its production and presence. The mobility of 

domain walls is a common way to reverse magnetization [132]. Magnetization 

is defined as the vector sum including all magnet moments for atoms in a bulk 
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solid per unit volume for substance. Due to the solid bulk is made up of 

domains, are depicted in Fig. 2.10, the magnetization magnitude is generally 

lower than when aligned every atomic spin magnetic moments. Each domain 

has its own magnetization vector, which arises from the alignment of atomic 

magnetic moments within the domain. All of the material domains' 

magnetization vectors may not be aligned, resulting in a drop in overall 

magnetization. When the material's length scale is very small, however, the 

number of domains drops until there is only one domain when the material's 

characteristic size is below a critical size [133]. 

 

Figure 2.10: Magnetic domains in a bulk material [133]. 

     A multi-domain structure can be found in massive magnetic particles, with 

domain walls separating regions of uniform magnetization. The balance 

between magnetostatic energy (ΔEMS), which increases proportionately with 

material volume, and domain wall energy (Edw), which increases 

correspondingly with the interface area between domains, drives the formation 

of domain walls. If the sample size is reduced, a threshold volume is reached 

below which it takes more energy to construct a domain wall than to support 

the single-domain state's exterior magnetostatic energy. This crucial 



Chapter Two                                                   Theoretical and Basic Concepts 
 

46 
 

dimension is usually a few tens of nanometers in size and is determined by the 

material parameters. The contribution of different anisotropy energy factors 

influences it.  

     The critical diameter (Dc) of a spherical particle, below which it exists in a 

single-domain state, is reached when (ΔEMS) = (Edw) [134]. 

      
√     

      
 ……………………….…………….……..…….. (2.9) 

Where A is the exchange constant, Keff is anisotropy constant, µ0 is the 

vacuum permeability, and M is the saturation magnetization. 

       The angle of magnetization between two neighboring domains with the 

wall serving as a boundary can be used to classify domain walls. 

• 180◦ wall: A 180◦ domain wall represents the boundary between two 

domains with opposite magnetization (see Figure 2.11 (a)). 

• 90◦ wall : A 90◦ domain wall represents the boundary between two domains 

with magnetization being perpendicular to each other (see Figure 2.11(b)). 

[135]  

 

Figure 2.11 (a) 180◦ and (b) 90◦ domain wall. 
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2.21 Properties of Magnetic Materials 

2.21.1 Magnetic Hysteresis 

     Hysteresis curves are well-known in ferromagnetic materials, as shown in 

figure 2.12. When a ferromagnetic material is exposed to an external magnetic 

field, the exterior field aligns the atomic dipoles. After the exterior field has 

been canceled, an alignment portion is retained, and the matter becomes 

magnetic. The connections among magnetic flux density B with magnetic 

field strength H in such materials are nonlinear. If the relation between the two 

is set as a function of increasing H, it shall pursue curves until furthermore 

rises in H result in no alteration in B. Magnetic saturation are the term for this 

condition. If the magnetic field is reduced linear, the plotted relation shall 

pursue an altered curve back the H to zero, where it shall be displaced of the 

initial curve via a magnitude known as the Retentivity or Remanence. When 

this connection are plotted for applied H, it forms an S-shaped loop. The 

amount of hysteresis, which is proportional to the material's coercivity, is 

described by the width of the center part of the S. When the applied electric 

current to the operating coil is removed, the leftover magnetic field continues 

to attract the armature, which may cause a relay to be slow to release [136]. 
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Figure 2.12: hysteresis loop [137].  

2.21.2 Saturation Magnetization 

     The saturation magnetization (Ms) is a measurement of a material's 

maximal field generation capacity. This is determined by the strength or 

intensity of the dipoles on the constituent atoms the substance, as well as how 

densely atoms get packed combined. The atomic dipole moment is influenced 

by the atom's nature and the compound's overall electronic composition. The 

packing density of the atomic moments is impacted by the crystalline phases 

and the existence of any impurities (non-magnetic elements) within the 

composition. Ms shall as well determined by how well those aligned moments 

in ferromagnetic materials at limited temperatures, as thermal vibration of the 

atoms causes misalignment of the moments and a decrease in Ms. Even at zero 

Kelvin, not all of the moments in ferrimagnetic materials align parallel, 

therefore Ms is dependent on both the relative alignment of the moments and 
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the temperature. Though that word is commonly ultilized to denote magnetism 

inside a singular magnetic domain [138], Also known as spontaneous 

magnetisation, saturation magnetization (Ms). 

2.21.3 Remanence (Retentivity) 

     It is the measurement of a magnetic material's remaining magnetic field Mr 

after the magnetizing force H is decreased to zero after saturation, or it may be 

stated as the magnetization left behind in a medium after an external magnetic 

field is eliminated. Mr. is the symbol for it in equations. A hysteresis loop can 

be used to calculate the remanence magnitude at the loop's intersections with 

the vertical magnetization axis. It is dependent on the material's degree of 

magnetism before H is reduced to zero [139]. 

2.21.4 Coercivity 

     The coercivity in ferromagnetic materials, also known as the coercive field, 

is the strength of the applied magnetic field required to reduce the 

magnetization to zero when the sample has been pushed to saturation in 

materials science. Coercivity is commonly expressed as 'Hc' and is measured 

in gauss, oersted, or ampere/meter units. A ferromagnetic substance is said to 

be a hard or permanent magnet when its coercive field is large [140]. 

2.21.5 Magnetic Anisotropy 

     The dependence of the internal energy on the vector of spontaneous 

magnetization, which is represented by the term magnetic anisotropy, gives 

birth to hard and easy directions of magnetization. A system's overall 

magnetization will lean toward the easy-axis. The energy imbalance between 

the simple and hard axes is caused by spin-orbit interactions and long-range 
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dipolar coupling of magnetic moments. The spin-orbit coupling is responsible 

for intrinsic (magnetocystalline) anisotropy, surface anisotropy, and 

magnetostriction, whereas dipolar contribution is responsible for shape 

anisotropy, which can be measured, for example, by assuming that the 

magnetic poles on the surfaces are distributed uniformly [141]. Anisotropy 

energies are typically in the range of 10
2
 - 10

7
 Jm

−3
, which corresponds to per-

atom energies of 10
-8

 - 10
-3

 eV. The anisotropy energy is bigger in low-

symmetry lattices (of magnetic ions) and smaller in high-symmetry lattices. 

Magnetocrystalline and magnetostatic energies are the principal sources of 

anisotropy in bulk materials, but other types of anisotropies such as shape and 

surface anisotropy are important in tiny particles, thin films, and 

nanostructures [127,142]. This effect is seen in Figure 2.13 for a single cobalt 

crystal. Co's hexagonal crystal structure is easily magnetized in the direction 

of [0001] (Specifically, along on the c-axis.), However have difficult 

magnetization directions in the <1010> type directions, that located on the 

primary plane (90
o
 from the simple direction). The anisotropy field, Ha (shown 

as figure 2.13), is a measure of magnetocrystalline anisotropy in the easy 

direction of magnetisation. It is the field necessary to spin all the moments in a 

saturated single crystal by 90
o
 as one unit [136]. 

 

Figure 2.13: The magnetocrystalline anisotropy of cobalt. 
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2.22 Synthesis of Ferrite Nanoparticles    

     Magnetocrystalline, shape, and surface anisotropy energies all play a role 

in the magnetic characteristics of nanoparticles. It is consequently important to 

adjust the nature of the material, the form, and the size of nanoparticles in 

order to adapt magnetic characteristics of nanoparticles for numerous 

applications, such as magnetoelectric composites beneficial for sensor 

applications. Top-down (physical) or bottom-up (chemical or biological) 

approaches can be used to make magnetic ferrite nanoparticles. Many 

synthesis methods for ferrite nanoparticles are mentioned in the literature. Sol-

Gel method [143], co-precipitation, hydrothermal synthesis [144], 

microfluidic [145], and thermal decomposition method [146] are the most 

prevalent approaches. Some of the methods employed in our project will be 

briefly discussed. 

2.22.1 Co-precipitation Technique  

     This approach involves adding a base to aqueous Fe
3+

 salts and the 

matching divalent (binary) cation salts at either room temperature or increased 

temperature to produce ferrite nanoparticles. The Fe
3+

/M
2+

 ratio, temperature, 

salt type, pH, plus surfactants presence are all parameters that affect the 

constitution, size, and nanoparticles shape. The below is indeed a typical 

reaction formula for the co-precipitation production of nanoferrite (MFe2O4): 

2Fe
3+

 + M
2+

 + 8OH
-
                  MFe2O4 + 4H2O …………… (2.10)     

Where M can be Fe
2+

, Mn
2+

, Co
2+

, Cu
2+

, Mg
2+

, Zn
2+

 or Ni
2+

.  Highly alkaline 

media create goethite (FeOOH) as an impurity alongside magnetite (Fe3O4), 

[147], but high concentrations and temperatures favor the creation of spherical 



Chapter Two                                                   Theoretical and Basic Concepts 
 

52 
 

nanoparticles because crystallographic growth direction is less selective [148]. 

This approach has been used to create a variety of ferrite nanoparticle 

morphologies, including spheres, [149] cubes, platelets [150], and rods [151]. 

Though the method can create nanoparticles on a large scale, one disadvantage 

has been that the particles had broad size distributions. 

2.22.2 Hydrothermal or Solvothermal Method 

    Because of its moderate operation conditions [152] and more adjustable 

particle size [153], the hydrothermal technique is commonly employed today. 

In addition to being hydrothermal, the synthesis is one-step, with no sintering 

or calcination required. This approach also has low cost, the ability to adjust 

the shape, size, and phase, and low energy usage [154]. This process provides 

a simple and environmentally benign way to make nanostructures including 

nanospheres, nanowires, and nanorods [155]. It's a phase in the co-

precipitation synthesis process that involves an autoclave treatment within a 

Teflon container that can resist high temperatures [120]. A hydrothermal 

system uses high-pressure water at a temp above its boiling temperature 

(hundred Celsius) in a sealed autoclave vessel. Solvothermal method, as 

hydrothermal synthesis, employs the same approach but with a non-aqueous 

solvent. Higher temperature and pressure improve the solubility as well as 

reactive of the precursors, resulting in the creation of highly crystalline 

nanomaterials. This methods are utilized to make different nanoferrite, such as 

magnetite (Fe3O4) [156], cobalt ferrite (CoFe2O4), and nickel ferrite (NiFe2O4) 

[157]. 
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2.23 Autoclave Requirements  

     The closed system utilized in the hydrothermal process is called an 

autoclave. Because that includes a high-temperature hydrothermal solution, it 

must survive immense pressure and chemical attacks. As a result, the process's 

primary concerns are safety and upkeep. Many different kinds of autoclaves 

have indeed been developed, ranging from quartz tubes or pyrex for mild 

conditions to cold-cone seal types, flat-plate seal plus piston cylinder types, 

otherwise opposed anvil (diamond anvil) for drastic environments (>2×10
3
 bar 

or more, 10
3
 degrees Celsius). The general specifications for autoclaves are as 

follows 

1-Acids, bases, as well as oxidizing agents do not react with it (Inert).  

2-Simple to put together (or assemble) in addition to easy take apart (or 

disassemble). 

3-Unlimited leak-proof capabilities at the specified pressure and temperature.  

4-Durable enough to withstand extreme temperature and pressure experiments 

[158]. 

2.24 Conventional Capacitors and Supercapacitors 

     A traditional capacitor is a passive component that stores energy in the 

form of an electrostatic field rather than in chemical form. It is made up of two 

parallel electrodes (plates) that are separated by an insulating substance 

(dielectric). The capacitor is charged by passing voltage across the electrodes, 

causing positive and negative charges to migrate towards the opposite polarity 

electrodes' surfaces. When two plates are charged, a capacitor in a circuit acts 

as a voltage source, and current flows until the charge balance is complete 
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[159]. Supercapacitors and normal capacitors have similar underlying 

principles and schematics (see figures 2.14 and 2.15). An insulating dielectric 

material separates two conducting electrodes in a supercapacitor. The 

difference is that supercapacitor electrodes often have a substantially greater 

surface area than standard capacitor electrodes, and they are separated by an 

electrolyte solution in a separator. Because supercapacitors have a 

substantially larger surface area and a shorter distance between two electrodes, 

their capacitance and energy are dramatically higher than normal capacitors 

[160]. 

 

 Figure 2.14: Schematic of a conventional capacitor [160]. 

 

     Figure 2.15: Schematic of an electrochemical double-layer capacitor [160]. 
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2.25 Types of Supercapacitors 

     Supercapacitors are classified into different categories depend on their 

operation: electrochemical double-layer capacitors, pseudocapacitors, as well 

as hybrid capacitors. Most supercapacitors are distinguished by distinct 

charge-storage methods, which include electrostatic storage, reversible 

Faradaic redox, in addition to a connection between two [161]. 

2.25.1 Electrochemical Double Layer Supercapacitors (EDLCs)  

     Figure 2.16 depicts a schematic of typical charged EDLC. EDLC is 

electrochemical capacitor having a double layer that directly stores electrical 

energy, also known as the Helmholtz layer. In an EDLC, two electrodes are 

immersed in electrolyte and isolated by separator. Whenever a charging 

conductivity substance was placed inside an electrolyte sol to obtain a 

neutrality system, counter-charges of liquid phases collect nearer the charged 

surface [162]. Polarization of the (interfaces) contacts between the surface of 

the rigid electrode substance and the liquid electrolyte sol within the 

microscopic holes inside the electrode causes charges isolation. Surface 

dissociation, ion adsorption, as well as crystal lattice all contributes to surface 

charge [163]. EDLCs produce capacitance in the same way as a parallel plate 

capacitor does, which is referred to as double layer capacitance [164]: 

     
     

 
  ……………….………………………………...….. (2.11) 

     Where εr is the relative dielectric constant of the double layer. εο is the 

permittivity of free space. d represents the effective thickness of the double 

layer with a surface area A. 
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    When compared to traditional capacitors, the thickness of EDLC ranges is 

substantially less for the space between the platters for an dielectric capacitor 

[164]. At the electrolyte/electrode contact, an electro-chemical double-layer is 

employed to store charge electrically statically. 

 

Figure 2.16: Schematic diagram of a typical charged EDLC. 

     Whenever voltage was apply across the electrodes, electrical charges are 

detached and joined to the oppositely charged sides. Furthermore, the 

oppositely charged ions in the electrolyte will permeate over the separator and 

into the porous electrode's surfaces. Every electrode side forms an electrolyte 

interface. However, there is no charge transfer due to the faraday process 

between the electrolyte and the electrode [162]. 

       Since the beginning of the electrochemical capacitor's development, 

porous carbon has been used as an electrode material because of its high 

surface area, low cost, and excellent stability. Carbon materials like as carbon 

aerogels, ACs (activated carbons), graphene and carbon nanotubes have 

recently been employed extensively in EDLC electrodes to store charge. The 

overall capacitance of traditional capacitors is usually measured in μF or pF. 

In EDLCs, however, the combining of the huge available specific surface area 

Active layer with electrolyte  Active layer with electrolyte 
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and atomic scale charge separation resulting in exceptionally great capacitance 

plus growing charge magnitude (electric energy) [165].  

2.25.2 Pseudocapacitors 

     The second type of ES is the so-called pseudo capacitor. Unlike EDLCs, 

can electrostatically store charge, Charge is stored via pseudocapacitors 

faradically by transferring charge between the electrode and the electrolyte. 

Electrosorption, reduction-oxidation reactions, and intercalation processes are 

used to accomplish this. The existence of Faradaic processes may allow 

pseudocapacitors to reach higher capacitance characteristics and energy 

densities than EDLCs [166]. The most common pseudo-capacitive materials 

are transition metal oxides and metal nitrides (RuO2, MnO2 …), hydroxydes 

and electroactive conductive polymers (PEDOT, PPy, PANi…) [167].  

     However, such capacitance arises as a result of certain applied 

thermodynamic circumstances, in which the electrode voltage (potential) is a 

continuous function of the charge passing thru the electrode, resulting inside a 

derivative  dq/dV  ,that is equivalent to it and quantifiable as capacitance. The 

capacitance held by such devices is known as pseudocapacitance because it 

arises in a very difference manner than that of an EDLC, in which there is 

typically no charge transfer and capacitance arises electrostatically [168]. 

