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Abstract— In this work we investigate the behavior of the
electrical conductivity of polyaniline when small amounts of
graphite nanolayers are added to the polymeric matrix and
subsequently suffer an aging process. We observed that graphite
tends to increase conductivity whilst aging tends to decrease it.
On the other hand, absorption of atmospheric humidity tends to
increase conductivity. We show that a mathematical model
describes with good agreement the dependence of the
conductivity with the aging time.

Index Terms— electrical conductivity; nanomaterials; four
probe method; graphite

I. INTRODUCTION

Some organic materials can be produced on the form of
polymers with high electrical conductivity. There is a strong
interest in producing such kind of materials due to their wide
range of applications owing to the possibility of customizing
their physical and chemical propertiesl. The synthesis
process can be controlled involving the addition of fillers and
the combination of various polymers results on unique and
desirable characteristics. One example is the polyaniline
(Pani) which is a polymer with high electrical conductivity.
Pani belongs to the class of intrinsically conducting polymers,
which are combined as excellent electrical properties of the
metals with a processing flexibility and easy synthesis of the
polymers [2, 3]. Pani is widely studied because of its
oxidation-reduction states, which provide its electrical
conduction performance. The intermediate
oxidation-reduction state of Pani (half oxidized/half reduced)
in emeraldine salt form presents higher values of electrical
conductivity when compared to the other Pani’s
oxidation-reduction states [3, 4].

Pani nanostructures, such as nanofibers, can be synthesized
for the aim of improving the attributes of the material.
Polyaniline nanofibers have been studied because they have
particular properties that combine the unique characteristics
of the convectional polymers with the quantum size effects of
nanomaterials [5, 6]. In addition, Pani can be combined with
graphite nanolayers (GNL) to produce composite material of
excellent electrical behavior [7, 8]. The increase in electrical
conductivity of Pani/GNL nanocomposites can be explained
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by the -w interactions between the nanolayers of graphene
and the structure of Pani, along with the physical confinement
of the Pani molecules in the compact structure of graphene [9,
10]. This condition favors a high degree of ordering of the
polymer chain and greater mobility of the charge carriers in
the nanocomposite, compared to pure Pani [11]. The
combinations of Pani with graphite and its derivatives results
in an interesting material with good electrical and
electrochemical properties [12, 13]. All these characteristics
makes this nanocomposite a promising material for several
applications such as energy storage, capacitors, sensors, solar
cells, fuel cells and so on [12, 14, 15]. Capacitors are devices
widely used in power electronics applications, i.e., they are
submitted to high thermal stress and electrical voltages [16].
Moreover, in other applications, aging acts on the stability of
transport properties, being extremely important for charges
conduction in polymeric materials. It is therefore crucial to
understand the thermal aging behavior of the materials
composing such kind of devices [17].

During the thermal treatment of Pani, several chemical
processes happen leading to the loss of its electrical
conductivity, e. g., decrease on the amount on the dopant
concentration and oxidation of the polymeric chain [18]. The
rate at which the dopant loss takes place depends not only on
the temperature but on the dopant type and the material’s
morphology. Typically, the high Pani conductivity can be
associated to the existence of conducting grains immersed in
an insulating matrix [19]. Thus, the overall effect of such
events that lead to the thermal aging process is the decrease on
the size of the conducting grains. The evolution of the
polymer conductivity as a function of treatment time o(t) is
given by the following equation [20, 21, 22].

glt) = L'.rne_":; Q).
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This equation indicates an exponential decrease from the
initial conductivity oy as the treatment time increases. The
decrease rate depends intrinsically on the material and is
described by the characteristic time ¢ . This parameter can be
used to compare the time stability of different substances.

Cabezas et al. [17] reported the effects of the thermal aging
on films formed by polyaniline and carbon nanotubes. The
addition of the graphene-derived material delays the loss of
the Pani dopants, which postpone the degradation of the
conductivity of the material. Upon prolonged heating, the
nanocomposite film presented semiconductor electrical
behavior, whist the pure Pani film exhibited insulating
behavior.
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In the current study, we measured the electrical characteristics
of samples of Pani and its time evolution during a thermal
aging process. In order to foresee the material useful lifespan
and practical applications it is mandatory to know its
electrical stability. Electrical conductivity was measured
using the four probe method. Thermal aging was performed
keeping the samples during a preset time on a temperature
close but bellow the material’s melting point. Samples of pure
Pani and containing different amounts of graphite nanolayers
were tested.

Il. EXPERIMENTAL

A. Materials

Aniline (Sigma-Aldrich) was purified by distillation before
polymerization.  Natural ~ graphite  (Sigma-Aldrich),
ammonium persulfate (Sigma-Aldrich) and hydrochloric acid
(Merck) were used as received.

