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ABSTRACT 

AC electrical properties were studied using the AC impedance technique. The electrical properties of thin films 

made of poly (ethylene oxide) (PEO) dispersed with dopants fixed amount of carbon black (0.1wt. %) were used in this 

study. The prepared films by casting method have been electrically. The present study has studying the variation of AC 

electrical conductivity with frequency in the range (3 kHz - 5 MHz) for PEO with doped 0.1wt. % carbon black as 

compared to that case of the un doped PEO film, and determined of some physical quantities and parameters as AC 

conductivity, impedance, dielectric constant. The observed values of the impedance (Z), dielectric constant ('), dielectric 

loss ("), and AC-conductivity (σAC) showed frequency and temperature. It was found that the dielectric constant and 

dielectric loss of the prepared thin films increase with doped (0.1wt. %) carbon black (CB) complexes and that it decrease 

with frequency according to polarization processes. The AC conductivity increases with doped carbon black, temperature 

and frequency. 

 
Keywords: PEO, CB, impedance, dielectric constant, AC-conductivity. 

 

1. INTRODUCTION 

Conductive polymer composites (CPC) have been 

given great interest in many industrial applications owing 

to their desirable properties which made them favorable 

compared to other commercial materials. One important 

aspect of these characteristics is the transition from 

insulating to conductive behavior, through addition of 

some conducting substances as metallic particles carbon or 

steel fibers, aluminum flakes, and carbon black. 

Generally, thermoplastic (polyethylene) are good 

insulators. Conductive polymer composites, one usually 

refers to polymers containing conductive Fillers. These 

fillers impart their conductive properties to the composite 

[1]. There has been great interest in the study of (CPC) for 

various industrial applications. CPC means mixing 

conductive particles with insulating polymers to modify 

their electrical properties.  The most common conductive 

filler used is carbon black (CB) [2]. Polyethylene oxide is 

a familiar example of thermoplastic polymers which can 

be subdivided into crystalline and non-crystalline 

(amorphous) polymers. PEO has a property to form 

molecular complexes which enhance the electrical 

conductivity [3], It is a synthetic polyether that is readily 

available in arrange of molecular weights (Mw). PEO to 

polymers with a molecular weight above 200, 000 g/mol,  

and there are liquids or low-melting point solids,  

depending on their  molecular weights [4]. 

A dopant is an impurity inserted into 

semiconductor lattice or a crystal in minimum quantity so 

as to improve the optical and electrical properties. The 

majority of dopants used to affect conductivity of 

polymers are AsF5, I2,C, Br2. Since a carbon black atom 

accepts an electron from a host atom, it is called an 

acceptor; i.e., generates hole carriers. When this occurs, 

the acceptor atom becomes negatively charged when an 

electric field is applied, current flow occurs as outcome of 

the drift motion of holes created by acceptors and of holes 

and electrons produced by valence-band disruption [5]. 

In this study the electrical conduction mechanism 

in doped poly(ethylene oxide) with CB was investigated 

and the results were reported and discussed. In 

continuation of these studies, the conduction mechanism 

in PEO doped with CB films was verified as function of 

frequency, and is discussed in this paper by acceptors and 

holes and electrons produced by valence-band disruption. 

Carbon black, when doped in polymers, may 

reside at various sites. It may go substitutionally into the 

polymer chains and compose charge transfer complexes 

(CTC), or may exist in the form of molecular aggregates 

between polymer chains [6]. 

Carbon  black is a  non- crystalline  form  of  

carbon,  which  can  only  be  obtained  artificially  by  

controlled burning  of  hydrocarbon  fuels.  Carbon  black  

works  as  a  pigment  and  can  also  help reduce photo-

oxidation [7]. CB is a conductive material and is largely 

composed of carbon atoms or aggregates of carbon atoms, 

although considerable quantities of hydrogen and oxygen 

can also be present. CB are  approximately  spherical  but  

the   others  have  complex  three-dimensional shapes, 

which  can  be  thought  of  as  the  partial  fusing  together  

of  a number of nanometer-sized spherical primary 

particles [8]. (See Table-1 and Figure-1). The most 

important CB use is as filler in polymers to improve 

electrical conduction and is used in preparation of 

conductive polymer composites. For example, carbon 

black has been added to materials to reduce their electrical 

resistance. It is supposed that this property is a 

consequence of the CB particles structure linking each 

other which compose conductive channels or in order to 

the "tunnel effect" of electrons jumping between dispersed 

particles of carbon black CB. 
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Table-1. Known properties of used CB filler. 
 