 2.25.3 Hybrid Supercapacitors 

     Hybrid supercapacitors were created to combine the benefits of EDLCs and 

pseudocapacitors while resolving the majority of their drawbacks. Both of the 

preceding forms of supercapacitors had a symmetric design and used the same 

material for both electrodes. Without this symmetry, a new sort of 

supercapacitor termed "Hybrid capacitors" has been conceived, with two 
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different types of electrodes working in tandem. An interesting method for 

achieving intermediate performance between EDLCs and pseudo-capacitors is 

to combine an electrical double layer electrode with a pseudo-capacitive 

electrode. Due to faradaic exchanges on one of the electrodes, such capacitors 

can benefit from the excellent stability of a two layer system while obtaining 

larger capacitance values [169]. Via electrode construction, hybrid 

supercapacitors generally categorized into three categories: 

i. Asymmetric Hybrids are formed by combining an EDLC electrode as well 

as a pseudocapacitor electrode [170]. In terms of cycling stability, asymmetric 

hybrid supercapacitors outperform identical pseudocapacitors. These offer 

greater power densities and energy than comparable size EDLCs. 

ii. In contrast to asymmetric hybrids, composite hybrid supercapacitors 

utilize composite to integrate carbon substances with either MOs (metal 

oxides) or CPs (conductive polymer) as electrode matter [171]. Porous carbon 

compounds with such a large surface-area backbone can improve interaction 

with MOs (metal oxides) or CPs (conductive polymer) components as well as 

the electrolyte. Conductive polymer or Metal oxides could improve 

capacitance further through faradaic processes. 

iii. The Third Category Includes Battery-type Hybrid that have two 

distinct electrodes: one for supercapacitors and one for batteries [172]. The 

energy density of batteries was higher than that of supercapacitors, whereas 

the power density of supercapacitors was higher than that of batteries. If 

battery-type hybrids could incorporate the greater energy density for batteries 

with the short charge time, specific power, reversibility, as well as cycle life 

for supercapacitors, they have a lot of promise to bridge the gap between 

standard supercapacitors and batteries. Hybrid capacitors are now being 
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studied in order to develop future breakthrough supercapacitors with high 

energy and power density while maintaining cycling stability. 

2.26 Supercapacitors Applications 

     Electrochemical capacitors, ultracapacitors, and electrochemical double-

layer capacitors are some of the names given to supercapacitors. 

Supercapacitors can deliver a lot of power in a short amount of time, and they 

have a lot more charge/discharge cycles and a longer lifespan than batteries. 

Because of their adaptability, they've been used in a variety of applications 

[173]. It can be utilized to store energy in a range of applications, include tiny 

portable devices, transportation, or industrial machinery, and also hybrid 

electric (HEVs) plus electric vehicles (EVs) [174]. 

    During engine start-up as well accelerating, supercapacitor may provide 

pulse energy to fuel cell or battery, as well as store energy for a brief amount 

of time during braking that could subsequently be re utilized when the vehicle 

resumed motion. Supercapacitor has also been used to replace or combine 

batteries as a source of electrical power for modern vehicles due to their high 

power delivery or absorption and comparatively high energy stored. [175].  

     The usage of supercapacitors have the apparent interest of decrease battery 

size as well as maintaining peak combustion motor performance, improving 

vehicle efficiency and greatly extending the life cycle of the primary source. 

Because of their tiny size, ability to have a longer cycle life, and capacity to 

swiftly charge and discharge.  
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     Supercapacitors could be used in a variety of electrical microdevices due to 

their ease of downscaling. Important developments of such micro-systems 

could occur in the near future as a result of the generalization of Radio 

Frequency Identification, Micro Electro-Mechanical Systems, bio-sensors, and 

implanted medical devices. Maintenance-free energy storage devices that can 

be charged quickly and produce significant amounts of power would be 

extremely advantageous in light of these advances [176]. 

2.27 Electrochemical Characterization Techniques for ECs Applications 

     Cyclic voltammetry (CV), Galvanostatic charge-discharge (GCD), and 

impedance spectroscopy (EIS) are techniques for checking electrodes. 

2.27.1 Cyclic Voltammetry (CV)  

     CV is a powerful and popular electrochemical technique used to obtain 

data about the thermodynamics of redox reactions, adsorption processes plus 

kinetics of heterogeneous electron transfer processes. [177]. 

 

Figure 2.17: Equivalent circuit of three-electrode set-up [178] 
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      As can be seen from (figure 2.17), The working electrode (WE), that is the 

electrode which has been measured and got in contacting with the electrolyte 

sol. , and a DC potential (direct current) apply to that circuit to promote charge 

transfer between both the electrodes and electrolyte sol., compose the CV cell. 

At a particular voltage, the reference electrode (RE) serves as the opposite half 

of the cell (cell half). To detect the voltage differential between the RE and 

WE layers, it is situated near the polarization's WE layer [178]. The CE 

(counter electrode) is in charge of supplying electrons so that current can pass 

between the WE and the CE. It's also in charge of supplying the current 

needed to balance the current flowing through the working electrode. 

     A cyclic voltammogram is produced by graphing the reported charge 

current of the counter electrode vs. the applying potential values. The cyclic 

voltammetry plot yields the following information: 

1- The charge and discharge operation is reversible. 

2-Indicators of any important phases in the electrode charge/discharge. 

3-The average charge accumulated over a voltage window. 

4-As the scan rates rise, so does the electrode's dynamic charge and discharge 

activity. 

     The behavior of the electrode material as either pseudocapacitive or 

electrochemical double layer capacitive systems is shown in Figure 2.18. The 

ideal EDLC cyclic voltammograms have a rectangular form [179]. This 

measurement reveals which charge storage is solely due to non-faradaic 

processes and is purely double layer capacitance. One striking feature of this 

type of behavior is which the applying current is unaffected by applied 

potential. The forward and backward scans of an ideal EDLC substance are 
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mirror images of each other [180]. Figure 2.18 shows the shape of a 

parallelogram, this denotes there is charge transfer resistance between an 

electrolyte and the electrode. Because the charges deposited on the electrode 

are dependent on the applied voltage, the electrode materials that demonstrate 

Faradaic processes produce a cyclic voltammogram that deviates from a 

rectangular form. The CVs of pseudocapacitors include redox peaks that show 

faradaic processes are involved [181].  

 

 

 

     The most significant benefit of the CV is its simplicity, as capacitance is 

proportionate to area below the curve. Specific capacitance average is 

calculated using equation (2.12) [182] and the CV curves [182].         

     
∫    

      
     …………………..……………………………… (2.12) 

Where C (F g
-1

) is specific capacitance, I (A) is voltammetric current, m (g) is 

mass of active materials in electrode, v (mV/s) is scan rate, ΔV (V) is potential 

window in CV curves. 

Figure 2.18: A typical electrochemical capacitor schematic exhibiting the 

differences between static (rectangular) and faradaic (curved) capacitance [182]. 
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2.27.2 Galvanostatic Charge-Discharge (GCD) 

     The GCD technique is the most extensively used ECs application method 

and the most essential characterization instrument for determining the 

electrochemical performance of ECs electrode materials. Most of the key 

metrics of the ECs system, including as specific capacitance, power, and 

energy densities, may be retrieved using this characterisation technique [183].  

     A steady current pulse is applied to the cell and the voltage response is 

measured over time in the Galvanostatic procedure. The Cyclic Charge 

Discharge (CCD) is a widely used method for assessing battery and EDLC 

performance [184]. From GCD tests, the specific capacitance (Cs) can be 

calculated  using the following equation [185]:              

      
     

         …………….……………………………….…….. (2.13) 

Where Cs (F g
-1

) is specific capacitance, I is the discharge current (A), m is 

the mass (g) of the active materials, ΔV represents the potential difference (V) 

and Δt is the discharge time (s). 

     The pattern of the GCD curve displays information on the nature and 

behavior of the manufactured electrode material. The relation between voltage 

(V) and time (sec) for EDLCs capacitors are linear, resulting in GCD curves 

that are mirror images of one another, as shown in Figure 2.19, whereas the 

relation between calculated potential (V) and time (sec) for pseudocapacitors 

isn't linear, resulting in GCD curves that are not mirror images of one another. 

Pseudocapacitive materials' GCD curves include at least one hump on their 

profile to represent the substance's redox activity. The GCD curves of EDLCs 
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materials, on the other hand, do not exhibit a hump since there is no redox 

activity on their surface, simply pure electrostatic charge separation [185]. 

 

Figure 2.19: plots of the Galvanostatic charge-discharge of (a) EDLC (b) 

pseudo-capacitive material [185]. 

2.27.3 Electrochemical Impedance Spectroscopy (EIS) 

     EIS is a powerful technique for examining the electrochemical 

performance of supercapacitors in depth. EIS works by providing a modest 

alternating current (AC) potential to an electrochemical sample system over a 

wide range of frequencies and determining the subsequent variations in the 

current (A) produced from the sample's impedance as a function of 

frequency[186]. The results of this technique provide a wealth of information 

regarding the physiochemical process and electrochemical reaction kinetics. 

The advantages of this technique include the capacity to monitor frequency as 

well as time domain, as well as precise measurements made possible by recent 

advances in current electronic circuits and other factors.  Derived from EIS, 

the capacitance is given by [187]: 
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     ……………………………………………….. (2.14) 

Where f is the frequency of the applied potential harmonic and Z' and Z" are 

the real and imaginary impedance components, respectively. A "Nyquist Plot" 

is created by plotting the imaginary component for the graph just on Y-axis 

while plotting the real component on X-axis. Each Nyquist graph point 

represents impedance at a single frequency[188], and the Y-axis is negative. 

Figure 2.20 depicts a typical Nyquist plot in which the imaginary part, −Zimag, 

is shown as a function of the real part, Zreal. It has a semicircle between points 

A and B at high frequencies, a non-vertical line between points B and C at 

intermediate frequencies, and a nearly vertical line beyond point C at low 

frequencies [189].  

 

Figure 2.20: Schematic of typical Nyquist plots [189]. 

      The resistances according to figure 2.20 are as follows: 

 RA at point A is attributed to electrode resistance. 
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 The diameter of the semicircle RAB = RB − RA is assigned to (a) the 

electrolyte resistance in the pores of the electrodes, (b) the resistance of 

contact between the current collector and the electrode. 

 RB (RB = RA + RAB), is the internal resistance, and also called a charge 

transfer resistance [190]. 

2.28 Photoconductivity 

      Organic materials have an advantage over inorganic materials due to its 

mechanical characteristics, simple of processing, inexpensive, and range of 

energy gap substances with a wide absorption region as well as manipulation 

of the absorption edge employing organic chemicals. This suggests that 

polymer photodetectors with response across the full visible and near-IR 

spectra are achievable. Organic polymers and Organic small molecules had 

attracted much interest in latest years due to its potential uses in 

optoelectronics structures like photodetectors and photovoltaics that are 

commonly are using in optical scanners, remote control devices, wireless 

LAN, a color sensor for a digital camera, and automatic lighting controls 

[191].      

     Photoconductivity (PC) is the electrical conductivity that results from 

photo-induced electron excitations that absorb light. 

Because photons interact with bound electrons of target atoms in 

semiconductors, electron-hole or e-h pairs are photo-produced, increasing 

carrier density and conductivity. [192]. the nature of photoexcitation and 

recombination processes, for example, can be studied using PC. The carriers 

densities, the lifetime of carriers, as well as dynamic carriers production, 

recombination mechanisms, and trapping all contribute to the material's 
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conductivity. Temperature, applying field, the intensity of light, and the 

energy of radiation are all variables [193]. the rise and decay curves of 

photocurrent are generally understood to be controlled with the recombination 

centers or trapping states in a photoconductor's forbidden energies region. As 

a result, these curves will be used to learn more about traps and recombination 

centers [194]. As shown in the linear equation for conductivity, the 

conductivity of a substance increases as the number of charge carriers 

increases due to excitations of electrons from the valance band to the 

conduction band, leaving holes behind [194,195]. 

 ζ = en [µe + µp] ...……………………………………………… (2.15)                     

Where n denotes the number of charge carriers, e denotes electron charge, μe 

denotes electron mobility and μp denotes hole mobility. 

2.28.1Current-Time Characteristics 

     When the light of a certain wavelength is incident directly onto a 

photodetector of an amount of time, then switched, and thereafter incident 

then. The results of these successive events are projected as follows as shown 

figure 2.21. 

 

Figure 2.21: Photoresponse graph that shows a quicker response time [196]. 
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2.28.2 Rise time and Fall Time upon a Square-Pulse Signal 

     The (ηr) and (ηf) responses of a detector to a "square-pulse signal" reveal 

their speed in the time domain. Figure 2.22 depicts the procedure for 

computing these time periods. [197,198].  

. Rise time (τr): the amount of time required for the photodetector value to 

variance within specified percentages (10%–90%) of a peak level under abrupt 

lighting. This factor is commonly noted as a photodetector bandwidth Δ𝑓. 

[199,200]:  

τr = 2.2/ (2πΔf) = 0.35/Δf ………………………………….…. (2.16) 

 . Fall time (τf): when the light is turned off, the time it takes for the detector 

to reach its original current value before lighting ((i.e. in the dark)  [201]. 

 

     Figure 2.22: Rise and decay time of signal for square-pulse signal [198]. 
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2.28.3 Sensitivity      

     One of the most crucial parameters that define a photodetector's efficiency 

is its sensitivity (S), which is determined by the formula below. [202,203]: 

        
     

  
       ………….………………………….…… (2.17) 

The light current is 𝐼l, while the dark current is 𝐼𝑑. Simply described, 

"sensitivity" refers to the amount of current that rises when a thin layer is 

exposed by light.  

2.29 The Term "Sensor" 

     The electrical properties of thin films can be used for gas detection in so-

called gas sensors because of their high sensitivity to ambient gases due to 

absorption effects. They're used in places where gas control and analysis are 

required [204]. A sensor is a device that can detect and transform physical 

parameters into electrical signals. Temperature, light, velocity, and biological 

and chemical concentrations are all physical factors. Because of the physical 

parameter, the sensor's electrical resistance can fluctuate, but this resistance 

change is usually transformed to a current or voltage. The accuracy, 

sensitivity, reproducibility, stability, and reaction time of sensors which 

compute physical variables are often described by their sensitivity, accuracy, 

reproducibility, response time, and stability [205]. Selectivity is another 

characteristic of sensors that monitor biological or chemical components. the 

cost, the Size, the lifetime, and the power consumption may be more or less 

relevant based on the sensor's intended uses [206]. 

     Gas sensors are used in a variety of fields. For example, in cars and planes, 

they can be utilized as fire detectors, leak detectors, and ventilation 
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controllers. VOCs (volatile organic compounds) or odors produced by food or 

home goods are detected. Multi-sensor systems (Electronic noses are another 

name for them) are sophisticated gas sensor tools developed to assess such 

complex environmental mixes [207]. It was also becoming more important in 

the food sector and for air quality.  

2.29.1 Conducting Polymer Sensors 

     Conducting polymers have been more popular in gas/vapour sensors in 

recent years due to their high stability, ability to work at room temperature, 

remarkable processability, low power consumption, cost effectiveness, and 

other factors.  

     Polypyrrole polymers are conductive polymers with a conjugated -electron 

system running through them. In their natural condition, these polymers are 

semiconductors, but when doped, they can conduct electricity with 

conductivities that are comparable to metals. PPy can generate selective layers 

in which the electrical characteristics are modulated by the physical and/or 

chemical interaction between the analyte gas and the conjugated polymer. 

Altering the functional group chemistry of the polymer, dopant engineering, 

microstructural alterations, and the addition of inorganic elements can all be 

used to customize the sensing capabilities [208]. 

     As previously stated, the physical properties of conducting polymers are 

dependent on doping levels and doping method. Improving doping levels 

through chemical reactions at ambient temperature provides a simple method 

for detecting a variety of gases. When such a conducting polymer material 

comes into contact with gas, electron transfer causes a change in resistance 

and function of the sensor material. Electron-accepter gases such as NO2, H2S, 
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and I2 can remove PPy aromatic ring electrons, increasing the degree of 

doping and electrical conduction for p-type conductive polymers. On the other 

hand, electron donor gases can react with the PPy, causing electric 

conductance to change dramatically [209]. Polypyrrole, for example, has been 

used to study ammonia sensing in the laboratory. The interaction of PPy 

microwires with ammonia gas caused a change in resistance (conductivity), 

which was followed by the return to the original state when exposed to air. 

