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1. Introduction

Polypyrrole (PPy) is a conductive polymer, of which, its us-
ability spans a range of applications, such as gas sensors,
supercapacitors, rechargeable batteries, electromagnetic
shielding, actuators, protective material against corrosion and
biosensors [1-3]. For energy storage application, polypyrrole
has excellent storage capability due to its strong binding en-
ergy with two-dimensional materials [4,5]. On the nanoscale
level, PPy is highly porous; hence, it has the capacities to
charge at a high rate, produce high power density, and it
possesses a long life cycle. As an alternative to metals, PPy is
lightweight, and its process of manufacturing is not compli-
cated [6]. The emerging technology requires materials that are
mechanically strong, a lightweight, good conductor of heat
and electricity, chemically stable and less corrosive. The in-
terests in PPy are due to its inherent good mechanical, elec-
trical and chemical properties. The phase change (i.e. from
insulator to conductor and conductor to insulator), which
occurs when other materials are added to polymers, make
them the indescribable materials for the future and the pre-
sent engineering material [6].

Graphene is a crystalline carbonaceous nanomaterial. It
has an experimental electron mobility of 15,000 cm?(Vs)~* [7].
Graphene is single layer graphite, whose resistivity is lower
than silver and possesses excellent thermal, optical, electrical
and mechanical properties. For practical applications, the
thickness of graphene must be adjusted by a suitable syn-
thetic method in order to produce large-scale films. A gener-
alized ion implantation method, for a largescale, high-quality
synthesis of graphene films with controllable thickness, was
experimented by Garaj et al. [8]. Electrochemical exfoliation,
mechanical exfoliation, hydrothermal and directed-synthesis
methods, have been applied to produce graphene [9—12]. The
energy storage advantages of graphene have been attributed
to its excellent electrical conductivity and mechanical integ-
rity, high electron mobility, wide electrochemical window and
large surface area [13,14].

By combining the superior properties of PPy and graphene,
an enviable electrochemical anode material, is envisaged.
This study aims at investigating the electrical conductivity of
graphene-loaded PPy, by considering the interfacial effects of
the fillers on the polymer. In addition, PPy conductivity, gra-
phene conductivity and the potential barriers are parameters
of interest, and they are studied as factors, which affect the
conductivity of polymer-composites. The electrical conduc-
tivity of polymer-composites, using different fillers and
different processing methods, have been widely investigated
[15—20]. Generally, the network of filler and matrix, in contact,
forms the electrical conductivity of polymer-composite. This
network usually follows a percolation law with respect to
volume fraction. Among others, the electrical conductivity of
polymer-composites depends on the filler loadings: as the
filler changes from zero to a certain % (percentage) level of
inclusion, the state of the polymer changes from an insulator
to semiconductor or even conductor. From the literature, the
parameters elucidated to have effects on the electrical con-
ductivity of polymer-composites, have been explained to
include: shapes, carrier tunneling, fiber types and the extent

of inclusion and polymer conductivity, packing factors,
orientation angle, etc. [15,21—24].

The percolation theory has been statistically, thermody-
namically, structurally and geometrically, modelled to predict
the conductivity of a variety of fillers, dispersed in different
polymers. Mathematical and empirical rules have also been
utilized to investigate how the properties of polymers can be
varied by fillers inclusion. Mammunya, Clingerman, McCul-
lough, Kirkpatrick and Sigmoidal, are examples of statistical,
thermodynamics, geometric and structured electrical con-
ductivity models for polymer-composites [25]. Maxwell,
Bruggman, Pal, are some of the examples of the mathematical
models, while the logarithm rule is an empirical rule model
[26]. The success of these models can be credited to some
certain filler types; however, they cannot be generalized to
measure the conductivity of polymer-composites. Another
important omission in the afore-mentioned models is the
interfacial particle effect. It is believed that since the interac-
tion between polymer and fillers, occurs at the nano-level,
then, their electrical conductivity predictions must include
the effects of the interface between filler-to-filler and the
matrix-to-filler [6].

Moreover, the random dispersion of filler in the polymer
matrix without adequate and proper characterization of their
sizes may introduce errors in the simulation results [27]. An
investigation conducted by Wang et al. [28], showed that
nanocomposites would perform poorly if fillers are heteroge-
neously dispersed in the polymer matrix. Hence, the statisti-
cal distribution of the filler size is vital to obtaining reliable
electrical conductivity models for polymer-composites.