Property Used CB sample 

Size 30 nm 

Specific surface area 5-150 m
2
/g. 

Appearance Spherical black particles 

 

The formation of a continuous chain of the CB particles 

with electronic movement occurring along this continuous 

chain is due to inter-particular contact (conduction path 

theory). In addition to the above, conduction can occur due 

to the ability of electrons to "jump" across gaps existing 

between carbon black particles within the polymer matrix 

(tunnel effect theory) [9]. 

 

 

 

 

 

 

 

 
 

Figure-1. Carbon Black. 

 

 

The aggregates distribution of the carbon black 

substance is shown in Figure-2. The size of the aggregates 

(single CB particles combined to other particles of same 

size) change. In case of sharp distribution, this denotes that 

there are plentiful aggregates of the similar size. 

 

 
 

Figure-2. Carbon black properties [10]. 

 

2. EXPERIMENTAL 

In this study the material examined is (poly 

ethylene oxide) thin films doped with carbon black as 

dopant and neat PEO sample for contrast the noticed 

consequences. The objective of the research is to 

investigate the AC electrical properties of casted Poly 

(ethylene oxide) thin films doped with conducting carbon 

blackas compared to that case of the un doped (PEO) film. 

 

2.1 Preparation of Thin Films 
PEO and carbon black powders were blended 

together in methanol as a convenient solvent. Then for two 

days the mixture was mixed by using a rotary magnet to 

get a homogeneous mixture. On to a glass mould the 

mixture was directly casted to delicate films. At room 

temperature by waiting for two days the methanol was 

permitted to evaporate perfectly. All samples were dried in 

the oven at temperature 40ºC for two days.  

The thickness of the synthesized composites was 

measured by a sensitive digital vernier caliper. Least count 

of the instrument is 0.001 mm. The thicknesses of all thin 

films were measured at different spot places, chosen 

randomly, and then their average is taken. 

 
 

2.2 Measurements of Electrical Properties 

Hewlett Packard (HP) 4192A impedance analyzer 

was used to measure impedance and phase angle values by 

varying the applied frequency (ranges from 5Hz up to 

13MHz), which is shown in Figure-3.The specimen was 

placed firmly between two copper electrodes in a sample 
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holder shown in Figure-4. These electrodes are connected 

through cables to the impedance analyzer. Impedance 

measurements were performed in a frequency range from 

about 30 kHz up to 5 MHz over a temperature range (30ºC 

- 55 ºC) with steps of 5ºC. Since the melting temperature 

(Tm) for PEO is about 60 ºC, no higher temperature 

measurements were conducted. Temperature readings 

were taken in a steady state condition.  

 

 
 

Figure-3. Impedance analyzer. 

 

 
 

Figure-4. The sample holder diagram. 

 

Dielectric materials are a special class of 

substances that, under almost all conditions, are insulators. 

They have the interesting and useful property that their 

electrons, ions, or molecules may be polarized under the 

influence of an external electric field. When such materials 

are placed between charged plates as in capacitors, they 

increase the total capacity of these devices. This 

application constitutes one of the important applications of 

these materials [11].  

Connecting a capacitor (C) to a resistor (R) in 

parallel, the impedance (Z), the real component of the 

impedance (Z') and the imaginary component of the 

impedance (Z'') of the circuit are 
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The dielectric constant (') which is related to the 

stored energy within the medium, and the dielectric loss 

('') which is related to the loss of energy within the 

medium in form of heat generated by an electric field are 

determined from these relations [12]. 
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where C0 is the capacitance without the thin film, and  f  is 

the frequency (AC) of electric field 

The AC conductivity (σAC) of the thin film is 

given by the relation 

 

σAC = 2π f ε0 ε''        (6)  

 

Using Arrhenius equation, the activation energy 

(Ea) of the conduction process is determined, by [13]: 

 

σ = σ0 exp [– Ea / kB T]       (7) 

 

where kB is the Boltzmann constant, T is the temperature 

in Kelvin, σ0 is the material conductivity constant and σ  is 
the electrical conductivity [14]. 