The following reasonable method can be used to depict the entire process of 

reversible reactions [210].         

        PPyH
+
 + NH3                          PPy + NH4

+
     ……………..…….. (2.18) 

 

        PPy + NH4
+
                           PPyH

+
 + NH3 + H3O

+
    …….…..… (2.19) 

    When a sensor is exposed to a specific gas concentration, its sensitivity is 

described by the change in resistance [210]. 

The sensor sensitivity can be calculated as: 

          |
     

  
|        …………………...……………………...... (2.20) 

Where   is the sensitivity, Rg and Ra are the film's electrical resistance in the 

existence of gas and the film's electrical resistance in the existence of air, 

respectively. 

 

 

 

Moist Air 
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2.30 Characteristics used to study PPy, Ferrite and PPy nanocomposites  

2.30.1 X-Ray Diffraction (XRD) 

     X-ray diffraction is a valuable tool for determining material characteristics. 

Chemical characterization, phase balance analysis, stress measurement, crystal 

direction identification, and determining the structure of solids, in addition to 

crystallite size determination, are all solved using this technique. Diffraction 

occurs only if the wave wavelength is also the same order of amount as the 

repeating spacing among the scattering centers [211].  

       X-rays are electromagnetic radiations with wavelengths ranging from 0.5 

to 2.5 Å. The interatomic gap in solids is equivalent to the wavelength of X-

rays. Longer wavelength radiations cannot resolve the structure on an atomic 

scale, whereas shorter wavelength radiations scatter unevenly via small 

angles. X-rays are created by the slowing of rapidly moving electrons in a 

metal target or the inelastic activation of core electrons in the target atoms. 

The first produces a broad continuous spectrum, whereas the second produces 

the distinctive X-rays [212]. 

     X-ray diffractometers typically have three major components: the source of 

X-ray, a sample holder, and the detector of X-ray. The sample holding is in 

the middle of a circle, with the source and detector and their accompanying 

optics on the circumference. XRD analysis is based on Bragg's law. Braggs 

angle (θ) is the angle formed by the plane of the sample and the X-ray source, 

while the angle formed by the X-ray projection and the detector is (2θ). Figure 

2.23 shows the essential features of an X-ray diffractometer, where the angle 

between incident and diffracted X-rays is called the diffraction angle 2θ [213]. 
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Figure 2.23: Schematic representation of x-ray diffraction [213]. 

Each crystalline substance has a unique atom arrangement that diffracts X-

rays. 

     The X-rays must have wavelengths of the order of atomic distance in 

crystals to produce the diffraction phenomena. An incident X-ray beam is 

diffracted by a crystal plane aligned to fit Bragg's law. The following is how 

Bragg's law is written [213]:        

 nλ = 2d sinθ ………………………………………………….. (2.21) 

     Where The X-ray wavelength is denoted by λ, The atomic plane spacing is 

represented by d, and θ is the diffraction angle half-value, then n is the 

reflection order. Therefore, when a detector scans the range angles of 

reflection, It results in a pattern of peaks with specified spacing & intensities. 

     Spinal ferrite has spinel structure crystallize in the cubic system. The cubic 

system's lattice constant (a) is provided by the formula [213]: 
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      𝑑   √         ……………………………..…….. (2.22) 

Where dhkl: inter planer distance, h, k, l: Miller indices. Moreover, the x-ray 

density (ρx), is influenced by the crystal's molar mass and lattice parameter, 

and is given by the following equation[213]: 

      
   

    
  ………….………………………………………...... (2.23) 

     The number of molecules in unit cell is denoted by Z (Z = 8 for spinel 

ferrite), the sample's molecular mass expressed by M, the cubic structure's 

volume is V=a
3

exp, as well as NA= 6.023×10
23

 (atom/moleis) Avogadro's 

number. The crystallite size was calculated using Scherrer's equation based on 

the peak broadening on the XRD pattern [213]:     

    
  

     
   …………..……………..…………………...……. (2.24) 

Where the crystallite size was denoted by the letter D, The wavelength of an 

X-ray is denoted by  λ, θ to diffraction angle, The finite size broadening is 

represented by β plus The shape factor is denoted by the letter K(K=94×10
-2

) 

for cubic symmetry with spherical crystallites. 

     The letter L represents the hopping or jumping length, (The distance 

between magnetic cations is known as the jump length) for tetrahedral (A) and 

octahedral [B] site is calculated using the relations below [119]: 

          √ )/4     ……………………………………..…. (2.25a) 

           √ )/4     …………………………………….….. (2.25b) 

            √  )/8   ……………………………………….. (2.25c) 
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     X-ray diffraction studies show that the PPy powder is amorphous in nature. 

The average chain separation can be calculated from these maxima using the 

relation[214]: 

  
  

     
   ……………………………………………………..  (2.26) 

Where S is the polymer chain separation, λ denotes the X-ray wavelength, and 

θ represents the diffraction angle at the maximum intensity of the amorphous 

halo. 

2.30.2 Field Emission-Scanning Electron Microscopes (FESEM)  

     SEMs are one of the most essential modern scientific tools, an instrument 

that allows researchers to examine the morphology of solid samples at better 

magnification, resolution, and depth of focus than an optical microscope.     

Nanotechnology has fueled the advancement of modern electron microscopy, 

with demands for higher resolution and more information from the sample. 

The field emission scanning electron microscope (FESEM) is a strong tool for 

studying the morphology of materials' surfaces by raster scanning over them 

with a high-energy electron beam with a resolution of a few nanometers [215]. 

     By utilizing electrostatic or magnetic lenses, the electron beam can be 

focussed to a very small spot size. This is usually accomplished with 

electrostatic lenses. A scan generator is used to scan or raster the tiny beam 

onto the sample surface. The interaction of electrons with the atoms in the 

sample produces signals, which communicate information about the sample's 

surface shape, composition, and other features. These signals include 

secondary electrons, backscattered electrons, diffracted backscattered 

electrons, photons, visible light, and heat. Secondary electrons and 
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backscattered electrons are often employed to image samples: Secondary 

electrons will be best of displaying morphology and topography for 

specimens, while backscattered electrons will be optimal as exhibiting 

compositional variations in multiphase specimens [216]. The electron gun's 

job is to deliver a large, consistent current in a tiny beam. Thermionic emitter 

and field emitter are two different types of emission sources. The fundamental 

distinction between a scanning electron microscope (SEM) and a field 

emission scanning electron microscope (FESEM) is the type of emitter 

(FESEM). The images produced by FE-SEM are superior to those produced 

by thermionic emitter SEM. However, unlike hot cathode SEM, such FESEM 

is less prevalent [217]. 

2.30.3 Fourier Transform Infrared (FTIR) Spectroscopy 

     (FTIR) are among the most essential analysis methods used to determine 

the chemical composition of geological samples like as shale, coals,  liquids, 

silicate glass, melt impurities, microfossils, and minerals which can supply 

basal data on the molecular construction of inorganic or organic 

materials[218]. The core principle of FTIR technology is connected to 

transitions between quantized vibration energy states. In this study, infrared 

absorption occurs whenever the photons strike the molecules and excites it 

over to a high energy level. In the IR region of the light spectrum, excited 

states generate molecular bond vibrations with different wave numbers (or 

frequencies) (stretching, spinning, bending, wagging, rocking, plus out-of-

plane e deformation) [219].The chemical bond's absorbed wavelength is one 

of its characteristics. The frequency of molecular bonding varies based on the 

type of bond and the components present [220]. 
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     The cation masses, cation oxygen bonding, and the lattice parameter all 

influence the vibration frequencies in IR spectra. The principal absorption 

bands v1 and v2 in the IR spectrum of spinel ferrites correspond to tetrahedral 

(A-O) and octahedral (B-O) sites, respectively. The equation was used to 

calculate the force constants at tetrahedral and octahedral sites (KT, KO) [221].  

  (
    

  
)                                ..….……… (2.27) 

where the reduced mass is denoted by µm and offered by 

µm=(m1×m2)/(m1+m2) , The atomic mass of the positive ions at the tetrahedral 

and octahedral sites is given by m1, The atomic mass of anion is denoted by 

m2 (the atomic masses for the elements were taken from periodic table which 

are included in the appendix). The reduced masses (µm) of the bonds Co-O, 

Zn-O, Mn-O and Fe-O are respectively12.58, 12.85, 12.39and 12.43 (amu). 

2.31 Optical Properties 

     The optical properties of semiconductors can be defined as those that 

include interactions between electro-magnetic radiations or light and the 

semiconductor, such as scattering effects, diffraction, absorption, reflection, 

and polarization [222]. Furthermore, optical characteristics of semiconductor 

films were important prerequisites for suitable uses in different of 

optoelectronics; these properties are dependent on the preparation method, 

annealing, substrate temperature, and deposition, as all changes in such 

conditions result in absorption edge deviations to low or high energies. As 

Polymer optical properties are determined by the main chain's molecular 

structure and shape. This relation among the optical band gap, absorption 

coefficient, and energy (hv) of the incident-photon may be utilized to 

determine the optical band gap using Tauc's equation [223]: 
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𝛼hv = B (hv – Eopt)
r
 ………………………….………………. (2.28)   

Where Eopt is the optical energy gap, B inversely proportional to amorphousity 

and r is an index which can be assumed to have values of 1/2, 3/2, 2 and 3, 

depending on the nature of the electronic transition responsible for the 

absorption. r = 1/2 for allowed direct transition, r = 3/2 for forbidden direct 

transition and r = 3 for forbidden indirect transition, with r = 2 refers to 

indirect allowed transitions. The optical energy band gaps (Eopt) for direct 

transition can be found using equation 2.28 and plotting (𝛼 𝜈)
2
 as a function 

of photon energy  𝜈.  

2.31.1 Optical Properties of Conducting Polymers 

2.31.1.1 Optical Absorption: Formation of Excited States  

     In a tiny molecule with an isolated double bond, the π-electron can be 

promoted from a lower energy state to a higher energy state by absorbing the 

photon with more energy from the energy gap (Eg) between the two orbitals. 

On the other hand, a similar molecule with double conjugate bonds will have a 

HOMO (higher occupied molecular orbital ) as well a LUMO (lower 

unoccupied molecular orbital). Due to the decreased energy gap caused by 

orbital interactions, a low-energy photon may promote a -electron from 

HOMO to LUMO; hence, the band energy gap in conjugated polymers may be 

even smaller [224]. 

2.31.1.2 Optical Emission: Relaxation of Excited States  

     When a photon of sufficient energy (hν) is absorbed by the conductive 

polymer, the electron can be promoted from HOMO to LUMO, resulting in an 

electrostatically bonded e-h pairs known as excitons [225]. This euphoric 
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condition might spread from one location to the next until it is deactivated. 

One of most important deactivations in conjugated polymers is luminescence 

(emission of light). Luminescence is divided into two groups according to the 

electronic spins participating in radiative transitions: fluorescence and 

phosphorescence [226], as shown in Figure 2.24 [227]. Phosphorescence 

occurs whenever the electrons in the excited levels had same spin as the 

electron in the corresponding ground level's orbital. Fluorescence occurs 

whenever an excited electron has same spin as an electron in the opposite 

ground orbital [228]. 

 

Figure 2.24: State energy diagram of some possible photophysical process in a 

typical fluorescent molecule. 
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Chapter Three 

Experimental Part 

3.1   Introductions 

     This chapter covers all practical experiments conducted under search 

conditions. It has several fundamental components: The first involves the 

production of (Co0.8-xZnxMn0.2Fe2O4) nanoparticles and the research of the 

influence of zinc replacement on the structural and magnetic characteristics, as 

well as the fabrication of polypyrrole nanofibers (PPy-NFs) and self-regulate 

magnetic nanoparticles. The second component concerns the creation of thin 

films built from nanocomposite samples (PPy-NFs/Co0.8-xZnxMn0.2Fe2O4) as 

well as their synthesis (figure 3.1). The following section offers a description 

of the sample preparation technique, the stages of the preparation process, and 

a list of the materials and instruments utilized in the process. On the other 

hand, it provides descriptions of characterization procedures utilized to 

demonstrate morphological, structural, magnetic, as well as optical 

characteristics of substances being manufactured for usage in supercapacitors, 

photodetector, in addition to gas sensor applications (figure 3.2). 

 

 

 

 

 

 



Chapter three                                                                       Experimental Part 

81 
 

 
  

 

 

 

 

 

Figure 3.1: Diagram of the preparation materials. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Diagram of materials checks and its applications. 
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3.2 Materials and Methods 

3.2.1 Materials and Chemicals 

   The materials used in this work to synthesize polypyrrole nanofibers with 

ferrite nanoparticles are shown in tables 3.1 and 3.2. 

Table 3.1: The raw materials of (PPy-NFs) synthesis. 

Materials Chemical 

formula 

Density 

(g/cm3)  

Mol. weight  

(g/mol)  

Purity Supplier 

Pyrrole C4H5N 0.967  67.091  98% Sigma Aldrich, China  

Iron (III) chloride FeCl3 2.9  162.21 98% AlPHA chemica 

Methyl Orange C14H14N3NaO3S 1.28  327.33  
 

99% LTD Rubilabor 

Chemical Co. Spain 

 

Table 3.2: The raw materials of (Co0.8-xZnxMn0.2Fe2O4) synthesis. 

Materials  Chemical 

formula 

Mol. mass 

(g/mol) 

Purity Supplier 

Iron (III) chloride FeCl3 162.21 98% AlPHA chemica 

Manganese (II) chloride 

tetrahydrate 

MnCl2.4H2O 197.91 98% AlPHA chemical 

Zinc (II) chloride ZnCl2 136.286 98% ROMIL pure chemistry 

Cobalt (II) chloride CoCl2 129.64 98% AlPHA chemical 

Sodium Hydroxide NaOH 40 98% ROMIL pure chemistry 
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3.2.2 Synthesis of Polypyrrole Nanofibers (PPy-NFs) 

      In the presence of methyl orange and Iron (III) chloride in distilled water, 

we used the following chemical method to synthesize PPy-NFs of the pyrrole 

monomer.  0.08185 g (2.5 mM) methyl orange (MO) was dissolved in distilled 

water (288 ml) and combined with (14 mM) pyrrole monomer to produce a 

(Py-MO) solution, which was then cooled to 3 °C using an ice bath. For 10 

minutes, the mixture was vigorously agitated until the agglomerates vanished. 

1.702 g (10mM) (FeCl3) is dissolved in thirty-three milliliters of distilled 

water (see table 3.3), then dropped in the manufactured (Py-MO) mixture 

during a 2-hour period. Following that, all of the aforesaid reactant mixtures 

simultaneously stirred in an ice-bath for 24 hours. To remove the remaining 

contaminants from PPy-NFs, the precipitated PPy-NFs were filtered and 

rinsed three times with acetone, alcohol, and distilled water. Lastly, the 

precursor product (powder) had dried for six hours at 75°C in an oven. 

Table 3.3: (MO: Py: FeCl3) molar ratios of (PPy-NFs) samples. 

Sample 

code 

MO Py FeCl3 
 

MO: Py: FeCl3 

molar ratio 

 Wight 

(g) 

No. mol 

(mM) 

Wight 

(g) 

No. mol 

(mM) 

Wight 

(g) 

No. mol 

(mM) 

 

PPy-NFs 0.8185 2.5 0.9870 14 1.703 10 1 : 5.6 : 4 
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3.2.3 Synthesis of Ferrite Nanoparticles 

        Magnetic nanoparticles (MNs) were prepared by co-precipitation method. 