Yan et al. [29], reported that classical predictive models
lack sufficient parameters to explain the agreement of
experimental data with theoretical values. In Yan et al. [29]
opinion, an electrical conductivity model is expected to
consider the van der Waals interactions of the matrix and the
fillers. This is because an interface that is formed during the
interaction would have an effect on the overall conductivity of
the composite. The role of tunneling resistance in the elec-
trical conductivity of polymer-composite by using an analyt-
ical model, was investigated by Yu et al.,, [20]. Tunneling
conductance between the shells of fillers was found to play an
important role in the electron transport in polymer-composite
conductivity, especially when fillers are at low concentrations.
Venugopal et al. [19], reported the effects of contact resistance
in multilayer graphene devices by employing an analytical
model. Their results showed that contact resistance contrib-
utes to the total resistance of graphene-polymer composite;
therefore, a useful conductivity model should incorporate the
impact of this resistance for the effective electrical conduc-
tivity of polymer-composites. A multi-scale approach was
used by Senghor et al. [30], to predict the overall electrical
resistivity of polymer-composites. In this approach, filler
orientation and the anisotropic properties of the materials
were considered. A finite element method developed, based
on multi-scale multi-physics approach, was employed by
Manta et al. [31], in order to analyze the influence of the po-
tential barrier, tunneling resistance and filler shape on the
percolation threshold and the electrical conductivity of
graphene-polymer composites. Fang et al. [32], reported on a
Monte-Carlo equipotential approximation and tunneling
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conductance method, used to compute the electrical con-
ductivity of carbon-nanotube reinforced polymer. Vas and
Thomas [6], studied the behaviors of various fillers and matrix
parameters variation effects on the percolation threshold and
the electrical conductivity of carbon-nanotube reinforced
polymer, by using the Monte Carlo approach. The lack of
proper quantization of the filler morphology, inconsistency of
theoretical results with experimental measurements and the
omission of interaction effects, are some of the problems
identified in the existing models.

In this study, an analytical model that can be deployed into
a simulation tool for the optimization of parameters, the
calculation of electrical conductivity and the design of
polymer-composites for devices applications, has been
developed. The model is based on a simple-sum approach.
Percolation threshold and the electrical conductivity of
polymer-composite were studied by subjecting the model
developed into different ranges of parameter variations. The
parameters are: (i) electrical conductivity of graphene, (ii)
potential barrier, (iii) interfacial thickness and (iv) the elec-
trical conductivity of the polymer in question. The model was
used primarily to study the electrical conductivity character-
istic of graphene-loaded PPy. Moreover, the results of the
model were examined and validated by three experimental
measurements [33—35]. Itis evident that this analytical model,
in conjunction with the simple-sum method, can be applied to
predict the electrical conductivity of polymer-composites of
any filler type and other variable parameters.

2. Simulation details

Numerical/analytical simulation of this study is divided into
five parts—(i) statistical characterization of the particle length
and diameter, by using the Weibull distribution, (ii) develop-
ment of the interfacial conductance of the composite, (iii)
computing the tunneling conductance due to the quantum
effect of electrons, (iv) computing the effective conductance of
the electrical circuit representation of the RVE, by applying
potential difference and (v) computing the electrical conduc-
tivity of the composites by considering the potential barrier,

PPy conductivity, interfacial thickness and the filler
conductivity.

2.1. Statistical characterization of fillers length and
diameter

The reliability and the analysis of the experimentally-derived
morphology of graphene is performed, by using the Weibull
distribution function [36]. If the probability density function,
¢, of a random variable, 7, having parameters, ¢ and g, is as
presented in Eq. (1), then, the distribution fitting is a 2-
parameter Weibull distribution [37-39].

0

E(n;e.0)= { xn e N n =0 (1)
0 n<0

where ¢ and g, are the scale and shape parameters of the 2-

parameter Weibull distribution, x is a constant, which is

4

equal to (i) The integral of Eq. (1), is the cumulative distri-

bution function, Gy, of the random variables [40].

Cs(mie,0) = /wxn"’le7 @Pdn: { 1-e <n) n>0 )
0 0 12<0

The linearized [28,41] form of Eq. (2), is presented in Eq. (3).
—m(M™M =
In(~In(1-G;(m)) = In(7) =en(n)  eIn(o) (3)
The linear (straight-line) equation (Eq. (3)) can be presented
as shown in Eq. (4).

