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Abstract 
 

Developing novel dielectric materials has always been an interesting area in material’s 

research owing to their importance especially in capacitive energy storage. In this context, at 

the time of problem formulation for this thesis work (i.e., during the year 2012), the dielectric 

behavior of graphene filled polymers has attracted good attention. However, at that time there 

were no reported works on “dielectric behavior” of metal oxides (time tested dielectric 

materials) and graphene containing nanocomposites. Therefore in this thesis work elucidation 

of various aspects of dielectric behavior of reduced-graphene oxide (r-GO) and metal oxide 

containing nanocomposites has been taken up. Owing to the presence of residual oxygen 

functional groups and defects in r-GO, it is hypothesized that it will have a unique influence 

on the dielectric behavior of metal oxides and r-GO containing nanocomposites. As 

anticipated, a unique and strong interfacial polarization (Maxwell-Wagner polarization) was 

observed in metal oxide decorated r-GO nanocomposites synthesized by molecular level 

mixing technique which resulted in homogenous distribution of metal oxide particles on the 

surfaces of r-GO sheets. In this thesis work, CuO/r-GO, ZnO/r-GO, MgO/r-GO and NiO/r-

GO nanocomposites were synthesized and their dielectric behavior in correlation with their 

morphology, crystallinity/phase and composition has been elucidated. This thesis also 

provides a comprehensive treatment to understand the dielectric behavior, especially the 

dielectric relaxation in metal oxide and r-GO containing nanocomposites. The treatment 

involves fitting experimental results with suitable theoretical models (for example, Havriliak-

Negami relaxation model) that enable the intricate examination of physical mechanisms that 

controlled the dielectric behavior of the nanocomposites under consideration. Percolation 

effect on the dielectric permittivity was elucidated in the case of NiO/r-GO nanocomposite 

which exhibited a giant dielectric permittivity of 3688. This work will pave a way to 

understand and control the possible physical mechanisms that might take place at a very 

small length scales and in turn will be useful to control the dielectric behavior of graphene 

based nanocomposites in particular and nanocomposites, in general. 
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Chapter 1 Introduction 

1.1 General background 
 

A dielectric material is an electrically insulating material that can be polarized by an applied 

external electric field. The electric charges in dielectric materials are typically restricted to 

migrate only locally (i.e., the charges slightly shift from their equilibrium positions) under the 

influence of an external electric field which creates induced dipole moments (in other words 

polarization takes place). Therefore it can be comprehended that the dielectric properties 

namely dielectric constant, dielectric break down and tangent loss strongly depend on 

polarization, in particular, the type of polarization mechanism. The major polarization 

mechanisms are electronic (due to the migration of outer electron cloud to an opposite 

direction of the applied electric field), ionic (due to the small displacement of ions), dipolar 

(due to the orientation of molecular dipoles) and space charge (due to the restricted 

migration of free electrons by barriers such as grain boundaries) in nature. Electronic and 

ionic polarizations usually occur at high frequencies (i.e., optical and infrared frequencies) 

while orientation polarization occurs at lower frequencies (i.e., frequencies up to microwave 

region). It should also be noted that electronic and ionic polarizations are induced 

polarizations (i.e., the polarization is observed only in presence of external electric field) 

while orientation polarization is not an induced one (i.e., it is due to the existence of 

permanent diploes). Polar molecules (which exhibit dipolar polarization which is also 

referred to as orientation polarization) also exhibit characteristic relaxation times (delayed 

response to the changing electric field direction) for orienting themselves in the applied field 

direction. If more polar molecules are present in the system at a given temperature, then at 

equilibrium the resultant polarization will be more.  

 

For a material, the electric displacement (D) is directly proportional to the applied electric 

field (E) in the following manner: 

D =  εoεrE  ............... (Equation 1.1) 

where εo is the permittivity of free space and εr is the relative permittivity of the material. 

For a dielectric material with a polarization P under the applied electric field E, D and P can 

be can be written as  

D = εoE + P ............... (Equation 1.2)  

P =  εo (εr − 1)E = αE ............... (Equation 1.3) 

where α = εo (εr − 1) is polarizability, a true material parameter. 
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For a system having N dipoles, Eq. 1.3 can be written as  

P = NαE   ............... (Equation 1.4) 

where α = αe + αi + αo + αs is the sum of electronic (αe), ionic (αi), orientation (αo) and 

space charge (αs) polarizabilities which are mostly dependent on the material’s composition. 

The electronic and ionic polarizations are nearly frequency independent for most of the 

dielectric materials and marginally affected by temperature. On the other hand, orientation 

polarization depends on both frequency and temperature. Depending on the polarization 

mechanisms, the dielectric materials may exhibit high dielectric constant values and hence 

useful in various applications. For a simple parallel plate capacitor configuration, the static 

dielectric constant (εs) value of the dielectric medium between the conducting plates is 

obtained using the relations 

C = εoεr(A/d) ............... (Equation 1.5) 

and 

εs = εoεr ............... (Equation 1.6) 

where C, A and d are capacitance, area and thickness of the sample, respectively. More 

specifically, in the case of alternating external electric field, P and D vary periodically with 

time. Here, it should be noted that the permittivity of the dielectric medium is a complex 

quantity whose real part (ε′) is obtained from the value of the capacitance while the 

imaginary part (ε′′) is obtained from the dielectric loss factor (tan δ) given by 

tan δ =  
ε′′

ε′ 
 ............... (Equation 1.7)  

and the AC conductivity (𝜎) of the medium given by 

𝜎 =  ωεoεr tanδ  ............... (Equation 1.8) 

where ω is the angular frequency of the alternating external electric field. It should be also 

noted that both ε′ and ε′′ are frequency dependent. The charge stored (Q) in the capacitor is  

Q = CVeiωt ............... (Equation 1.9) 

where V is the Voltage and t represents the time. The current flow (I) as the capacitor 

discharges in time t is given by 

I =
dQ

dt
= iωCV = iω CoεrV ............... (Equation 1.10)  

where εr =  ε′ − iε′′and  Co is the initial capacitance. Here, I has two components namely IC 
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and IR, the capacitive current proportional to charge stored in the capacitor and the resistive 

component representing energy loss or power dissipation in the dielectric medium, 

respectively. IC leads Voltage by 90o while IR is in phase with the voltage. I can be written as 

I = IC  +  IR  = iω Co(ε′ − iε′′)V ............... (Equation 1.11) 

With regards to applications of dielectric materials, devices such as rectifiers, transducers, 

amplifiers etc., are fabricated using dielectric materials. Of late, development of novel and 

advanced dielectric materials has gained a lot of prominence owing to their usefulness in 

capacitive energy storage [1]. At the time of problem formulation for this thesis work (i.e., 

during the year 2012), the use of metal oxide and graphene containing advanced 

nanocomposites as energy storage materials (especially as electrode materials in lithium ion 

batteries (LIBs) and electrochemical capacitors (ECs) [2,3]) was gaining prominence. It was 

elucidated that the synergistic effect between graphene and metal oxides played an important 

role in the enhancement of the performance of LIBs and ECs. However, at that time there 

were no reported research works on dielectric behavior of metal oxide and graphene 

containing nanocomposites which could be of potential use in capacitive energy storage. 

There were only reported research works on the enhanced dielectric behavior of graphene 

filled polymer nanocomposites [4-6] owing the inclusion of graphene. However, due to the 

presence of stable residual oxygen functional groups in reduced graphene oxide (r-GO, a 

family member of graphene), it is expected to be a better dielectric material than mono-

layered and bi-layered graphene. Therefore, the motivation was to check the possibility to 

synthesize novel nanocomposites constituted by r-GO and well-known dielectric metal oxides 

with an aim to enhance the dielectric constant and lower the dielectric loss. If so, the 

motivation was also to check for the possible polarization mechanisms that could contribute 

(at small length scale) to the enhanced dielectric behavior of nanocomposites constituted by 

r-GO and metal oxides?  

1.2 Problem definition    
 

Graphene (owing to its large aspect ratio) was used as a filler material to synthesize polymer 

matrix nanocomposites with enhanced dielectric performance [4-6] in comparison to the 

constituents. r-GO also comes under the same category (high surface to volume ratio) along 

with the presence of polar functional groups (PFGs) namely -OH, -CHO, -CO, and -COOH 

on its surfaces and edges and owing to these PFGs, r-GO is expected to be a better dielectric 

material than mono-layered and bi-layered graphene and if used as constituent in an 
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nanocomposite, it can provide many possibilities to control the dielectric behavior. On the 

other hand, there are many dielectric metal oxides; however, their dielectric constant values 

are very low. As mentioned before, dielectric constant is a material property and it mainly 

depends on polarization at a specified external electric field frequency. In this context, it was 

hypothesized that when metal oxides are decorated on r-GO there can be a synergistic effect 

between them (through PFGs) and as a consequence, unique dielectric behavior can be 

expected. This hypothesis had a strong support in the literature (details are in Chapter 2) that 

was available till the year 2012. Moreover, the oxygen vacancies and interstitials in metal 

oxides have often been useful as sources to control the polarization and hence the dielectric 

behavior of metal oxides. Due to the oxygen vacancies, a slightly off-stoichiometric metal 

oxide possess a partial positive charge and thereby creating possibilities to make suitable 

bonds with the negatively charged oxygenated PFGs attached to r-GO and a consequence 

forming stable metal oxide decorated r-GO nanocomposites constituted by unique materials 

(r-GO and nano-sized metal oxide particles), PFGs, defects (both in r-GO and metal oxide 

particles), and numerous interfaces (between r-GO and metal oxide particles). This gives a 

great opportunity to control the dielectric behavior of the nanocomposites and if possible, 

enhance the dielectric properties of the nanocomposites. For this thesis work, low dielectric 

constant possessing metal oxides namely CuO [7,8], ZnO [9,10], MgO [11,12] and NiO 

[13,14] were chosen in order to clearly observe any enhancement in dielectric constant of the 

nanocomposites in which the respective metal oxide will be a constituent along with r-GO. 

Bulk CuO, ZnO, MgO and NiO have low dielectric constant values typically in the range 10-

25. However, by various manipulations, the dielectric constant values have been enhanced. 

For instance, bulk CuO when annealed at 950 °C exhibited an enhanced dielectric constant of 

104 owing to the presence of trace amounts of Cu3+ ions [15]. It was explained that the 

conduction mechanism in CuO is mainly governed by hopping of holes between Cu2+ and 

Cu3+ which results in CuO grains (enriched with Cu3+) to exhibit p-type semi-conductance. 

But the grain boundaries might consist of only Cu2+ and they behave as insulating walls. As a 

result, formation of an array of boundary barriers and grains takes places and as a 

consequence the annealed CuO exhibits a high dielectric constant. 

 

In view of the above, the problems for this thesis work were defined as follows:  

i) to synthesize metal oxide and r-GO containing nanocomposites using a simple, yet an 

effective method: at the time of the formulation of the problem, there were several synthesis 
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methods that could be used to synthesize metal oxide and r-GO containing nanocomposites. 

However, these methods were cumbersome. 

ii) to find out if the dielectric constant of the nanocomposites could be enhanced. 

iii) to explore, understand and elucidate the dielectric behavior of the nanocomposites in 

correlation with their microstructure, crystallinity and composition. 

iv) to elucidate any uniqueness (for example: the contribution from the interfaces between the 

metal oxide and r-GO to the overall dielectric behavior of the nanocomposite) found in the 

dielectric behavior of the nanocomposites with the aid of suitable theoretical models. 

v) to study the influence of percolation on the dielectric behaviour. 

1.3 Overview of the thesis 
 

Structure of the remaining part of this thesis is as follows: In Chapter 2, the relevant literature 

that was reviewed while formulating the problem for this thesis work is presented. Other 

relevant works that were published by different research groups while this work was in 

progress have been discussed along with the results of this thesis work in Chapter 4. Chapter 

3 covers the experimental work which includes the synthesis details of various materials, 

explanation of basic characterization experiments carried out to obtain structural, 

morphological and compositional details of the materials synthesized and explanation of the 

dielectric measurements on various materials considered in this thesis work. In Chapter 4, the 

discussion on all the experimental observations regarding structural, morphological, phase 

and dielectric characteristics of CuO/r-GO, ZnO/r-GO, MgO/r-GO and NiO/r-GO 

nanocomposites is presented. All the theoretical models used to understand the experimental 

dielectric observations are also presented in Chapter 4 at appropriate places in the thesis 

work. Conclusions and immediate future scope of this thesis work are given in Chapter 5. 
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Chapter 2 Literature Review 

2.1 Dielectric behavior of graphene and its analogues 
 

Before presenting the review on the dielectric behavior of graphene and its analogues, it is 

important to understand the concerned nomenclature [1] and the constitution of graphene 

analogues. Graphene is a monolayer of sp2 hybridized carbon atoms bonded) into a 2D 

honeycomb lattice. The term graphene was devised by combining the words ‘graphite’ 

(indicative of the parent material) and the suffix ‘-ene’ (indicative of the presence of double 

bonds). A stack (along the axis perpendicular to the thickness of graphene sheets) of multiple 

layers of graphene held by van der Waals’s interactions is known as multi-layered graphene 

(MLG). Similarly, a stack of only few (2-10) layers of graphene held by van der Waals’s 

interactions is known as few-layered graphene (FLG). Graphene oxide (GO) is analogous to 

multi-layered graphene but attached with numerous oxygen containing functional groups 

namely, hydroxyl (-OH), carbonyls (C=O), carboxylic (-COOH) etc., groups on the basal 

planes and edges of the graphene layers that are stacked together. Due to the presence of 

these functional groups the inter-layer distance in GO is greater than that of MLG. Reduced 

graphene oxide (r-GO) has only few oxygen functional groups attached to the basal planes 

and edges of the graphene layers stacked together. r-GO is obtained by chemically reducing 

and exfoliating GO. If the reduction is ideal, one would obtain FLG (which has no functional 

groups attached to it). By controlling the reduction process, the type and number of residual 

oxygen functional groups can be controlled. This is where the motivation of this thesis work 

subsists i.e., to use these functional groups to control the dielectric behavior of 

nanocomposites in which r-GO will be one constituent. In this work, in section 4.1, the term 

FLG is used for r-GO while is all other sections i.e., 4.2-4.4 the term r-GO is used. 

 

Graphene exhibits low dielectric constant (ε′) values in the range 2-16 [2-8], depending on 

the number of graphene layers staked along its c-axis. The dielectric constant of graphene (or 

staked few layers of graphene) is dependent on the strength of the Columbic interactions in 

the system. It was found that that the type of substrate on which graphene is grown and the 

applied electric field (whether it is applied to parallel or perpendicular to the graphene layer) 

also influence the dielectric constant of graphene [9]. ε′ value of mono-layer graphene is 

lower in comparison to bi-layered graphene while that of bi-layered graphene’s ε′ value is 

lower than that of MLG’s ε′ value suggesting that the polarization behavior is different in 

each case [10]. The non-linear nature of strength of the Columbic interactions in MLG was 
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attributed to the enhanced dielectric behavior with increase in number of layers [11,12]. 

Additionally, the finite thickness of graphene layer and its polarizability might increase the 

interlayer capacitance in the multi-layered system [13]. On the other hand, it is well known 

that the dielectric constant decreases as the frequency of the applied electric field increases; 

this is owing to the out-of-phase response of dipoles in the system. In this context, in the Giga 

range frequencies, mono-layered graphene exhibits an effective dielectric permittivity value 

of 3.3. All in all, it is clear that graphene is an intrinsically low dielectric constant exhibiting 

material owing to its π-electron delocalization while the dielectric constant value can be 

enhanced by synthesizing FLG or r-GO.  

 

GO and r-GO, the above described analogues of MLG, have also exhibited dielectric 

behavior attributed mainly to the presence of oxygen functional groups [14,15]. In a unique 

case, when the carbon vacancy sites in r-GO were filled with Co atoms, unusual dielectric 

response (i.e., a huge enhancement in dielectric constant) was recorded for the Co doped r-

GO. The unusual dielectric response was explained by using a trap induced capacitance 

model [15]. Unlike in the case of typical dielectric materials, the permittivity values increased 

instead of decreasing with frequency. The permittivity was observed to increase up to certain 

frequency at which all the trap states were filled with conduction electrons. After reaching the 

characteristic frequency (above the resonance condition) the permittivity values decreased 

due to out of phase response of the trapped charge carriers [16].  

2.2 Dielectric behavior of graphene/polymer composites 
 

In pursuit of enhancing the dielectric constant which directly influences the charge storage 

capacity of a material, FLG (or r-GO) filled polymer nanocomposites [17-26] were also 

synthesized. In this class of materials with enhanced dielectric constants, FLG (or r-GO) 

filled polycarbonate, polyimide, polystyrene, polymethylmethacrylate, polyvinylidene 

fluoride, polypyrole, polyvinyl alcohol and polyaniline nanocomposites are the significant 

ones. By virtue of the microstructure of these nanocomposites, there will be induced space 

charge polarization between the interfaces of the polymer and FLG (or r-GO) and results in 

the enhancement of the dielectric constant and capacitance of the system. The negative 

charges are accumulated on the surfaces of FLG (or r-GO) while positive charges are 

accumulated on the polymer surfaces resulting in the increment in local electric field and 

thereby enhancing the charge accumulation probability in such nanocomposites [23]. In a 

unique work [27] it was shown that the use of chlorinate r-GO as a filler, increases the 
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dielectric constant of Cl-r-GO/N,N- dimethylformamide/ cyanoethyl pullulan polymer 

nanocomposite. When typical r-GO was used as the filler, a dielectric constant of ~24 and a 

dielectric loss of ~0.051 at 10 Hz were measured for r-GO/N,N- dimethylformamide/ 

cyanoethyl pullulan polymer nanocomposite. On the other hand, when Cl-r-GO was used 

instead of r-GO, the nanocomposite exhibited a dielectric constant of ~169 and a dielectric 

loss of ~0.05 at 10 Hz. This large enhancement in the dielectric constant was attributed to the 

interfacial polarization between the Cl-rGO platelets and the polymer.  