 

3. RESULTS and DISCUSSIONS 

A dopant carbon black appended to the matrix of 

polyethylene oxide to compose solid electrolyte thin films 

is being searched to evaluate the role of the doping in the 

process of the electrical conduction when the electric field 

is affected. The objective of studying electrical conduction 

in polymers is to realize the type and nature of the charge 

transmission in conducting materials [15]. 

 

3.1 The Effect of the Field Frequency on the Electrical  

Properties  

In the range of frequency from 30 kHz up to 3 

MHz, impedance measurements have been carried out on 

polyethylene oxide thin films doped with carbon black. 

 

Output 
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Figure-5 displays the relation of frequency with phase 

angle (φ) (phase difference between current and the used 
voltage) for(PEO) with doped 0.1wt. % carbon black as 

compared to that case of the un doped (PEO) thin film. 

Always (φ) is a negative quantity, denoting that the bulk 

material can be formed of resistive and capacitive 

connections. Figure-5 displays the change of (φ) across 
minimum negative values with doping carbon black, 

denoting that the resistivity will be more than capacity of 

the thin films due to addition of electronic dopants. 

 

 
 

Figure-5. Phase angle versus frequency for PEO samples. 

 
Figure-6 displays the difference impedance (Z) 

per unit thickness as a function of frequency. This figure 

displays that with increasing frequency the impedance 

decreases. At low frequency, the high impedance values 

are due to effects of electrode polarization, space charge 

polarization in thin films, and several structural defects 

(phase boundaries, grain accumulations) [16,17]. The fast 

decrease of impedance values shows a response of the 

bulk to alternating applied electric field. This disposal may 

be referred to lowering of the effect of interfacial 

polarization, which may found at the surfaces of electrode-

sample [18,19]. The Impendence decreases with 

increasing the frequency due to the polarization effects, 

formation of connected carbon black paths and the 

enhancement of electronic mobility. 
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Figure-6. The variation of impedance with frequency for PEO samples. 

 

Figure-7 displays that, at different frequencies, 

impedance decreases with doped 0.1wt. % carbon black at 

temperature 30C
0
 .This decreasing in impedance refers to 

free electrons transfer, due to impurities in the carbon 

black dopant. The electrical conduction increases because 

of these reasons. 
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Figure-7. Variation of impedance with frequency for PEO samples. 

 

In Figure-8, with increasing frequency the 

observed decrease of the dielectric constant (') may be 

illustrated on the fundament of space charge polarization 

(Wagner-Maxwell effect) which slightly promotes and 

repairs for this behavior occurred by the orientational 

polarization. Dielectric constant of pure PEO is smaller 

than that of composite samples. The noticed progress in 

the PEO insulation property is referred to electrons and 



                                VOL. 14, NO. 22, NOVEMBER 2019                                                                                                          ISSN 1819-6608 

ARPN Journal of Engineering and Applied Sciences 
©2006-2019 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
                                                                                                                                               3870 

charge complexes incorporated in the composite bulk and 

the conductive carbon black dopants, respectively, as seen 

from doping the carbon black  with the increase of ('). 
Figure-9 displays the disposal of the dielectric loss (''), it 
has a high value at low frequencies, after that at high 

frequencies it begins to decrease. The low frequency 

dispersion in dielectric loss is referred to the charge 

carriers (particles move freely, carrying electrical charge 

as electrons, holes, and ions), the charge carriers in carbon 

black are electrons, which cause wide losses at lower 

frequencies, and to large polarization influence [20]. 
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Figure-8. Dielectric constant versus frequency for PEO samples. 
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Figure-9. Dielectric loss versus frequency for PEO samples. 