N=mP+mo+E )

Assuming N = In(— In(1- Ci(n)), m = ¢P=
In(n), and my = — eln(g), the least square solution of Eq. (4),
yields the Weibull parameters.

iEZ: E(my, mg) = iI (N — myP — mp)? (5)

n=1 n

Differentiating Eq. (5) and setting it to zero [42] yields:

a(my, m N
(alTio): ;2(Nn — M;P, — Mg)P, =0 ©6)
6(m1, mo) N
= > 2(N, = myPy —mp) =0 @)

Il
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n

The matrix representation of Egs. (6) and (7), is given in Eq.

®).
(%)= (5 ) ®

n=1

where:

:NZLNHPW — (S (0N
NELlP% - (ZlePn)z

mq

(S00P2) (0N ) = (SaNwPa) (S0P
NS P (S0P

From Egs. (2)—(8), the Weibull parameters are represented
as:

mp=

(10)

-

e=my, and o= exp (mo) (11)

By using the Weibull distribution function, (WbDF), the
sizes of the fillers are, characterized. The choice of the Weibull
distribution function to characterize the parameters follows
the fact that it gives a reasonable distribution of the nano-
materials sizes than other distribution fitting methods [28].

2.2. The conductance models
The electrical conductivity of polymer-composites depends

on several factors, viz: morphologies of the fillers and the
polymers, volume fractions, aspect ratio, interfacial and the
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tunneling conductance, initial conductivity of the filler and
polymers and many others. An analysis of the interfacial ef-
fects, alongside with other parameters, on the properties of
polymer-composites, is vital in predicting the electrical con-
ductivity of polymer composites. Several authors [29,43,44]
have stated that by evaluating the electrical conductivity of
polymer composites without considering the interfacial ef-
fects on the overall properties of polymer composites, will
inaccurately estimate the percolation threshold of the com-
posites. As shown in Fig. 1, the filler, dispersed randomly in
the PPy, is enclosed by a thin interfacial layer. Fig. 2 is the
electrical resistance network of the RVE system of Fig. 3. The
network consists of the interfacial, intrinsic and tunneling
conductance of the fillers. By taking the effect of the interfa-
cial layer into consideration, the effective resistivity of a unit
cell of the filler, along with the xand z directions, can be
predicted by using the Kirchhoff’s current law [45], to
demystify the circuit of Fig. 2. In this study, the effect of the
thickness of the non-chemical interaction of the filler with the
polymer is segmented into three sections, along the x-direc-
tion as: GL, GI, and G, where G and G, are the left and right
sections of the polymer-filler interphase, G! is the filler effect
on the hollow interphase. In addition, the conductance in the
transverse direction, is sectionalized into three groups, as:
Gy, Gy and G}, where G}, and G} are the top and bottom sec-

tions, G;’ is the hollow section of the fillers.

2.2.1. The intrinsic conductance and interfacial effect models
As shown in Figs. 1 and 3, the conductance along the longi-
tudinal, i.e., x-direction, is the sum of the conductance:
GL, Gl and Gh. For the interfacial length, I, filler length, ¢ and
thickness, g8, the cross-sectional area (Csax) of the interface at
the left section, is approximated by Eq. (12).

Csax= (9 +21)° (12)
The conductance, measured to the left of the interface, is
given by:

7iCsax

6= %

(13)

where g; is the interfacial electrical conductivity, x is the index
in the longitudinal direction and G| is the conductance,

I'I

p B+2I

9

! 9+21 |

Fig. 1 — A schematic embedded view of a unit cell of filler,
surrounded with an interphase layer of thickness.I

measured to the left. The conductance, G, at the hollow, is a
parallel connection of the conductance of the filler and the
interfacial conductance experienced at the hollow, i.e.,

Gy = Gh +Gj, (14)

2
where the G} = (Ca=70 Gh = " and oy, is the electrical
conductivity of the fillers at the interface and oy is the elec-
trical conductivity of filler. The parallel conductance value of

the interfacial (G) and the filler (G},), is given by Eq. (15).
Gh— (fol92+ O‘ix(CSAx — 192)
* Y
From Eq. (15), the electrical conductivity of the composite
at the hollow, is given as:

(15)

625: _ 050% + 0ix(Csax — 07) (16)