The table 3.2 shows the chemical materials and their percentages purity 

utilized to make the samples. MNs samples with the structure (Co0.8-

xZnxMn0.2Fe2O4), have been synthesized, with x = 0, 0.2, 0.4, 0.6, and 0.8. To 

prepare each sample, stoichiometric molar quantities were weighed according 

to their molecular weights. The weights of the compounds and the appropriate 

number of moles necessary to prepare each sample are listed in Table 3.4. The 

weights of the reactant were calculated using the below equation:  

 Mass (g) = No. of moles × Molar Mass (g/mol) ………………… (3.1) 

      The co-precipitation approach was used with hydrothermal synthesis to 

produce ferrite nanoparticles (Co0.8-xZnxMn0.2Fe2O4). The stages are as 

follows: in separate beakers, we dissolve stoichiometric amounts of FeCl3 

(Ferric chloride), MnCl2.4H2O (Manganese (II) chloride tetrahydrate), CoCl2 

(Cobalt (II) chloride) as well as ZnCl2 (Zinc (II) chloride) in de-ionized water. 

The mixture was then transferred to another heat-resistant beaker and stirred 

continuously to achieve a homogenous solution. In addition, sodium 

hydroxide (NaOH, 1.25 M L
-1

) is dissolved in a hundred milliliters de-ionized 

water separately. Then it would be dropped in to metal salts sol at room temp. 

(≈27°C) until the pH reach ≈12.5, ensuring that each of the metal ions in the 

sol was precipitated. After one hour of heating at 90°C with constant stirring, 

the solution was turned off as well allowed to cold at ambient heat. The 

magnetic decantation method was used to separate and collect magnetic 

nanoparticles. It was then rinsed many times with deionized water using a 

multi-funnels system to assure salt removal and expedite drying at 27 °C. The 

wet product has re-dispersed in a NaOH solution (pH ≈12.5) after 60 minutes 
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of stirring. To avoid coalescence of neighboring nanoferrite particles, which 

occurs often during the high-temperature sintering process. When 

nanoparticles come into contact with one another. The heat treatment, which 

was done using the hydrothermal method, was the following phase in the 

fabrication process. The colloidal solution was moved to a 250 mL autoclave 

reactor lined with Teflon. After it has been sealed tightly, the autoclave is 

heated in a furnace at 250°C for 5 h. After that it was left to naturally cold 

outside at ambient temperature. The colloidal solution is then filtered and 

rinsed numerous times with ethanol and de-ionized water until the pH is even 

to 7. The final product is eventually place in the oven at 70 degrees Celsius for 

1 h to form a stable phase of nanoferrite. 

Table 3.4: Synthesis of (Co0.8-xZnxMn0.2Fe2O4) from basic chemicals 

compounds and the weights that had been used. 

 

x 

Structure 

FeCl3 MnCl2.4H2O CoCl2 ZnCl2 

Weight 

(g) 

No. mol 

(mM) 
Weight 

(g) 

No. mol 

(mM) 
Weight 

(g) 

No.mol 

(mM) 

Weight 

(g) 

No.mol 

(mM) 

0 Co0.8Mn0.2Fe2O4 8.1105 50 0.9895 5 2.5968 20 0 0 

0.2 Co0.6Zn0.2Mn0.2Fe2O4 8.1105 50 0.9895 5 1.9476 15 0.6814 5 

0.4 Co0.4Zn0.4Mn0.2Fe2O4 8.1105 50 0.9895 5 1.2628 10 1.3628 10 

0.6 Co0.2Zn0.6Mn0.2Fe2O4 8.1105 50 0.9895 5 0.6492 5 2.0442 15 

0.8 Zn0.8Mn0.2Fe2O4 8.1105 50 0.9895 5 0 0 2.7257 20 
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Figure 3.3: diagram of co-precipitation method pursued by heat treatment 

 in an autoclave reactor.  



Chapter three                                                                       Experimental Part 

87 
 

3.2.4 Synthesis of Nanocomposite (PPy-NFs/Co0.8-xZnxMn0.2Fe2O4)  

       0.03g of (Co0.8-xZnxMn0.2Fe2O4) samples were dissolved in thirty 

millimeters of pure (distilled) water then sonicated (stirred) for ten hours 

whereas 0.03g of PPy-NFs were dissolved in thirty millimeters of pure 

(distilled) water then sonicated (stirred) for two hours. Then, Co0.8-

xZnxMn0.2Fe2O4 solution was added to PPy-NFs solution in volumetric 

proportions as follows (1:1). To obtain a homogenous dispersion, the resultant 

solution was sonicated for 10 hours. 

3.3 Substrate Cleaning 

      The substrate is the most important part of the synthesis procedure. 

Various substrates, including glass, n- and p-type Silicon with crystal 

orientation, were used in the research (111). For each type of substrate, a 

specific technique is used. The basic goal of cleaning is to get rid of any dust, 

organic contamination, or other unknown particles (if present there). Cleaning 

the substrate before growth is critical for producing high-quality, dense, 

homogeneous, and aligned nanostructures. 

3.3.1Substrate (Glass) Cleaning 

     The performance of final material applications is dependent on substrate 

cleaning to achieve a pollution-free surface. The following are the cleaning 

procedures for glass slide (plate) substrates: 

1)  The slides or plates are rinsed with pure water after being scrubbed 

with a soap solution to remove greasy particles from the surface. 

2)  The plates were immersed in an ultrasonic bath for Fifteen min after 

being put in a clear flask of pure water. 
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3)  To exclude impurities like as oils or certain oxides, it is cleaned by 

combining pure water and ethanol solution. 

4)  Before usage, the plates are drying by blowing air on them. 

3.3.2 Wafer Silicon Cleaning 

     For p- and n-type wafer silicon substrates, the Radio Corporation of 

America (RCA) cleaning method was applied [229]. Procedure performed as 

following: 

1) Preparation of chemical solution mixture: 

Solution (A) 

H2O/NH4OH/H2O2 (50ml: 10ml: 10ml) dissolved in glass beaker. 

Solution (B) 

HF/H2O (1ml: 50ml) dissolved in plastic beaker without heat. 

Solution (C) 

H2O/HCl /H2O2 (60ml: 10ml: 10ml) dissolved in glass beaker. 

2) The silicon slides were immersed in the solution for 10 minutes after the 

glass beaker with solution A was placed on a heater at (75
0
C). 

3) silicon slides then immersed in the plastic beaker with Solution B for 20 

second. 

4) The glass beaker with solution C placed on the heater and its temperature 

raised to (75
0
C), then silicon slides immersed in this solution for 10 minutes. 

5) Finally, silicon slides are dried by blowing air. 
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Note: The slides were soaked in distilled water for cleaning after each of the 

steps above. 

3.4 Structural and morphological Characterization 

3.4.1 X-ray diffraction (XRD) 

     The phase composition and crystal construction of the samples are 

examined using XRD. The experiment was conducted using a powder X-Ray 

diffraction model XRD 6000 (Shimadzu-Japan) with high-intensity Cu Kα 

radiations (15.406×10
-1

 Angstrom), scan range of 10-80 degrees, and scan 

speed of 6 degrees per minute. By compared the XRD patterns of models to 

JCPDS standard information, crystalline substances and phases could be 

identified. Using the list of equations presented in the theoretical part, 

crystallite size, X-ray density, the lattice constants, and jumping length of 

nanoferrite powder, as well as polymer chain separation (S) for polypyrrole 

nanofibers were computed (chapter 2). (Note: Measured in Tehran, Iran). 

3.4.2 Field Emission Scanning Electron Microscopy (FESEM) 

     Nanostructured surface morphology of thin films and powders had studied 

via a FESEM. MIRA3 model-TE-SCAN looks after this parameter 

(DeyPetronic, Tehran, Iran). 

3.4.3 Fourier Transform Infrared Spectrometry (FTIR) 

    The scans of the FTIR measurements on spectrophotometer (Shimadzu-

IRAffinity-1) in college of science (University of Baghdad) are utilized to 

analyze the spectrums of samples to use attenuated total reflectance modes at 

room temperature. FTIR data is acquired in the (400 to 4000) cm
-1

 wave 

number range. 
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3.5 Magnetic properties 

    At room temperature (27 °C), the magnetic features of all samples were 

examined using a Vibrating Sample Magnetometer (VSM). Most magnetic 

characteristics of samples can be determined by monitoring the hysteresis 

loop. (Note: Measured in Tehran, Iran). 

3.5.1 Vibrating Sample Magnetometer (VSM) 

      We used the VSM of model (EZ VSM Model 10) to get that M-H loop for 

measuring magnetization due to a change in applied field. In this type of B-H 

curve tracer, a prepared sample is put between the large magnetic coils. While 

current passes through the coils containing the magnetic sample, an 

extraordinarily strong magnetic field of around ten kilo Oersted is created. The 

specimen is vibrated at a specific frequency with the help of a sample holder. 

The magnitude of the electromotive force created in the coil in close proximity 

to the sample is used to determine the magnetization. The M-H curve was 

used to determine the magnetic parameters: saturation magnetization (Ms), 

coercivity (Hc), and remnant magnetization (Mr). 

3.6 Optical Measurements 

     UV/VIS measurements at room temperature were used to evaluate the 

optical characteristics of PPy-NFs, Co0.8-xZnxMn0.2Fe2O4, and PPy-NFs 

nanocomposites.The SHIMADZU UV-1900i UV-Visible spectrophotometer 

has been utilized to examine optical parameters of thin films on glass 

substrates, like as absorbance and optical energy gap, over a wide wavelength 

region (190-1100 nm). The optical energy band gap is calculated using the 

wavelength absorbance output data in computer software (Eg). 
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3.7 Photodetector Fabrication 

       Suitable masks were produced from aluminum metal and cleaned with 

distilled water and alcohol in order to determine the shape of the films that 

were utilized for sensor measurements. Figure 3.4 shows the schematic 

diagram of PPy-NFs, Co0.8-xZnxMn0.2Fe2O4 ferrite and PPy-NFs 

nanocomposite photodetector. 

3.7.1 Characteristic Measurements of Photoconductive Detector 

         Using an I-V Measurement device, Model: IVM-2.10.15, Iran, Company 

of Nano Pajouhan Raga, Photodetectors are tested for photoresponse in the 

dark then under lighting. A photodetector's spectral sensitivity is measured 

via a detector with a 405 nm laser diode as a source of light and a 

monochromator connected to a laptop running the Visual-Basic 5 program. 

Photodetectors' current–time characteristics are investigated in the dark then 

under lighting with power range of 10 mW to 30 mW. The photodetection 

device has been utilized to assess photodetector characteristics including rise 

time as well fall times plus sensitivity (S). The detector's on/off characteristics 

were evaluated at a wavelength that corresponded to maximal sensitivity, and 

formula 2.17 has been used to compute the sensitivity (S). 

 
Figure 3.4: Diagram of the photocurrent measuring process in the photodetectors. 
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3.8 Electrochemical Characterization Techniques 

      The IVIUMSTAT. XR (Electrochemical Interface & Impedance Analyzer) 

was used to conduct CV, GCD, and EIS measurements to describe the 

electrochemical behavior of the electrodes. This was accomplished using a 

nickel foam (1×1) cm
2
 substrate. To prepare it for supercapacitor testing, PPy-

NFs, Co0.8-xZnxMn0.2Fe2O4 ferrite, and PPy-NFs nanocomposite were placed 

on it using the drop casting method. A portion of the aforesaid working 

electrode, Ag/AgCl as a reference electrode, and a platinum bar as a counter 

electrode were used in the three-electrode device. H2SO4 (1.0 M) was used as 

the electrolyte. Figure 3.5 depicts a three-electrode design. (Note: Measured in 

Tehran, Iran). 

 

Figure 3.5: shows schematic of three-electrode system. 

3.8.1 Cyclic Voltammetry Measurement (CV)  

     The electrochemical characteristics of supercapacitor electrode materials 

can be determined using cyclic voltammetry (CV). The electrochemical 

characteristics of PPy-NFs, ferrite nanoparticles, as well as PPy-NFs 
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nanocomposites electrodes are examined via CV with a 5 
  

 
 scan rate with a 

potential (voltage) domain -1V to 1V in 1M sulfuric acid electrolyte. 

3.8.2 Galvanostatic Charge-Discharge Measurement (GCD)  

     A GCD check is another way to determine electrochemical capacitor 

capacitance efficiency. This testing examines the potential-reaction of 

electrode cell systems at a constant rate of CD (Charge-Discharge). All 

models are charged then discharged in a 1M sulfuric acid electrolyte at a 

constant current. The electrodes' specific capacitance is determined from 

discharge curves using equation 2.13. 

3.8.3 Electro-Chemical Impedance Measurement (EIS) 

     The EIS examination is a valuable technique for identifying the basic 

behavior for supercapacitor electrode. The EIS experiments are carried out 

with a wide range of frequency values (10 Hz to 200 kHz). 

3.9 Gas Sensor 

      Figure 3.6 shows the setup of the testing equipment, which includes a 

schematic design of the electrical circuit for gas sensing measurements. To 

make consistent solutions, specific amounts of the sample powder are 

dissolved in distilled water and ultrasoniced for 90 minutes. After choosing an 

appropriate mask to make the gold track to the electrode, these solutions were 

spin-coated on the silicon substrate, and molten gold was sprayed on the 

sample film by nozzle with a specific spraying time. The size of the gas sensor 

device was (1cm ×1cm). 

       In the gas sensing system, the gas sensor was placed inside a cylindrical 

steel chamber, with two pins of metal electrodes contacting the gas sensor's 
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gold electrodes to record the electrical resistance when the surface sample was 

exposed to air. The chamber is then sealed and the rotary pump is turned on to 

reduce the pressure inside the chamber to around 1 mbar. When a surface 

sample is exposed to ammonia gas with consistent periods of ON and OFF gas 

exposure, the electrometer records the change in electrical resistance as a 

function of time. (Note: Measured in Tehran, Iran). 

 

Figure 3.6: Electric circuit setup of gas sensor. 
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3.10 Samples Codes 

The table below represents the codes of samples prepared in this work. 

Table 3.5: Prepared samples codes. 

No. The Sample  The Sample 

code 

No.  The sample The Sample 

code 

1 Polypyrrole 

Nanofibers 

PPy-NFs 7 PPy-NFs /Co0.8Mn0.2Fe2O4 PF1 

2 Co0.8Mn0.2Fe2O4 F1 8 PPy-NFs 

/Co0.6Zn0.2Mn0.2Fe2O4 

PF2 

3 Co0.6Zn0.2Mn0.2Fe2O4 F2 9 PPy-NFs 

/Co0.4Zn0.4Mn0.2Fe2O4 

PF3 

4 Co0.4Zn0.4Mn0.2Fe2O4 F3 10 PPy-NFs 

/Co0.2Zn0.6Mn0.2Fe2O4 

PF4 

5 Co0.2Zn0.6Mn0.2Fe2O4 F4  

11 

 

PPy-NFs /Zn0.8Mn0.2Fe2O4 

 

PF5 6 Zn0.8Mn0.2Fe2O4 F5 
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Chapter Four 

Results and Discussion 

4.1 Introduction    

     This chapter covers the findings, including the structural, morphological, 

and optical properties of PPy-NFs, ferrite nanoparticles, and PPy-NFs 

nanocomposites samples. This chapter also covers photosensitivity, 

supercapacitor, and gas sensor applications for PPy-NFs, as well as ferrite and 

Polypyrrole-NFs deposited on Si, glass, in addition to Ni-foam substrates.  

4.2 The structural properties 

4.2.1 X-Ray diffraction Analysis results 

     XRD was used to investigate crystal structures and characterize phase 

contents in PPy-NFs, ferrite nanoparticles, and PPy-NFs nanocomposites 

samples, with 2θ values in the range of 10-80 degrees. Fig. 4.1 depicts Spectra 

of PPy-NFs. The PPy-NFs powder is amorphous in form, meaning it is a non-

crystalline solid with atom distribution that does not follow any crystalline 

structure, according to X-ray diffraction tests. The wide peak was caused by 

X-rays diffusing from the PPy-NFs chain. Figure 4.1 shows a broad peak at 

roughly 2θ = 24.5°, which corresponds to the (102) directions [230]. 

Amorphous PPy is distinguished by its broad apex. A broad halo pattern in 

the ranges 2θ = 10˚- 35˚ is connected to PPy-NFs formed by oxidative 

polymerization and is typical of polypyrrole doped structures. The average 

chain separation (S) for polypyrrole nanofibers (PPy-NFs) is computed using 

equation 2.26, which comes out to 4.53Ǻ.  
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Figure 4.1: XRD pattern of (PPy-NFs) powder. 