 

In an interesting work, it was shown that aspect ratio and oxidation degree of r-GO strongly 

effected the dielectric constant of the r-GO/poly(dimethyl siloxane) nanocomposites [24]. 

Alignment of r-GO in the polymer matrix has also shown a strong influence on the dielectric 

behavior of r-GO/epoxy nanocomposites [28]. Highly aligned r-GO in r-GO/epoxy 

nanocomposite exhibited a dielectric constant as high as 14000 at 1 k Hz frequency. This was 

attributed to the accumulation of charge carriers at the highly-aligned conductive 

filler/insulating polymer interface on account of Maxwell-Wagner-Sillars polarization.  

2.3 Dielectric behavior graphene/metal oxide composites  
 

As stated in Chapter 1, when this work was started, there were only no reports on dielectric 

behavior of graphene/metal-oxide composites. However, there are contemporary works 

which are briefly reviewed here. When graphene was combined with ceramics, effects similar 

to trap induced capacitance [15,16] have been observed as in graphene/ZnCo2O4 

nanocomposite [29]. All other dielectric nanocomposites that are constituted by graphene and 

metal oxide, also contained polymer in them [30-34]. Some of these [31,32] have exhibited 

extremely high (as high as 45000 at 1 kHz) dielectric constant values. However, there were 

no works that elucidated the dielectric behavior of graphene/metal-oxide composites at small 

length scales. Compared with their individual constituents, graphene/metal oxide composites 

exhibit unique microstructural variables in the form of anchored, wrapped, encapsulated, 

sandwich, layered and mixed microstructure models. These structures form due to oxygen 

containing groups on graphene and ensure good bonding, interfacial interactions and 

electrical contacts between graphene and metal oxide. At the same time, metal oxide prevents 

the restacking of graphene sheets and enhances performance of the composite. Graphene 

supported metal oxide can form a perfect integrated structure with a suitable electron 

conductive network and shortened charge transport paths. Significant synergistic effects often 

occur due to size effects and interfacial interactions of metal oxides with graphene. 
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Chapter 3 Experimental Work 

3.1 Synthesis of materials 

3.1.1 Reduced graphene oxide 
 

In this work, reduced graphene oxide (r-GO) samples were synthesized from graphene oxide 

(GO) which was prior synthesized by using Hummers Method (HM) [1] and Improved 

Hummers Method (IHM). In these methods, the staring material was graphite (~325 mesh, 

flake/particle size ~44 μm, Alfa Acer make). Each synthesis method has been elaborated in 

the following paragraphs: 

 

Hummers method: 9 g of graphite flakes are added to 225 ml of Conc. H2SO4 (98%, Fisher 

Scientific make) and stirred for 2 h. To this mixture, 4.5 g of NaNO3 (98%, Fisher Scientific 

make) was added and stirred for 15 min. These steps are carried out under room conditions. 

The idea behind oxidation of graphite (i.e., making GO) is to increase the inter-planar spacing 

(to > 0.3 nm) between the basal plans. For further oxidation, in the next step 27 g of KMnO4 

was added to above mixture. During this step, temperature of the reaction mixture was 

maintained at 0 C using an ice bath because the process of KMnO4 addition is highly 

exothermic [1]. The reaction mixture was then stirred at room temperature for 45 min. In the 

next step, 225 ml of distilled water was added slowly to the reaction mixture and during this 

time temperature of the solution was raised to 98 C. For the next 1 h the reaction mixture 

was maintained at 98 C. Thereafter the mixture was allowed to cool down to room 

temperature. For further oxidization, 7.5 ml of H2O2 was added to the mixture. Finally the 

mixture was diluted with distilled water (by adding 2 to 2.5 l of it). The resultant solution was 

pale yellow in colour as shown in Fig. 3.1(a).  

 

 

Figure 3.1. Photographs of (a) GO suspension prepared by HM. (Capacity of the beaker is 1 

l) and (b) thermally exfoliated r-GO from GO prepared by HM (300 ml beaker). 
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After sometime, the oxidized material that settled at the bottom of the beaker was filtered. 

The filtrate was then subjected to multiple washes with distilled water until the suspension of 

the filtrate attained a pH of ~7.  The filtrate was finally collected and kept overnight in a hot 

oven at 100 C to obtain GO powder. The dried GO powder was placed on a borosilicate 

glass and introduced into a hot oven at temperature 400 C in air atmosphere for few minutes. 

This resulted in exfoliation of GO to r-GO. The reason for such an exfoliation has been 

attributed to vaporization of intercalated water molecules and oxide groups of hydroxyl, 

carboxyl groups etc. [2]. Fig. 3.1(b) shows the photograph of r-GO in a beaker. So-obtained 

r-GO was used in the synthesis of ZnO decorated r-GO, MgO decorated r-GO and NiO 

decorated r-GO nanocomposites. 

 

Improved Hummers method: Here, 3 g of graphite flakes are added to a mixture of 9:1 Conc. 

H2SO4/H3PO4 (360:40 ml). This reaction is an exothermic reaction and produces a slight 

increase in temperature (~35 to 40 °C). After 30 min of stirring, 18 g KMnO4 was added to 

the reaction mixture and maintained at a temperature of 50 °C while stirring for 12 h. The 

reaction mixture was then cooled to room temperature and subsequently kept on an ice bath 

at 0 C. Then 400 ml of distilled water was poured into the mixture along with 3 ml of H2O2 

[3]. The resultant solution was pink in color (Fig. 3.2(a)) and acidic in nature. The solution 

was subjected to multiple washes with distilled water such that it attains a pH of about 7. 

Finally the filtrate was collected and kept in a hot oven at 100 C overnight to obtain GO fine 

powder. FLG was then synthesized from GO by thermal exfoliation at 400 oC in air 

atmosphere as mentioned in the above section. So-obtained FLG was used in the synthesis of 

CuO decked FLG. Fig. 3.2(b) shows the photograph of FLG in a beaker. 

 

 

Figure 3.2. Photographs of (a) GO suspension prepared by IHM (capacity of the beaker is 1 

liter) and (b) thermally exfoliated FLG from GO prepared by IHM (300 ml beaker). 
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3.1.2 Metal oxide (CuO, ZnO, MgO and NiO)/r-GO nanocomposites 
  
As mentioned in Chapter 1, when this work was planned, there were already established 

synthesis methods that could be used to synthesize metal oxide and graphene containing 

nanocomposites [4-6]. However, these methods were cumbersome. Therefore in the pursuit 

of an easy synthesis method, molecular mixing (MLM) technique [7-10] was found out. This 

technique was used in the case of synthesizing nanocomposites consisting of functionalized 

carbon nanotubes (CNTs) and metal oxides. In this method the metal ions get attached to the 

surfaces of the carbon nanostructures through functional groups and a subsequent calcination 

process allows the formation of metal oxides on the surfaces of carbon nanostructures. In this 

thesis work, MLM technique was improvised to synthesize CuO decked FLG, ZnO decorated 

r-GO, MgO decorated r-GO and NiO decorated r-GO nanocomposites.  

 

In this work, for synthesizing nanocomposites direct sonication method (i.e., inserting a 

sonication probe directly into a sample vessel) was used. In this method the energy is 

transmitted from the probe directly into the sample with high intensity and the sample is 

processed quickly. In the present work the probe sonicator was operated at 700 W power, 20 

kHz frequency and wave amplitude of 60 to 70% of the maximum in a continuous pulse 

mode. Every half hour, 10 minutes break time was also given. During the sonication process, 

the glass beaker (1 l) was kept in an ice bath at 0 °C for minimising heat that would be 

generated inside the beaker during the process. The photograph of the probe sonicator used in 

this thesis work is shown in Fig. 3.3. 

 

 

Figure 3.3. Photograph of the probe sonicator used in this thesis work. 
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Once the process starts, high power ultrasound waves enter the liquid medium (precursors + 

solvent in 1 l glass beaker) and create compression and rarefaction cycles depending on the 

applied frequency. During these cycles high-intensity ultrasonic waves will create small 

vacuum bubbles or voids in the liquid medium. During the process, any solute undergoes 

thermolysis along with the formation of highly reactive radicals and reagents. When the 

bubbles attain a certain volume at which they can no longer absorb the energy. The bubbles 

then collapse violently during high-pressure cycles. This phenomenon is termed as cavitation. 

During this disintegration process very high temperatures around 5000 K and high pressures 

of around 2000 atm are created locally [11,12]. In addition to the dependency on input 

energy, the cavitation also depends up on the type of precursors which are used in the 

reaction. When non-volatile precursors (such as r-GO and metal salts in this work) dispersed 

in volatile solvents (such as ethanol) undergo cavitation process, free metal cations are 

formed on account of bond dissociation and weak metal bonds are formed finally resulting in 

the formation of functional nanomaterials [13-16]. Besides this, inter-particle collisions can 

also bring changes in particle size distributions, particle morphology and composition 

[17,18]. If the reaction solution contains metal salts and oxygen (or chalcogen) source 

sonication process results in the formation of reactive species such as reactive radicals of 

oxygen or chalcogen and these will react with metal ions in the solution to form metal oxides 

or metal chalcogenides.  

 

Based on the above mentioned concepts and the existing literature [7-10], MLM technique 

was tried to synthesize CuO decked FLG, ZnO decorated r-GO, MgO decorated r-GO and 

NiO decorated r-GO nanocomposites as explained separately in the following paragraphs. 

Here it should be noted that the calcination temperature in each case was decided based on 

the metal oxide to be formed. 

 

Synthesis of CuO decked FLG nanocomposite: In the synthesis of CuO decked FLG 

nanocomposite, FLG that has been synthesized from GO prepared by IHM was used. CuO 

decked FLG nanocomposite synthesis involved mainly four steps. In the first step, 0.1 gm of 

FLG powder is dispersed in 250 ml ethanol by sonication for 30 min and obtains a stable 

suspension by attaching the functional groups onto FLG surfaces. In this situation sonication 

helps in preventing the particle agglomeration and in maintaining uniform dispersion of FLG 

sheets in the solvent [8,9,19]. In the second step, 0.9 gm of copper acetate monohydrate 

(Cu(CH3COO)2·H2O) was added to the FLG suspension, which was again sonicated for 2 h. 

Sonication assists the dispersion of copper ions among the suspended FLG sheets and 
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promotes the reaction between copper ions and functional groups on FLG sheets. In the third 

step, the solution was vaporized while stirring it at 100 °C in air atmosphere. During this 

process, solvent and ligands are expected to be removed while the Cu ions on FLG surfaces 

are oxidized. The fourth and final step involves calcination process to obtain stable crystalline 

powders. The outcome of the third step might result in a mixture of FLG, CuO, and Cu2O. 

Heating the product at 400 °C for 8 h in ambient atmosphere yields CuO decked FLG. Two 

CuO decked FLG samples have been prepared in this manner. The one prepared following 

the procedure described above has been named as CuO-0.1G. Another sample is named as 

CuO-0.2G. This sample was prepared by considering 0.2 gm of FLG and 0.8 gm of 

Cu(CH3COO)2·H2O. For comparison purposes, CuO was also prepared following the 

procedure described above but without the presence of FLG.  

 

Synthesis of ZnO decorated r-GO nanocomposite: Here, firstly, 0.1 g of r-GO powder was 

dispersed in 250 ml of ethanol by sonication for 30 min to obtain a stable suspension by 

attaching the functional groups onto r-GO surfaces. Next, 0.9 g of zinc acetate dehydrate 

(Zn(CH3COO)2·2H2O) was added to the r-GO suspension and the mixture was then sonicated 

for 2 h. Sonication assists the dispersion of Zn ions among the suspended r-GO sheets and 

promotes the reaction between Zn ions and functional groups on the r-GO sheets. Next, the 

solution was vaporized while stirring it at 100 °C in air. During this process, solvent and 

ligands are expected to be removed, while the Zn ions on r-GO surfaces are expected to form 

ZnO similar to the case of CuO decked FLG. The final step involved heating (calcination 

process to obtain stable crystalline powders) the product at 500 °C for 8 h in ambient 

atmosphere to obtain ZnO decorated r-GO named as ZnO-0.1G. Two other ZnO decorated r-

GO samples were similarly prepared in this study. They are named as ZnO-0.2G and ZnO-

0.3G in the order of increasing r-GO content. The ZnO-0.2G sample was prepared by 0.2 g of 

r-GO and 0.8 g of Zn(CH3COO)2·2H2O, whilst the ZnO-0.3G sample was prepared by 0.3 g 

of r-GO and 0.7 g of Zn(CH3COO)2·2H2O. For comparison purposes, ZnO nanoparticles 

were also synthesized by a typical wet chemical method using zinc chloride (ZnCl2) and 

sodium hydroxide (NaOH) as precursors. 0.8 M NaOH solution was added dropwise to a 0.4 

M ZnCl2 solution under constant stirring, which was continued for 2 h even after the 

complete addition of NaOH solution. The beaker containing the resultant white coloured 

solution was then sealed and allowed to precipitate overnight. The obtained precipitate was 

washed 5 times with deionized water to remove any by-products and obtain zinc hydroxide, 

which was then heated in air at 500 °C to obtain ZnO. Another set of synthesis experiments 
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were conducted in order to induce a change in polarization behavior of ZnO decorated r-GO 

nanocomposites, if any. These experiments are presented in section 4.4.3. 

 

Synthesis of MgO decorated r-GO nanocomposite: Here, firstly 0.05 g of r-GO was dispersed 

in 200 ml of ethanol by sonication for 30 min to obtain a solution with homogeneously 

dispersed r-GO. Then, 0.95 g of magnesium acetate tetrahydrate Mg(CH3COO)2.4H2O was 

added to the r-GO solution and sonicated for 2 h anticipating the attachment of Mg ions onto 

the surfaces of r-GO particles. The resultant solution was then kept at 80 °C under stirring 

until the evaporation of ethanol. So-obtained product was heated at 600 °C for 8 h under 

atmospheric conditions (thermal oxidation and for stabilized MgO phase) resulting in MgO 

decked r-GO composite which is named as MgO-0.05G. The above described synthesis 

procedure was used to prepare two other MgO decorated r-GO composites named MgO-0.1G 

and MgO-0.15G. These composites are prepared by varying the r-GO content in the synthesis 

procedure. MgO-0.1G and MgO-0.15G are synthesized by considering 0.1 g of r-GO and 0.9 

g of Mg(CH3COO)2.4H2O and 0.15 g of r-GO and 0.85 g of Mg(CH3COO)2.4H2O, 

respectively, in the above synthesis procedure.  

 

Synthesis of NiO decorated r-GO nanocomposite: Here, in the first step, 0.004 gm of r-GO 

powder was dispersed in 200 ml ethanol by sonication for 30 min to obtain a stable 

suspension of r-GO. In the second step, 0.996 gm of nickel acetate tetrahydrate 

(Ni(CH3COO)2.4H2O) was added to the r-GO suspension, which was again sonicated for 3.5 

h. Sonication assists the dispersion of nickel ions among the suspended r-GO sheets and 

promotes the reaction between nickel ions and functional groups on r-GO sheets. In the third 

step, the solution was vaporized while stirring it at 70 C in air atmosphere. During this 

process, solvent and ligands are expected to be removed while the Ni ions on r-GO surfaces 

are oxidized. The fourth and final step involves calcination process to obtain stable crystalline 

powders. By heating the product at 500 °C for 8 h in ambient atmosphere yielded NiO decked 

r-GO named as NiO-0.004G (with 0.4 weight % of r-GO). The above described synthesis 

procedure was used to prepare other NiO decorated r-GO nanocomposites named as NiO-

0.008G, NiO-0.012G, NiO-0.016G, NiO-0.024G and NiO-0.028G by varying the percentage 

of r-GO as 0.8, 1.2, 1.6, 2.4 and 2.8% by weight, respectively. These samples were prepared 

by considering 0.008 g of r-GO and 0.992 g of Ni(CH3COO)2.4H2O, 0.012 g of r-GO and 

0.988 g of Ni(CH3COO)2.4H2O, 0.016 g of r-GO and 0.984 g of Ni(CH3COO)2.4H2O, 0.024g 

of r-GO and 0.976 g Ni(CH3COO)2.4H2O and 0.028 g of r-GO and 0.972 g of 
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Ni(CH3COO)2.4H2O. For comparison studies NiO was prepared using sonochemical route 

which involved gradual drop-wise addition of 0.1 M sodium hydroxide (NaOH) to 0.1 M 

nickel nitrate Ni(NO3)2 solution and vigorous stirring until the pH value will becomes 7 

(results in a light-green solution) and this solution was sonicated for 1 h. This results in the 

formation of a gel which was died at 90 °C by keeping it overnight on a magnetic stirrer. So-

formed powder was heated at 400 °C for 5 h to obtain nanocrystalline NiO particles. 