C‘SA)( CSA)(

Oholx =

Referring to Fig. 1, the conductance at both the left and
right, are equal. Therefore, the total electrical resistance of the
composite in the longitudinal direction, is:

21 6

0iCsax

B2t

Ri= 2R, +R! = =
X X x Oholx CSAX O'ICSAX

(17)

Eq. (17) follows the fact that the total electrical conductiv-
ity, of, due to interfacial effect, along the x-direction can be
given as:

T 6+21 _ Uiaholx(ﬁ + 21)

X 21 + 8 C 2lonoix + Bo;
7iCsax | OnolCsax | —SAX

The interfacial conductance of the system along the z-di-
rection is segmented into three regions, namely: the top,
hollow and bottom as: G, G, and G". As shown in Fig. 1, the
cross-sectional area of the interfacial layer at the top is:

(18)

Csaz= (O +2I)(B+2I) (19)

By considering the length, I, of the layer, the conductance,
G, is as presented in Eq. (20).

1 _ giCSAz

6= T (20)

The hollow segment has length, ¢ and side, 8, therefore,
the conductance due to the filler is:

h_ 0'f2195
and the conductance due to the interfacial layer is:
0i(Csaz — 98)
Gh = + (22)

Consequently, the effective conductance at the hollow is:

h_ Uf206+ Ui(CSAz* 19)8)

G, = 3 (23)
and the electrical conductivity is:

h 0 i{(Csaz — ¥
Oholy = G20 _ 0f, B+ o ( SA. 6) (24)

CSAz CSAz


https://doi.org/10.1016/j.jmrt.2020.11.045
https://doi.org/10.1016/j.jmrt.2020.11.045

15792

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2020;9(6):15788—-15801

Interphase conductance

Contact conductance

="

AAA :

O

Fig. 2 — The equivalent interfacial and tunneling conductance circuit of graphene in the RVE of Fig. 3 below (Gop, is the sides
conductance, Gpigs and Gpq; are the conductances of the filler and the interface at the middle and G, ;, are the tunneling

conductance, with indices 1, 2, 3, ...... 8).

In the z-direction, the overall resistance due to the inter-
facial effect, is give as in Eq. (25).
21 U ¥+ 21

RI=2R! + Rl = = 25
z 2+ R 0iCsaz * 0no1zCsaz UICSAZ ( )

Therefore, along the z-direction, the electrical conductivity
of the individual filler is:
O'Z= U+ 21 _ a'iaholz(1}+21) (26)
a0 ¢ da; + 2o,
9iCsaz otz Csaz | ~SAZ

Having considered the effect of the interfacial interaction
of the particles, the intrinsic conductivity of the composite in
the longitudinal and transverse directions, are:

2T
Vo,

Gi= "4 (27)
and

i 527"”3

6= (28)

A\
S

2
N lf'
b J

Fig. 3 — The random distribution of graphene fillers in polypyrrole, showing the length and thickness of the filler (v, 3); I is
the barrier thickness, in the representative volume element (RVE).
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2.2.2. The tunneling conductance model

For conduction to place in a polymer-composite, the neigh-
boring filler must interact and make contact with each other;
this physical contact is known as electron tunneling. The
tunneling effect results in the escape of electrons, which
constitutes the total electrical conductivity of the composites.
When a tunneling distance exists between the fillers, in a
polymer-composite electrical network, the semiconducting
polymer becomes a conducting material when the distance is
relatively small. The distance between the nanoparticles is
within a range of nanometers; therefore, tunneling may occur,
and since tunneling current is an exponential function of the
distance between the neighboring particles, the tunneling or
contact resistance can be assumed to occur between two
nearest particles [19,46]. The thickness of PPy between a pair
of fillers is an indicator that the effect of tunneling in the
composite cannot be ignored [32,47,48].

Recall, at temperatures below or equal zero (0 K), electrons
reside in the lowest energy level of a system. However, as the
temperature increases above zero, both the conduction and
valence band contribute to electron tunneling. As such, the
equivalent conduction channels [17,18] can be given as:

1

Bands Ep—Ep )
()

where Ej is the band with the highest energy, Er is the Fermi
energy level, kT is the thermal energy. The probability of
electrons transiting through the PPy barriers between filler
can be calculated [32] by:

NCh _

(29)

a= ex (7%) 30
p (30)

where ¢ is the parameter relating to the tunneling distance,
and it is given [31] as:

h
a 4, /2mgw
and m is 2I [49]. The total tunneling conductance is propor-
tional to the probability of electron transmission between the

matrix and the fillers. Hence, Eq. (32) is the effective tunneling
conductance (Gyy) of the composites.