B. Synthesis of graphite nanolayers (GNL)

A graphite structure was modified to graphite nanolayers
according to the methodology described elsewhere [23, 24].
Natural graphite in flake form (2.0 g) was chemically treated
with sulfuric acid (24.0 mL) and nitric acid (6.0 mL) under
magnetic stirring for 24 hours. After dispersion, the product
was washed with distilled water until becoming neutralized
and was dried at 100 °C for 3 hours. Then, the intercalated
graphite was obtained and was heated in air at 1000 °C for 30
seconds to obtain the expanded graphite. Graphite nanolayers
were obtained from the expanded graphite; they were treated
with an ultrasound bath Unique (Ultracleaner 1600A, 40 kHz)
in aqueous alcohol solution (70%) during 8 hours.

C. Synthesis and characterization of the nanocomposites
polyaniline/graphite nanolayers

Doped Pani was synthesized in the presence of graphite
nanolayers by rapid-mixing  polymerization  using
hydrochloric acid as dopant and ammonium persulfate (APS)
as oxidant, according to the process adapted from the
literature [25, 26]. In a typical polymerization reaction, GNL
(5 and 20 wt% relative to the weight of aniline) and aniline
(0.6 mL) were dispersed in 1.0 M hydrochloric acid aqueous
solution (20 mL). The dispersion was treated with an
ultrasound bath during 1 hour. Then, 1.0 M hydrochloric acid
aqueous solution (20 mL) containing APS (0.38 g) was
rapidly mixed to the GNL/aniline/HCI dispersion. The
reaction occurred at 60 °C without stirring for 2 hours. The
product was then filtered, washed with pure acetone to
remove oligomers and dried for 48h at room temperature in a
desiccator. This methodology in the absence of GNL was also
used to produce pure Pani.

The morphological characterization of the samples was
performed by scanning electron microscopy (SEM) with a
Philips microscope, model XL30, operating at 20 kV. The
samples were prepared by deposition in an aluminum stub and
posterior gold metalization. The diameters of the Pani grains
as well as the thickness of GNL were measured by the ImageJ
software.

D. Thermal aging analysis

In the four-probe method, the collinear electrodes are
placed in contact with the sample’s surface and a voltage is
applied to two of them. In the other two electrodes the

electrical current is measured. This method is superior to the
two probe method for there is no need to consider the effects
of contact resistance neither the cable resistance. We used a
system provided by Lucas-Signatore, Model S-302-4 with
gold electrodes. Voltages from 1 up to 5 V were applied (Icel
Manaus, PS-6000) resulting in currents of the order of 30 to
500 pA. Voltage and current were measured with the
following multimeters, respectively: Minipa (ET-2510) and
Icel Manaus (MD-6700). Plots of voltage versus current
allowed through the first Ohm’s law the values of the sample’s
resistance. The second Ohm’s law yields the material’s
resistivity. In order to take into account the finite size of the
sample, geometric factors were used [27, 28]. For each
sample, the measurement was repeated at least thrice and
arithmetic averages were considered. Calibration of the
experimental setup was performed with samples of silicon
with known resistivity. The silicon standards had nominal
resistivities in the range of 1 to 20 Q.cm. After repetition of 30
measurements, we obtained the value of 5.3 £ 0.6 Q.cm,
showing good agreement to the expected values.

One sample of pure Pani and two samples of Pani
containing 5 and 20% each of graphite nanolayers (GNL)
were treated at 100 °C in an electrical furnace (DeLeo). Initial
treatment time varied from 15 to 60 minutes. Longer
treatments steps reached 200 minutes. Afterward, the samples
rested in room temperature exposed to air during 170 days in
order to infer the atmospheric effect on the samples. After the
resting period, a new cycle of thermal treatment was
performed in order to accelerate aging. Conductivity was
measured at room temperature in between each thermal
treatment stage.

I1l. RESULTS AND DISCUSSION

The morphology of pure Pani, GNL and Pani/GNL
nanocomposite are presented in Fig. 1. Pure Pani nanofibers
were produced by rapid-mixing polymerization, Fig. 1(a). Itis
observed that well-defined pure Pani nanofibers with an
average diameter of 56 + 14 nm were obtained, without the
presence of agglomerates. This morphology can be related to
rapid-mixing polymerization. This methodology can control
the secondary growth of Pani, avoiding the growth of
irregular structures, i.e., agglomerates [25]. As can be seen in
Fig. 1(b), GNL were successfully obtained through thermal
reduction of graphite oxide. It presented stacked graphene
layers, which have a thickness of approximately 95 + 25 nm,
Fig. 1(c). Pani nanofibers were prepared in the presence of
GNL, because when the aniline monomer is added to the GNL
suspension, the aniline immediately adheres to the surface of
the graphene due to electrostatic interactions. During the
polymerization stage, GNL provides a high number of active
sites for the nucleation of Pani, acting as a support material
[29]. Thus, from Fig. 1 (d) it is possible to visualize the
growth of well dispersed Pani nanofibers on the surfaces of
GNL. The uniform dispersion of polyaniline on the lamellar
surface of GNL favors the formation of an efficient network
for the charge transport. The ® bonds present on the GNL
surface may interact strongly with the quinoid structures of
Pani. This interaction facilitates the process of charge transfer
between the components of the system and increases the
efficiency of displacement of electrons, thus increasing the
electrical conductivity of the hybrid material [29, 30].
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Pani/GNL nanocomposite.