3.2 Characterization of materials 

3.2.1 X-ray diffraction 
 

To determine the crystallinity (based on Bragg’s law, 2dsinθ = nλ, which relates the wave 

length of incident X-ray radiation to the diffraction angle θ and lattice spacing d) of different 

materials synthesized in this work, X-ray diffraction (XRD) experiments were carried out 

using Bruker AXS Model D8 Advanced X-ray diffractometer which was operated at 40 kV 

and 250 mA. XRD patterns were recorded in the 2θ range 10°-90° using Cu Kα as the x-ray 

source (λ=1.54 Å) with a step size of 0.02 in θ-2θ configuration at room temperature. In all 

the measurements sample amount of ~10 mg was used. XRD patterns were indexed following 

the standard procedures. XRD patterns were also matched with the respective JCPDS data. In 

the case of GO and r-GO/FLG, the thickness (t) of each GO or r-GO was calculated by using 

Debye Scherrer’s formula (t = k λ/ β Cosθ where k is Scherrer’s constant (0.89), β =

√𝛽
𝑆
2 −  𝛽

𝐼
2 where 𝛽𝑠 and 𝛽𝐼 are FWHM of sample and instrumental broadening (0.045), 

respectively, θ is Bragg’s diffraction angle and λ is incident wavelength). The number of 

layers in each GO or r-GO/FLG is equal to t/d spacing obtained using (002) peak. In cases 

which required understanding the precise lattice parameters, FULL-PROF program was used 

to construct (Rietveld refinement) XRD profiles. 

3.2.2 Electron microscopy 
 

Morphology of the samples was studied by using field emission scanning electron 

microscope (FESEM) (Model: Zeiss ultra55). Secondary electron (SE) micrographs were 

obtained using an accelerating voltage of 5 kV. Morphological studies were also carried out 

using transmission electron microscope (TEM) (Model: FEI Technai G2 S–Twin). The 

operating accelerating voltage of TEM was 200 kV. Electron diffraction was considered to 

ascertain the crystallinity of the samples. For FESEM analysis, the powder samples were 

uniformly dispersed on a conducting carbon tape and no other sample preparation was 

necessary. However, in the case of TEM analysis, the samples were prepared in the following 
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manner: small amount (~1 mg) of the sample (r-GO and metal-oxide (CuO, ZnO, NiO and 

MgO) decked/decorated r-GO nanocomposites) was dispersed in ethanol of 20 ml and 

sonicated for 25 min in order to prepare an uniform dispersion of the sample in the solvent. 

Then, with the help of a micro syringe, 2 to 3 drops of the solution was carefully dropped 

onto a carbon coated TEM grid. The grid was then allowed dry overnight at room 

temperature. The dried grid with the sample was used for TEM investigation.  

3.2.3 Spectroscopy 
 

In order to understand the bonding nature in different materials, Raman scattering and Fourier 

transform infrared (FTIR) spectroscopy were carried out. Raman scattering was carried out 

using Witech-alpha 300 Raman spectrometer. Raman spectra were recorded by using Nd-

YAG LASER (wave length = 532 nm). LASER power was kept at 10% of the maximum 

power (40 mW) in order to avoid any thermal influences. The LASER beam (spot size ~1 

µm) was focused onto the sample by means of a confocal microscope equipped with 100x 

objective. Raman studies were carried out in the spectral range of 200–3000 cm-1. The focal 

condition of the LASER and integration time (of 5 s) was maintained the same for all Raman 

scattering measurements. Lorentz or double peak-Lorentz functions were used to peak fit 

certain Raman peaks to obtain intensity and full-width at half maximum (FWHM) values. In 

order to identify specific functional groups in the materials synthesized in this work, FTIR 

spectroscopic measurements were carried out using JASCO make (FT/IR-4200 type A) 

analytical FTIR spectrometer. FTIR spectra were collected at room temperature in the 

wavenumber range 4000-400 cm-1. Each sample was pressed into a pellet along with 

spectroscopic grade KBr. FTIR measurements were carried out on these pellets. 

3.3 Dielectric measurements  
 

For dielectric measurements, pellets (8 and 2 mm in diameter and thickness, respectively) of 

the samples were made. Measurements were made in the frequency range 100 Hz-2 MHz at 

room temperature and also at temperatures in the range 30-400 C at fixed frequencies by 

using E4980A LCR meter (AGILENT make, Precision Impedance Analyzer, Fig. 3.4). 

Parallel plate capacitor method was used to determine all the characteristics of the samples. 

The temperature dependent electric modulus M∗ = M′+jM′′ = 
ε′

ε′2
 +   ε′′2

     
 +  j 

ε′′

ε′2
 +   ε′′2

     
 was 

studied at selected frequencies in the range 1-10 kHz. Here, M′ and M′′ are real and 

imaginary parts respectively of the electric modulus representing energy storage and loss 

factor, respectively. 
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Figure 3.4. Photograph of the LCR meter used in this work. 

Room temperature polarization behavior of the samples was studied by applying an electric 

field (1 Hz frequency) strength in the range -1.6-1.6 kV/cm using a polarization tester 

(Radiant Technology Inc Premier II, Model 2835D Pan American Fwy NE, Fig. 3.5). 

 

Figure 3.5. Photograph of the P-E hysteresis measuring instrument used in this work. 
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Chapter 4 Results and Discussion   

4.1 CuO decked FLG 

4.1.1 Structural, morphological, and phase analysis 
 

X-ray diffractogram pertaining to graphite (the starting material) is shown in Fig. 4.1(a). The 

major diffraction peak at 2θ = 26.5 corresponds to (002) graphite. This corresponds to an 

interplanar spacing (d spacing) of 0.34 nm. The sharpness of the peak indicates high order of 

crystallinity (or stacking of numerous graphene layers along the thickness axis) of graphite. 

The acid treatments on the graphite in IHM oxidize graphite by attaching functional groups 

like aldehyde (CHO), epoxy (ethers), hydroxyl (–OH), carbonyls (C=O), and carboxylic (–

COOH–) etc., at appropriate surfaces and edges of graphite to yield GO. Since GO is a result 

of intercalation in graphite, the d spacing is bound to increase. X-ray diffractogram (Fig. 

4.1(b)) pertaining to GO shows that the (002) graphite diffraction peak has not only shifted 

towards lower 2θ values indicating an increase in d spacing along the thickness axis but also 

broadened indicating reduction in the structural quality due to oxidation. The (002) graphite 

diffraction peak is at 2θ = ~9.71 (corresponding to a d spacing of 0.91 nm). The full width at 

half maximum (FWHM) of the (002) graphite diffraction peak pertaining to the starting 

material is ~0.36 whereas FWHM value of the same diffraction peak pertaining to GO is 

~2.17. The considerable increase in FWHM clearly indicates a decrease in crystallinity of 

GO in terms of stacking constituted by less number of graphene layers in the case of GO 

when compared with graphite [1]. XRD pattern pertaining to FLG is also shown in Fig. 

4.1(b). It is clearly observed that (002) peak in the case of FLG is shifted towards higher 2θ 

values indicating a decrease in interplanar spacing due to the reduction of oxide functional 

groups or vaporization of intercalated water molecules [2,3]. After Lorentzian fit, (002) peak 

is observed at 2θ = 24.36 (corresponding d spacing is ~0.363 nm). The d spacing is slightly 

greater than the theoretical d spacing, which is ~0.34 nm. This is attributed to the presence of 

few residual epoxy and hydroxyl groups even after thermal exfoliation [4,5]. Drastic change 

in FWHM of (002) peak can also be clearly observed from Fig. 4.1(b). FWHM value of 

(002) peak pertaining to FLG is 5.9. This value is greater than FWHM of (002) peak in GO 

and much greater than graphite’s (002) peak. This indicates further decrease in thickness (t) 

which is estimated from Debye Scherrer’s formula [6] (given in section 3.2). The thickness of 

each FLG is found to be ~13.57 Å and therefore the number of layers (t/d) in each FLG is 

estimated as ~4.   



 

Results and Discussion 

24 
 

 

Figure 4.1. XRD patterns of (a) Graphite and (b) GO (black color) and FLG (red color). 

 
 

 

Figure 4.2. Secondary electron micrographs of (a) graphite flakes and (b) FLG. 
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SE micrographs of graphite flakes and FLG are shown in Fig. 4.2 (previous page). It can be 

observed that graphite flakes are thick (in the order of micrometers) as shown in Fig. 4.2(a). 

After acid treatment and thermal reduction, the reduced GO material (FLG) consists of 

randomly aggregated, thin, crumpled sheets closely associated with each other and forming a 

disordered solid as observed from the respective micrograph (Fig. 4.2(b)). The folded regions 

of the FLG (Fig. 4.2(b)) sheets are found to have an average thickness of few nm. The 

absence of charging during the FESEM imaging indicates that the material constitutes a 

network of graphene-based sheets which are electrically conductive. Formation of FLG can 

be clearly concluded from the SE micrographs and discussed XRD analysis. Further support 

for the same is given by TEM analysis. Fig. 4.3(a) shows transmission electron micrograph 

of FLG and the corresponding diffraction pattern is shown in Fig. 4.3(b). As observed from 

Fig. 4.3(a), FLG is transparent to the electron beam and is folded at several regions. The 

diffused ring electron diffraction pattern resembles that of an amorphous material indicating 

stacking of only few graphene layers in FLG. These observations are complemented well 

with XRD observations. Hence, the discussion made till this point clearly indicates that each 

FLG synthesized from GO using IHM contains only a few layers of graphene.  

 

Figure 4.3. (a) Transmission electron micrograph and (b) the corresponding electron 

diffraction pattern of FLG. 
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The product of the third step involved in the synthesis of CuO decked FLG by MLM consists 

a mixture of CuO and Cu2O phases. This is evident from the XRD patterns shown in Fig 4.4. 

Fig. 4.4(a) represents the diffraction pattern obtained from the material consisting of 

CuO/Cu2O phases. (110), (111) and (200) diffraction peaks represented in red color 

correspond to cubic Cu2O and the remaining diffraction peaks correspond to monoclinic 

CuO. Figs. 4.4(b) and (c) correspond to diffraction patterns obtained from CuO/Cu2O-0.1G 

and CuO/Cu2O-0.2G samples, respectively. In these patterns, (002) FLG diffraction peak at 

26.4 (represented in blue color) can be clearly observed. In these patterns, the presence of 

both CuO and Cu2O in the samples is also evident. It is also evident from the diffraction 

patterns corresponding to CuO/Cu2O-0.1G and CuO/Cu2O-0.2G samples that the diffraction 

peaks corresponding to Cu2O are intense indicating that Cu2O phase is dominant. In order to 

obtain CuO decked FLG, CuO/Cu2O-0.1G and CuO/Cu2O-0.2G samples were heated [7-10] 

at 400 oC in ambient atmosphere for 8 h. Due to thermal oxidation, cuprous oxide (Cu2O) was 

converted into cupric oxide (CuO) in the samples following the reaction Cu2O + ½ O2 → 

2CuO. This is evidenced by a color change from brick red (Cu2O) to black (CuO). Pure CuO 

was also obtained in a similar manner from the material consisting of CuO and Cu2O phases.  

 

Figure 4.4. XRD patterns of (a) CuO/Cu2O containing material, (b) CuO/Cu2O-0.1G and (c) 

CuO/Cu2O-0.2G. 
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Figure 4.5. XRD patterns of (a) CuO, (b) CuO-0.1G and (c) CuO-0.2G. 

 

The above discussed phase changes are evident from the corresponding XRD patterns shown 

in Fig. 4.5. In all the patterns the diffraction peaks corresponding to Cu2O are absent. It is 

also evident from Figs. 4.5(b) and (c) that FLG is intact in the samples now named as CuO-

0.1G and CuO-0.2G. Intactness of FLG was further confirmed by TEM analysis. In the XRD 

patterns (Figs. 4.5(b) and (c)) of CuO-0.1G and CuO-0.2G samples, the diffraction peaks 

corresponding to CuO are broader and lower in intensity when compared to CuO diffraction 

peaks shown in Fig. 4.5(a). This suggests that CuO-0.1G and CuO-0.2G samples contain 

small CuO particles with relatively poor crystallization. The presence of some functional 

groups on FLG hinders the growth and crystallization of metal oxide nanoparticles and 

renders them with irregular shapes [11]. SE micrographs of CuO, CuO-0.1G, and CuO-0.2G 

samples are shown in Fig. 4.6. CuO sample has feature sizes (Fig. 4.6(a)) is the order of few 

tens of nm. In the case of CuO decked FLG sample (CuO-0.1G), CuO nanoparticles are 

uniformly decked on both sides of the graphene nanosheets as shown in Figs. 4.6(b) and (c). 

Same is the case with CuO-0.2G (Figs. 4.6(d) and (e)). Plane view of transmission electron 

micrographs (Figs. 4.7(a), (b), (d) and (e)) supports the SEM observations. Figs. 4.7(c) and 

(f) show the electron diffraction obtained from CuO-0.1G and CuO-0.2G, respectively. The 
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diffraction rings indicate the presence of polycrystalline material in the sample. The rings are 

indexed to CuO. High-resolution transmission electron micrographs (Figs. 4.7(c) and (f)) 

further support the presence of CuO. They show (111) CuO lattice fringes with d spacing of 

~0.232 nm (indicated by arrow marks in Fig. 4.7(e)). These observations complement well 

with XRD results. Figs. 4.7(b) and (e) confirm that the CuO crystallites are few nm in size.  

 

 

 

Figure 4.6. (a) SE micrographs of CuO particles. (b) & (c) low and enhanced magnification 

SE micrographs, respectively of CuO-0.1G and (d) & (e) low and enhanced magnification SE 

micrographs, respectively of CuO-0.2G. 
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Figure 4.7. TEM images and corresponding diffraction patterns of CuO decked FLG. (a), (b), 

and (c) are low-resolution image, high-resolution image and diffraction pattern of CuO-0.1G, 

respectively whilst (d), (e), and (f) are low-resolution image, high-resolution image and 

diffraction pattern of CuO-0.2G, respectively. 
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Figure 4.8. Raman spectra of GO (black color) and FLG (red color). 

 

Raman spectra obtained from GO and FLG are shown in Fig. 4.8. The Raman spectrum 

pertaining to GO displays the prominent G band at ~1570 cm-1 and the D band at ~1340 cm-1.  

It displays the 2D band at ~2675 cm-1. In the Raman spectrum corresponding to FLG (marked 

in red colour), the G band is broader and lower in intensity when compared to the G band 

corresponding to GO at same integration time of 5 sec and also the same focal conditions. 

Besides this, the 2D band is also lower in intensity and broadened in the case of FLG. The 

broadening is more symmetric indicating a better formation of FLG [12,13]. This is 

supported by a reduction in the size of the in-plane sp2 domains with an increase in I2D/IG 

ratio (0.49) compared to the same ratio in GO (0.27). This change suggests a decrease in the 

average size of the sp2 domains upon reduction of GO resulting in the formation of FLG [14]. 

To obtain quantitative data, the G band in the case of both GO and FLG was peak fitted using 

double peak-Lorentz function. G band in the case of FLG has intensity and FWHM values of 

~107 counts and 38 cm-1, respectively. G band in the case of GO has intensity and FWHM 

values of ~240 counts and 68.5 cm-1, respectively. 2D band was also peak fitted using 

Lorentz function. In the case of both GO and FLG was peak fitted using double peak-Lorentz 

function. 2D band in the case of FLG has intensity and FWHM values of ~54 counts and 87.6 

cm-1, respectively. 2D band in the case of GO has intensity and FWHM values of ~58.8 

counts and 76.4 cm-1, respectively. 2D/G intensity ratio in the case of FLG is 0.50 whilst it is 

only 0.22 in the case of GO. The major Raman features of graphene and graphite are G band 

and 2D band (~2675 cm-1). The 2D band originates from a two-phonon double resonance in 

Raman scattering process [15]. The 2D band is also denoted as G. It is the second most 

prominent band of graphite samples after the G band. The obvious difference between the 
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Raman features of FLG and graphite is 2D band. As the 2D band origins from the two 

phonons double resonance process, it is closely related to the band structure of graphene 

layers [12,13]. Broadening of the 2D band is related to the splitting of the electronic band 

structure of multi-layer graphene. A detailed discussion on how the multi Raman peak 

structure of 2D band obtained from the stacking of two or more graphene layers is related to 

the dispersion of π electrons and has already been reported [16]. Unfortunately, the 2D band 

differences between two and few layers of graphene sheets are not obvious and unambiguous 

in the Raman spectra. As number of layers increase, the intensity of G band increases while 

2D band loses its symmetry. The Raman spectra obtained from CuO-0.1G and CuO-0.2G 

samples are shown in Fig. 4.9. in both the cases, the typical bands corresponds to the 

presence of FLG (as discussed above) are shifted towards higher wavenumbers. This is due to 

the decking of CuO on FLG. It is also observed that the intensity of peaks corresponding to 

FLG is intense in the case of the CuO-0.2G sample due to the presence of more FLG. The 

Raman band at ~485 cm-1 could be attributed to the presence of CuO [17-19].  

 

 

Figure 4.9. Raman spectra of CuO-0.1G (red colour) and CuO-0.2G (blue colour). 

4.1.2 Dielectric properties 
 

Dielectric permittivity and tangent loss (as a function of frequency) of CuO and CuO decked 

FLG (CuO-0.1G & CuO-0.2G) are shown in Fig. 4.10. Previous measurements with regards 

to dielectric permittivity 𝜀′ of CuO showed surprisingly low value of ~25 for polycrystalline 

sample, 3-4 for insulating single crystal and 3000 for semiconducting single crystal.  