¢ (31)

Gou = qoN"¢ (32)

where qo [50], is the quantum conductance (qo = %) Re-

arranging Egs. (29)—(32), the total tunneling conductance is
given as:

2e2N¢h < MT@)
o exp (33)

Herein, w is the potential energy barrier, h is the Planck
constant, e is the electron charge, m, is the mass of electron.
The number of conducting channels per graphene layer was
approximated by Naeemi and Meindl [18]:

G =

N"=aD+b. (34)

where a. = 0.0612 nm~?* and b. = 0.425 [18]. In this study, D is
taken as the diameter of the filler.

2.2.3. The effective conductance of PPy-graphene composite

Several authors [6,51,52], have reported that on the total
conductance of a polymer-composite, as provided, is the sum
of the intrinsic and the tunneling conductance of composite.
Therefore, along the longitudinal direction, the conductance

is:
(_ 41rT\/ZTqm>
h
exp (35)

and along the transverse direction, the conductance is:

g%mal  2e(a.B+D.) < = h”’“’“)
0 + h exp

¥?mal  2e*(ad +Db.)
a3 h

GxT =

Gyr = (36)

Finally, the electrical conductivity of the composite, due to
interface, intrinsic and contact resistance, is:

_ 4Gy
N WD}?

(37)

oR
where j is the index of direction.
2.3.  The electrical conductivity predictive model

The statistical percolation law of Kirkpatrick [53], is an
empirical power law of polymer-composite electrical con-
ductivity, from a predictive model, as presented by:

o= ao(V—v.)" foru>v, (38)

where v, is the threshold concentration, v is the filler con-
centration, oy is the initial conductivity of the matrix and o is
the composite conductivity. The empirical power-law model,
though effective, however, shows, the experimental depen-
dence of the exponent, t, renders it less accurate and difficult
to ascertain its significance [16,54]. In this study, based on the
analytical modelling of the composite conductance, a simple-
sum method approach, is proposed to predict the electrical
conductivity of graphene-PPy composite and it is given by:

o= 1{/(09+ OR ) + om (39)

The parameter, y [49], is a function, which depends on the
volume fraction of the filler and the percolation threshold of
the composite; g4 is the conductivity of the filler and ¢/, is the
matrix conductivity.

3. Experimentation

The PPy powder was obtained from Sigma Aldrich, South Af-
rica. The PPy (code no: 530573-25G), has already been doped
with sulfonic acid, having a 30 vol% loading of carbon black,
raising its electrical conductivity to 30 S/cm. The graphene
used as a conductive filler was purchased from Sigma Aldrich,
South Africa. The product description reads the morphology
as follows: 5 pm diameter, the surface area of between 50 and
80 m%g, bulk density of 0.03—0.1 g/cm?, the average thickness
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Fig. 5 — TGA curve of (a) Graphene and (b) Polypyrrole.

of 15 nm, less than 0.01 oxygen content and residual acid
content of fewer than 0.5 wt%.

The thermal stability study of the materials was investi-
gated under nitrogen atmosphere by using a TGA 5500 (1200 °C
ambient temperature, 0.1-500 °C/min heating rate (linear),
>1600 °C heating rate (ballistic) and a sample weight capacity
of 1000 mg). The morphology of the particles was analyzed by
using the scanning electron microscope equipment, SEM
(Zeiss, Berlin, Germany). Furthermore, the XRD pattern was
recorded by using X-ray diffractometer with Cu-K, radiation
(XPert Pro X-Ray Diffractometer Panalytical, Eindhoven, The
Netherlands).