     A detailed evaluation of all cell parameters had been undertaken for XRD 

analysis on the chemical (Co0.8 Mn0.2Fe2O4) in figure 4.2. The samples reveal 

single phase cubic spinel with the Fd3m space group and favorable 

orientations along the (111), (220), (311), (400), (422), (511), (440) and 

(533).They are cataloged with (JCPDs card no. 22-1086). The nanocrystalline 

structure of these ferrites is reflected in the broadening of the peaks. As for 

the compound (Zn0.8 Mn0.2Fe2O4) in figure 4.2, the major peaks obtained were 

(111), (220), (311), (222), (400), (422), (511), (440) and (533). They used 

JCPDS (74-2402), ICSD (01-074-2399), and Mn3O4 card no. to index 

successfully (024-0734). Expected cubic spinel peaks (Space group: Fd3m) 

are present in the sample, as well as a single-phase structure (Zn0.8 

Mn0.2Fe2O4). It can also be concluded that the ions Mn
2+

and Zn
2+

 were 

replaced in the nanoferrite construction. Despite this, phase analyses verified 

the existence of (Mn3O4) in the structure, and the width of the peaks 

confirmed the presence of nanosize particles. When compared to the XRD 

cards for the above generated materials, cubic spinel phase development was 
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confirmed in all samples of compound Co0.8-xZnxMn0.2Fe2O4 (x= 0.2, 0.4 and 

0.6). The diffraction peaks of the cubic spinel phase are associated to the 

(111), (220), (3l l), (222), (400), (422), (511), (440) and (533) crysta1 planes, 

which corresponds to face centered cubic crystal structure with Fd3m space 

group. 

     The cubic spinel phase is clearly represented by the XRD peaks of the as-

prepared sample. Without any impurity phase, the cubic spinel phase is kept 

in the sample at (x=0.2). One peak occurs in the XRD pattern after the zinc is 

added to the samples (x=0.4, 0.6 and 0.8). The development of the (Mn3O4) 

phase is thought to have caused this peak. Because Mn cations are 

unstable/metastable at any of the interstitial locations of the cubic spinel 

structure, this process of sample alteration may be understood. Mn cations 

were transferred to the spinel structure's interstitial locations as a result of the 

reaction route, resulting in the creation of (Mn3O4).The samples had a 

structural formula of spinel ferrite, with bivalent cations dispersed both on 

tetrahedral and octahedral positions. Because Zn
2+

 ions preferentially use the 

A-sites and Co
2+

 ions favorably occupy the B-sites, while Fe
3+

 and Mn
2+

 ions 

are dispersed between the A and B-sites. The synthesis process and annealing 

temperature have a significant impact on the distribution of cations and 

structural parameters [231]. Using equation 2.22, the experimental lattice 

constant (aexp) for the greatest intensity peak (311) from X-ray diffraction data 

was calculated and inserted into table 4.1. Because Zn
2+

 ions have a lesser ion 

radii than Co
2+

 cations, the decreased lattice parameter are clearly related to 

the substitution of Zn cations with Co ions in the A-position (tetrahedral 

position). Where the ion radii of replaced ions in A-position;  (   
   

     )  (   
        )  (   

       )     (   
        )  Moreover, 
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the ion radius of the cations in B-position;  (   
         )  (   

   

     )   (   
        ) and   (   

         )  

 

Figure 4.2: XRD patterns of (Co0.8-xZnxMn0.2Fe2O4) nanoparticles. 

    The molecular weight (M W) and a unit cell's volume (V) are proportional 

to the X-Ray density ρx (g cm
-3

).  It has an inverse relationship with the cubic 

unit cell. Using equation 2.23, X-Ray density is estimated from X-ray data 

and entered into the table 4.1. The molecular mass of substituted ion zinc 

(65.384 g mol
-1

) is higher than that of cobalt (58.9332 g mol
-1

) and zinc 

addition lowers the lattice constant. As a result, a rise in zinc causes an 

increase in density. 
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     Table 4.1 shows the crystallite size (D) calculated using Scherer's equation 

2.24. The strongest reflection was calculated in the (311) plane. X-ray 

diffraction from cations located at A and B sites causes the highest intensity at 

the plane (311) [232]. Because of the substitution of Zn
2+

 with Co
2+

 in the 

ferrite structure, the crystallite size has increased with increasing ionic 

radius. Similarly, it can be seen from table 4.1that zinc substitution has an 

effect on crystallite size because crystallite sizes are highly influenced by 

electronic configuration, cation distribution, binding energies, and ionic 

radius [233]. Finally, the equations (2.25a, 2.25b, and 2.25c) were used to 

compute the hopping length (L). Table 4.1 shows that as the zinc 

concentration rises, the spaces among cations (B-B), (A-B), plus (A-A) of the 

nanoferrite system reduction. The fact that a component with larger ion radii, 

Co
2+

, was substituted with an ion with smaller ion radii, Zn
2+

, explains it. 

Table 4.1: XRD data of Co0.8-xZnxMn0.2Fe2O4 nanoparticles. 

 (x) 

Lattice 

constant 

   X-ray 

   density 

Molecular                     

mass 

crystallite 

size (D311) 

       Hopping length (Å) 

  aexp(Å) 
  

  
 

    
    g mol

-1 
Dave(                         

 0.0     8.45    5.147    233.82    14.47  3.658    2.987  3.503 

 0.2     8.43     5.212    235.11     13.5  3.650    2.980  3.494 

 0.4     8.40     5.297    236.4    12.62  3.637   2.9698  3.482 

 0.6     8.39     5.345    237.69    11.87  3.632    2.966  3.478 

 0.8     8.38     5.393    238.98     8.54  3.628    2.962  3.474 
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4.2.2 Fourier transform infrared (FTIR) Spectroscopic Analysis 

     Pyrrole oxidative polymerization in nanofibers was confirmed using FTIR 

spectroscopy. Figure 4.3 shows FTIR bands that are quite similar to those 

found in the literature for polypyrrole [234,235]. The bands at 1558 and 1415 

cm
-1

 correspond with the basic vibration for the polypyrrole ring, while the 

band at 1026 cm
-1

 corresponds to the =C–H in-plane vibrations. The C-N 

stretching vibrations corresponded to the band at 1173 cm
-1

, whereas the C=O 

and N-H wagging were responsible for the bands at 1703 and 1640 cm
-1

. In 

the domain between 4000 and 2500 cm
-1

, all of the spectra have a large 

adsorption band, which is typically assigned to the adsorption band of O-H, 

C-H, and N-H groups [236]. Table 4.2 shows all FTIR peaks of PPy-NFs. 

 

Figure 4.3: FTIR spectra for PPy-NFs and PPy-NFs nanocomposites include 

PF1, PF2, PF3, PF4 and PF5. 
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Table 4.2: FTIR absorption bands for PPy-NFs and PPy-NFs nanocomposites 

include PF1, PF2, PF3, PF4 and PF5. 

Band Type PPy-NFs PF1 PF2 PF3 PF4 PF5 

N-H stretching 3747.33 3756.27 - - - - 

O-H 3432.05 3454.41 3440.99 3443.23 3436.52 3443.23 

C-H stretching 3197.27 3208.45 3183.85 - 3203.98 3199.50 

CH2 stretching 2960.25 2951.30 2987.08 - 2973.66 - 

N-H amine 
2360.99 - - - - - 

2322.98 - - - - - 

C=O 1703.60 1696.89 1697.50 1696.89 1703.60 1705.84 

N-H 1640.99 1640.99 1645.47 1640.99 1638.76 1640.99 

PPY-ring vibration 
1558.26 1562.73 1560.50 1556.02 1558.26 1558.26 

1415.16 1417.39 1417.39 1419.63 1412.92 1412.92 

C=N 1341.37 1343.60 1341.37 1314.53 1339.13 1341.37 

C-N stretching 1173.66 1198.26 - - - - 

=C-H 1026.09 1023.85 1030.56 1021.61 1023.85 1023.85 

 

     In figure 4.4, the FTIR spectra of ferrite nanoparticles in the (4000-300) 

cm
-1

 region is shown as transmittance versus wavenumber. The characteristic 

peaks at about  625 cm
-1

 and  350 cm
-1

 which correlates to M-O (metal-

oxygen) intrinsic stretching vibrations at octahedral and tetrahedral positions, 

respectively [237]. 

     In the domain between 4000 and 1250 cm
-1

, A large adsorption band can 

be found in all the spectra which are typically attributed to the O-H, N-H, in 

addition to C-H adsorption bands. Based on the ion radius at octahedral and 

tetrahedral positions, the peak site for the (Fe-O) iron-oxygen bond between 
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split-bands is given at figure 4.4. Furthermore, the bonds lengths are inversely 

proportional with a wavenumber. Because the ion radii of positioned cations 

at A-places are lesser than that of B-places, the length of bond in A-places 

will be smaller. As a result, the bonds at A-places vibrating more quickly. The 

substantial variation in vibrational frequency reflects changes in the lengths  

of bond of metal ion complexes present in ferrite's spinel construction. With 

rising Zn
2+

 ion concentration, the higher vibrational frequency (υ1) appears to 

be growing while the lower vibrational frequency (υ2) appears to be dropping. 

It can be deduced based on the position of a certain metal ion in the spinel 

structure between A and B-sites, as well as the ionic radius at the A-site 

where Zn
2+

 is substituted by Co
2+

. When the amount of zinc added to the 

compound is increased, the bond length shortens.  

     The peak site of Fe-O (iron-oxygen) bond at the B-place specific among 

the split-band in absorption bands according to Waldron-supposed i.e. 

              [238]. That is, it corresponds to the calculated values in the 

table 4.3. 

     The force constants of the octahedral positions (kO) as well tetrahedral 

positions (kT) were computed via formula 2.27 listed in table 4.3. 

     With increased Zn
2+

 level, kT increases while kO drops. Furthermore, the 

computed values of kT are bigger than those of kO, implying that the band 

frequency associated with tetrahedral sites is higher than that associated with 

octahedral position. The length of bond values of A-position, on the other 

hand, are less than those of B- position. This is because the bond length and 

the force constants are inversely proportional [239]. Also, the influence of the 

lower mass ( ) on the force constants results.  
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Table 4.3: FTIR data for ferrite nanoparticles. 

The samples ʋ1 

(cm
-1

) 

ʋ2 

(cm
-1

) 

kT×10
5 

dynes cm
-1

 

kO×10
5 

dynes cm
-1 

ʋ1/ʋ2 

Co0.8 Mn0.2 Fe2O4 561.2 417 2.310 1.266 1.34 

Co0.6 Zn0.2 Mn0.2 Fe2O4 557 424.3 2.275 1.320 1.31 

Co0.4 Zn0.4 Mn0.2 Fe2O4 569 422.4 2.374 1.308 1.34 

Co0.2 Zn0.6 Mn0.2 Fe2O4 582.5 408.9 2.488 1.226 1.42 

Zn0.8 Mn0.2 Fe2O4 592.1 407.9 2.571 1.219 1.45 
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Figure 4.4: FTIR spectrum of Co0.8-xZnxMn0.2Fe2O4 samples. 
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     Fig. 4.3 displays the FTIR spectra attained of polypyrrole-nanofibers as 

well as polypyrrole-nanofibers nanocomposites. The distinguishing peaks of 

polypyrrole-nanofibers at 1560 cm
-1

 1417 cm
-1

 and etc. were detected in the 

polypyrrole-nanofibers nanocomposites FTIR spectra. 

      It's worth noting that in practically all nanocomposite samples, the PPy-

NFs peak broadens somewhat at bands, and the ferrite peaks are scarcely 

visible. Each of the peaks detected in the finger print area of polypyrrole-

nanofibers were also visible in the FTIR spectra of polypyrrole-nanofibers 

nanocomposites, representing that the main components for polypyrrole-

nanofibers as well as their nanocomposite with ferrite had the similar 

chemical construction.  

     Incorporation of ferrite and development of Hybrid organic-inorganic 

resulted in a minor alter of the FTIR bands from its pristine site. Physical 

interactions between active sites in PPy-NFs and ferrite nanoparticles are 

responsible for this modest shift in peak location, indicating that PPy-NFs 

chains are well mixed or enclosed by ferrite nanoparticles [240,241]. (Also 

confirmed by FESEM images). Table 4.2 summarizes the assignments of the 

bands that characterize PPy-NFs nanocomposites at different ferrite volume 

ratios. 

4.2.3 FESEM image analysis 

     The topographical and morphological features of composites and pure 

materials are revealed via FE-SEM. Figure 4.5 shows FESEM images of 

(PPy-NFs) samples generated utilizing the oxidative polymerization 

technique. All of the samples contain (1D) nanofibers, which have a rough 

surface and vary in diameter, with tens of microns in length and diameters 

ranging from ~50 to ~130 nm. The micrograph clearly demonstrates a typical 
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FESEM image of doped PPy-NFs, as well as the fact that nanostructures are 

formed by a network of densely entangled twisted and coarse nanofibers. 

 

Figure 4.5: FESEM images of PPy-NFs at different magnification. 

     Figure 4.6 shows a FESEM image of ferrite nanoparticles with a densed 

view of the powder sample and relatively homogenous grain distribution. In 

addition, the magnetic particles in the arrangement were closely packed and 

harmonic. These micrographs show nearly spherical particles with the size 

distributed in a range of ~(55-35), ~(28-20), ~(26-24), ~(26-21) and ~(20-13) 

nm for (Co0.8Mn0.2Fe2O4), (Co0.6Zn0.2Mn0.2Fe2O4), (Co0.4Zn0.4Mn0.2Fe2O4), 

(Co0.2Zn0.6Mn0.2Fe2O4) and (Zn0.8Mn0.2Fe2O4) samples respectively. As a 

result, the surface morphological and microstructure images match the XRD 

data quite well. There were only a few pores among the particles in the 

samples. The magnetic nanoparticles tended to clump together because of 

their magnetic properties. Furthermore, developing forces such as capillary, 

electrostatic, and Van-der-Waal forces generate mutual interactions between 

nanoparticles, causing agglomeration. 
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Figure 4.6: FESEM images of (Co0.8-xZnxMn0.2Fe2O4) samples (x = 0, 0.2, 0.4, 

0.6 and 0.8) at different magnification. 

     The PPy-NFs nanocomposites were decorated in the form of a grainy 

surface structure. FESEM had detected it. The FESEM pictures in figure (4.7) 

demonstrate that the samples had both ferrite nanoparticles piled on the 

surface of the PPy-nanofibers. As a result, the figures show a progressive 

increase in ferrite on polymer fibers and an improvement in ferrite particle 

attachment. On the conductive polymer matrix, the magnetic particles are 

evenly distributed. This signified that the composites had been thoroughly 
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combined and blended. The ferrite concentration appears to be beneficial in 

occupying polymer porous sites and increasing interaction surface area and 

surface energy. All of these factors contribute to improvements in structural 

and electrical properties. As a result, the physical attributes of the material, 

such as shape, size, appearance, and condition, would alter without changing 

the internal structure. Because the roughness of the fiber has a considerable 

impact on the particle-fiber adhesion strength.  
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Figure 4.7:  FESEM images of PPy-NFs nanocomposites samples at different 

magnification. 
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4.3 Magnetic Properties 

     Figure 4.8 depicts the magnetization of polypyrrole nanofibers (PPy-NFs), 

Ferrite nanoparticles, and PPy-NFs nanocomposites samples at 27 degrees 

Celsius with an applied magnetic field (H) ranging from -10 to +10 kOe. The 

magnetic characteristics of PPy-NFs are observed to be dependent on the 

amount of oxidant (Iron (III) chloride). At 10 KOe, the maximum 

magnetization (Ms) of PPy-NFs is 14.95 emu/g, with a retentivity (Mr) of 

0.58 emu/g and a coercivity (Hc) of 74.54 Oe. There is no question that during 

the polymerization process in the presence of impurity material, there is a link 

between the magnetization of materials and their internal atomic structure 

(FeCl3).As a result, interactions between non-magnetic PPy-NFs chains and 

Fe
+3

 ions are responsible for magnetization in the (PPy-NFs) polymer [242]. 