Interestingly, CuO in the present work showed high dielectric permittivity of ~289 at 1 kHz 

for polycrystalline CuO. This value is higher compared to those previously reported [20]. The 

high dielectric permittivity of CuO is an indication of increased conductivity and that may be 
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due to the presence of trace Cu3+ impurities which can make hole hopping between Cu3+ and 

Cu2+ followed by strong interaction with lattice and spin [20]. The dielectric permittivity was 

significantly increased by addition of FLG. The dielectric permittivity (𝜀′) of CuO-0.1G 

composite shows nearly 10% higher (𝜀′ = 318) than CuO (𝜀′ = 289), while CuO-0.2G 

composite shows 2.3 (𝜀′ = 667) times higher value than that of CuO at 1 kHz shown in Fig 

4.10(a). It can also be observed that as frequency increases, the dielectric permittivity value 

decreases indicating Debye type of polarization in the case of CuO decked FLG samples. 

This is also true for the CuO synthesized in this work. The increase in the permittivity at 1 

kHz for CuO-0.1G and CuO-0.2G composites can be ascribed to the formation of a 

continuous conductive pathway throughout the medium between FLG sheets. The tangent 

loss (tan δ = 𝜀′′/𝜀′) as a function of frequency in shown in Fig. 4.10(b). CuO shows relatively 

high loss value compared to that of CuO-0.1G and CuO-0.2G samples. That is, the formation 

of CuO-0.1G and CuO-0.2G reduces the dielectric loss indicating that the conducting 

mechanism has changed with the formation of these composites. This suggests that there is 

strong interfacial polarization occurring in CuO-0.1G and CuO-0.2G samples due to 

percolation of graphene (FLG) sheets as well as homogeneous distribution of CuO.  

 

  

Figure 4.10. (a) Dielectric permittivity (𝜀′) and (b) tangent loss (tan δ) of CuO (black color 

line), CuO-0.1G (blue color line) and CuO-0.2G (red color line) samples. 
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Fig. 4.11(a) shows the increase in the AC conductivity with increase in applied frequency. 

The AC conductivity values of CuO, CuO-0.1G and CuO-0.2G samples at 1 kHz are 4.5 × 

10-7, 8.5×10-7, and 9.9×10-7 S/m indicating an insulating behavior (inset figure in Fig. 

4.11(a)). At higher frequency, CuO-0.1G and CuO-0.2G samples showed semiconducting 

nature. The AC conductivity values of CuO, CuO-0.1G, and CuO-0.2G are 3.84×10-4, 

4.03×10-4 and 4.46×10-4 S/m, respectively at 10 MHz. Such an increase in conductivity by 

the formation of this composite at a higher frequency might be due to (i) good conductive 

particle-to-particle interfaces, which often determines the overall percolation conductivity, 

(ii) a very dense conductive network with many cross-linked connections and (iii) possible 

ionic channels of charge transfer across the sample.  

 

 

Figure 4.11. (a) AC conductivity (σ) for pure CuO (black colour line), CuO-0.1G (blue 

colour line), CuO-0.2G (red colour line) shown as a function of frequency. (b) Theoretical 

fitting using Jonscher’s power law equation. 
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Several mechanisms are available that explain the dependence of AC conductivity on either 

frequency or temperature. Frequency activated increase of conductivity follows the 

Jonscher’s Universal power law given by [21] 

               σ (ω) = σdc + Aωs    ………….. (Equation 4.1) 

where σdc is the dc conductivity, A is the pre-exponential factor which depends on 

temperature, ω is the frequency and s is a dimensionless exponent. The values of A and s are 

extracted by fitting the experimental data with the above equation as shown in Fig. 4.11(b). 

Fitting with Jonscher’s Universal power law (Eq. 4.1) gave good fitting parameters with best 

parameter fit R2 in the range 0.9962-0.9993. The AC conductivity increased linearly from 

frequencies above 2 MHz whereas in the lower frequencies it increased nonlinearly. The 

values of exponents s1 and s2 and “A” for all the three samples in the frequency ranges 

2.9×107-4.6×107Hz and 2.7×106-2.5×107Hz are given in Table 4.1. In the case of CuO-0.2G 

sample, a discontinuity/jump has been observed (Fig. 4.11(b)), which is most plausibly due 

to a sudden increase in the AC conductivity. However, the fitting in the region after the 

discontinuity has only been considered for analysis. 

The value of s is close to 1 in the considered frequency range. The exponent value below 1 

indicates a hopping mechanism involving the electrons [21]. Several theoretical models 

explain the behavior of ac conductivity based on frequency and temperature. Basically, two 

distinct processes of relaxation mechanisms occur: Quantum mechanical tunnelling (QMT) 

model in which the AC conductivity comes from the tunnelling of an electron through a 

barrier separating localized states giving the temperature independent value of s [22]. 

Secondly, Correlated Barrier Hopping (CBH) model in which the AC conductivity is 

dependent on temperature [23]. Since AC conductivity in the present case is taken at room 

temperature, CBH model has not been used. According to QMT, ac conductivity is given as, 

             

4

2 5 1
[N(E )] lnac B f

o

BK T  



  

   
  

  …………. (Equation 4.2) 

where B is the dimensionless constant equals to π4/24, 

KB is the Boltzmann constant 

T is the temperature 

N(Ef) is the density of states near Fermi level 

α is the inverse localization length for electron wave function 

ω is the frequency, and o  is the characteristic relaxation time. 
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The frequency exponent s for σ (ω) in this model is given by, 

                                  
o

4
1

ln( )
s


     ………………. (Equation 4.3) 

Thus, according to QMT model, the frequency exponent s is temperature independent and 

frequency dependent. The experimental data was fitted with Eq. 4.3 with ω as variable and 

the values of s are derived. For typical values of parameters namely o = 2.344E-7 and 

ω=3.09E7 “s” becomes ~0.98 (± 0.05). With 
o = 2.344E-7 and ω=1.83E7 exponent “s” 

becomes ~0.80 (± 0.06). Here o  has been calculated from Fig. 4.11(b) ( o =1/ωmax). It is 

noted that the exponent values of s, are almost similar for the three samples and are similar to 

those predicted by theory and are shown in Table 4.1.  

 

Table 4.1. Comparison of parameters for CuO, CuO-0.1G, and CuO-0.2G from Jonscher’s 

power law and Quantum Mechanical Tunnelling (QMT) model. 

Sample 

 

Jonscher’s Universal Power Law Quantum Mechanical 

Tunnelling (QMT) 

s1 

2.9×107-

4.6×107Hz 

s2 

2.7×106-

2.5×107Hz 

A1 A2 s1 s2 

CuO 0.98 (±0.05) 0.80(±0.06) 9.7×10-12 1.46×10-15 0.98(±0.05) 0.80(±0.06) 

CuO-0.1G 0.98(±0.05) 0.81(±0.06) 8.3×10-12 9.8×10-16 0.98(±0.05) 0.81(±0.06) 

CuO-0.2G 0.96(±0.05) 0.67(±0.06) 1.14×10-11 4.9×10-17 0.98(±0.05) 0.67(±0.06) 

 
 

Cole-Cole plots of CuO, CuO-0.1G, and CuO-0.2G samples are shown in Fig. 4.12 (next 

page). All the samples show semi-circle plots. The intercept of a semi-circle on Z1 axis is the 

grain boundary resistance. From the Cole-Cole plots, it can be observed that the CuO shows 

high resistance (0.34×105 Ohm) compared to graphene/CuO composite (0.29×105 Ohm in the 

case of CuO-0.1G and 0.22×105 Ohm in the case of CuO-0.2G) showing a clear enhancement 

in conductivity in CuO-graphene composite compared to CuO [24]. Even though there is 

enhancement in the conductivity, the conductivity values of the composites are low owing to 

the presence of FLG. Conductivity values can be expected to be high if monolayer graphene 

is used instead of FLG. Further, it can be observed that with increase in the FLG content in 

the composite, grain boundary contribution to the conductivity is decreasing. The reason for 

this important behavior must be good conduction between particle-to-particle interfaces.  

 



 

Results and Discussion 

36 
 

 

 

Figure 4.12. Cole-Cole plots of CuO (black colour line), CuO-0.1G (blue colour line) and 

CuO-0.2G (red colour line) samples. 

 

4.2 ZnO decorated r-GO 

4.2.1 General comments 
 

The choice of working on ZnO-r-GO composite system is based on the literature [25,26] and 

also owing to the fact that ZnO has low dielectric permittivity; therefore its combination with 

r-GO offers a great opportunity to understand interfacial polarization, if any. It has been 

theoretically elucidated that the interface between ZnO and type of graphene plays a vital role 

in controlling the polarization behavior of the composite [25,26]. It was therefore worthwhile 

to understand the dielectric behavior of ZnO-graphene composites through experimentation. 

In this context, there are some experimental research works on ZnO-graphene composites, 

which have concentrated on various aspects related to their synthesis, electrical properties, 

photoluminescence and photovoltaic efficiency [27-31]. Herein, ZnO decorated r-GO 

composites are synthesized using MLM technique, which enables effective and homogenous 

distribution of metal oxide particles on the surfaces of r-GO sheets which in turn results in an 

enhanced synergic interaction between the constituents. r-GO can be typically modified to 

possess residual defects and attached functional groups (epoxides, hydroxides, and carboxylic 

groups), which are useful in participating in chemical reactions with the metal ions of the 

precursor salts to form metal oxides with suitable interfaces. This in turn can prompt energy 

transition from contiguous states to the Fermi level and introduce defect- related polarization 

relaxation and functional group-related electronic dipole relaxation under the influence of an 

external electric field. As mentioned previously, the type of polarization depends upon the 
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external field’s frequency, while the dielectric constant is a function of polarizability. Space-

charge polarization is observed up to ~103 Hz, while dipolar or orientation (this is also 

depends on temperature), ionic and electronic polarizations are observed in the ranges 103-

108, 108-1013 and 1013-1016 Hz, respectively. In this context, it is well-known that 

semiconducting or insulating composite systems exhibit a strong Maxwell-Wagner 

polarization [32]. ZnO-r-GO composites could be one such system, therefore the influence of 

interfaces in this composite on its dielectric properties, such as dielectric permittivity (ε′), 

tangent loss (tan δ), AC conductivity (σ) and dielectric relaxation (electric modulus), are 

elucidated in the section 4.2.3. In order to understand the interfacial polarization in ZnO-r-

GO composites, the electric modulus formalism has been used. The charge storage capability 

of the ZnO-r-GO composites in comparison to ZnO is assessed so as to comprehend the 

composite’s usefulness as an active material (i.e., with high dielectric constant and low 

losses) in charge storage capacitors [33]. Electric modulus (M'') formalism in ZnO/r-GO 

composites as well as in ZnO is also discussed for understanding the interfacial polarization. 

4.2.2 Structural, morphological, and phase analysis 
 

Firstly, the characteristics of r-GO that was used in the synthesis of ZnO decorated r-GO 

nanocomposites will be presented. X-ray diffractrogram pertaining to graphite (the starting 

material) is shown in Fig 4.13(a). The sharp diffraction peak at 2θ = 26.5° corresponds to 

(002) graphite planes with a d spacing of 0.34 nm (indicating staking of numerous graphene 

layers). After acid treatment, graphite undergoes oxidation due to attachment of functional 

groups like hydroxyl (–OH), epoxy (ethers), carbonyls (C=O), carboxylic (–COOH–), and 

aldehyde (CHO) etc., at appropriate surfaces and edges of it. Due to the attachment of 

functional groups, the d spacing in GO is expected to be larger in comparison to graphite. Fig 

4.13(b) exactly depicts the same. The diffraction peak at 2θ ~12.67° corresponds to (002) 

diffracting planes in GO with a d spacing of 0.69 nm. Moreover FWHM of this peak is 

~1.69° which is much greater than that in graphite (~0.36o) indicating that GO is constituted 

by less number of graphene layers. In the case of r-GO FWHM is much greater (~2.38) than 

that in graphite indicating that r-GO is constituted by few graphene layers. XRD pattern of r-

GO (Fig. 4.13(b)) clearly shows that (002) peak in the case of r-GO is at a greater 2θ value 

(~24.49°) indicating a decrease in the interplanar spacing [2,3]. The d spacing corresponding 

to this diffraction angle is ~0.363 nm which is greater than the theoretical d spacing (~0.34 

nm) in graphite. This in turn confirms that few oxygen functional groups are still present in 

the case of r-GO [4,5]. Number of graphene layers in each r-GO was found to be ~9.  
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Figure 4.13. XRD patterns of (a) Graphite and (b) GO (black colour) and r-GO (red colour). 

 

Figure 4.14. Secondary electron micrographs of (a) graphite flakes and (b) r-GO. 
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SE micrographs of graphite flakes and r-GO are shown in Fig. 4.14 (previous page). Fig. 

4.14(a) shows that graphite flakes are thick (in the order of micrometers). Fig. 4.14(b) shows 

that r-GO consists of randomly aggregated, thin, crumpled sheets closely associated with 

each other and forming a disordered solid. The folded regions of the r-GO (Fig. 4.14(b)) 

sheets are found to have an average thickness of few nm. Formation of r-GO can be clearly 

concluded from the SE micrographs which are also supported by the XRD analysis. 

 

XRD patterns of ZnO and ZnO-r-GO nanocomposites are shown in Fig. 4.15. The diffraction 

peaks in the case of all the samples are well indexed (JCPDS 89-0510) to the planes in 

hexagonal ZnO. In the case of ZnO-0.2G and ZnO-0.3G samples, (002) diffraction peak 

(marked in blue color) at 26.4° indicates the presence of r-GO. This feature is absent in the 

case of ZnO-0.1G. This may be due to the complete coverage of r-GO sheets by ZnO 

nanoparticles and/or low content of r-GO in the sample. These reasons are supported by 

morphological analysis (Fig. 4.16). There is no peak shift in the peaks corresponding to r-GO 

in the composites. This indicates that ZnO nanoparticles are decorated on both sides and also 

on the edges of r-GO sheets but not in between (intercalation) the r-GO sheets. SE 

micrographs of ZnO and ZnO-0.2G composite are shown in Fig. 4.17. It is clearly observed 

in Fig. 4.17(a) that ZnO particles are few nm in size. Fig. 4.17(b) and (c) clearly show that 

the surface and cross-section of r-GO sheets are uniformly decorated by ZnO nanoparticles 

with an average size of few nm which is further confirmed by TEM analysis. 

 
 

 

Figure 4.15. XRD patterns of (a) ZnO, (b) ZnO-0.1G, (c) ZnO-0.2G and (d) ZnO-0.3G. 
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Figure 4.16. Secondary electron micrograph of ZnO-0.1G composite. 

 

 

 

Figure 4.17. Secondary electron micrographs of (a) ZnO nanoparticles (b) low and (c) high 

magnification images of ZnO-0.2G composite. 
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TEM micrographs of ZnO-0.2G and ZnO-0.3G composites are shown in Fig. 4.18(a) and (c), 

respectively. The micrographs clearly show uniform decoration of ZnO nanoparticles on both 

sides of r-GO sheets. High resolution TEM images (Fig. 4.18(b) and (d)) give a much clear 

picture on the sizes of ZnO nanoparticles decorated on the r-GO sheets. ZnO nanoparticles 

are observed to have sizes in the 10-20 nm with a narrow size distribution. (100) and (002) 

crystal faces with lattice spacing of 0.281 nm and 0.26 nm, respectively are marked on the 

micrographs. The corresponding electron diffraction patterns shown in the insets of Fig. 

4.18(b) and (d) indicate the polycrystalline nature of ZnO nanoparticles. 

 

 

 

Figure 4.18. (a) Low, (b) high resolution TEM image and its diffraction pattern (inset) of 

ZnO-0.2G, respectively whilst (c) low, (d) high resolution TEM image and its diffraction 

pattern (inset) of ZnO-0.3G, respectively. 
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Raman spectra of ZnO and ZnO-r-GO composites are shown in Fig. 4.19. All typical bands 

pertaining to ZnO could be identified in the case of all samples [34-38].  Raman band at 436 

cm-1 corresponds to non-polar optical phonon E2 (high) and the band at 582 cm-1 is a typical 

band positioned between A1 (LO) + E1 (LO) of ZnO. The bands at 328 cm-1 and 662 cm-1 are 

owing to the surface phonon scattering. The bands observed in the range 1050-1200 cm-1 are 

the typical second order scattering modes in ZnO [38]. In the case of ZnO decorated r-GO 

nanocomposites, the typical Raman bands corresponding to the presence of r-GO (D band 

(1343 cm-1), G band (1570 cm-1) and 2D band (2679 cm-1)) are clearly identified [39]. It is 

observed that the intensity of D and G bands increased with increase in r-GO content (Raman 

experiments were done with the same integration time of 5 sec and same focal condition and 

fit with Lorentz-function). The intensities of G and D bands are 95.9 and 43.86 (ID/IG = 0.45), 

81.71 and 22.2 (ID/IG = 0.27), and 46.14 and 10.68 (ID/IG = 0.23), respectively for ZnO-0.3G, 

ZnO-0.2G, and ZnO-0.1G, respectively. These values indicate that defects’ concentration 

increased with r-GO content. 

 

Figure 4.19. Raman spectra of ZnO, ZnO-0.1G, ZnO-0.2G and ZnO-0.3G. 

 

All in all, the above presented results show that ZnO and r-GO containing nanocomposites 

have formed and that the ZnO nanoparticles are decorated on the surfaces and edges of r-GO. 