Briefly, from the analysis of the materials morphologies,
the calculated average diameter, length and area of the gra-
phene, are: 2.5 um, 500 nm, and 23,500 nm?, respectively. The
SEM images of graphene and PPy are shown in Fig. 4. More-
over, the average diameter, area and length of PPy, are:
57.85 nm, 21,000 nm and 90 nm, respectively. Fig. 5 gives the
thermogravimetric analysis of the graphene and the PPy for
the two different samples. Fig. 5(a) shows that the graphene
has very low decomposition between 30.20 °C until 316.30 °C

due to the evaporation of the adsorption water. However, a
sharp decomposition begins at 414.40 °C until 574.90 °C, and
the final decomposition occurs between 574.90 and 750 °C.
That is, the entire mass of the graphene would be lost at
temperatures between 574.90 and 750 °C [55]. Fig. 5(b) shows
that the PPy experienced a very noticeable decomposition at
25 °Cuntil 41.4 °C and continuous degradation of the material
begins at 190 °C. Furthermore, the X-ray diffraction patterns of
graphene and PPy, are shown in Fig. 6. The PPy has broad
peaks at 20 =11.20°, 25.00° and 41°. The identification of
these broad peaks is evidence of the amorphous nature of the
material. Moreso, the long narrow peak of graphene at 26.20°,
is an indication of the crystalline nature of the material and
the presence of carbon.

The graphene-PPy composite was prepared by in-situ
polymerization. Without further purification of the chemicals
used, graphene was dispersed in 50 ml of deionized water, by
ultrasonication for 30 min. Afterwards, a measured quantity
of Py was added to a mixture of 1:3 (30 ml) deionize water and
ethanol. The solution of the Py was gently added to the
dispersed graphene and sonicated for 30 min. Moreso, a
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Fig. 6 — XRD diffractogram of (a) Graphene and (b) Polypyrrole.

weighed amount of ferric chloride, was added to a 1:2 mixture
of deionized water and hydrochloric acid and the solution was
sonicated for 30 min. In addition, a solution of the ferrous
chloride was added, dropwise to the graphene-Py and it was
rigorously stirred for over 12 h. The composite obtained was
allowed to dry in an oven, at 75 °C. The uniform distribution of
graphene in graphene-PPy composite was investigated with a
SEM and the micrographs obtained are shown in Fig. 7. As
shown in Fig. 7, the surface of the graphene was successfully
covered by the PPy. The agglomerate of PPy on the surface of
the graphene sheets, confirms the van der Waals force and =—
m interactions of the materials [56]. In our next study, the
critical experimental analysis of graphene-polypyrrole and a
hybrid of graphene with other 2-dimensional materials, for
energy storage advantages, will be discussed. In the present
study, our focus is to discuss the analytical simulation of the
graphene-PPy composite.

The materials morphologies were quantized by using
available software and the data, plotted as histograms, as
shown in Figs. 8 and 9. The shapes of the histograms (Figs. 8
and 9) suggest to some degree, the accuracy that the Weibull
distribution could characterize the materials data; this argu-
ment is in agreement with the work of Wang et al. [28].

4. Results and discussion

In this section, the analytical model developed, is verified and
validated, by applying it to predict the electrical conductivity
of: (i) carbon black, loaded on ethylene-propylene diene
monomer, (i) graphene nanoplatelets, loaded on polymerized
cyclic butylene terephthalate and (iii) graphene nanoparticles,
loaded epoxy resin.

4.1. Length and distribution

The structure, orientation angles, dispersion and interfacing
effect, load sharing and mobility of electrons between the
matrix and the filler, are somewhat difficult to consider when

creating models to predict the properties of polymer-
composites. In order to reduce this complex effect, it is
necessary to characterize the random distribution of filler,
size and length in order to be able to present accurate models
that will predict the electrical properties of polymer-
composites [28,57,58]. The theoretical distribution of gra-
phene size plotted against the experimental data, gives the
Weibull probability distribution plot, as shown in Figs. 10 and
11.

Figs. 10 and 11 show that the theoretical distributions form
of approximate points with the extreme value curve. In this
study, the Weibull distribution was used to describe the
lengths and diameters of the graphene nanoparticles in order
to predict the electrical conductivity of the graphene-PPy
composite. Presented in Table 1 are the estimated parame-
ters for the Weibull distribution function.