The conductivity decrease due to the thermal aging is shown
in Fig. 2 to 4 for pure Pani, Pani with 5% of graphite
nanolayers and Pani with 20 % of graphite nanolayers,
respectively. The dots represent the experimental values.
Error bars were estimated through three measurements of the
resistivity on each sample. The solid line represents the best
numerical fit of equation (1) to the data during the whole time
span. One can observe that there is a good agreement between
the experiment and the theoretical model for the thermal aging
of the materials either for the pure samples as well as for those
with GNL, indicating that the processes that occur during the
aging of the polymer are mainly responsible for conductivity
decrease in all cases. It can be observed that there is a rapid
decrease on samples’ conductivity as the aging time increases.
For very long times the conductivity decreases very slowly
indicating a stabilization of the electrical properties.

The parameters used to fit equation (1) to the
experimental data are shown on Table 1. As one can see on
the middle column, the conductivity increases as the amount
of graphite goes up as expected, for graphite is a better
conductor than the polymer. The third column shows the
characteristic time of each material. The analytical
interpretation of equation (1) shows that the larger the 7 is the
longer the material remains closer to the initial value. In other
words, larger values of the characteristic time provide longer
lasting materials. Therefore, comparing the three materials,
pure Pani is the least stable among them. The addition of
GNL, besides increasing electrical conductivity, increases the
material endurance. Nonetheless, when the GNL
concentration goes up from 5 to 20%, the characteristic time
suffers a decrease showing that there is an optimal value for
the capability to avoid aging.

TABLE
Table 1 — Numerical parameters used to fit the
experimental data.
Sample op (S/cm) 7 (min?)
Pure Pani 0.22 251
Pani + 5% GNL 0.26 654
Pani + 20% GNL 0.46 473

Fig. 2 — Time evolution of the electrical conductivity of

pure polyaniline. The fitted curve has a decaying time of 251

mint.
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Fig. 3 — Time evolution of the electrical conductivity of
polyaniline containing 5% GNL. The fitted curve has a
decaying time of 654 min™.

In the middle region of the time span there is a noticeable
discrepancy between the experimental data and the theoretical
model given by equation (1). These values correspond to the
170 days interval when the samples were let to rest in air. We
believe that this fact was due to different resting periods
between aging steps, which is allowed by different exposure
time to atmospheric water. Pani is known for its hygroscopic
characteristic, and water tends to increase the samples’
conductivity, through the enlargement of the effective size of
conducting grains [31]. The thermal treatment applied after
the resting time followed the previous protocol, e. g., heating
during 15 to 60 minutes stages. It took a few hundreds of
minutes to vaporize enough water in order to the samples’
conductivity fall again on top of the theoretical curve.
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Fig. 4 — Time evolution of the electrical conductivity of
polyaniline containing 20% GNL.The fitted curve has a
decaying time of 473 min™.
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Fig. 5 — Time evolution of the normalized conductivity of
polyaniline samples containing different amounts of GNL and
exposed to air. The lines are only to guide the eyes.
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In order to clarify the atmospheric effect on each sample we
followed its conductivity right after being taken off the
furnace until a 5 day resting period. Fig. 5 shows that the
conductivity increases for all samples after being exposed to
air. We have chosen to normalize all three conductivities to
the initial value right after leaving the furnace in order to be
able to compare them to each other. Fig. 6 shows the
normalized mass after taking the samples out of the furnace. A
clear mass increase is observable. Recalling the hygroscopic
behavior of Pani it is reasonable to suppose that during the air
exposition the samples absorb water and increase their
electrical conductivity. Similar results have already been
reported [31].
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Fig. 6 — Time evolution of the mass of polyaniline samples
containing different amounts of GNL and exposed to air. The
lines are only to guide the eyes.

IV. CONCLUSION

In this work we have studied the electrical response of Pani
samples to thermal aging and the addition of nanofillers. We
observed that the electrical conductivity decreases in a fast
way for short treating times and reaches an almost stable state
after long periods of aging. A mathematical model describes
reasonably the conductivity behavior showing an exponential
type of decrease. We have added graphite nanolayers to the
polymeric matrix and observed that they improve
conductivity and endurance. The same equation can be used
to model the aging process of Pani samples with and without
graphite nanolayers. Due to the fact that Pani is hygroscopic
an increase on the conductivity is observed when samples are
exposed to atmospheric air.
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