 

From (') and (''), specifically at low frequency, 

a frequency dependence is noticed, which represents the 

attitude of the polar materials [21]. It is obviously 

observed that both (') and ('') decreases with the electric 

field frequency. These results propose that free electrons 

of the carbon black and PEO polymer of the polar 

https://en.wikipedia.org/wiki/Free_particle
https://en.wikipedia.org/wiki/Electric_charge
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semicrystalline polymers i.e., dipole rotation or polar 

polarization, the dopant carbon black composites are 

effectively operating under the high electric field. 

Figure-8 and Figure-9 displays that with 

increasing the frequency, the dielectric constant dielectric 

constant decreases.The high increment in (') with doped 

0.1wt. % carbon black is mainly due to the contribution of 

free electrons. Carbon black particles create conductive 

paths which make the composite more conductive, 

resulting enhancement of ('). The conduction behavior of 

the composites is controlled by the content of the 

conduction filler [22]. A similar behavior of these 

composites was observed for the dielectric loss (''). The 

increase of ('') may referred to the interfacial polarization 

of such a heterogeneous system [23].  

Figure-10 displays that with increasing the 

frequency and dopant carbon black composites, the AC 

conductivity (σAC) value increases, because more charges 

can move at higher field, which causes increment of the 

electronic conduction process. This result proves that at 

high frequency the bulk AC conductivity (σAC) is induced 

[24]. 

The electronic interactions in the bulk of the 

polymer electrolyte cause the increasing in the dielectric 

constants and AC-conductivity. A surplus in charged 

particles are created by the bulk effect, specially the 

impurities [25]. 

The dopant carbon black particles form 

continuous paths in the polymer matrix. The free electrons 

move through these continuous paths from end one to the 

other under the applied electric field. This movement 

causes the process of electrical conduction based on the 

well-known conduction path theory [26]. The (σAC) 

increases at high frequencies and this is predictable as at 

higher field extra charge carries can move, resulting 

enhancement of conduction mechanism. The observed 

induced conductivity at high frequencies locates the given 

composite in the semi-conducting level of the electronic 

materials [27]. 
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Figure-10. Dependence of AC conductivity as a function of frequency. 

 

Figure-10 displays that at different frequencies, 

with doped 0.1wt. % carbon black content the (AC) 

conductivity (AC) increases, which means with increasing 

of the conducting filler content the resistivity of 

polyethylene oxide/CB composites decreases. The 

increasing in electronic conductivity with doped carbon 

black is referred to increasing of the concentration. The 

motion of electrons in solid polymer electrolyte is liquid 

like mechanism while the electrons movement through the 

polymer matrix is supported by the high amplitude of the 

polyethylene oxide segmental motion. The segmental 

mobility is lower in the crystalline region than in the 

amorphous region of the polymer chains. Accordingly, the 

continual increase in polymer conductivity may have been 

due to decrease in the crystallinity degree during the 

casting process, or increasing in the amorphism [28].  

A relation between the electrical conductivity 

(AC) and the energy gap (Eg) can be plotted from Figure-

11 and Table-2. It can be noticed that with doped carbon 

black, the (Eg) decreases and the (AC) increases [29]. 

Carbon black particles become interconnected 

and produce infinite continuous paths within the PEO 
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matrix, which allows a current to flow through the 

composite film. Adding more carbon black particles 

results in an increasing in the number of conductive paths, 

and a conductive network is formed [30]. 

The increase in (AC) electrical conductivity at 

low CB particles concentrations, below threshold value, 

results from electrons that effectively tunnel between 

isolated carbon black particles domains with diminishing 

the separation distances [31]. Increasing the carbon black 

particles content, the conductive path becomes larger and 

spaces between adjacent clusters are diminishing 

[32].(σAC) value increases since carbon black particles 

have higher value of dielectric constant also because of the 

interaction between the particles of carbon black which 

will increase and will form more conductive network in 

the PEO matrix as carbon black content increases [33]. 

When carbon black particles are doped in the composite 

the gap between the particles diminishes and conductivity 

increases because the charges transport gets easier [34]. 

This leads to an increase of the AC conductivity by means 

of formation of per- collating paths and electron 

conduction. 
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Figure-11. AC conductivity versus frequency. 