4.2. Model validation

The model was validated by comparing the predicted perco-
lation threshold and the electrical conductivity of the different
polymer-composites with experimental measurements,
sourced from the available literature. Ghosh and Chakrabarti
[35], presented the experimental data on the conducting car-
bon black-filled ethylene/propylene diene monomer. The two
procedural methods employed by Ghosh and Chakrabarti,
which are the: compounding of the polymer and filler at a
temperature of 75 + 2 °C and the vulcanization of the com-
posite in a compressing moulding machine at a temperature
of 160 + 2 "C, under a pressure of 80 kgf.cm™2. As reported by
Ghosh and Chakrabarti, the particle diameter was 30 um and
the length was in the range of between 1.5-2.0um [59].
Fig. 12a shows the comparison of the experimental results
with the results of the model of Eq. (39). Fig. 12a clearly shows
that there is a correlation between the experimental results
and the modelled results. The Montel Carlo simulation results,
presented by Vas and Thomas [6] on the composite, is in
agreement with the results of the model developed in this
study.
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Fig. 7 — Scanning electron micrograph of graphene-polypyrrole composite at two different magnifications.

Another set of data used in the validation process of the
model developed in this work was presented by Kim et al. [34].
Kim et al. [34], carried out the experimental and analytical
investigations of the electrical percolation of graphene
nanoplatelets-loaded polymerized cyclic butylene tere-
phthalate. The graphene had a thickness and diameter of
6 nm and 5 pm, respectively. The initial electrical conductivity
of the polymer was 8.5 x 107** S/m [60]; other parameters
involved in the calculations, were: 1.57 nm graphene length
and potential barrier of 2.1 eV [6]. Figure 12b is the compara-
tive results of Kim et al. experimental work [34] and the pre-
sent study. Fig. 12b shows that there is close agreement
between the percolation threshold of the experimental results
and the model developed in the present study. The result of
this study is also in agreement with the investigation of Fang
et al., [46].
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Fig. 8 — The histogram of the graphene dispersed diameter
(nm).

In order to further validate the model developed, the
experimental results of the study conducted by Hashjin
et al.,, [33] was compared with the model results developed
in this study. Hashjin et al. [33], studied the loading effects
of graphene on epoxy coatings by dispersing graphene in
chloroform, followed by cooling and the gradual mixing of
the epoxy resin with the graphene solution. The diameter,
thickness and conductivity of the graphene that are
required to control the property of the epoxy were:
10 um, 1.2 nm and 473 S/m [33], respectively; the potential
energy barrier was set at 10 eV, and the initial conductivity
of the polymer was given as 7.17 x 107 (S/m) [33].
Figure 12c displays the comparison results of the model
with the experimental data. From Fig. 12c, it can be seen
that the model results, aligned closely with the experi-
mental results and analytical results of Mamunya and
Kirkpatrick and Zallen, as shown by Hashjin et al. [33].

4.3. Parameters variation effects

The quantized length and diameter of graphene, by using the
Weibull distribution, as shown in Figs. 8 and 9 and Table 1,
were used in the calculation of the electrical conductivity of
the graphene-PPy composite. The PPy and the graphene,
have initial conductivities of 30 S/cm and 103 S/m, respec-
tively. The potential energy barriers, interfacial thickness,
filler conductivity, were varied in order to observe their ef-
fects on the effective conductivity of the composites. In
addition, the effects of the intrinsic PPy electrical conduc-
tivity on the total conductivity of the composites were
observed.
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4.3.1. Graphene conductivity variation effect on the composite
From Eq. (39), it can be deduced that the electrical conductivity
of a composite, depends on the electrical conductivity of the
filler, intrinsic, tunneling and interface conductance of the
composite. For a 1.2 eV potential energy barrier, 1 nm interface
thickness and 30 S/cm PPy conductivity, the effects of gra-
phene conductivity were observed to be in the range of be-
tween 10to 10° S/m. As shown in Fig. 13, the composite
conductivity is equal to the PPy conductivity, when the weight
fraction equals zero. Moreover, as the filler conductivity in-
creases, the composite experienced a constant percolation
threshold at a weight fraction of 0.001(wt) for all the conduc-
tivities. Furthermore, for the filler conductivity range of be-
tween 10%2t010° S/m, the electrical conductivity of the
composite changes from 3000 to 3003.5 S/m, for a total weight
fraction of 0.03 (wt). From these results, it can be affirmed that
the effective conductivity of the composites, is a function of
the filler conductivity and the weight fraction of the filler. The
results of this model agreed with the work of Vas and Thomas

[6).
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Fig. 10 — The Weibull probability plot of graphene
nanoparticles lengths.