     It may be possible to explain the interactions the Fe
+3

 ions with non-

magnetic Polypyrrole chains. The interaction of the PPy polarons with iron 

species such as Fe
+3

 ions derived from the Iron(III) chloride oxidant could 

change the intrinsic local orientation of the polarons, causing the localization 

of these polarons to act on the magnetic impurities surrounding them, 

resulting in an effective magnetic field. In other words, the orientation of PPy 

polarons is determined by the interaction of magnetic impurities and PPy 

chains. If magnetic impurities are discovered, the interaction between 

magnetic polarons may be ferromagnetic; the greatest of this effective 

magnetic field was observed when the spins of the localized charge carriers 

were parallel [243]. 
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Figure 4.8: Magnetization versus applied magnetic field of PPy-NFs, ferrite 

nanoparticles and PPy-NFs nanocomposites samples at 300K. 

 

     The saturation magnetization (Ms), coercivity (Hc), and retentivity (Mr) of 

ferrite nanoparticles were shown by the M-H curves (Mr). Total magnetic 

moments in spinel ferrite are determined by the distribution of cations 

between tetrahedral and octahedral sites, according to Neel [244]. 
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Figure 4.9: Magnetization versus applied magnetic field of 

 Co0.8-xZnxMn0.2Fe2O4 (x=0.0.2, 0.4 and 0.8) samples at 300K. 

     From the Magnetization-magnetic field curves, (Ms), (Mr) and (Hc) values 

for ferrite nanoparticles were determined and inserted in table (4.4).    

     There was a noticeable impact of chemical structure on magnetic conduct 

on Magnetization-magnetic field curves as well as its derivative curves. The 

value of (Ms) decreases as Zinc substitution increases in this study. The 

decrease in Ms value with additional nonmagnetic Zn
2+

 ions could be 

attributed to a difference in cation distribution between A-positions and B-

positions, which diminishes the spinel-structure's net magnetic moment. 
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content rises. This could be due to the fact that Co
2+

 ions are doped at 

interstitial sites rather than Fe
3+

 sites in the structural lattice, leading the A-B 

site's super exchange interaction to be strengthened, resulting in a rise in 

overall magnetic moment. The magnetic Co
2+

 ions replace in the spinel 

structure, and the magnetic moment's net value rises as the quantity of 

magnetic ions grows. Whenever Fe
3+

 ions at B-positions were substituted by 

magnetic Co
2+

 ions, the magnetic moment of the A-position sublattice (MA) 

drops while that of the B-position sublattice (MB) increases due to the 

difference in magnetic moments of Fe
3+

 (5µB) and Co
2+

 (3µB). As a result, 

the value of M, which equals MB-MA [245], the net magnetic moment, will 

increase. 

      The magnetic properties of ferrite systems are known to be influenced by 

magnetocrystalline anisotropy, lattice defects, dislocations, internal stresses, 

grain size and shape, porosity, and secondary phases. The observed change in 

coercivity in the current study could be attributable to a decrease in particle 

size and the distribution of Fe
3+

 ions [246]. 

     The magnetic effect in the PPy-NFs nanocomposite samples was 

noticeable. The composite samples' saturation magnetization and retentivity 

were lower than pure ferrite particles. Ms, Mr, and Hc all decreased as the 

number of magnetic nanoparticles in the samples decreased, which is mostly 

determined by the magnetic ferrite volume fraction. Furthermore, PPy-NFs 

contributed to the isolation of magnetic particles and the noncollinearization 

of ferrite's collinear ferromagnetic order, causing ferromagnetic order 

disruption. Furthermore, surface spin-pinning for magnetic moments at the 

ferrite/support interface may occur, resulting in a drop in ferrite particle 

magnetic-surface anisotropies [247]. As a result, the coercivity of PPy-
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NFs/ferrite nanocomposites is generally lower than that of pure ferrite 

samples [27]. As a result of the above, we may deduce that doping type 

volume fraction, grain growth, amount of oxidant, bulk density, anisotropy, 

and surface are all factors that can affect magnetic properties. Based on the 

M-H curves, the variables of (Ms), (Mr) and (Hc) for PPy-NFs nanocomposite 

samples were determined and inserted in table (4.4). 

Table 4.4: The magnetic parameters for PPy-NFs, ferrite nanoparticles and 

PPy-NFs nanocomposite samples. 

The Samples Ms  

(emu/g)  

Mr 

(emu/g)  

Hc  

(Oe)  

PPy-NFs 14.95 0.58 74.54 

Co0.8Mn0.2Fe2O4 41.15 0.45 13.25 

Co0.6Zn0.2Mn0.2Fe2O4 31.24 0.73 35.7 

Co0.4Zn0.4Mn0.2Fe2O4 14.91 0.197 22.72 

Zn0.8Mn0.2Fe2O4  10.13 0.22 35.07 

PPy-NFs/Co0.8Mn0.2Fe2O4 6.87 0.2 27.5 

PPy-NFs/Co0.6Zn0.2Mn0.2Fe2O4 5.55 0.045 9.65 

PPy-NFs/Co0.4Zn0.4Mn0.2Fe2O4 6.08 0.084 13.10 

PPy-NFs/Zn0.8Mn0.2Fe2O4  3.54 0.163 13.15 

 

4.4 Optical properties 

     Optical spectroscopy is a useful technique for studying the behavior of 

nanocomposites and the conducting states that correspond to the absorbance 

bands of conducting polymers' inter and intra gap states (CPs). The 
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absorbition spectra for PPy-NFs acquired across the range (200-1100) nm are 

shown in figure 4.10. 

    The spectra of PPy-NFs has a peak at 315 nm and a broad absorption band 

between 450 and 550 nm. The first peak played a role in the π − π* interband 

shift. Transition from the VB to the neutral state CB of PPy-NFs, which is 

indicative of PPy production. The presence of polymerization is revealed by 

the broad absorption band. It could be attributed to polaron band transitions 

that match. The free carrier tail of oxidized polypyrrole is shown by a high 

absorption after ~600 nm. Depending on the chain length, the absorption peak 

varies as the number of accessible delocalized electrons increases. This UV-

Vis spectrum confirms that the substance generated is polypyrrole. The ratio 

of the two absorbance maxima indicates the polymer's doping level, which is 

determined by the oxidation degree and conjugation length [248]. 

 

Figure 4.10: The absorption spectra for PPy-NFs and PPy-NFs 

nanocomposites. 

200 300 400 500 600 700 800 900 1000 1100

0.2

0.4

0.6

0.8

1.0

1.2

1.4

A
b

so
rb

a
n

ce

l (nm)

P

PF1

PF2

PF3

PF4

PF5-*

polaron-*



Chapter four                                                                    Results and Discussion 

117 
 

     Figure 4.11represents the plot between (αhν)
2
 and hν for PPy-NFs model. 

The optical energy band gap of the PPy-NFs sample was measured to be 

about 3.90eV. 
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Figure 4.11: (αhν)
2
 vs. ( hν) plots for pure PPy-NFs. 

     After creating a properly sonicated colloidal solution of ferrite with 

distilled water as the solvent, the absorption spectra of the obtained samples 

for ferrite nanoparticles were also investigated. Anywhere within the 

electromagnetic spectrum, molecules, atoms, and ions can conduct an 

electronic transition from of the ground state towards the excited state. 
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Figure 4.12: The absorption spectra for ferrite nanoparticles samples. 

      Figure 4.12 shows that when the concentration of Zinc increases, the 

absorbance increases, indicating structural changes caused by variations in 

doping percentage, which can be attributed to the localized conductivity 

levels introduced by Zn
2+

 cations. Short wavelengths (high energies) increase 

absorption, which corresponds to the material's energy gap (when the incident 

photon has an energy equal or more than the energy gap value). This is due to 

the interaction of material electrons with incoming photons that have 

sufficient energy to cause electron transitions. 

     Figure 4.12, represents the absorbance spectra for nanoferrit samples 

recorded over the range (200–1100) nm. Figure 4.13 represents the plot 

between (αhν)
2
 and hν for F1, F2, F3, F4 and F5 samples. The optical energy 
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bandgap value of their samples are about 3.53eV, 3.52eV, 03.70eV, 3.750eV 

and 03.80eV respectively. 

      It's worth noting that replacing Co with Zn results in a rise in Eg. As is 

well known, many factors such as the presence of impurities, crystalline size, 

and structural characteristics influence the band gap value. In the above 

scenario, the rise in energy band gap value can be explained by a decrease in 

lattice parameter due to an increase in Zn concentration [249]. Similarly, the 

addition of a Co ion, which shifted Fe's octahedral configuration, increased 

the electron state in the outer orbital area, lowering the band gap energy 

[250].  
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Figure 4.13: Diagrams of (αhυ)
2
 vs. (hυ) for F1, F2, F3, F4 and F5 samples. 

     Figure 4.10 displays the UV-visible absorption spectra for the polypyrrole 
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PF4, and PF5 are quite intriguing to study, albeit with some shift in their 

positions. The observed shift in the typical peak positions could be attributed 

to surface alterations or to the interaction between ferrite nanoparticles and 

polypyrrole. Figure 4.14represents the plot between (αhν)
2
 and hν for PF1, 

PF2, PF3, PF4 and PF5 samples. The optical energy band gap values of their 

samples are about 4.18eV, 4.20eV, 4.270eV, 04.62eV and 4.95eV 

respectively. 

     These optical band gap energy levels can be explained by the distribution 

of cations at ferrite structure lattice locations. Cobalt ions prefer the 

octahedral position, while Zn cations favor the tetrahedral position. Fe cations 

inhabit both the tetrahedral positions and octahedral positions. In a spinel 

ferrite unit cell, the electrical conduction process is mostly based on electron 

jumping among ferrous (Fe
2+

) and ferric (Fe
3+

) ions at B-position (octahedral 

symmetry position). this is generally recognized which during the depositing 

process, Co
2+

 and Zn
2+

 are oxidized to Co
3+

 and Zn
3+

, resulting in the holes. 

The mechanism of conductivity in ferrites was based on electron jumping 

among ferrous (Fe
2+

) and ferric (Fe
3+

) cations at the B-position, in addition to 

positive hole jumping. Because the energy of ionization for cobalt (3232 
  

   
) 

is lesser than that of Zn (3833 
  

   
), the conversion of Co

2+
 to Co

3+
 is 

significantly easier than that of Zn
2+

 to Zn
3+

. Furthermore, holes are easily 

formed in cobalt-rich samples, and the amount of 'concentrations of carrier ' 

holes rises proportionally as the concentration of cobalt ions increases. the 

positive holes and the electrons jumping can be caused by a decrease in the 

resistance of synthesized materials, As a result, the optical band gap energy 

amounts for composite film models have dropped [251].  
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Figure 4.14: Diagrams of (αhυ)
2
 vs. (hυ) for PF1, PF2, PF3, PF4 and PF5 

samples. 
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4.5 Photoconductivity of Detectors 

     PPy-NFs and ferrite nanoparticles, as well as PPy-NFs nanocomposites, 

were studied with and without light. Doped samples showed increased 

photocurrents. As a result of these changes in photoconductive characteristics, 

PPy-NFs nanocomposites of samples are a viable contender for 

photoconductive applications. 

     When a sample is illuminated, the sensitivities (S) are used to calculate 

how much current rises in it. While lighted, conductive polymers improve the 

conductivity of electrical by converting a light into potential or current, and 

they might be employed in photoconductive devices [252]. The chemical 

structures of the (CPs) dictate the effective excitons dissociation to free 

electrons, thus governs general photoresponse sensitivity [253]. The 

conductivity rises when the illumination is turned on, and while the 

illumination is turned off, the current backs to its original rate. As seen in the 

accompanying figures, this process is repeated multiple times, with the rise 

and fall times for each condition being around   5×10
-1

 sec (turn off, turn on). 

The current time characteristics (I-t) for photoexcitationinduced current in 

samples were measured at (405 nm) wavelengths with changed illumination 

powers (ten mW, fifteen mW, twenty mW, plus thirty mW). 

     The photcurrent responses of pristine polypyrrole-nanofibers (PPy-NFs) in 

addition to polypyrrole-nanofibers with differ doping levels of differ 

nanomaterials had examined in the Figures below of PF1, PF2, PF3, PF4, and 

PF5 to identify the best doped material to generate the greatest detector 

performance. The photocurrent response achieved its maximum value at a 
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particular amount of doping, representing that the polypyrrole 

nanofibers/materials had the highest photosensitivity efficiency. 

     As seen in the figures below, the dark current value is continuous and 

nearly constant even after many cycles for each illumination intensity, 

indicating a functional, repeatable, stable, and active device. The repeatability 

and optical response speed of photodetectors in applications define their 

capacity.  

     Figures 4.15, 4.16, and 4.17, which illustrate the light sensitivity conduct 

of the pristine CPs (polypyrrole nanofibers) and when polypyrrole nanofibers 

(PPy-NFs) are doped with variable concentrations of differ particles, indicate 

the changes in photocurrent responses across diverse samples. As shown in in 

the figures, the weak photocurrent response of pristine polypyrrole 

nanofibers was related to its low light absorption (the restriction on incident 

photons' depth of penetration), particularly the high proportion of 

recombination of photogenerated charges[254] and maybe to the 

compositional disorder feature in the pristine PPy-NFs specimen, which is 

apparent from the FESEM images and XRD data [255]. 
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Figure 4.15: Light sensitivity of PPy-NFs with varying energy powers. 
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     Several solutions have been investigated to address these challenges, 

including the decorating of photoactive molecules to lengthen and enhance 

photon adsorption, and the creation of homogeneous composite structures to 

promote charge transfer and wavelength selectivity. 

     It's worth noting that, while ferrite nanoparticles exhibit specific optical 

absorpance in the vis-light areas, ferrite-based photodetectors have received 

little attention. In comparison to other ferrites, the photocurrents of ferrite 

nanoparticles are quite low. However, numerous test parameters, such as 

illumination wavelength, light intensity, the device configuration, the external 

applied bias, and other, have a significant impact on the intensity of the 

photocurrent [256]. 

     The measured photocurrents versus time of the ferrite nanoparticles 

samples under laser irradiation (405 nm) with  (10 mW, 15 mW, 20 mW, and 

30 mW) varied energy powers at room temperature are shown in Figure 4.16. 

The photocurrents attain a steady state as soon as the laser is switched on, 

pursued by a swift fall once the laser is switched off. The photosensitivies by 

the laser powers (ten, fifteen, twenty, and thirty mW) are given in the table 

4.5, as are the rise and fall times of the photocurrents generated. 

     When the incident laser power is increased from 10 mW to 30 mW, the 

photocurrent magnitudes grow linearly. When the ferrite-based photodetector 

had affected by illumination (405 nm), the photons were absorbed by the 

ferrite nanoparticles. Electron-hole pairs are produced when light is exposed 

the ferrite-based photodetector, and these charge carriers flow in the direction 

of the opposite electrode under the influence of the applied bias to participate 

to the exterior photocurrent. 
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    The detector sensitivity is computed utilizing formula 2.17. The 

photodetector's maximum sensitivity amounts obtained for F1, F2, F3, F4 and 

F5 are 76.07, 79.34, 88.74, 84.04 and 89.82 respectively. 

      The photosensitivity of ferrite samples increases to a limit point as the 

quantity of free electrons as well as electron–hole pairs grows, resulting in 

increased electrical conductivity and low dark current values. While it was 

discovered that when photogenerated electrons are held due to positive 

oxygen vacancies in the thinfilm, the photocurrent reduces dramatically, 

resulting in severe recombination with photogenerated holes [257]. Surface 

roughness, oxygen vacancies, and donor density are the primary operators 

controlling the photoconductive effect and may account for some of the 

variation in photosensitivity values of the ferrite samples [258].  
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Figure 4.16: Variation of light sensitivity of ferrite nanoparticles (F1, F2, F3, 

F4 and F5) with various light powers. 

     The sensitivity rate of the PPy-NFs nanocomposite has clearly improved 

due to polymer doping, as shown in Figure 4.17. PPy-NFs with ferrite 

nanoparticles, on the other hand, demonstrated a significantly higher 

photocurrent response when compared to pure PPy-NFs. the photon 
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absorption from Polypyrrole transported the electron from (HOMO) to 

the (LUMO) and to the above-mentioned reasons which led to an 

improvement in photosensitivity values in pure ferrite thin films enhanced the 

sensitivity for PPy-NFs nanocomposites. The excited electrons are readily 

inserted in to polypyrrole conduction band (CB), and then through the doped 

material's conduction band (CB). Because the electrons obtained their 

excitation energy from the light source, it is possible to control the current-

responses in a semiconductor detector appears clear. The aforementioned 

phenomena could lead to efficient separation of photo-created charges, 

leading to higher efficiency in convert illumination photon to current.  