4.2.3 Dielectric behavior 
 

Fig. 4.20(a) shows that the dielectric permittivity (ε′) decreased with an increase in frequency 

and that there is relaxation in all the samples (including ZnO). The behavior of dielectric 

permittivity in relation to the free dipoles (in the samples) oscillating in an alternating 

external electric field is classically described as follows: At very low frequencies ω << 1 /τ, 
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where τ is the relaxation time, dipoles follow the field. As the frequency increases i.e., when 

ω < 1 /τ, dipoles begin to lag behind the field and ε′ starts to slightly decrease. When the 

frequency reaches a characteristic frequency i.e., when ω ~ 1 /τ, the dielectric constant drops 

(relaxation process). At very high frequencies, i.e., when ω >> 1 /τ, dipoles can no longer 

follow the field and  ε′ ≈ ε∞. Qualitatively it can be concluded from Fig. 4.20(a) that this 

behavior is observed in the samples considered in this work. τ in the case of ZnO is ~8.8×10-7 

sec whilst it is one order high in the case of composites (1.62×10-6, 3.85×10-6 and 7.01×10-6 

sec in case of ZnO-0.1G, ZnO-0.2G and ZnO-0.3G, respectively). These values were 

calculated from  ε′′ versus log(ωτ) and a single relaxation peak (as shown in Fig. 4.21) is 

observed in all the cases (including ZnO) which indicates Debye type of relaxation. 

 

ε′, tanδ, and σ values as a function of applied frequency for ZnO and ZnO decorated r-GO 

composites are shown in Fig. 4.20. At 1 kHz, ε′ of ZnO is ~10 which is close to a previously 

reported value of ~9 measured in the case of similar ZnO nanoparticles [40]. ε′ values of ZnO 

decorated r-GO composites are significantly larger when compared to ε′ of ZnO. Moreover, 

these values are observed to increase with increasing r-GO content. At 1 kHz, ε′ values of 

ZnO-0.1G, ZnO-0.2G, and ZnO-0.3G are 11 (ε′ = 114), 15 (ε′ = 153) and 40 (ε′ = 400) times 

greater that of ZnO (ε′ = 10), respectively. It was also noticed that ε′ values decreased as the 

frequency increased indicating that the polarization of constituents in all the samples is 

lagging behind the applied field. This is designated as Debye type of polarization. The 

increased ε′ values in the case of composites are justified in the following paragraph.  

 

r-GO contains polar functional groups like -OH, -CHO, -CO, -COOH etc., [41] which play a 

role in enhancing ε′ [42]. The availability of these functional groups is greater with increasing 

content of r-GO which ensures good bonding and appropriate local electrical contacts which 

may lead to a strong interfacial polarization (Maxwell-Wagner interfacial polarization) [32] in 

presence of an external electric field. This interfacial polarization becomes much stronger 

(hence ε′ enhancement) when a greater number of π-electrons are present, as in the present 

case owing to the presence of r-GO. Besides these, defects also play an important role. In the 

present case there are numerous lattice and/or topological defects [43] (as indicated by the 

identification of Raman D band in the case of composites) and interfaces which can bring 

changes in positive and negative space charge distributions creating a condition for the 

formation of numerous dipole moments which enhance ε′ [44]. tanδ values for the 

composites are shown in Fig. 4.20(b). It can be clearly observed that ZnO-0.1G (tanδ = 0.16) 
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and ZnO-0.2G (tanδ = 0.42) composites showed little loss in comparison to ZnO (tanδ = 

1.16). In contrast, ZnO-0.3G sample showed high tanδ value of 2.31. This might be owing to 

inappropriate concentration of lattice defects in this sample as evidenced through Raman 

analysis. In the case of ZnO-0.3G, the defect related Raman band is the dominant feature 

(ID/IG was measured as 0.45). In the case of all the considered samples, it was also observed 

that tanδ values are lower at higher frequencies which is again a signature of Maxwell-

Wagner relaxation. The lower loss in the case of ZnO-0.1G and ZnO-0.2G composites is 

attributed to strong interfacial polarization.  

 

 

Figure 4.20. (a) ε′, (b) tanδ and (c) σ vs. frequency plots of ZnO-0.1G, ZnO-0.2G and ZnO-

0.3G composites in comparison to ZnO. 
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Fig. 4.20(c) shows an enhanced conductivity of the composites in comparison to ZnO. At 1 k 

Hz, σ values are 5.21×10-5, 3.62×10-6, 1.02×10-6 and 7.08×10-7 for ZnO-0.3G, ZnO-0.2G, 

ZnO-0.1G and ZnO, respectively. It was also observed that σ values increased with 

frequency. At a high frequency of 1 MHz, σ values are 2.56×10-3, 1.51×10-4, 6.11×10-5 and 

1.08×10-5 for ZnO-0.3G, ZnO-0.2G, ZnO-0.1G and ZnO, respectively. The enhanced 

conductivity of the composites is due to hopping of charge carries [45] between the interfaces 

of ZnO nanoparticles and r-GO through cross-linked connections (possible for charge transfer 

channels) as seen in the case of CuO decked FLG (section 4.1.2). Above 1 MHz σ values 

decrease due to saturation of hopping carriers. In order to further understand the interfacial 

polarization, temperature dependence dielectric studies (relaxation) by varying the frequency 

in the range of 1-10 kHz were carried out on ZnO-0.2G, ZnO-0.1G and ZnO samples. 

 

 

Figure 4.21. 𝜀′′ Vs log(ωτ) plots of (a) ZnO, (b) ZnO-0.1G, and ZnO-0.3G samples. 
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Fig. 4.22 shows 𝜀′ versus temperature at fixed frequencies (1, 2, 3, 4, 5 and 10 kHz) for ZnO-

0.2G and ZnO-0.3G samples. It can be clearly observed that ε′ values are small at around 50 

C. As the temperature is increased, ε′ sharply increased in low frequency region (1 kHz) and 

slowly increased in high frequency region (10 kHz). As the temperature increased, the dipoles 

obtained sufficient thermal excitation energy and responded/followed in-phase with the 

applied field. As the temperature further increased (260 C and 225 C in case of ZnO-0.2G 

and ZnO-0.3G, respectively) the charges no longer followed the applied field and are 

observed to be relaxed. The similar phenomenon (not shown here) was also observed in the 

case of ZnO-0.1G and ZnO. 

 

Figure 4.22. Dielectric permittivity as a function temperature of (a) ZnO-0.2G and (b) ZnO-

0.3G sample. 

 

The increment in the dielectric permittivity with decrease in frequency in the case of ZnO 

decorated r-GO composites (both in frequency (Fig. 4.20(a)) and temperature dependence 

(Fig. 4.22) plots) in comparison to ZnO reveals that the samples are exhibiting strong 

interfacial polarization at low frequencies. In order to obtain more information regarding the 

interfacial polarization in these composites, electric modulus formalism was examined and 
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debated. The advantage of using electric modulus formalism is to understand the dielectric 

response that it is independent of the nature of electrode and contact, space-charge injection 

and impurity conduction. These factors usually obscure dielectric relaxation [46,47]. M′′ (loss 

component) values pertaining to ZnO and ZnO decorated r-GO composites (ZnO-0.1G and 

ZnO-0.2G samples) are shown in Fig. 4.23. Fig. 4.23(a) corresponds to ZnO in which the 

first relaxation peaks (P1) which appeared at low temperatures i.e., around 50 C (at constant 

frequencies 1-10 kHz) are due to interfacial polarization between ZnO nanoparticles. M′′ was 

in the order of 10-3 which is an indication of losses in ZnO sample. Relaxation peaks (P2) 

which appeared at high temperatures i.e., around 255 C are related to the hopping of ions 

(conductivity) due to presence of oxygen vacancies in ZnO [48]. It is also observed that as 

frequency increased from 1 kHz to 10 kHz there is a shift in both P1 (from 35 to 50 C) and 

P2 (from 250 to 255 C) peaks towards higher temperatures indicating the relaxation 

phenomenon [49,50]. The composite samples showed lower M′′ values (in the order of 10-4) 

in comparison to ZnO. This clearly indicates low losses and the existence of Maxwell-

Wagner interfacial polarization in ZnO composites. 

 

 

Figure 4.23. Electric modulus (M'') as function of temperature at different frequencies 1, 2, 3, 

4, 5, and 10 kHz of (a) ZnO (b) ZnO-0.1G (c) ZnO-0.2G and (d) ZnO-0.3G samples. 
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In the case of composites, the peaks P1 are shifted towards high temperatures. They are 

around 92-112 C in the case of ZnO-0.1G while they are around 95-120 C, 80-135 C in 

case of ZnO-0.2G, ZnO-0.3G (frequency increase was from 1 kHz to 10 kHz ) which further 

supports a strong interfacial polarization in composites owing to suitable defects [44]. It was 

observed that defects have increased with r-GO content and in this situation as the 

temperature increased there could be a blocking of charge carries’ flow at different interfaces 

in the composites. In order to overcome this blockage, the carries appear to have obtained 

energy (from the increase in temperature) while the frequency of localized carriers was 

approximately equal to that of the applied AC field. Hence P2 peaks shifted towards much 

higher temperatures in the range 300-330, 330-355 and 330-358 C in the cases of ZnO-0.1G, 

ZnO-0.2G and ZnO-0.3G composites, respectively, as frequency increased from 1 kHz to 10 

kHz in comparison to ZnO (250-255 C). Beyond these temperatures, the conductivity 

increased, which means that the system is under relaxation mode. 

4.2.4 Unique polarization and ionic conductivity  
 

In the previous section it was shown that ZnO decorated r-GO nanocomposites showed an 

excellent dielectric behavior. In the pursuit of further tuning the polarization behavior of ZnO 

decorated r-GO composites, minuscule variations in synthesis conditions were introduced and 

a new set of ZnO decorated r-GO nanocomposites were synthesized. PFG in r-GO could also 

help in controlling the morphology and crystal structure of ZnO, which is a poor polarizable 

material. In this work, it will be shown that the presence of an appropriate number of polar 

functional groups (PFG) along with defects and a slightly distorted ZnO lattice (owing to 

minuscule changes in synthesis conditions) help in tuning the polarization behavior of ZnO 

decorated r-GO composites.  

 

The new set of ZnO decorated r-GO nanocomposites were synthesized in the following 

manner: In the 1st step, 0.1 g of r-GO powder was dispersed in 250 ml ethanol by sonication 

for 30 min to obtain a stable suspension. In the 2nd step, 0.9 g of zinc acetate dehydrate 

(Zn(CH3COO)2·2H2O) was added to the r-GO suspension and then sonicated for 3 h instead 

of 2 h as in the case of nanocomposites presented in section 4.2.3. In the 3rd step, the resultant 

solution was heated at 100 °C in air. In the final step which involves the calcination process, 

the product was heated at 400 °C (instead of 500 °C as in the case of nanocomposites 

presented in section 4.2.3) for 8 h in ambient atmosphere to obtain ZnO decorated r-GO 

named as ZnO- 0.1G. Two other composites named as ZnO-0.2G and ZnO-0.3G are also 



 

Results and Discussion 

49 
 

synthesized using 0.2 g of r-GO and 0.8 g of Zn(CH3COO)2·2H2O and 0.3 g of r-GO and 0.7 

g Zn(CH3COO)2·2H2O, respectively. For comparison purposes, ZnO similar to that in the 

composites was also synthesized. The ZnO nanoparticles were prepared using 

Zn(CH3COO)2·2H2O, the same precursor used to obtain ZnO in the case of composites. ZnO 

nanoparticles were synthesized by using a simple sono-chemical method in which 0.1 M 

sodium hydroxide (NaOH) was drop-wise added to 0.1 M Zn(CH3COO)2·2H2O solution 

(ethanol as the solvent) under vigorous stirring. The resultant solution was subsequently 

sonicated for 2 h to obtain a gel which was dried at 80 °C by keep it overnight on magnetic 

stirrer. The obtained powder was heated at 400 °C for 5 h to finally obtain nanocrystalline 

ZnO particles similar to those decorated on r-GO in the composites.  

 

In the synthesis method mentioned above, an increase in the time of sonication and the 2nd 

step were aimed to enhance the dispersion of Zn ions among the suspended r-GO sheets in 

ethanol and to promote the effective reaction between Zn ions and functional groups on r-GO 

sheets. The enchantment is mainly attributed to the improved thermolysis of the solute and 

the formation of highly reactive radicals such as hydroxyl radicals, which create extreme 

reaction conditions in media such as ethanol. Also, the growth of the nucleated solid in the 

solution is inhibited, thereby increasing the total solid surface in contact with the solvent. It 

can also be observed that the increase in time of sonication in the 2nd step helped in 

decreasing the calcination temperature. Similar to the studies carried out on the 

nanocomposites whose results were presented in the previous section, studies were also 

carried out on the new set of nanocomposites. 

 

XRD profiles (observed as well as calculated) of different samples are shown in Fig. 4.24. 

Except for (002) reflection at 26.4°, which corresponds to r-GO in composites (except in 

ZnO-0.1G, which plausibly did not have enough r-GO content that could diffract), all other 

diffraction peaks are indexed to hexagonal ZnO crystal structure. The calculated lattice 

parameters (Table 4.2) are a = 3.2523 Å, c = 5.2022 Å, and therefore c/a = 1.5995 in the case 

of ZnO-0.2G whilst a = 3.2514 Å, c= 5.2010 Å, and therefore c/a = 1.5996 in case of ZnO-

0.3G (1.6008 in case of ZnO-0.1G). This confirms that ZnO lattice in composites is 

‘squeezed’ along c-axis in comparison to ZnO nanoparticles (c/a ratio is ~1.602) [51]. Fig. 

4.25 shows the composites’ Raman spectra, the features in which are similar to those 

presented in the section 4.2.2. The features indicate the presence of partially reduced GO and 

ZnO in the composites. For convenience, Raman and FTIR spectra of r-GO are shown in Fig. 

4.26 and Fig. 4.27, respectively.  
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Figure 4.24. XRD profiles of (a) ZnO, (b) ZnO-0.1G (c) ZnO-0.2G and (b) ZnO-0.3G 

samples and the corresponding Rietveld refined profiles. 

 

Table 4.2. Summary of lattice parameters values of ZnO and ZnO/r-GO composites from 

Rietveld analysis. 

Sample Lattice parameters  

a and c 

c/a 

 

error 

ZnO 3.2492 5.2054 1.6020 ± 0.00020; a axis 

ZnO-0.1G 3.2511 5.2045 1.6008 

ZnO-0.2G 3.2523 5.2022 1.5995 ± 0.00015; c axis 

ZnO-0.3G 3.2514 5.2010 1.5996 
 
 

Raman band at 432 cm-1 (Fig. 4.25) corresponds to non-polar optical phonon E2 (high) while 

the band at 573 cm-1 is a typical band positioned between A1 (LO) + E1 (LO) of ZnO. The 

bands at 324 and 657 cm-1 are due to surface phonon scattering by ZnO. The band at 1125 

cm-1 is a typical second order scattering mode of ZnO. The typical D (1341 cm-1), G (1565 

cm-1) and 2D (2673 cm-1) bands corresponds to the presence of partially reduced GO in the 

composites are also observed. Raman spectrum of r-GO (Fig. 4.26) shows the typical G band 

at ~1574 cm-1, D band at ~1345 cm-1 and 2D band at ~2678 cm-1. FTIR spectrum of r-GO 

(Fig. 4.27) shows the presence of different type of oxygen functional groups (the bands at 

3402, 1720, 1228 and 1058 cm-1 correspond to O-H stretching, C=O, C-OH, and C-O 

stretching modes, respectively [52,53]. 
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Figure 4.25. Raman spectra of ZnO-0.1G, ZnO-0.2G and ZnO-0.3G samples. 

 

 

Figure 4.26. Raman spectrum of r-GO. 

  

 

Figure 4.27. FTIR spectrum of r-GO. 
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Further, electron microscope images (Figs. 4.28 and 4.29) shows clearly the excellent 

decoration of ZnO nanoparticles on r-GO sheets. TEM micrographs (including the high-

resolution micrograph) and a representative electron diffraction pattern of ZnO-0.3G sample 

are shown in Fig. 4.28. From Figs. 4.28(a) and 4.28(b) the decoration of ZnO particles on r-

GO can be clearly observed. It is also clear from these images that the sizes of ZnO 

nanoparticles decorating r-GO sheets are in the range of 10–20 nm with a narrow size 

distribution. In Fig. 4.28(d), the lattice spacing of 0.24 nm that corresponds to (101) ZnO in 

ZnO-0.3G sample is marked. In Fig. 4.28(c), the diffraction spots corresponding to the 

presence of r-GO in the composite are faintly visible and hence are not indexed. Good 

homogeneity of the ZnO nanoparticles’ decoration is clearly observed from low 

magnification electron micrographs as shown in Fig. 4.29. Similar observations have also 

been made in section 4.2.2.  

 

 

Figure 4.28. TEM data of ZnO-0.3G. (a) Low, (b) high resolution image and its (c) 

diffraction pattern respectively; (d) high resolution image (corresponding the encircled area 

in (b)) showing the lattice fringes of (101) ZnO. 
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Figure 4.29. Low magnification (a) FESEM and (b) TEM images of ZnO-0.3G.   