4.3.2. Potential barrier effect

Recall, the insulating layer of polymer is the barrier that limits
the electrical conductivity of polymer composites. Therefore,
the energy, which must create conduction in the composite,
must be greater than or equal to the polymer insulating barrier
energy [61]. Hence, in this study, the effect of the potential
energy barrier in the conductance of graphene-PPy composite
is investigated, by using PPy having a conductivity value of
30 S/cm and a filler with a conductivity value of 10° S/m, a 2 nm
interfacial thickness, the quantized length and diameter. The
barrier potential is set to a range of between 1 — 7eV [46]. The
results obtained are, as shown in Fig. 14. From Fig. 14, it can be
seen that the energy barrier potential has a direct effect on the
conductivity of the composite, that is: the higher the barrier
potential, the lower the electrical conductivity of the com-
posite. Moreover, below the percolation threshold, the elec-
trical conductivity of the composite remained independent of
the potential barrier; but its influence on the electrical con-
ductivity above the percolation threshold is perceptible. These
results agree with the analytical results of Fang et al. [32] and
other authors [44,62].

4.3.3. Interfacial thickness effect

The interfacial effect of the composite is investigated by
setting the potential barrier at 2eV, filler conductivity at
10° S/m, polymer conductivity at 30S/cm; the length and
diameter, remained as quantized. The interface thickness is
varied between 1and5nm. From Fig. 15, it is observed that
the thickness of the composite is inversely proportional to the
percolation threshold without any significant impact on the
total electrical conductivity of the composite, i.e., as the
thickness increases, the composite needs a considerable
amount of the volume fraction of the filler to form conducting
paths. Moreso, the electrical conductivity of the composite
marginally decreases as the interfacial thickness increases.
This effect can be attributed to the fact that the interfacial
thickness influences the electrons, which transit across the
insulating layer of the polymer. A reduced thickness will
make the composite to result in more current density. These
results agreed with literature reports [29,44,63] and the values
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Fig. 11 — The Weibull probability plot of graphene
nanoparticles diameters.
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Table 1 — Weibull parameters for graphene length and diameter.

Parameter Log Likelihood Mean Variance € 0
Diameter —7904.37 1405.89 440175 1587.31 2.2412
Length -9123.42 4238.77 5.295E6 4778.18 1.9178
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Fig. 12 — Model result versus experimental data. (a) Ghosh and Chakrabarti [35] (b) Kim et al. [34] (c) Ranjbar et al. [33].

of the thickness chosen, were in accordance to the literature

[64].
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the percolation threshold that will raise the electrical con-
ductivity of the composite. In addition, the results show that
the matrix conductivity has an influence on the total com-

Fig. 13 — Graphene electrical conductivity effects on posite conductivity below the percolation threshold. Never-
graphene-PPy composite. theless, once the composite gains continuous conduction,
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the total conductivity becomes a function of the contact and
the tunneling conductance. The analytical results of several
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Fig. 16 — Polymer conductivity effect on the percolation and
overall electrical conductivity of the composite.

authors [29,32,46], agreed with the results of the current
model.

5. Conclusion

Experimental characterization of graphene morphology and
their statistical quantization have been carried out, by using
the Weibull distribution approach. A predictive polymer-
composite electrical conductivity model that incorporated
the interface effect, in conjunction with a simple-sum
approach, has been developed. The investigation was con-
cerned with the evaluation of the electrical conductivity
changes of graphene-polypyrrole composite, in response to
interfacial thickness, polypyrrole conductivity, graphene
conductivity and energy barrier. The model developed, pre-
dicted that the percolation threshold remained constant with
increasing filler conductivity. In contrast, the composite
effective electrical conductivity increases with increasing
filler conductivity. Moreover, the model predicted the fact that
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for a decreasing interfacial thickness, the percolation
threshold increased and the electrical conductivity of the
composite decreased. Furthermore, it was observed that the
potential energy barrier, has an inverse effect on the electrical
conductivity of the composite, above the percolation
threshold. In addition, it was observed that the polymer-
conductivity level could not dictate the effective conductiv-
ity of the composite above the percolation threshold; conse-
quently, the polymer conductivity can only influence the
effective electrical conductivity of the composite below a
percolation point. More so, the statistical distribution of the
filler morphology aids the accuracy of the predictive model.
The results from the predictive model are in good agreement
with experimental measurements, sourced from the literature
[33—35]. Further studies will analytically and experimentally,
investigate how the percolation threshold and the electrical
conductivity of composites, affect the electrochemical
devices.
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