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Abstract
Polypyrrole (PPy) was prepared with various weight loadings of acetic acid (10, 30 and 50 wt.%) over
chemical oxidative polymerization. The structural and electrical properties of the prepared samples were
characterized by XRD and electrical analysis. The charge transport mechanism of PPy was executed by
Keithley (6517B) equipment performed between a voltage of 1 to 10 V by the increment of 1 V. The
current over capacitor as a role of the applied voltage was carried out from 303 to 403 K temperature
range. The XRD result confirms the amorphous nature of PPy. The charge transport process of PPy was
deliberated by Mott’s variable-range hopping (VRH) through the conductivities and they found using
various weight loadings of acetic acid. The conductivity (σdc) was found to increase with the temperature

increase, which indicates the semiconducting nature and the conductivity value calculated was 10− 9 to
10− 7 S/cm for various weight loadings of acetic acid. The I-V study outcomes the linear behavior and the
semiconducting nature of PPy, and the study was completed by the explanation of the Poole-Frenkel type
conduction mechanism, ln (J) vs. T plots in PPy samples at high fields. It concludes that the comparison
of theoretical field-lowering coefficients βS and βPF and the experimental field-lowering coefficients βS and
βPF were correlated and the result confirms the Poole-Frenkel type conduction mechanism in PPy. The
activation energy diminishes from 1.22 to 1.07 eV with an increase of acetic acid weight percentage.

1. Introduction
Electrically conducting polymers is becoming more important and plays a vital role in numerous
technological applications [1, 2]. It has wide care from the research peoples because of their growing
potential for high-tech applications like; rechargeable batteries, electrolytic capacitors, sensors,
electrochromic devices, among others [3–5]. The charge transport in conducting polymers and their
composites [6–8] possess a suitable candidate for solid state devices. Electrically conducting polymers
such as polypyrrole (PPy) have nearly exclusive chemical and electrochemical possessions. PPy has
viewed as per one of the most considered conducting polymers [9]. PPy is a good semiconductor and
having metallic behavior, good mechanical strength, good environmental stability, higher conductivity
than many other conducting polymers and low-cost easy preparation, due to these recompenses it can be
used in various applications such as organic light-emitting devices [10], wires [11], gas sensors [12, 13],
batteries [14, 15], biosensors [16, 17], microactuators [18], packaging, electronic devices and functional
membranes, electrochromic windows and displays, etc. [19–21]. The electrical conductivity of PPy were
found and reported in literature to be 10− 6 S/cm to 102 S/cm and its band gap nearly 3 eV. In PPy,
polarons and bipolarons are the majority charge carriers whose sign is in control intended for their charge
transport mechanism [22]. The transport mechanism in electrically conducting polymers and its
composites have a boundless attention meanwhile the preparation of polyacetylene by Ito et al [23].
Subsequently, the hopping conduction mechanism is fully explained in PPy [24, 25] and the Mott’s
variable range hopping (VRH) model is a suitable candidate with various nature of PPy up to 403 K
temperature [26]. In the present work, the structural properties, dc conductivity and the charge transport
mechanism of PPy was analyzed and reported.
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2. Experimental Details

2.1 Materials used for synthesis
Pyrrole purchased from Sigma-Aldrich, acetic acid, ammonium persulfate (APS), acetone, methanol from
Merck, distilled water was used for the preparation of aqueous solutions.

2.2 Preparation of PPy
PPy was prepared with various amount loadings of (10, 30 and 50 wt.%) of acetic acid by chemical
oxidative polymerization [27]. Pyrrole (Sigma-Aldrich) monomer was dissolved in 200 ml of distilled water
with nonstop stirring for 1 h. Next step was added various amount loadings of (10, 30 and 50 wt.%) of
acetic acid (Merck) to the above solution with nonstop stirring. Polymerization progression was takes
place at below 5°C, by the addition of 0.1 M APS (Merck) mixed in 100 ml distilled water to the overhead
solution. The polymerization progression was carried out continued stirring of 24 h at room temperature.
After that, the resultant solution was several times washed with distilled water, methanol (Merck) and
acetone (Merck) to remove the unwanted oligomers. The washing procedure repeated many times until
the polymerization solution became colorless. The collected product was dried under vacuum oven for 24
h at 60°C to get the synthesized PPy.

The synthesized PPy powders were systematically grinded using a mortar to get a prominent particle, and
they were squeezed lower than a burden of 15 torrs in the form of a pallet with a diameter of 0.6 cm, to
improve the electrical contact the faces of the pellets were coated with a silver paste to dorm a parallel
plate capacitor structure. The prepared product was crammed among two copper probes by pressure
communication. The dc conductivity measurements of PPy remained executed by a Keithley (6517B)
electrometer with a two-probe arrangement by smearing a voltage of 1 V to 10 V with collective step by
step of 1 V.