 

It is now known that r-GO can be decorated with several PFG such as -OH, -CHO, - CO, -

COOH, etc., and that C in r-GO will be in different oxidation state depending on the bond it 

makes (with H or O) [54]. Basically these are polar bonds (uneven sharing of electrons; 

which creates a partial positive and negative sign on atoms/ions in bond formation). On other 

hand pure ZnO (without defects) is an insulator, but due to presence of defects it acts as a 

semiconductor. Oxygen vacancies and zinc interstitials have often been invoked as sources of 

electric sign in ZnO. The excess of Zn+2 ions (oxygen vacancies lead to non-stoichiometric) 

were create a partial positive sign on ZnO which can make bond with negative sign of 

oxygenated polar functional groups. In this condition, the ZnO nanoparticles decorating the r-

GO sheets (as shown in electron micrographs) make contacts with different functional groups 

typically in the form of ZnO/PFG/GO which gives an opportunity for any free charge carriers 

from r-GO side to tunnel into ZnO lattice during the formation of the composite and push the 

ZnO lattice into a distorted condition, thereby the changes in c/a ratios of ZnO lattice in the 

case of composites as revealed by XRD analysis (Figure 4.24 and Table 4.2). In general, the 

lattice parameters were mainly influenced by Coulomb interactions between atoms or ionic 

species, oxidation states, presence of foreign atoms/ions or charge carriers, and ionic radius 

[55,56]. In the present study, since ZnO nanoparticles are decorated on functionalized r-GO 

sheets, a charge transfer might have occurred between ZnO and r-GO and thereby a distorted 
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ZnO lattice was observed (as confirmed by XRD analysis). A similar observation was 

previously made in the case of doped ZnO [57-59]. It has been observed that, when the ionic 

radius of the dopant (for example, 0.60 A for Li+1) is smaller than the host (0.74 A for Zn+2), 

the substituents occupy off-centered positions causing distortion in the lattice and locally 

induce electric dipoles which eventually influence the polarization behavior. By this, in the 

present case, one can anticipate that ZnO/PFG/GO arrangement may exhibit unique 

polarization behavior in the presence of an electric field. To understand this, polarization (P) 

versus (Vs) electric field (E) measurements were carried out and the discussion is presented 

in the following paragraphs. 

 

P Vs E of different samples is shown in Fig. 4.30 which clearly shows that ZnO exhibits poor 

polarization. P Vs E curve of ZnO indicates that the current and voltage are in-phase and 

therefore no charge storage capability. On the contrary, the composites clearly exhibited P-E 

hysteresis revealing their charge storage capability. It is observed that the area of the 

hysteresis loop is significantly enhanced with increasing r-GO content in the composites. 

However, the slight elliptical shape of the loops indicates that the resistive component in the 

nanocomposite is greater than the capacitive component.  

 

Figure 4.30. P-E hysteresis curves of ZnO and ZnO decorated r-GO composites. 

 

Table 4.3. Remnant polarization (Pr), maximum polarization (Pmax) and coercive field values 

obtained from P-E measurements on different ZnO/r-GO composites. 

Sample Electric field 

(kV/cm) 

Coercive field 

(kV/cm) 

Remnant  

polarization (Pr) 
(µC/cm2) 

Pmax 

(µC/cm2) 

ZnO-0.1G 

ZnO-0.2G 

ZnO-0.3G 

 

-1.6 to 1.6 
1.24 

1.35 

1.37 

0.062 

0.143 

0.232 

0.069 

0.152 

0.245 
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Careful observation of the P-E hysteresis loops of the composites at same field strength (~1.6 

kV/cm) clearly showed that an increase in r-GO content in the composites resulted in the 

increase of remnant polarization (Pr) and maximum polarization (Pmax) by at least one order. 

These values are tabulated in Table 4.3 (previous page). In the case of ZnO-0.3G, Pr value 

increased to 2.402 µC/cm2 (Fig. 4.31) at 11 kV/cm. These results are consistent with a 

previous work [60] where-in, the material showed high dielectric permittivity due to 

enhancement in polarization with increasing r-GO content. However, here the composites did 

not exhibit any discernible saturation polarization (i.e., absence of ferroelectric behavior) [61] 

most plausibly owing to heat or leakage current losses. 

 

Figure 4.31. P-E loop of ZnO-0.3G composite sample recorded at 11 kV/cm. 

 

The above presented observations strongly indicate that the presence of r-GO (and through 

which the presence of PFG) plays an important role in pushing the system into an easy 

polarization direction. Here it should be noted that the PFG [59,62] at appropriate positions 

on r-GO are also in contact with ZnO nanoparticles (i.e., ZnO/PFG/GO) and as r-GO content 

increases in the composites, the number of availability functional groups will also increase. In 

the composite, owing to ZnO/PFG/GO arrangement at numerous locations, the electrical 

contacts between ZnO and r-GO are expected to be robust in nature ensuring a significant 

increase in the relative concentration of the dipole moments which in turn lead to easy dipolar 

alignment and reorientation [41] and thereby ultimately increasing the number of stable 

polarization states with respect to the applied field direction as observed in Fig. 4.30. This 

can be understood on the basis of Valence Shell Electron-Pair Repulsion (VSEPR) theory 

[63] which, when applied to the present situation indicates that there can be different types of 

local bonding configurations that can induce dipole moments. The polarization behavior of 

ZnO decorated r-GO composites is similar to that of graphene based hetero-structured tunnel 
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junction [63]. Hence, the enhanced polarization in ZnO/r-GO composites is due to both 

distorted ZnO lattice and the orientation of PFG.  

 

In a previous report it was shown that the conductivity (product of mobility and charge 

carrier density) of the composites can be enhanced by polarization [64]. In another report it 

was shown that the proton conductivity in GO along its surface is very high due to the 

presence of -OH, -COOH, and -CO functional groups [41]. These reports [64,41] indicate 

that there is a relation between conductivity and PFG. In view of this, it is quite interesting to 

observe the ionic conductivity (Fig. 4.32; please read Fig. 4.32 with Figs. 4.33 and 4.34) in 

ZnO decorated r-GO composites in the temperature range 398-523 K. In general, the total 

conductivity (σ(ω)) is the sum of dc and ac conductivities [65] i.e., σ(ω) = σdc + Aωs, where 

A is the pre-exponential factor which depends on temperature, ω is the frequency and s is a 

dimensionless exponent. The thermally activated hopping ions aid in dc conduction which is 

frequency independent and has long range order. Here, all the samples exhibited high 

frequency dispersion with an essential part of frequency independent conductivity at low 

frequencies. The samples are found to switch over from frequency independent region to 

frequency dependent region showing an onset of conductivity relaxation. The temperature 

dependent conductivity followed the Arrhenius law [66] given by: 𝜎𝑑𝑐 𝛼  𝑇−1 exp( 
−𝐸𝑎

𝑘ᵦ𝑇
) 

where T is temperature in Kelvin, 𝑘ᵦ is Boltzmann constant and Ea activation energy for 

dc conduction. The conductivity (σdc) plots (Fig. 4.35) i.e., ln(𝜎𝑑𝑐𝑇) Vs 1000/T plots are 

fitted with linear function. σdc values were found to increase with temperature, and the linear 

fits of the plots of ln(σT) Vs 1000/T (shown in Fig. 4.35) revealed dc activation energies (Ea) 

of 0.581, 0.560 and 0.538 eV in the case of ZnO-0.3G, ZnO-0.2G and ZnO-0.1G composites, 

respectively. It is well-known that reduction of functional groups increases the fraction of sp2 

carbon atoms [67] and as a result conductivity increased in all composites in comparison with 

ZnO. Also, here the conductivity depends on the temperature and values are increased from 

~10-3 -1 cm-1 to 10-2 -1cm-1 (Table 4.4) with increasing temperature. These observations 

were consistent with previous reports on the conductivity studies of r-GO [65,68-70]. From 

Fig. 4.32 it can be clearly observed that in the frequency region 103-106 Hz, the conductivity 

values have uniformly increased with the temperature indicating that the conductivity is 

thermally activated.  
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Figure 4.32. Conductivity Vs frequency plots of (a) ZnO-0.1G, (b) ZnO-0.2G and (c) ZnO-

0.3G samples fitted with an appropriate power law (Figs. 4.33 and 4.34). The straight line in 

the figures indicates that the conductivity is thermally activated. 
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Figure 4.33. Frequency Vs temperature for different ZnO/r-GO composites which switch 

from frequency independent region to frequency dependent region showing an onset of 

conductivity relaxation, which shifted towards higher frequencies as temperature increased. 

 

 

Figure 4.34. Variation of the fitting exponent ‘s’ with temperature. The range of fitting was 

103-106 Hz. The s value varied (order of 10-8) form 0.18 to 0.1 in the case of ZnO-0.1G, form 

0.9 to 0.56 in the case of ZnO-0.2G and from 0.42 to 0.29 in the case of ZnO-0.3G. The range 

of fitting increased with temperature. 

 

From Table 4.4 it can be easily noticed that the conductivity slightly decreased with 

increasing r-GO concentration as a consequence of varied dc activation energy values. Here it 

should be noted that low activation energy leads to high σdc and vice versa. This implies that 

r-GO in the composite is only partially reduced as indicated by Raman scattering results If it 

is completely reduced, higher content of r-GO should result in higher σdc of the composite 

because σdc of r-GO is much higher than that of ZnO. On the contrary to the composites, ZnO 

did not exhibit the Arrhenius behavior (as shown in Fig. 4.36) while the conductivity values 

are found to be consistent with those reported in the literature [71,72]. 



 

Results and Discussion 

59 
 

 

Figure 4.35. ln(σT) Vs 1000/T for ZnO-0.1G, ZnO-2G and ZnO-0.3G samples. 

 

Table 4.4. Conductivity (σdc) values of ZnO/r-GO composites at different temperatures. 

Temperature 

(Kelvin) 

Conductivity (-1cm-1) 

ZnO-0.1G ZnO-0.2G ZnO-0.3G 

393 

423 

448 

473 

498 

523 

0.40 ×10-3 

0.18×10-2 

0.39×10-2 

0.89×10-2 

1.57×10-2 

1.82×10-2 

0.37×10-3 

0.17×10-2 

0.35×10-2 

0.56×10-2 

0.77×10-2 

1.47×10-2 

0.26 ×10-3 

0.11×10-2 

0.23×10-2 

0.50×10-2 

0.72×10-2 

0.98×10-2 

 

 

 

Figure 4.36. Conductivity Vs frequency plot of ZnO. 
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The conductivity of the samples can be understood on the basis of scattering mechanism as 

reported in the literature [73,74] according to which the conductivity is given by 𝜎 = 𝑛𝑒µ 

where µ =
eτ

m∗  is mobility, a function of effective mass (𝑚∗) and relation time (𝜏) of charge 

carriers. 𝜏 is related to the scattering mechanism in materials. It is known that τ is a function 

of vacancies and velocity (v) =√
3𝑘𝛽𝑇

𝑚∗
 of the charge carriers [73,75]. For normal 

semiconductors, the scattering possibility decreases with increasing temperature (directional 

mobility of charge carriers increases and thereby the conductivity increases). In polar 

semiconductors, the charge carriers might be scattered by long optical wave. Therefore, in 

polar semiconductors both intrinsic carrier concentration and mobility are responsible for 

conductivity, which increases with temperature as in the present case of the composites. With 

increasing r-GO the charge carrier concentration might be increased but the ions’ mobility 

(which depends on 𝜏) might be constrained on account of polarization.  

 

Based on the above observations, the conductivity behavior of composites w.r.t increase in r-

GO content in composites is justified in the following manner: Generally, conductivity (σ) 

depends on both mobility (µ) and charge carrier (ions) density (n) as it is the product of µ and 

n. In the case of the ZnO-0.1G sample, the conductivity is slightly high (low r-GO content) in 

comparison to other two samples. This implies that the mobility of ions is more elevated in 

the case of the ZnO-0.1G sample as reflected in the measured low activation energy (0.538 

eV) in comparison to ZnO-0.2G (0.560 eV) and ZnO-0.3G (0.581 eV) samples which contain 

more functional groups (owing high r-GO content). This clearly indicates the ions or charge 

carriers in ZnO-0.3G and ZnO-0.2G samples are constrained and unable to wander 

throughout the material (reflecting the charge carriers’ bound nature). This in turn has been 

reflected as high polarization (easy alignment and re-orientation) in these samples in 

comparison to ZnO-0.1G sample.  

4.3 MgO decorated r-GO 

4.3.1 General comments 
 

In the previous sections dielectric behavior of metal oxide decorated r-GO nanocomposites 

was attributed mainly to the functional groups and to the layered structure of r-GO sheets (in 

the composites) which naturally created numerous capacitors that led to charge accumulation 

based on Maxwell−Wagner polarization [32,76]. As mentioned previously, the dielectric 

behavior of the above mentioned nanocomposites is strongly dependent on the type of 
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underlying polarization mechanism. Till now it was elucidated that the dielectric behavior of 

graphene-based composites depends majorly on the polarization mechanisms namely i) 

electronic (1013-1016 Hz) and ii) ionic polarizations (109-1013 Hz) due to the small 

displacement of electrons and ions, iii) dipolar polarization due to the orientation of 

molecular dipoles (below 109 Hz) and iv) Maxwell-Wagner or interface polarization (radio 

frequency region) due to the charges accumulated at the interfaces in the composites. In this 

context it was also very interesting to elucidate whether or not graphene-metal oxide 

composites exhibit Debye or non-Debye relaxation. While studying the general dielectric 

behavior of MgO decorated r-GO composites, a hint of non-Debye relaxation was observed. 

Hence, a thorough study was conducted and non-Debye relaxation in MgO decorated r-GO 

composites was confirmed and explained using Havriliak-Negami (HN) relaxation function. 

Strong interfacial polarization was also noticed in these composites.  

4.3.2 Structural, morphological, and phase analysis 
 

XRD patterns of MgO-0.05G and MgO-0.15G are shown in Fig. 4.37. The XRD patterns of 

all the composites are almost the same except for the observation of a very low intensity peak 

at 2θ = 26.4° in the case of MgO-0.15G. This peak confirms the existence r-GO in the 

composite. The absence of this peak in the other cases is due to complete coating of MgO on 

r-GO sheets and due to low volume content of r-GO. The diffraction peaks at 2θ = at 36.8°, 

42.8°, 62.1°, 74.5° and 78.4° are indexed to (111), (200), (220), (331) and (222) lattice 

planes, respectively in cubic MgO. These diffraction peaks could also be well-matched with 

the peaks in the JCPDS data file No. 79-0612, which corresponds to cubic MgO. The 

secondary electron micrographs of MgO decorated r-GO composites are shown in Fig. 4.38. 

It can be observed from the micrographs that small particles are decorated on sheet-like 

features. The decoration is clearer in the high magnification images shown in Figs. 4.38(b), 

(d), and (f). Further clarity on the decoration of MgO on r-GO was obtained through TEM 

analysis. TEM images of MgO-0.15G composite are shown in Fig. 4.39 which clearly shows 

that the surface and cross-section of r-GO sheets are uniformly decorated by MgO particles 

whose crystallinity was confirmed by indexing of the corresponding electron diffraction 

pattern shown in Fig. 4.39(d). Raman spectra of MgO decorated rGO composites are shown 

in Fig. 4.40, in which the typical D, G and 2D bands are observed at ~1340, ~1570 and 

~2680 cm-1, respectively, indicating the presence of r-GO in composites. All in all, through 

different characterization methods, it is confirmed that MgO nanoparticles are decorated on r-

GO sheets. The probe ultrasonication assisted chemical method is an effective technique to 
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homogeneously disperse metal ions on r-GO. It is well known that residual oxygenated 

functional groups are attached to r-GO sheets. Amongst these functional groups, the 

carboxylic acid (-COOH) may interact with Mg+2 ions to form Mg(OH)2 on r-GO sheets. 

During calcination, Mg(OH)2 undergoes thermal oxidation and forms MgO on r-GO sheets. 

 
 

 

Figure 4.37. XRD patterns of (a) MgO-0.15G, (b) MgO-0.1G and (c) MgO-0.05G. 

 
 
 

 

Figure 4.38. Secondary electron micrographs of MgO decorated r-GO composites. (a) Low 

and (b) high, (c) low and (d) high, (e) low and (f) high  magnification micrographs of MgO-

0.05G, MgO-0.1G and MgO-0.15G, respectively. 
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Figure 4.39. TEM images of MgO-0.15G. (a) Low, (b) & (c) are high resolution image and 

(d) diffraction pattern, respectively. 

 

 

Figure 4.40. Raman spectra of MgO decorated r-GO composites. 



 

Results and Discussion 

64 
 

4.3.3 Non-Debye relaxation 

 

Fig. 4.41 shows the variation of ε′ (at fixed temperatures in the range 300-473 K) of MgO 

decorated r-GO samples as a function of frequency. It can be clearly observed that ε′ values 

are high at lower frequencies. It can be also observed that ε′ values decrease with increasing 

frequency and increase with increasing temperature. In particular, ε′ values sharply increased 

with increasing temperature in the low frequency region when compared to the same in the 

high frequency region. The measured room temperature ε′ values at 1 kHz are 10, 12 and 18, 

which increased to 358, 563 and 612 at 473 K in the case of MgO-0.05, MgO-0.1G and 

MgO-0.15G, respectively. The enhancement in ε′ values (radio frequency region) is a 

function of both orientation and interfacial polarizations and is due to the presence of 

oxygenated polar functional groups (-COOH, -OH, -CHO, -C=O) as well as defects in the 

system. The above observations are interesting because it is normally anticipated that with 

increasing temperature (at a particular frequency) the dipoles retain sufficient thermal energy 

and follow the applied field direction resulting in enhancement of ε′ values and this may 

continue up to a critical temperature beyond which the values may start to decrease [77]. In 

fact, at lower frequencies the charges have time to accumulate at the conducting regions in 

the system which causes ε′ to increase [78] but at higher frequencies the charges may not 

have sufficient time to accumulate and polarize. Therefore, the relaxation was observed in the 

frequency range 103-105 Hz with a shift towards high frequencies at higher fixed 

temperatures. In general, two relaxation processes namely orientational and interfacial 

relaxations related to orientation and interfacial polarizations, respectively, are observed in 

the presence of an applied electric field. At low fixed temperatures, relaxation is observed 

towards higher frequencies (the step in Fig. 4.41). At higher fixed temperatures, the step 

shifted towards higher frequencies indicating thermally activated process in the samples in 

this frequency region. The high ε′ value at low frequency in the case of MgO decorated r-GO 

composites is attributed to the charge carriers’ accumulating at the numerous interfaces 

between r-GO sheets and MgO particles throughout the bulk of the material; this is a 

consequence of Maxwell-Wagner interfacial polarization in the presence of an electric field. 