      The photocurrent then decreased as the doping concentration rate 

decreased. This is because such modified compounds on the material 

electrodes impede intermediary electron transmit and partially prohibit the 

electron donor of the surface interface and the light-formed holes [259]. All of 

the foregoing data demonstrated that the sensing interface was manufactured 

effectively. 

     Finally, this research shows how conducting polymer doping considerably 

improves the sensitivity of the photodetector. The table 4.5 summarizes the 

changes in the rise times and fall times, as well as detector sensitivities, when 

the polypyrrole-nanofibers are doping with differ nanoferrite material and at 

varied illumination powers. 
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Figure 4.17: Variation of light sensitivity of PPy-NFs nanocomposites include 

(PF1, PF2, PF3, PF4 and PF5) with various light powers. 
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                Table 4.5: photosensitivity variation with power for prepared materials. 

Sample 

code 

Sensitivity 

(30 mW) 

Sensitivity 

(20 mW) 

Sensitivity 

(15 mW) 

Sensitivity 

(10 mW) 

Rise 

Time(s) 

Fall 

Time(s) 

F1 72.54% 58.94% 22.92% 9.57% 5×10
-1

 5×10
-1

 

F2 75.72% 61.53% 24.27% 10.74% 5×10
-1

 5×10
-1

 

F3 81% 64.88% 34.49% 14.53% 5×10
-1

 5×10
-1

 

F4 80.22% 63.14% 26.69% 11.85% 5×10
-1

 5×10
-1

 

F5 81.47% 66.99% 35.01% 16.75% 5×10
-1

 5×10
-1

 

P 43.42% 31.10% 14.78% 7.15% 5×10
-1

 5×10
-1

 

PF1 85.58% 70.04% 26.15% 11.73% 5×10
-1

 5×10
-1

 

PF2 86.03% 70.87% 28.06% 12.03% 5×10
-1 

5×10
-1

 

PF3 88.81% 72.2% 28.41% 13.57% 5×10
-1

 5×10
-1

 

PF4 90.95% 73.48% 32.08% 16.98% 5×10
-1

 5×10
-1

 

PF5 103.74% 84.27% 36.81% 17.25% 5×10
-1

 5×10
-1
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4.6 Electrochemical application 

     Drop casting is used to deposit PPy-NFs, Nanoferrite, and PPy-NFs 

nanocomposite on the Ni-foam (its area is 1cm
2
) substrate, which will then be 

submerged in 1ml of sulfuric acid (H2SO4). After that it's evaluated utilizing 

CV, GCD, as well as EIS testing curves to determine capacity and 

electrochemical supercapacitors categorization. 

     The experiments are achieved in a 3-electrode glass cell containing a 

Platinum electrode (counter electrode), Ag/AgCl electrode (reference 

electrode), in addition to deposited materials as a working electrode in 1.0 M 

H2SO4 aqueous electrolyte on Ni-foam substrate. Identical electrodes with an 

average thickness of 0.2 mg/cm
2
 are used in supercapacitor testing. 

4.6.1 Cyclic Voltammetry Measurements 

     All internal and exterior parameters should be considered when analyzing 

a sample's electrochemical behavior. Because material properties, cell 

topologies, and experimental conditions may differ, some of these factors will 

have a direct impact on device performance. The particle size of active 

materials, electrolyte content, electrode thickness, scan rate, and working 

temperature all have a role in CV measurements [260]. The crystal structure 

and cation distribution among tetrahedral sites as well as octahedral sites 

influence the electrochemical features of metal oxides [261]. 

      CV curves had utilized to describe the electrochemical act. CV curves for 

PPy-NFs, ferrite nanoparticles and PPy-NFs Nanocomposites supercapacitors 

in sulfuric acid at 20 
  

 
 scan rate. The influence of doping on polypyrrole 
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with different ferrite nanoparticle ratios on CV findings was explored for 

obtain the optimum electrochemical efficiency for manufactured. 

      Ferrite nanoparticles (Zinc and Manganese ferrites) exhibit large specific 

capacitances, necessitating further research. Conducive polymers, such as 

polypyrrole (PPy-NFs) and its derivatives, on the other hand, are appealing as 

supercapacitor electrode materials because of the enhanced pseudo- 

capacitance potential they may create [262]. As a result, in order to improve 

electrochemical performance, the benefits of ferrite nanoparticles and 

polypyrole nanofibers are merged in the PPy-NFs/ferrite nanoparticles 

composite film. 

      Figure 4.18 depicts cyclic voltammetry for PPy-NFs samples at a scan rate 

of 20mv/s. A variety of potential windows can be seen. The potential widow 

for PPy-NFs is between 1 and -1 V. Equation 2.12 can be used to compute 

specific capacitances (Cs) based on the loop area (shown by the appropriate 

figure for each CV curve) and the active mass (0.2 mg/cm
2
) for the electrode. 

For the first cycle, PPy-NFs have a specific capacitance of 305 F/g. The 

anodic peak position in the PPy-NFs sample is less than 0.9 V, which may be 

due to the oxidative reaction of the PPy NFs electrode with the electrolyte, 

and the cathodic peak position is -0.9V, which might be due to the electrode's 

reductive response with the electrolyte. 
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Figure 4.18: CV curves of the PPy-NFs. 

      Figure 4.19 illustrates cyclic voltammetry with a scan rate of 20mV/s for 

ferrite nanoparticles samples. The specific capacitances of the ferrite 

nanoparticles samples can be estimated using the circumstances listed above 

(active mass, scan rate, potential widow, and loop area).The specific 

capacitances of the F1, F2, F3, F4 and F5 equal 218.24 F/g, 206 F/g, 

239.75F/g, 230.01F/g and 263.74 F/g respectively. 

     According to published studies on spinel ferrites, the majority of these 

materials have a low cost of preparation, a changeable oxidation state, a large 

specific surface area, low resistance, and exciting electrochemical activity. 

     The periodic voltammograms of various samples have a crescent form, as 

seen in figure 4.19. Through a redox process at the electrode surface, 

transition metal oxides in all ferrite samples demonstrate pseudocapacitive 

behavior. Where the electrochemical behavior is caused by a complex 

chemical composition and the synergistic action of several metal cation 

valences. In addition, Fe-based spinel mixed transition metal oxides undergo 
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redox reactions and improve electronic conductivity, which is advantageous 

in electrochemical applications. 

     This is consistent with studies into mixed transition metal oxides as a 

supercapacitor electrode material to improve energy density and overall 

performance. The pseudocapacitive mechanism is the primary source of 

charge storage in it [263]. 

The electrode of ferrite in electrolyte revealed a redox hump (figure 4.19) 

which indicated an occurrence of faradaic processes. 

     We also detected a shift in redox peaks with changes in cation type and 

volume fraction in the material that participate in the production of spinel 

ferrite structure, confirming the material's outstanding pseudocapacitive 

nature. 
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Figure 4.19: CV curves of the ferrite nanoparticles (F1, F2, F3, F4 and F5). 

    The current study focused on an unique cost-effective PPy-NFs 

nanocomposite synthesis using spinel ferrite material. The electrochemical 

conducts of the nanocomposites were investigated using CV checks, which 

validated the composite electrode's supercapacitive capability (figure 4.20).     

The specific capacitances of PF1, PF2, PF3, PF4, and PF5 are 338.98 F/g, 

326.27 F/g, 346.01 F/g, 370.39 and 414.12 F/g respectively. 

      PPy-NFs nanocomposite electrodes have a higher specific capacitance 

than other electrodes. As a result, the PPy-NFs nanocomposite electrode 
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outperforms both pure PPy-NFs and ferrite electrodes in terms of 

supercapacitive performance. This is because the composite components have 

a greater synergistic effect. Because of its conductive character, the inclusion 

of PPy-NFs leads in increased ion transport into the electroactive electrode 

material as well as a component harmony effect [264]. 

     Ferrite is a magnetic substance with strong chemical stability and good 

catalytic properties, however it is electrically resistive. Although PPy-NFs are 

a conducting polymer, its nanocomposites are both magnetic and electrically 

conducting. Because of its reversible redox activity, the PPy-NFs 

nanocomposite is being explored as a viable electrode material. 
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4.6.2 Electrochemical impedance spectroscopy analysis (EIS) 

     ElS uses Nyquist plots to display the negative of the imaginary against the 

real sections of the complicated impedance of electrochemical cells (EIS). 

The plots of EIS spectra for PPy nanofibers, ferrite nanoparticles, and PPy-

NFs nanocomposite cathodes with a frequency domain of (10
-1

 Hz - 200 kHz) 

are shown in Figure 4.21. Electrochemical impedance spectroscopy provides 

a material resistance that can be used to determine the material's conductive 

performance. In the high and low frequency areas, the Nyquist plot contains 

Figure 4.20: CV curves of the PPy-NFs nanocomposite (PF1, PF2, PF3, PF4 and 

PF5) samples. 
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semicircles and inclined straight lines, respectively. The charge transfer 

process at the electrode–electrolyte contact is represented by semicircles. As a 

result, a semicircle intercepting at the x-axis (Z') indicates the (RESR), which 

includes the electrolyte's ionic resistance, the electrode material's electronic 

resistance, and the contact resistance at various phase interfaces. The (Rct) is 

represented by the semicircle in the high-frequency zone. 

     The Nyquist plots of the samples are provided in Figure (4.21) to quantify 

the better electrode. Table (4.6) shows the measured RESR and Rct values for 

the synthesised materials. The Nyqust data displays which electrode has the 

lowest RESR and charge transfer resistance (Rct) compared to the others. It 

makes improved charge transfer techniques possible. As a result, higher 

surface area and tiny particles promote electrolyte penetration and ions 

diffusion. Furthermore, the low frequency region for all samples exhibits an 

inclined plane above 45
0
, which is connected to the material's 

pseudocapacitive characteristic [265]. 

      These findings further reveal that the PPy-NFs, ferrite nanoparticles, and 

PPy nanocomposites have outstanding electrochemical cycle stability due to 

the synergistic effect of sample components, indicating that they could be 

used as electrode materials for electrochemical supercapacitors.  

     It is clear that the (Rct) of some samples is greater than that of others. This 

could be due to ion condensation on the electrode's outer surface, the 

existence of contaminants during the active material preparation, and 

difficult-to-control laboratory conditions. 
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Table 4.6: RESR and Rct for the PPy-NFs, ferrite nanoparticles and PPy-NFs 

nanocomposites samples. 

  Sample  

    code 

Equivalent series 

resistance, RESR (Ω) 

Charge transfer  

resistance, Rct (Ω) 

p 5.66 50.34 

F1 11.99 43.76 

F2 9.39 20.07 

F3 9.66 103.54 

F4 7.13 30.49 

F5 6.45 29.68 

PF1 4.86 56.78 

PF2 4.30 40.05 

PF3 3.01 51.11 

PF4 4.12 40.01  

PF5 2.2 41.11 
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4.6.3 Galvanostatic Charge Discharge Measurements (GCD) 

      Electrochemical efficiency was evaluated using a galvanostatic 

charge/discharge analysis. Figure 4.22 shows the charge/discharge curves of 

PPy-NFs, ferrite nanoparticles, and PPy-NFs nanocomposite electrodes. 

     At a specific current density, Galvanostatic charge-discharge tests of 

electrodes were performed. Figure 4.22 shows the CD curves of electrodes in 

sulfuric acid as electrolyte. Most of the prepared electrode's discharge curves 
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Figure 4.21: Nyquist plots for a) PPy-NFs, b) F1, c) F2, d) F3, e) F4, f) F5, g) 

PF1, h) PF2, i) PF3, j) PF4 and k) PF5 samples at (0.1 Hz- 200 KHz). 
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are not perfectly straight. As a result, the Faradaic reaction takes place. As a 

result, it has supercapacitive properties. Internal resistance is the most critical 

factor, because it is what causes the initial decline in potential. Internal 

resistance is caused by interfacial contact resistance between sulfuric acid 

electrolyte and electrodes, which is affected by surface morphology of 

electrode and other characteristics. Due to active material loading, the 

interaction between polypyrrole and nanoferrites in the matrix of polymer has 

a significant impact changes in the morphology of composite electrodes. 

However, because of the varied morphologies of electrode, the resistance of 

the supercapacitor is reduced due to the formation of a high 

electrolyte/electrode contact surface area. In order of ferrite nanoparticles < 

PPy-NFs < PPy-NFs nanocomposites, the discharge time of electrodes rises. 

This property is due to the rises conductivity of the synthesis electrodes, that 

allows for faster charge transfer in the composite electrode [32]. 

     As shown above, the discharge time increases as the number of PPy-NFs 

increases. Furthermore, the CD curve for PPy-NFs nanocomposite is less 

symmetrical than that of pure ferrite nanoparticles, indicating that the 

material's pesudocapacitance is increased with the addition of PPy-NFs. The 

synergistic effect of nanocomposite components is responsible for the 

increase in electrochemical performance of samples as shown by cyclic 

voltammetry and charge discharge studies.      

     Galvanostatic charage discharge figures can show the curves stability in 

the fundamental media generally. This shows that the electrode is stable in 

base conditions as well suitable with H2SO4. 

     The curves of GCD with reduced current densities show enhanced faradic 

contribution (redox reactions) to the charge accumulation approach, and 
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charge/discharge timings show superior electro chemical reversibility, 

indicating that these samples can be used in supercapacitors [266]. 
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Figure 4.22: Galvanostatic charge-discharge for PPy-NFs, ferrite 

nanoparticles and PPy-NFs electrodes for supercapacitors. 



Chapter four                                                                    Results and Discussion 

145 
 

     Overall, the results of CV, GCD, and EIS clearly reveal that among the 

generated samples, F5 (pure ferrite nanoparticles) and PF5 (PPy-NFs 

nanocomposites) exhibit superior electrode performance in 1M H2SO4. This is 

due to the nanocomposite components' synergistic and compatible effect, as 

well as their reduced particle size, appropriate surface area, and low charge 

transfer resistance compared to other samples. 
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4.7 Ammonia Gas Sensing Measurement 

     Ammonia is colorless gas or compressed liquid with a strong odor. It is 

one of the most harmful and toxic gases, damaging the lungs, skin, and eyes. 

Ammonia concentrations in the human body of up to 500 parts per million 

(ppm) can be exceedingly hazardous.  It can cause pulmonary oedema, or the 

collection of fluid in the lungs, at 1000 parts per million. At low ppm 

concentrations, the human nose has a hard difficulty detecting ammonia. VOC 

gases such as liquid ammonia have piqued the interest of researchers since 

they not only pollute the environment but also have a direct influence on 

human health. Regardless, these gases are used in the production of other 

products that are strongly tied to human life [267]. The presence of such 

hazardous VOCs is very likely, necessitating the development of sensors to 

identify poisonous and combustible chemicals early on. Nanomaterials with 

the right size, dimension, and shape show a lot of promise for sensing 

applications. Gas sensor performance is influenced by humidity, working 

temperature, plus gas concentration. Features connected with ferrites 

morphologies, like the contact area, the specific surface area, the grain size, 

the porosity, the grain stacking order, as well as aggregation, are influencing 

factors in addition to external influences.  

     The reactions of PPy-NFs to NH3 exposure at 50°C with 30 ppm are 

shown in Figure 4.23. It is commonly known that PPy is a p-type conducting 

semiconductor. When PPy is exposed to an electron donor gas, such as NH3, 

it undergoes a redox process. When NH3 is added to PPy, the charge-carrier 

concentration of the polymer drops, and neutral polymer backbones form. 

When PPy-NFs were exposed to NH3 vapor for 34.2 seconds, the resistance 

increased dramatically. As a result, PPy-NFs made this way have a 
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characteristic nanofiber morphology and perform better in terms of sensitivity 

and response time [268]. 

 

Figure 4.23: Variation of resistance with time for PPy-NFs sensor. 