3. Results And Discussion

3.1 X-Ray diffraction (XRD) Analysis
The structural properties of PPy using APS as an oxidant were characterized with XRD analysis. Figure 1
illustrates the XRD pattern of PPy (50 wt.%) executed at room temperature. The strong broad peak at 2θ = 
~ 25° confirms the amorphous nature of PPy is in good agreement based the literature [22]. There are no
other peaks or additional peaks are identified, which indicates the purity of the sample. Typically, the
broad peak point to quick array preparation of chains. The XRD pattern of pure PPy shows the strong
broad peak approximately 2θ = ~ 25.4° contains a small movement while adding various kind of dopants
have studied and reported by Hemant K. Chitte et al., [29]. Also, they have analyzed the peak shift in PPy
doped with chemically and electrochemically have revealed the spherical globular like structure using the
dopants [30].

3.2 Electrical Conductivity
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The dc conductivity measurements of PPy were prepared with various weight loadings of acetic acid (10,
30 and 50 wt.%) executed by a Keithley (6517B) electrometer with a two-probe arrangement by smearing
a voltage of 1 V to 10 V with collective step by step of 1 V. The I-V characteristics of PPy were carried-out
as a role of the applied voltage was carried out from 303 to 403 K temperature range. Figure 2 (a-c)
depicts the I-V analysis of PPy which indicates the linear performance and confirms the ohmic transfer
due on the way to the existence of updraft formed charge transporters [31]. When the impact of applied
electric field, the movement of imprisoned charges in the PPy act as active dipoles [32], it pays to the
development of polarons and bipolarons. When the strong point of the applied electric field increases, the
grade of alteration also increased, which results the extension of current, similarly, it rises with rise in
temperature. The dc conductivity was calculated using the relation [28],

σDC =
1
R x

L
A

1
where ‘R’ is the resistance, ‘L’ is the thickness, ‘A’ is the active area of the sample.

The temperature dependence of dc conductivity (σdc) of PPy were prepared with various weight loadings
(10, 30 and 50 wt.%) of acetic acid between 303 to 403 K temperature as shown Fig. 3 (a-c). It illustrates
that the increasing order of conductivity which confirms the semiconducting nature [33] of PPy between
the temperature range 303 to 403 K. The increase of conductivity due to the polarons from one
neighboring state to nearest neighboring states. The conductivity value calculated is 9.49 x 10− 9, 6.22 x
10− 8 and 3.37 x 10− 7 S/cm for 10, 30 and 50 wt.% of acetic acid (Table 1), respectively.

 
Table 1

DC conductivity of PPy with different weight percentage
S.

No.

Sample DC conductivity (σdc) (S/cm)

1 PPy 10wt% of acetic acid 9.49 x 10− 9

2 PPy 30wt% of acetic acid 6.22 x 10− 8

3 PPy 50wt% of acetic acid 3.37 x 10− 7

3.3 Hopping conduction in PPy
Mott’s variable-range hopping (VRH) [16] model gives the information about the dc conductivity is σdc = σ0

exp [-(T0/T)x], where σdc is the dc conductivity, σ0 is the pre-exponential conductivity, T0 is the temperature
that governs the thermally initiated hopping amid confined circumstances at dissimilar drives. To inspect
the dimensionality of hopping conduction, the restrained dc conductivity stood examined for 1D, 2D and

( ) ( )
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3D hopping conduction besides the outcomes of dc conductivity (σdc) remained plotted against the

temperature T− 1/2, T− 1/3, and T− 1/4, for 10, 30 and 50 wt.% of acetic acid. Aimed at some appropriate
value of x, the plot of (σdc) versus T− x should be a straight line and linearity aspect of these plots resolve

the dimensionality of hopping. Consequently, the σdc versus T− 1/2, T− 1/3, and T− 1/4 were fitted for

linearity. From the observed results, σdc versus T− 1/2 plot give best linear fit among T− 1/3 and T− 1/4 curve.

Figure 4 shows the plot between log σ versus T− 1/2, it confirms the straight line which indicates 1D Mott’s
VRH model [34–36] in PPy samples.

3.4 Conduction Mechanism in PPy
Figure 5 shows typical plots of ln J against E1/2 for the prepared PPy with various weight loadings (10, 30
and 50 wt.%) of acetic acid at different temperatures. It displays the improved linearity done the extensive
series of biasing current which designates the electrical-kind conduction, moreover owing to the Schottky
or the Poole-Frenkel conduction mechanism [37, 38]. To detect the particular mechanism dominant in
PPy, theoretical field-lowering coefficients βSchottky and βPoole−Frenkel based on the equations (2) and (3).