Further, dielectric loss (ε′′) Vs temperature at fixed frequencies is shown in Fig. 4.42, which 

clearly shows multi (at least two are discernable) relaxation peaks which is a clear indication 

of the presence of non-Debye relaxation in the MgO decorated r-GO nanocomposites. The 

confirmation of non-Debye relaxation needs a critical evaluation of the data and therefore the 

data was fit with HN relaxation function to further understand the non-Debye relaxation. 
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Figure 4.41. Dielectric permittivity (ε') of (a) MgO-0.05G, (b) MgO-0.1G and (c) MgO-

0.15G as a function of frequency at fixed temperatures in the range 300-473 K. 
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Figure 4.42. Dielectric loss (ε′′) Vs Temperature of MgO decorated rGO nanocomposites at 

fixed frequencies in the range 1-20 kHz. 
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Fig. 4.43 shows the variation of ε′′ (at fixed temperatures in the range 300-473 K) of the 

samples as a function of frequency. It is clear from Fig. 4.43 that high dielectric losses are 

observed at the highest fixed temperature of 473 K rather than at room temperature. Also, the 

losses are observed to be decreasing with increasing frequency while the relaxation is due to 

inappropriate response of the accumulated interfacial charge carriers. 

 

 

Figure 4.43. Dielectric loss (ε′′) of (a) MgO-0.05G, (b) MgO-0.1G and (c) MgO-0.15G as a 

function of frequency at fixed temperatures. 
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All in all, it has been noticed that the MgO decorated r-GO samples exhibit low ε′ values at 

300 K and high ε′ values at 473 K. Also the high ε′ values are due to the existence of strong 

interfacial polarization. At this juncture it is very interesting to know, up to which frequency 

the interfacial polarization is sustained. For this purpose and owing to the nature of the 

dielectric dispersion curves, HN relaxation model [79,80], which is pertaining to non-Debye 

type relaxation in composite systems has been applied on the experimental data. HN equation 

[80,81] is given by 

𝜀∗ =  𝜀∞ +  
∆𝜀

(1+(𝑖𝜔𝜏1)𝛼)𝛽 +  
∆𝜎𝑑𝑐

𝑖𝜔
 (1 − 

1

1+(𝑖𝜔𝜏2)𝛾)        (Equation 4.1) 

where 𝜀∞ indicates the instantaneous dielectric constant, ∆𝜀 =  𝜀0 −  𝜀∞  is dielectric 

relaxation strength, 𝜏1 and 𝜏2 are the relaxation times, and 𝛼, 𝛽 and 𝛾 are parameters 

expressing distribution of relaxation times. In order to analyze the dielectric data using the 

HN model, it is necessary to incorporate the temperature dependence of the complex 

modulus. The third term in Equation (1) corresponds to the dc conductivity relaxation which 

is related to the interfacial polarization. 𝜎𝑑𝑐 is due to the unrestricted motion of free charge 

carriers. It is well known that both interfacial and orientation polarizations usually occur in 

the radio frequency region (i.e., in the range 101-108 Hz). Orientation polarization occurs 

when charges are locally bound in molecules. If the system consists of polar molecules 

(dipoles), it is easier to polarize (orient) them in the field direction. Interfacial polarization 

occurs when there is accumulation of charges at the interfaces between two materials or 

between two regions within a material. Interfacial polarization also effects free charges [82]. 

 

Interfacial polarization (Maxwell-Wagner type) polarization usually occurs at the interface of 

inhomogeneous regions with different conductivities. It is typically interpreted as a 

combination of the conduction and dipolar polarization effects and is related to the 3rd term of 

Eq. 4.1. This polarization occurs when the motions of the migrating charges (surface- or free- 

charge carriers) are impeded and the charges are trapped at the interfaces in the material. In 

Equation (1), the combination of first two terms corresponds to orientational polarization and 

third term corresponds to interfacial polarization [40,79]. However  𝛼 and  𝛽 values play a 

crucial role to certify the type of relaxation in composite systems. For specific examples, 𝛼 =

1, 𝛽 = 1  corresponds to Debye relaxation, 𝛼 ≠ 1, 𝛽 = 1  corresponds to Cole-Cole 

relaxation and 𝛽 ≠ 1, 𝛼 = 1 corresponds to Cole-Davidson relaxation [83,84], and 𝛼 ≠ 1 

and 𝛽 ≠ 1 corresponds to HN relaxation [80]. The last case (i.e., non-Debye relaxation) is 

typically observed in polymer nanocomposites with carbonaceous fillers [85,86] and 
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therefore in all such cases, the experimental dielectric data is usually fitted with HN equation 

to understand the intricate polarization behavior of the material. In the present case as PVA 

was used as a binder in preparing the pellets of the samples for measuring the dielectric 

properties, polarization behavior of the samples in the radio frequency region (i.e., in the 

range 101-108 Hz) will be influenced (i.e., PVA is anticipated to strengthen interfacial 

polarization along with r-GO content)  by the presence of PVA. In order to understand the 

interfacial polarization phenomenon in the samples, the third term of the HN function was 

separately used to fit experimental dietetic data (𝜀′) at room temperature (300 K) and as well 

high temperature (473 K). Fig. 4.44 shows the theoretical fitting of HN function along with 

the experimental dielectric data. In order to study interfacial phenomena using HN function it 

is necessary to consider fixed temperature dependence data. The overall HN function is well 

fitted with the experimental dielectric data both at room temperature and at 437 K as shown 

in Figs. 4.44 (a), (c), and (e) and Figs. 4.44 (b), (d), and (f), respectively. However, when 

fitted with the 3rd term of HN function (interfacial polarization term), the theoretical fit 

deviates from experimental data from a particular frequency onwards to a point where the 

interfacial polarization diminishes while the orientation polarization is still sustained [87,88]. 

At room temperature, the theoretical fit deviates from the experimental data at low 

frequencies of 1254, 1580 and 1760 Hz in the case of MgO-0.05G, MgO-0.1G and MgO-

0.15G, respectively, which is an indication of the existence of strong interfacial polarization 

up to these frequencies (response of surface charge/free charge carriers with applied filed) 

and above which interfacial relaxation (out of phase response) is observed. Besides this, an 

increase in r-GO content would shift the theoretical interfacial polarization fit towards higher 

frequencies (i.e., from 1254 to 1760 Hz), which reveals that the interfacial polarization is 

stronger when more r-GO is present in the sample because greater the r-GO content, greater 

is the number of charge carriers (due to increase in number of functional groups). But at 473 

K, theoretical interfacial polarization fit deviated from the dielectric data and shifted towards 

much higher frequencies of 2445, 5051 and 2774 Hz in MgO-0.05G, MgO-0.1G and MgO-

0.15G cases respectively, in comparison to the respective theoretical fit frequencies at 300 K. 

The large shift in interfacial polarization fit frequencies at 473 K is reflected in the 

enhancement of ε' values (as shown in Fig. 4.41), which can be considered as a consequence 

of strengthened interfacial polarization. Overall and third term HN fitting parameters at 300 

and 473 K are listed in Table 4.5 and Table 4.6, respectively, which clearly show that 

interfacial polarization fitting parameters are consistent with the experimental data. 
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Figure 4.44. The theoretical fitting of HN function (red line represents overall fit and dotted 

blue line represents interfacial polarization fit) to the experimental dielectric data of MgO/r-

GO composites. (a), (c), and (e) correspond to 300 K and (b), (d) and (f) correspond to 473 K. 
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It is important to note from Table 4.6 that the relaxation times (𝜏1 and 𝜏2) at high 

temperature (473 K) are lower in comparison to the same at room temperature. This is a 

consequence of quick orientation of surface charge carries/dipoles/molecules in the field 

direction. This has also reflected in the enhancement in the respective dielectric permittivity 

values. Moreover, the 𝜏2 values (which are related to the interfacial relaxation) are in the 

order of 10-7 to 10-8 (at 473 K) and 10-4 to 10-5 (at 300 K), which clearly indicate the existence 

of stronger interfacial polarization at high temperature than at room temperature. 

 

Table 4.5. Overall HN fitting parameters at 300 and 473 K. 

Parameters Room temperature (300 K) 

MgO-0.05G MgO-0.1G MgO-0.15G 

𝜀∞ 7.855 8.0486 9.0729 

∆𝜀 124.04 293.08 342.21 

𝜏1 0.0082 0.0043 0.0012 

𝛼 0.92 0.85 0.95 

𝛽 0. 18 0.52 0.58 

∆𝜎𝑑𝑐 5.319×10-7 1.695×10-7 1.842×10-8 

𝜏2 5.566×10-4 3.95×10-4 9.652×10-5 

𝛾 0.78 0.15 0.32 

 High temperature (473 K) 

MgO-0.05G MgO-0.1G MgO-0.15G 

𝜀∞ 18.49 33.52 70.21 

∆𝜀 428.45 600.10 859.22 

𝜏1 0.00091 0.00076 0.00056 

𝛼 0.77 0.95 0.89 

𝛽 0. 32 0.64 0.43 

∆𝜎𝑑𝑐 1.26×10-5 2.91×10-6 1.27×10-6 

𝜏2 7.765×10-7 4.95×10-8 2.652×10-8 

𝛾 0.68 0.82 0.83 
 

 

Table 4.6. Third term HN fitting parameters at 300 and 473 K. 

Parameters At room temperature (300 K) 

MgO-0.05G MgO-0.1G MgO-0.15G 

∆𝜎𝑑𝑐 5.236×10-7 1.728×10-7 1.865×10-8 

𝜏2 5.652×10-4 4.10×10-4 9.568×10-5 

𝛾 0.78 0.45 0.32 

Parameters At high temperature (473 K) 

MgO-0.05G MgO-0.1G MgO-0.15G 

∆𝜎𝑑𝑐 1.42×10-4 2.85×10-5 1.68×10-5 

𝜏2 7.625×10-7 4.654×10-8 2.725×10-8 

𝛾 0.54 0.89 0.86 
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4.4 NiO decorated r-GO 

4.4.1 General comments 
 

Developing giant dielectric permittivity (ε′) exhibiting materials has always been fascinating 

both science and technology wise. These materials play a crucial role in electronic circuits 

because they are used to fabricate essential devices such as memory devices and capacitors 

[61,89]. In this context, high dielectric constant exhibiting materials such as perovskites 

namely Pb(Zr,Ti)O3 and PbMg0.33Nb0.66O3 whose ε′ values are greater than 1000 [90,91], 

lead free material such as CaCu3Ti4O12 (ε′~ 105) [92], and NiO based ceramics [93-100] 

were developed. NiO based ceramics are non-perovskite and non-ferroelectric materials with 

the general formula AxByNi1-x-yO (where A is monovalent element namely K, Na and Li, and 

B is Al, Ti, Ta, Si and Fe). These ceramics show high ε′ values in the range of 103–105 [93-

100] and therefore attracted considerable attention in recent years. Moreover, the dielectric 

properties of the NiO based ceramics can be varied by changing A and B in the above 

mentioned formula. However, the reasons for the high dielectric permittivity are still unclear 

while the synthesis techniques/methods used to obtain these ceramics are complicated and 

cumbersome (for example: sintering temperatures are very high). Therefore, it is important to 

search for either a new class of giant dielectric constant exhibiting materials or use the 

existing knowledge, for example percolation effect of the fillers on the dielectric behavior as 

observed in polymer nanocomposites filled with r-GO [101,102]. However, the problem with 

these polymer nanocomposites is the quite high dielectric loss associated with them. 

Nonetheless, materials such as graphene-BaTiO3/ferroelectric polymer composite [103] and 

polyvinylidene fluoride composites based on sandwich structured of MnO2/graphene/MnO2 

[104] have been prepared overcoming the problem of high dielectric loss. Moreover, it was 

suggested that metal oxides in such polymers play a key role in order to control the restacking 

of r-GO sheets [104]. In this direction too few works were taken up to improve the dielectric 

permittivity while keeping the dielectric loss as minimum as possible [105-107]. Another 

interesting concept that was used to achieve giant dielectric permittivity was to create trap 

induced capacitance owing to impurity levels in r-GO [108,109]. The trap induced 

capacitance model was used to explain the high dielectric permittivity in Co doped r-GO and 

graphene/ZnCo2O4 nanocomposite [108,109]. In view of the above presented works, NiO 

decorated r-GO nanocomposites were chosen to study the percolation effects on their 

dielectric behavior, if any. Other dielectric characteristics and the resistance to charge carriers 

pertaining to NiO decorated r-GO nanocomposites are also explained.   
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4.4.2 Structural, morphological, and phase analysis 
 

XRD diffractograms of different NiO decorated r-GO nanocomposites in comparison to NiO 

are shown in Fig. 4.45. In all the nanocomposite cases, the peaks are indexed to cubic NiO 

phase (JCPDS No. 03-65-2901). The (002) diffraction peak at 2θ = ~26.4º corresponds to the 

presence of r-GO. It is observed that with an increase in r-GO wt % in the nanocomposites, 

the intensity of the diffraction peaks corresponding to NiO decreased and the peaks 

broadened too. On the other hand, the diffraction peak at 2θ = ~26.4º was more discernible in 

the case of nanocomposites with higher r-GO wt %. NiO crystallite sizes were calculated 

using the typical Debye Scherrer’s formula and were found to be 55, 42, 35, 28, 14, 9 and 7 

nm in the case nanocomposites with 0.0, 0.4, 0.8, 1.2, 1.6, 2.4 and 2.8 wt % of r-GO, 

respectively. It is clear that the crystallite size decreased with increase in r-GO content, which 

is consistent with previous reports on percolation controlled ceramic-graphene composites 

[110]. Additionally, it was also observed that NiO peak positions slightly shifted towards 

lower angle side indicating that lattice of NiO is strained in the nanocomposites.  

 

 

Figure 4.45. XRD patterns of NiO decorated r-GO nanocomposites with varying wt % of r-

GO (ranging from 0.0 to 2.8 wt %).  
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The secondary electron micrographs of NiO and NiO-0.024G nanocomposite are shown in 

Fig. 4.46. It is clearly observed in Fig. 4.46(a) that the size of NiO nanoparticles is of few nm 

and Figs. 4.46(b) and (c) clearly show that the surface and cross-section of r-GO sheets are 

uniformly decorated with NiO particles. The decoration was further confirmed by TEM 

images (of NiO-0.024G composite) which are shown in Fig. 4.47. The high magnification 

TEM image Fig. 4.47(b) clearly shows uniform distribution of Ni nanoparticles on r-GO. 

Fig. 4.47(c) shows (111) NiO places with a lattice spacing of 0.24 nm. The electron 

diffraction pattern in Fig. 4.47(d) indicates polycrystalline nature of NiO nanoparticles.  

 

 

Figure 4.46. Secondary electron micrographs of (a) NiO (0.0 wt %), (b) low and (c) high 

magnification images of NiO-0.024G (2.4 wt % r-GO) composite.  
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Figure 4.47. TEM micrographs and corresponding diffraction pattern of NiO decked r-GO. 

(a) low, (b) and (c) high resolution image and its (d) diffraction pattern of NiO-0.024G, 

respectively. 

 

Fig. 4.48 shows FTIR spectra of r-GO and NiO decked r-GO composites (0.8 wt %, 1.6 wt % 

and 2.4 wt % of r-GO). The presence of different oxygen functional groups in r-GO and in 

nanocomposites was confirmed. The bands at 3400 cm-1, 1720 cm-1, 1220 cm-1 and 1060 cm-1 

correspond to O-H stretching vibrations. The band at corresponds to stretching vibrations of 

C=O while the sharper band at corresponds to stretching vibrations of C-OH and the band at 

corresponds to C-O stretching vibrations [52,53]. Low intensity of O-H band is attributed to 

deoxygenation. Similar peaks were also observed in the case of other composites; to avoid 

redundancy, they are not shown here. FTIR spectra clearly indicated that the bands 

corresponding to oxygen functionalities experienced a chemical reduction as evidenced by 

the decrease in intensity and/or suppression of different bands related to oxygen 

functionalities and also due to the decoration of NiO nanoparticles on r-GO sheets. FTIR 

bands corresponding to NiO were observed in range 410-465 cm-1 in all the nanocomposites 

consistence with previous reports [111,112].  
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Figure 4.48. FTIR spectra of r-GO and NiO decked r-GO composites. 