 

Table-2. Optical energy results for two composite films. 
 

Thin film (doped 

with0.1wt.% carbon 

black ) 

Optical band 

gap Eg(eV) 

Energy tails 

∆E(eV) 

Single-oscillator 

energyparameter  

Eo(eV) 

Dispersion energy 

parameter 

Ed(eV) 

Pure PEO 4.09 0.89 6.81 10.81 

PEO/CB 4.02 0.85 6.89 14.32 

 

3.2 AC Conductivity Model at Room Temperature  

(30
o
C) 

The universal relation of the AC-conductivity is 

given by the power law form as: 

 

σAC (ƒ) = σDC + A ƒ m 
        (8) 

 

where A and m are coefficients, ƒ is the frequency of the 
applied field (Hz), σ DC is the DC conductivity of the 

material and σAC is the AC conductivity of the material in 

(Ω.m)-1. At higher frequencies the conductivity increases 

as a power of frequency with exponent 0 < m < 1. In this 

case A and m are carbon black dopants dependents. At low 

frequencies, the conductivity is almost constant, and is 

equivalent to the DC conductivity of the materials. When 

the exponent m is found to be very close to unity, the AC 

conductivity is said to have the universal behavior. 

Analyzing the AC conductivity results of the pure 

PEO and PEO/CB composites was done by plotting 

common logarithms Log (AC conductivity) versus Log 

(frequency) for two samples at room temperature (30
o
C), 

as shown in Figure-12. Based on this figure, it can be 

assumed that the equation above can be simplified to 
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σ ≈ Aƒ m   (9) 

 

From these figure we can estimate the 

coefficients A and m. The results are shown in Table-3 

which shows that the values of A increase with doped  

0.1wt. % carbon black at temperature 30
o
C  and all  m 

values are close to 1. 

 

Table-3. Estimated B and m coefficients at T=30
o
C 

for two samples. 
 

m 
A x10

-6
 (Ω.m)-1 

(Hz)-m 
Composites 

0.831 1.23 Pure PEO 

0.723 8.67 PEO/CB 
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Figure-12. Variation of log (AC-conductivity) versus log(frequency) 

 

3.3 The Effect of the temperature on the AC  

conductivity 

The thermo-electrical behavior of casted Poly 

(ethylene oxide) thin films doped with conducting carbon 

black and pure PEO are examined at temperatures (30, 35, 

40, 45, 50 and 55 °C) under  certain frequency. The 

variation of AC conductivity with frequency 200 kHz at 

different temperatures is shown in Figure-13. 

Figure-13 shows that at all frequencies when the 

temperature increases the values of conductivity will 

increase. This is because of the impurity and activation of 

electron which increases, and because of molecular 

mobility of PEO stimulated when increase the 

temperature, i.e., charged the electrons flow instituted 

among the electrodes surface with high relative motion of 

polymer chains and thus leading to higher conduction, 

which is comparatively similar to semiconducting 

materials. 

Increasing temperature can increase the 

movement of carbon black particles that are trying to 

create percolation network. Also at high temperature, 

(PEO) matrix has enough mobility, thus carbon black 

Particles could take place in the matrix which makes the 

conductivity of the thin film increase [35,36]. 

As a function of temperature and frequency, the 

electrical conduction process can be summarized as AC-

charge Conduction refers to free electrons charge 

complexes, impurities in carbon black dopants, and 

hopping of the free electrons over smaller barrier heights 

and energy levels. 
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Figure-13. AC-conductivity versus temperature for PEO/CB composites. 

 

4. CONCLUSIONS 

The electrical properties of polyethylene oxide 

thin films doped with carbon black were studied. By 

studying the results, we deduced that:  

 

 Impedance was found decrease with doped 0.1wt. % 

carbon black and frequency at temperature 30 0.  

 The dielectric constant (') and the dielectric loss (") 

of the composites decrease with frequency and 

increase with doped 0.1wt. % carbon black according 

to polarization processes.  

 The AC conductivity (ac) increases with doped 

0.1wt. % carbon black, temperature and frequency. 

 The universal power law of the AC conductivity 

dependence on frequency is satisfied. 
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