ΔϕS = e
e

4π ∈ ' ∈ 0

1/ 2
F1/ 2 = eβSF1/ 2

2

ϕPF = e
e

π ∈ 0 ∈ '
1 / 2

F1/ 2 = eβPFF1/ 2

3
where m, e, kB, φ0 and T is the mass of the electron, electronic charge, Boltzmann's constant, interfacial
barrier height and the absolute temperature. High frequency dielectric constant of the PPy with various
weight loadings (10, 30 and 50 wt.%) of acetic acid attained from dielectric analysis were compared with
the corresponding experimentally obtained βexperimental. The calculated value of βexperimental from Fig. 6,
the slopes between g versus e/kBT. The βexperimental and βtheoretical values were illustrated in Table 2. It
specifies the βexperimental values are nearer to the obtained values of βPoole−Frenkel than βSchottky. So, the
suitable conduction mechanism in PPy samples at high fields, is Poole-Frenkel type. Rendering to this
mechanism, the barricade altitude about a restricted center is lowered at high fields, so the conductivity
increases due to a countless quantity of charge carriers is free from the center and improves the
conductivity [39, 40]. Similar results were analyzed and reported by C.Basavaraja et al., for the electrical
conduction mechanism of Polypyrrole-Alginate Polymer Films [41].

 

( )

( )
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Table 2
Theoretical and experimental values of field-lowering coefficients

S.

No.

Sample Theoretical field-lowering
coefficients β

(eV V1/2 m1/2 x 10− 5)

Experimental field-lowering
coefficients βexp

(eV V1/2 m1/2 x 10− 5)

βS βPF βS βPF

1 PPy 10wt% of acetic
acid

8.85 1.77 1.68 1.67

2 PPy 30wt% of acetic
acid

8.77 1.75 1.30 1.59

3 PPy 50wt% of acetic
acid

6.06 1.21 1.23 1.02

3.5 Activation Energy in PPy
The temperature dependence of dc conductivity of PPy prepared with various weight loadings of acetic
acid (10, 30 and 50 wt.%) were elucidated by Arrhenius equation,

J = J0exp
−Ea
kBT

4
where J0 is the pre-exponential factor, Ea is the activation energy, kB is the Boltzmann constant, and T is
the temperature in Kelvin. The Ea was calculated from the slope of Arrhenius plot of ln J vs. 1000/T. The
Ea plots of PPy prepared with various weight loadings of acetic acid (10, 30 and 50 wt.%) as shown in
Fig. 7. T.K. Vishnuvardhan et al., [42] have analyzed and reported the activation energy of pure PPy were
found to be 0.30 eV. In the present work the observed activation energy for PPy were shown in Table 3. It
shows that the weight percentage of acetic acid was added to polymer matrix, the activation energy
decreases with an increasing weight percentage of acetic acid signifying that the possible barricade is
downhearted in the occurrence of an outside electric field.

 

( )
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Table 3
DC Activation energy of PPy with different weight percentage

S.

No.

Sample DC activation energy (Ea) (eV)

1 PPy 10wt% of acetic acid 1.22

2 PPy 30wt% of acetic acid 1.15

3 PPy 50wt% of acetic acid 1.07

Conclusion
The charge transport mechanism in these PPy was investigated by temperature-dependent dc
conductivity measurements. The XRD results confirms the amorphous nature of PPy. The I-V study
results confirms the linear behavior of the PPy. The temperature dependence of conductivity recommends
a semiconducting behavior of PPy. 1 Dimensional charge transport mechanism in the PPy confirmed by
Mott’s VRH model. The Poole-Frenkel type conduction mechanism is dominating at high fields in PPy
which confirmed by the experimental value of theoretical field-lowering coefficients (β) is closer to the
calculated values of βPF. The activation energy diminishes with an increase of acetic acid weight
percentage. Based on the overhead study and report concludes that the PPy is an apt material for
temperature dependent hybrid structure diodes and other optoelectronic switches.
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Figure 1

XRD spectrum of PPy prepared with 50 wt.% of acetic acid

Figure 2

(a-c) I-V characteristics of PPy with different weight percentage of acetic acid 10 wt.%, 30 wt.% and 50
wt.%, respectively.
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Figure 3

(a-c) The temperature dependence of DC conductivity of PPy with different weight percentage of acetic
acid 10 wt.%, 30 wt.% and 50 wt.%, respectively.
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Figure 4

(a-c) Temperature dependence of dc conductivity of PPy with different weight percentage of acetic acid
10 wt.%, 30 wt.% and 50 wt.% showing a fit to 1D VRH. The solid lines are the straight-line fits obtained by
the least squares fitting procedure.
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Figure 5

(a-c) Plots of ln J vs. E½ of PPy with different weight percentage of acetic acid 10 wt.%, 30 wt.% and 50
wt.%, respectively. The solid lines are the straight-line fits obtained by the least square fitting procedure.
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Figure 6

The slope of straight-line for the plots of g vs. e/kBT yields the value of βexp drawn by the least square
fitting procedure.
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Figure 7

Plots of ln J against 1000/T for PPy with different weight percentage of acetic acid 10 wt.%, 30 wt.% and
50 wt.%, respectively. The solid line is the straight-line fits obtained by the least square fitting procedure.