 

Presence of NiO in the nanocomposites was further confirmed by Raman scattering. Raman 

spectra of NiO decorated r-GO composites are shown in Fig. 4.49. Raman bands namely G 

(1575-1580 cm-1), D (1345-1350 cm-1) and 2D (2680-2690 cm-1) bands of r-GO are observed 

[13,16]. Apperance of M-K band at 2450 cm-1 in the case of nanocomposites indicates the 

decoration of NiO particles on r-GO sheets. The appearance of first- and second- order 

phonon scattering from NiO in the nanocomposites is attributed to large exchange 

interactions in the nanocomposites [113]. The intense first-order scattering from the optical 

phonons was observed in between 495-552 cm-1. This band corresponds to the longitudinal 

optical (LO) mode in NiO. With increasing r-GO wt % this band is shifted towards lower 

wave number side. This is attributed to the columbic interactions between NiO and functional 

groups on r-GO sheets. The second order longitudinal optical (2LO) mode in NiO was 

observed around 1070 cm-1 only in the case of NiO and 0.4 wt % of r-GO nanocomposite. In 

the case of all other samples, this peak was not discernable; this is attributed to the restricted 

motion of phonons owing to the increase in decoration of NiO on r-GO or vice-versa. 

 

 

Figure 4.49. Raman spectra of NiO decked r-GO composites. 
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4.4.3 Giant dielectric permittivity and percolation effect 
 

The dielectric permittivity (ε′) of NiO decked r-GO nanocomposites (with varying r-GO wt 

% from 0.0 to 2.8 wt %) as function frequency is shown in Fig. 4.50. It is observed that ε′ of 

composites increased drastically with increasing r-GO wt % (from 0.0 wt % to 2.4 wt %) and 

reached a percolation threshold (fc) at 2.4 wt % of r-GO and then decreased dramatically at 

2.8 wt % of r-GO. ε′ values at 1 kHz frequency are 9.3, 264, 665, 898, 1335, 3688, and  1548 

in case of NiO, and 0.4 wt %, 0.8 wt %, 1.2 wt % 1.6 wt % 2.4 wt %, and 2.8 wt % of r-GO 

containing NiO decked r-GO nanocomposites, respectively. The highest ε′ value is nearly 

390 times to that of bare NiO value [94]. This large enhancement in ε' value near fc is 3688 at 

2.4 wt % of r-GO (threshold weight percentage 𝑚𝑐  = 2.4). ε′ value decreased by nearly 42% 

at 2.8 wt % of r-GO in comparison to that at 2.4 wt % of r-GO. Conventionally, a power law 

(Eq. 4.2) is used to describe the relationship between ε′ and the volume fraction of the r-GO 

in the nanocomposites when the filler content is approaching the percolation threshold [114]. 

 

 

Figure 4.50. Dielectric permittivity Vs frequency of NiO decorated r-GO nanocomposites 

with varying r-GO wt %. 

 

ℰ α (fc −  fr−GO)−s for fr−GO < fc ………………. (Equation 4.2) 

where ℰ is dielectric permittivity of the composite, fc is critical volume fraction at percolation 

threshold and 𝑓𝑟−𝐺𝑂 is volume fraction of r-GO filler in the nanocomposite and ‘s’ is the 

critical exponent. For general understanding, the volume fraction (f) is replaced by weight 

percentage or mass percentage (𝑚) and the above equation is written as    

ℰ 𝛼 (𝑚𝑐 −  𝑚𝑟−𝐺𝑂)−𝑠 𝑓𝑜𝑟 𝑚𝑟−𝐺𝑂 < 𝑚𝑐 ………………. (Equation 4.3) 

where mc is critical weight percentage or threshold and mr−GO is weight percentage of r-GO. 
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In the case of nanocomposites presented in the previous sections, the highest dielectric 

permittivity value is 667. But here, a giant dielectric permittivity was observed. The reasons 

for this observation is justified as follows: the factors namely, large aspect ratio of r-GO 

sheets and their unique layered structure gives an advantage in the formation of a large 

number of parallel-board micro-capacitors [115-119], presence of polar oxygen containing 

functional groups like -OH, -CHO, -CO, -COOH etc., on r-GO [41,62] and presence of 

defects promote a strong interfacial polarization (Maxwell-Wagner interfacial polarization) 

between NiO and r-GO in the nanocomposites have collectively contributed to the increase in 

the dielectric permittivity of NiO decorated r-GO nanocomposites with increasing content of 

r-GO. It should also be noted that dielectric permittivity may also depend on grain size [120]. 

In general, the dielectric permittivity increases with decreasing grain size and reaches a 

maximum value and thereafter decreases with decreasing grain size [120]. In the present 

study it was observed that 𝜀′ increases and reaches a maximum value 3688 at a grain size of 

~9 nm and then decreases. However, the grain size of NiO is strongly influenced by r-GO wt 

% in the nanocomposites and it is observed that grain size decreased with increasing r-GO wt 

% which is consistent with a previous report [110]. It is also necessary to discuss about the 

microstructure of the nanocomposite at the percolation threshold. At the threshold, r-GO 

sheets in NiO decorated r-GO nanocomposite are closely arranged but remained isolated and 

electrically insulated due to the presence of NiO nanoparticles on/between the neighboring 

few-layered r-GO nanosheets (number of layers in each r-GO was ~6). In presence of 

external electric field, there is a greater tendency for charge polarization within conjugated r-

GO nanosheets on a long-range order, and this heterogeneous system could be treated as 

many parallel-board micro-capacitors connected to each other and as a consequence the 

microstructure also contributes to the giant permittivity value. Beyond percolation threshold, 

dielectric permittivity decreases owing to conductive nature of nanocomposites. All in all, the 

dielectric behavior follows the percolation theory and obeys a power law. In Eq. 4.3, mc is 

the percolation threshold wt % of r-GO,‘s’ is the critical exponent in the insulating (𝑚𝑟−𝐺𝑂 <

𝑚𝑐) and conducting (𝑚𝑟−𝐺𝑂 > 𝑚𝑐) region, respectively. The best fit of the dielectric 

permittivity with the log-log plots of the power law gives 𝑚𝑐 as 2.4 and ‘s’ as 0.4 (see the 

inset in Fig. 4.51); this observation is consistence with previous reports (the universal value 

for s is 0 to 3) [121,122]. As far as the dielectric loss is concerned, an abrupt increase was 

observed near the percolation threshold (Fig. 4.51), which is expected due to the formation of 

conductive paths within the nanocomposites. At r-GO wt % of 2.4, the dielectric loss was 
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2.52. The dielectric permittivity and dielectric loss values at the percolation threshold are 

highly beneficial in applications such as electromagnetic-wave absorption [123]. As r-GO wt 

% increased beyond the percolation threshold the dielectric loss increased to 3.21.  

 

 

Figure 4.51. Dielectric permittivity and dielectric loss of NiO decorated r-GO composites as 

a function of r-GO wt % at 1 kHz frequency and room temperature. Inset shows the fit curve. 

 

The conductivity (σ) as a function of 𝑓𝑟−𝐺𝑂 at 1 kHz abruptly increases near the critical 

concentration (2.4 wt % of r-GO) indicating the formation of the continuous conductive 

network in the nanocomposites. According to the percolation theory [121], dependence of 

conductivity on the power law is 

σ 𝛼 (𝑚𝑐 −  𝑚𝑟−𝐺𝑂)−𝑠′ 𝑓𝑜𝑟 𝑚𝑟−𝐺𝑂 < 𝑚𝑐 ………. (Equation 4.4) 

where σ is effective conductivity, mc is the percolation threshold, and s′ is the critical 

exponent in the insulating region. The best fit of the conductivity with Eq. 4.4 yields 𝑚𝑐  = 

2.4 and s′ = 0.25 (please see inset of Fig. 4.52). The exponent value s′ is lower than the 

universal value which is in the range 0.8-1 [121,122]. However, the universal percolation 

threshold value is 0.16 which is lower than the present case 2.4; this significant change is 

attributed to the possibility of gaps between and surrounding NiO decorated r-GO sheets due 

to adhesive forces which in turn leads to losses in the form of conductivity [124,125]. But 

interestingly dielectric and conductivity data fits yield the same 𝑚𝑐 value. σ of the 

nanocomposites in the regime 𝑚𝑟−𝐺𝑂 < 𝑚𝑐 exhibits a strong frequency dependence while its 

frequency dependence becomes weaker at and after percolation threshold as shown in Fig. 

4.53. These characteristics are useful in shielding electromagnetic or radio-frequency 

interference of electronic devices [123].  
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Figure 4.52. Effective conductivity of NiO/ r-GO composites as function of r-GO wt % at 1 

kHz frequency and room temperature. Inset shows the fit curve with Eq.4.4. 

 

 

 

Figure 4.53. Conductivity of as function of frequency with varying r-GO wt %.  

 

Impedance spectroscopy is a good tool in order to understand grain and the grain boundary 

effects in materials. Fig. 4.54 shows the impedance spectra of NiO decked r-GO composites 

at room temperature and varied temperature. It is observed that the complex impendence 

semicircles have become smaller with increasing r-GO wt % and smaller with also increasing 

temperature. This suggests that the grain boundaries/interfaces are more active than grains in 

the nanocomposites. In general, the grain boundary or interface effects on electric 

conductivity may originate from potential barriers which are ascribed to the functional groups 

on r-GO sheets covered by NiO. Grain and grain boundary (or interface) resistance values 

obtained from Fig. 4.54 are tabulated in Table 4.7. 
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Figure 4.54. Impedance spectra of (a) NiO decked r-GO composites with varying r-GO 

weight % at room temperature (RT) (b) with varying temperature of 0.4 wt % r-GO sample. 

  

Table 4.7. Grain and grain boundary (or interface) resistance of NiO decked r-GO 

composites with varying r-GO wt %. 

r-GO wt % Grain boundary resistance 

(Rgb) (106 Ω cm)  

Grain resistance  

(Rg) (104 Ω cm) 

0.0 

0.4 

0.8 

1.2 

1.6 

2.4 

2.8 

3.7 

2.8 

1.7 

0.6 

0.1 

0.07 

0.03 

2.0 

1.8 

1.7 

1.3 

0.6 

0.48 

0.33 
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Chapter 5 Conclusions and Future Aspects 
 

This thesis work provided a comprehensive treatment on various dielectric behavioral aspects 

of metal oxide decorated r-GO nanocomposites namely CuO/r-GO, ZnO/r-GO, MgO/r-GO 

and NiO/r-GO nanocomposites synthesized by molecular level mixing technique. In this 

work, experimental results were fitted with suitable theoretical models that enabled the 

intricate examination and understanding of physical mechanisms that controlled the dielectric 

behavior of the above mentioned metal oxide decorated r-GO nanocomposites. All the metal 

oxide decorated r-GO nanocomposites synthesized in this thesis work exhibited enhanced 

dielectric constant values in comparison with the respective bare metal oxides.  

 

In the case of CuO decked FLG [1], CuO nanoparticles (few nm in size) were uniformly 

decorated on the FLG sheets. Dielectric behaviour of the CuO decked FLG was found to be 

better than CuO. The possible mechanism involved in enhancing AC conductivity at high 

frequency was found to be arising from electron hopping which is confirmed by applying 

Quantum Mechanical Tunnelling (QMT).model on the experimental data. It was also found 

that the grain boundary contribution for conductivity in case of CuO decked graphene was 

found to be lower when compared with CuO. 

 

In the case of ZnO decorated r-GO composites [2], ZnO nanoparticles were uniformly 

decorated on r-GO sheets similar to the case of CuO decked FLG. The enhanced dielectric 

permittivity of ZnO decorated r-GO composites in comparison to ZnO was attributed to the 

presence of functional groups and defects and to the heterogeneity of the composites, through 

which strong interfacial polarization (Maxwell–Wagner polarization) was observed. This was 

further confirmed by studying the temperature dependent dielectric behavior of ZnO 

decorated r-GO composites using the electric modulus formalism.  

 

In order to further fine tune and understand any variation in polarization behavior of ZnO 

decorated r-GO composites [3], minuscule variations in synthesis conditions were introduced 

and a new set of ZnO decorated r-GO nanocomposites were synthesized. In this context it 

was shown that the presence of an appropriate number of polar functional groups (PFG) 

along with defects and a slightly distorted ZnO lattice (owing to changes in synthesis 

conditions) help in tuning the polarization behavior of ZnO decorated r-GO nanocomposites. 

In the new set of ZnO decorated r-GO composites, dielectric permittivity as high as 400 

(which is 40 times greater than that of ZnO) could be achieved. The enhanced dielectric 

permittivity value was again found to be due to the strong interfacial polarization (Maxwell-
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Wagner polarization) as confirmed by electric modulus formalism studies. Further, it was 

found through a careful Rietveld refinement of X-ray diffraction data that ZnO in the ZnO 

decorated r-GO nanocomposites experienced a ‘squeezing effect’ which brought in structural 

changes. Functional groups attached to r-GO facilitated the ‘squeezing effect’ and thereby the 

structural changes, which were in-turn responsible for the unique polarization behavior of 

ZnO decorated r-GO composites. With increase in the r-GO content in these nanocomposites, 

maximum polarization increased owing to easy dipolar alignment, reorientation and stable 

polarization states. The observed polarization behavior was attributed to the lattice parameter 

disorder in ZnO combined with the presence of appropriate number of PFG in the 

nanocomposites. Moreover, a slight increase in r-GO content in the nanocomposites was 

found to increase the remnant polarization by one order of magnitude (i.e., from 0.062 

µC/cm2 to 0.232 µC/cm2) under the influence of an external electric field (~1.6 kV/cm). In all 

the nanocomposites ionic conductivity was measured in the order of 10-2 -1cm-1 and the 

calculated activation energies were consistent and supported the polarization behavior in the 

ZnO decorated r-GO nanocomposites. It was also shown that increasing r-GO concentration 

in the nanocomposites lead to the increasing the percentage of PFG due to which conductivity 

decreased while it followed Arrhenius behavior.  

 

In the case of MgO decorated r-GO nanocomposites (with varying amounts of r-GO) [4], it 

was observed that dielectric permittivity values increased with r-GO content and temperature. 

At 1 kHz and room temperature one of the MgO decorated r-GO nanocomposites (with the 

maximum considered content of r-GO) exhibited a maximum dielectric permittivity value of 

18, which increased to 612, at 473 K. The enhancement was attributed to Maxwell-Wagner or 

interfacial polarization. On the other hand, MgO decorated r-GO nanocomposites exhibited 

non-Debye relaxation, which was confirmed by applying Havriliak-Negami (HN) relaxation 

function on the experimental dielectric data. The enhancement in dielectric permittivity 

values has been attributed to the strong interfacial polarization as confirmed by the HN 

relaxation function fitting. Further, the excellent fitting of the dielectric dispersion curves 

with HN relaxation function clearly indicated that at lower frequencies (and at 473 K), the 

interfacial polarization is much stronger in comparison with the same at room temperature.  

 

In the case of NiO decorated r-GO nanocomposites [5], dielectric permittivity values 

followed the typical percolation theory. The dielectric permittivity values increased with 

increasing r-GO wt % in the nanocomposites up to the percolation threshold (2.4 wt % of r-

GO), where it reached the maximum value of 3688 at 1 kHz. It was also observed that the 
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dielectric permittivity values increased with decreasing NiO grain size, also up to percolation 

threshold value. The percolation threshold was found to be consistent with universal 

threshold values. Further, Cole-Cole plot analysis revealed that the grain 

boundaries/interfaces in the nanocomposites are more active than NiO grains (with increasing 

r-GO wt % and temperature) due to the increased conductive networks in the 

nanocomposites. 

 

For convenience, different dielectric characteristics of all the nanocomposites studied in this 

work are tabulated in Table 5.1. 

 

Table 5.1. Dielectric characteristics of the nanocomposites studies in this work. 

Sample Dielectric constant 

At 1 k Hz 

Type of 

relaxation 

Polarization 

CuO/rGO CuO-0.1G = 318 

CuO-0.2G = 667 

Debye Orientational and 

interfacial 

ZnO/rGO ZnO-0.1G = 114 

ZnO-0.2G = 153 

ZnO-0.3G = 400 

 

Debye 

Orientational 

MgO/rGO MgO-0.05G = 358 

MgO-0.1G = 563 

MgO-0.15G = 612 

 

 

Non-Debye 

Strong 

interfacial 

NiO/rGO NiO-2.4 wt % G = 3688 

NiO-2.8 wt % G = 1548 

 

Debye 

Follows percolation theory 

 

The immediate future scope of this thesis work is as follows: this work, especially molecular 

level mixing can be extended to other metal oxides decorated graphene nanocomposites in 

which metal oxides such as FeO, Fe2O3, MnO, CoO and Al2O3 can be the constituents while 

varieties of graphenaceous constituents can also be used. These composites can be potential 

energy storage materials. As mentioned in section 2.2 chlorination of r-GO has enhanced the 

dielectric constant value [6]. Therefore the above-said graphenaceous constituents can be r-

GO that has undergone addition of polar molecules owing to chemical treatments with 

chlorine, ammonia, sulfur dioxide, hydrogen sulfide etc. Due this addition, and inclusion of 

the treated r-GO in the composites, the composites’ ability to storage energy is expected to be 

enhanced. Additionally, there is scope to examine and understand the optical properties 

especially band gap studies of these graphene/metal oxide composites. One of the promising 

applications of the graphene-oxide nanocomposites is chemical sensing which is useful for 

monitoring the toxicity, inflammability, and explosive nature of chemicals. The metal-oxides 

like ZnO, TiO2 and CuO when combined with r-GO can be excellent materials for detecting 

trace amounts of hazardous gases and could work as active materials in chemical sensors.              
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