     Surface area and active sites that allow the adsorption and diffusion of gas 

molecules, which are dependent on the interaction for complex of the gas-

solid interface, can be used to explain the gas sensor technique as well 

response of ferrite nanoparticles sensing [267].Due to its spinel crystal 

structure, ferrite nanoparticles offer great capabilities as a novel sensing 

material, and defects such as oxygen vacancies are easily formed inside or on 

the surface. Furthermore, the unusual crystal composition for transition metal 

cations inserted in the Fe
2+
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4
 construction performs fine in reducing gas 

discovery (detection) [269]. 

     Pure ferrite nanoparticles have a distinctive microstructure and a large 
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improves sensing capability. Also, metal doping (ion substitution) may rise 

the diffusion or transfer rate of carrier as well as smaller the potential barrier 

0 50 100 150 200 250 300 350 400

45.8

46.0

46.2

46.4

46.6

46.8

47.0

47.2

47.4

47.6

47.8

R
 (

 M
W

 )

Time (s)

PPy-NFs

ON

OFF



Chapter four                                                                    Results and Discussion 

148 
 

height of the grain boundary; the hybrid structure could control electron 

depletion region in addition to  potential barrier at its interface via  Fermi 

energy level interaction and energy band to enhance gas sensor effectiveness 

[269]. 

     The sensitivity at 50°C with 30 ppm increases when the Zn ratio increases, 

as seen in figure 4.24. For all prepared samples, the sensitivity value of 

ammonia NH3 was estimated using equation 2.20. At 50 degrees Celsius, all 

specimens demonstrated a great sensitivity to NH3 gas, as shown in Figure 

4.24. The existence of vacuoles in addition to the nanoparticles' small size 

increases sensitivity for ferrite nanoparticles samples because they have the 

highest roughness as seen in FESEM images (this is consistent with what 

researchers indicated [270]). In general, Zn doping increases sensitivity since 

a reduce oxygen causes oxygen voids to form. The sensitivity will rise 

because the sensitivity machinery in metal oxides happens via the oxygen 

ions adsorption on the surface (because to vacancies or voids, the oxygen 

concentration of the (Co0.8-xZnx Mn0.2Fe2O4) lattice increases oxygen ion 

adsorption on the sensor's surface). By adsorbing oxygen gas from air on the 

sample's surface, the chemisorption process captures electrons from of the 

material's C B. This increases the vacancies concentration in the air, lowering 

its resistance. Whenever the analyser gas (ammonia) comes into contact with 

the sensor surface of the material, the chemisorbed O2 molecules interact with 

Ammonia, delivering electrons towards the sensor material's C B. Therefore, 

charge carriers concentration (holes) falls whereas resistance increases. 

Lastly, the creation of extra imperfection positions with a wide surface area 

promotes enhanced NH3 diffusion in the substance, leading to improved 

sensor performance. As a consequence, conductivity, surface accessibility, 
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and NH3 adsorption all improve. Because analytic gas adsorption and 

desorption are reliant on surface area, surface area is critical in gas sensing 

behavior [271,272]. 

     It can be said, that the sensor have acceptable and standard sensing 

properties because of the ferrite nanoparticles (Co0.8-xZnx Mn0.2Fe2O4) have a 

good sensitivity as well as a mild response time and recovery time ranging 

from 50.4-79.2s and 71.6-89.6 s respectively. This sensor response could be 

owing to the sensor's small crystalline size and correct grain size, which 

causes the grain boundaries to grow, as well as the other factors described 

above. It contributed to the enhancement of the gas sensor's properties. 

     According to the findings in table 4.7, the responses obtained with PPy-

NFs nanocomposites were higher than with pure polypyrrole nanofibers (see 

figure 4.24). The improved sensing conduct can be attributed to the 

synergistic behavior of PPy-NFs chains and nanoferrite components. 

Furthermore, in the nanocomposite, the surface area of ferrite nanoparticles 

plays a critical function. This improves gas adsorption and diffusion on the 

surface. In addition, the nanocomposite revealed three-dimensional 

nanostructures in FESEM pictures. Since the composite has a great specific 

surface area and a nanostructure that is intersectionly orientated, NH3 

molecules should be able to move freely and diffuse while also having more 

reaction sites available, which will increase the response's amplitude [273]. 

     The fact that PPy-NFs and ferrite metal oxides behave as p-type 

semiconductors could be another explanation (The majority of the carriers are 

holes). As a result, hetero-junctions are likely to occur in conductive 

polymers/metal oxide hybrids, potentially creating a unique system 

accountable for this behavior. This disrupts the charge carrying process across 
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the polymer, resulting in a higher electrical resistance and, as a result, 

improved gas sensing qualities when compared to the pristine polymer [274]. 

Figures 4.25 and 4.26 show variation of resistance with time for ferrite 

nanoparticles and PPy-NFs nanocomposite sensors of NH3 gas at 50°C, 

respectively. 
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Figure 4.24: Variation of resistance with time for ferrite nanoparticles 

and PPy-NFs nanocomposite sensors, (NH3 gas at 50°C with 30 ppm). 
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Figure 4.25: Variation of resistance with time for ferrite nanoparticles sensors, 

(NH3 gas at 50°C with 30 ppm). 

 

Figure 4.26: Variation of resistance with time for PPy-NFs nanocomposite 

sensors, (NH3 gas at 50°C with 30ppm). 
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Table 4.7: The responsivity, response time and recovery time for PPy-NFs, 

ferrite nanoparticles and PPy-NFs nanocomposite samples at 50°C with 30 

ppm of NH3 gas concentration. 

Sample 

code 

 Responsivity %  Response time (s)  Recovery time (s) 

PPy-NFs 3.01 34.2 25.6 

F1 66.26 45.4 73 

F2 69.23 54.2 68.8 

F3 170.5 75.2 71.6 

F4 297.43 63.8 67.6 

F5 679.01 61.6 71.3 

PF1 23.24 51.2 83.6 

PF2 32.49 46.4 74.4 

PF3 73.30 47.8 72.8 

PF4 168.06 59.8 78 

PF5 423.11 65.2 79.1 

 

4.8 Conclusions and Future work suggestions 

4.8.1 Conclusions 

     Chemical oxidative polymerization was used to create polypyrrole 

nanofibers (PPy-NFs), which is a simple and feasible process. In addition, 

using the hydrothermal autoclave reactor and the co-precipitation approach, 

Co0.8-xZnxMn0.2Fe2O4 (x=0, 0.2, 0.4, 0.6, and 0.8) was synthesized. Later, 

Co0.8-xZnxMn0.2Fe2O4 nanoparticles were added to PPy-NFs to create the PPy-
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NFs nanocomposite. We will concentrate on a few key conclusions from the 

research process that are listed below. 

1-Polypyrrole nanofibers (PPy-NFs) are amorphous and Co0.8-xZnxMn0.2Fe2O4 

is a single phase cubic spinel according to XRD spectra. 

2-The FTIR spectra revealed two main absorption bands in the 600-400 cm
-1

 

region, indicating to a cubic spinel creation. In addition, the formation of PPy-

NFs and PPy-NFs nanocomposites was validated by its studies. 

3-FESEM images demonstrated that the Polypyrrole was polymerized in one 

dimension nanofibers materials. The ferrite nanoparticles are spherical with 

light alteration in the nanoparticle size distributions. Dopant materials (ferrite 

nanoparticles) are loaded onto the PPy nanofibers net successfully. 

4-The samples' optical characteristics were examined. The energy gap of 

samples varies with doping ratio and ferrite nanoparticles content. 

5-At room temperature, magnetic measurements revealed that the samples 

exhibited different magnetic characteristics. The maximum magnetization, 

coercivity, and remanence at 10 KOe were all different in the nanocomposites 

samples as the cobalt content in the structure changed. 

5-By doping PPy-NFs with ferrite nanoparticles, the sensitivity of 

photosensors in prepared samples can be improved. 

6-The supercapacitor electrodes were prepared from polypyrrole nanofibers, 

ferrite nanoparticles and nanocomposites samples in order to get samples with 

characteristic and stable capacitances. The nanocomposite samples had higher 

capacitances than pure samples (PPy-NFs and ferrite nanoparticles). As a 

result, supercapacitor capacitances are dependent on doping. 
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7-NH3 gas responsivity of ferrite nanoparticles samples was higher than PPy-

NFs polymer samples and nanocomposites samples. With increased zinc 

concentration, its value rises in ferrite samples. Furthermore, after doping 

with ferrite nanoparticles, the responsiveness of the PPy-NFs polymer 

improved. 

4.8.2 Future work suggestions  

1- Using PPy-NFs and PPy-NFs nanocomposites in radiation absorption and 

shielding application as well in biomedical applications. 

2- Using other ferrites (Cobalt and Zinc ferrite) as dopant materials with pure 

PPy-NFs in electrochemical capacitors application. 

3- Studying PPy-NFs and PPy-NFs nanocomposites as a gas sensor for NO2, 

CO2 and H2S gases. 
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188 
 

 تــانخَلص

( بخقُْت اىبيَشة PPy-NFsسمض هزا اىبغذ عيً حغضُش أىُاف ّاّىَت ىبىىَُش اىبىىٍ باَشوه )     

وبعذها ( بخقُْت اىخشسُب اىَشخشك Co0.8-xZnxMn0.2Fe2O4اىنَُُائُت وحغضُش صسَُاث ّاّىَت ىـ )

   ذي( ضَِ اىxَعُذ ماّج قٌُ ) ,ٍعاىضخها عشاسَا فٍ ٍفاعو االوحىميف اىغشاسٌ اىَائٍ حَج

( فٍ مو حضشبت, بعذ رىل حٌ حطعٌُ األىُاف اىْاّىَت 0.2( هى )x( وٍقذاس اىخغُش فٍ قَُت )0.8-0)

ٍخشامباث  الّخاسباىضسَُاث اىْاّىَت ىيسالسو اىفُشاَخُت اىَخخيفت ( PPy-NFs)ىبىىَُش اىبىىٍ باَشوه 

 (.PPy-NFs/Ferrite nanoparticlesّاّىَت )

باسخخذاً اىعذَذ ٍِ اىخقُْاث وٍْها حقُْت عُىد االشعت  وحشخُظها حَج دساست اىَىاد اىَغضشة     

االىنخشوٍّ اىَاسظ  ٍضاه االّبعاد ( وٍضهشFTIR( وٍطُاف االشعت حغج اىغَشاء )XRDاىسُُْت )

(FESEM .) عُذ( بُْج ّخائشXRDاى )و اىطىس اىَخبيىس ر ْسقغُش اىَخبيىس ىيبىىٍ باَشوه واى ْسق

يضسَُاث اىفُشاَخُت ضَِ ( ىD311اىبيىسٌ )غضٌ اىماُ ىقذ  .االعادٌ ىيضسَُاث اىْاّىَت اىفُشاَخُت

( اُ اىبىىٍ باَشوه قذ حبيَش فٍ شنو FESEM( ّاّىٍخش. مزىل مشفج طىس )14.47-8.54اىَذي )

مشوَت اىشنو ٍع  ماّج أُ اىضسَُاث اىْاّىَت اىفُشاَخُتفٍ عُِ  (1D) شبنت أىُاف ّاّىَت أعادَت اىبعذ

 وصىد ( ىيسالسو اىفُشاَخت عFTIRِحغُش طفُف فٍ حىصَع اىغضٌ ىيضسَُاث. أظهش اىخغيُو اىطُفٍ )

عضٍخٍ اٍخظاص ٍَُضَخُِ حعىد ىَىاقع سباعٍ اىسطىط ورَاٍّ اىسطىط عيً اىخىاىٍ ومزىل عِ 

( Ferrite nanoparticles)ت شىب( واىَىاد اىPPy-NFsَاىبىىٍ باَشوه )بىىَُش ٍا بُِ  ٍَُضحشابظ 

أَضاً دساست اىخظائض اىبظشَت ىيعُْاث وىىعع أُ ىقذ حٌ اىَخشامباث اىْاّىَت.  نىُوهزا َذه عيً ح

 ىها َخغُشاُ بخغُش ّسب االضافت وٍغخىي اىفُشاَج اىَضاف. ٍخظاطُتٍقذاس فضىة اىطاقت وسيىك اال

شاسة اىغشفت أُ ىيعُْاث خىاص أظهشث اىفغىطاث اىَغْاطُسُت اىخٍ أصشَج فٍ دسصت ع     

مَا ىىعع حباَِ قَُت ٍغْطت اىخشبع ٍِ خاله حغُش ٍغخىي اىنىباىج فٍ اىخشمُبت  ,ٍغْاطُسُت ٍَُضة

( رٌ حقو ٍغْطت اىخشبع x=0عْذ ) (Co0.8-xZnxMn0.2Fe2O4)فٍ اىَشمب وبيغج أعيً قَُت ىها 

 حذسَضُا ٍع ّقظاُ ٍغخىي اىنىباىج.

اىَغضشة ىخغسُِ عساسُت صهاص اىنشف اىضىئٍ عُذ ماّج أعيً  اىَخشامباثحٌ اسخخذاً      

( عْذ %81.47( وىيضسَُاث اىْاّىَت بغذود )%43.42( بغذود )PPy-NFsحغسسُت ىيبىىٍ باَشوه )

(x=0.8( وىيعُْاث اىَخشامبت )PPy-NFs/Zn0.8Mn0.2Fe2O4( بغذود )ىضىء %103.74 ) رو
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10×5ماُ وقج اىظعىد ووقج اىهبىط بغذود )عُذ ( 405nm) ٍ( ٍيٍ واط وطىه ٍىص03) قذسة
-1

 

sec.) 

حٌ حغضُش اىَنزفاث اىفائقت ىنو ٍِ اىبىىٍ باَشوه  وعُْاث اىفُشاَج واىعُْاث اىَخشامبت ٍِ أصو      

اىغظىه عيً عُْاث راث سعاث ٍَُضة وٍسخقشة دوسَاً واىخٍ حٌ حقٌُُ أدائها باسخخذاً ٍقُاط اىضهذ 

( وحقُْت اىشغِ واىخفشَغ EISاىخغيُو اىطُفٍ ىيَعاوقت اىنهشومَُُائُت )( وCVاىذوسٌ )

                         ( عُذ ماّج أعيً سعت حٌ عسابها ىيقطب اىَخشامبGCDاىنيفاّىسخاحُنُت )

(PPy-NFs/Zn0.8Mn0.2Fe2O4( بَعذه ٍسظ )20 mV/s( ٌحساو )414.12 F/g.) 

( ووصذ أُ NH3اىعُْاث اىَغضشة ىينشف عِ غاص االٍىُّا )خُشاً حَج دساست اسخضابت أ    

فٍ عُْاث اىفُشاَج اىْقٍ واىعُْاث اسخشعاسغاص األٍىُّا َخغُش حذسَضُاً ٍع صَادة ٍغخىي اىضّل 

C03وىىعع أُ أمبش اسخضابت ىغاص األٍىُّا عْذ دسصت عشاسة )اىَخشامبت 
3

ىيضسَُاث اىْاّىَت عْذ  (

(x=0.8( ٌحساو )و%679.01 ) ىيعُْاث اىَخشامبت(PPy-NFs/Zn0.8Mn0.2Fe2O4)  ٌماّج حساو

%(423.11.) 
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وحطبٍقاحها ( فٍشاٌج -بىنً بٍشول) انُاَىٌت انًخشاكباث وحىصٍف ححضٍش

 انفٍضٌائٍت

 

 شرافاب

 

 

 اطروحة مقدمة الى

 جامعة دٌالى –مجلس كلٌة العلوم 

 وهً جزء من متطلبات نٌل درجة الدكتوراه فلسفة 

 الفٌزٌاء علوم فً

 من قبل

  الجبوري عمر أحمد حسٌن

 (0226لورٌوس علوم الفٌزٌاء )ابك

 (0220ماجستٌر علوم الفٌزٌاء )

  

 جًهىسٌت انعشاق

 وصاسة انخعهٍى انعانً وانبحث انعهًً

 جايعت دٌانى

 كهٍت انعهىو

 قسى انفٍضٌاء

 األسخار انذكخىس

 عصاو يحًذ ابشاهٍى

و 1011  

ستاذ الدكتوراأل  

  تحسٌن حسٌن مبارك
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