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Abstract

Nanocomposite materials consisting of polyaniline (PANI) and exfoliated WS2 were
synthesized. The WS2 was prepared by reacting tungstic acid with thiourea at 500°C
under nitrogen flow. Samples were prepared with a WS2 content of 1, 5, 7.5, 10, 12.5, 15,
20, 37, and 64% by mass. An improvement in the electronic conductivity value of the
PANI  was  observed  through  the  incorporation  of  exfoliated  WS2.  The  electronic
conductivity of PANI-15%WS2 was 24.5 S/cm, an eightfold increase when compared to
pure PANI. Powder X-ray diffraction (XRD), transmission electron microscopy (TEM)
and electron paramagnetic resonance (EPR) provided evidence that the nanocomposites
are  in  an  exfoliated  state.  XRD  and  TEM  showed  that  the  nanocomposites  were
completely amorphous, suggesting lack of structural order in these materials, while
their EPR signals were considerably narrower compared to pure PANI, indicating the
formation of genuine exfoliated systems. Furthermore, our research showed that WS2

can be used as a filler to improve activation energy of decomposition of the polymer.
By using the Ozawa method, we studied the decomposition kinetics for the nanocom-
posites, as well as for the pure polymer. The activation energy for the decomposition of
pure PANI was found to be 131.2 kJ/mol. Increasing the amount of WS2 to 12.5% in the
PANI increases the activation energy of decomposition to 165.4 kJ/mol, an enhancement
of 34.2 kJ/mol over the pure polymer.

Keywords: nanocomposite, polyaniline, transition metal dichalcogenide, exfoliated
systems, graphene analogous material
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1. Introduction

There has recently been a significant amount of interest concerning the development of a wide
variety  of  inorganic-polymer-based  nanocomposite  materials.  The  preparation  of  these
nanocomposites involves the incorporation of various inorganic nanoparticles into the matrix
of a certain polymer using methods such as sol-gel processing, blending or mixing the polymer
and filler material, as well as in situ polymerization [1]. A variety of different nanoparticles
including clays, metal oxides, transition metal dichalcogenides (TMDs) and semiconductor
metallic crystals have been incorporated into polymeric materials. The resulting nanocompo-
sites typically exhibit improved properties derived from the presence of both the polymer and
filler material. Depending on the polymer and the filler material, the improved properties
synergistically  derived  from  the  two  components  may  include  enhancement  in  thermal
stability, electrical conductivity and mechanical strength.

Graphene is a material that has attracted a tremendous amount of interest in the scientific
community. It is an allotrope of carbon prepared by exfoliation of graphite into individual two-
dimensional layers. Interest in graphene arises from the fact that it possesses a number of
unique electrical, thermal, and mechanical properties due to its two-dimensional hexagonal
structure [2]. Since the discovery of graphene, much effort has been placed into other layered
materials that can be exfoliated into individual sheets in a similar fashion to graphite. One of
the most widely studied class of graphite analogues are the transition metal dichalcogenides
(TMDs) such as MoS2, WS2, MoSe2 and WSe2. These layered materials possess hexagonal lattice
structures that can be exfoliated into single layers, similar to graphite. Due to its ease of
exfoliation, MoS2 has become the most researched TMD for its use in a variety of devices.
However, it is interesting to note that WS2 is much harder to exfoliate, although it is structurally
similar to MoS2. The challenge with the exfoliation of WS2 has inspired many researchers to
examine other methods of exfoliation. Recently, Matte et al. prepared WS2 nanosheets in an
exfoliated state by grinding tungstic acid with an excess of thiourea and heating the reaction
mixture to 500°C in an inert atmosphere.

Since the discovery of its conductive nature, polyaniline (PANI) has been one of the most
extensively studied electronically conductive polymers for a number of reasons, such as its
relative ease of synthesis, low cost of production, high conductivity and impressive environ-
mental stability [3, 4]. Due to these reasons, PANI is considered to be the most promising
conductive polymer when compared to others such as polypyrrole, polythiophene and
polyacetylene [4]. Over the past 30 years, PANI has become a material of great importance due
to its many applications such as in rechargeable batteries, microwave and radar devices,
nonlinear optical and light-emitting devices, sensors, catalysts and solar cells [5–12]. In this
chapter, we discuss the synthesis of exfoliated WS2 and the preparation of inorganic-polymer
nanocomposites through the incorporation of WS2 into the polymer matrix of PANI via an in
situ polymerization technique. Characterization of the exfoliated WS2 and PANI-WS2 nano-
composites is also discussed.
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1.1. Polyaniline

Polyaniline (PANI) is among the most widely studied polymeric materials due to its electron-
ically conductive nature. The discovery of PANI can be traced back almost 200 years to the
experiments of Runge, who reported a colour change from dark green to black upon heating
a mixture of copper(II) chloride and aniline nitrate [13]. Although the existence of this polymer
has been known for quite some time, it was not until over 100 years after its discovery that
PANI was shown to demonstrate significant electrical conductivity [14].

Generally speaking, the synthesis of PANI can be achieved using two different methods:
chemical polymerization and electrochemical polymerization. The chemical synthesis of PANI
involves the polymerization of aniline using strong oxidizing agents in acidic media. The
electrochemical polymerization of PANI can be carried out in a one compartment cell or a two
compartment cell in an aqueous medium or a suitable solvent [15]. It has been reported that
PANI synthesized using the electropolymerization method results in a sample with lower
conductivity, lower crystallinity, higher solubility, and higher bandgap energy when compared
to the chemically synthesized polymer [4]. Although it is apparent that there are some
advantages associated with the electrochemical synthesis of PANI, the chemical polymeriza-
tion method is favoured for the large scale production of the polymer [15].

Most frequently, the oxidants used in the chemical synthesis of PANI include ammonium
peroxydisulfate (APS) and Fe(III) compounds; however, a wide variety of oxidizing agents
have recently been employed. These oxidizing agents include a number of different transition
metal compounds such as Mn(III), Mn(IV), Cr(VI), V(V) and Cu(II). Other reported oxidants
include KIO3, H2O2 and benzoyl peroxide [16]. There have been many reports on the chemical
synthesis of PANI; however, the use of APS in its preparation typically results in the highest
electrical conductivity [17].

Depending on the type of oxidizing agent and the reaction conditions, there are two funda-
mentally different ways that aniline can be oxidized. If the oxidizing agent has a high oxidation
potential and does not possess a reactive oxygen atom, it is able to remove electrons or
hydrogen from the aniline monomer which results in the formation of dianilines in reduced
and/or oxidized form, oxidatively cyclized dianiline products, as well as linear/branched
aniline oligomers and PANI. Oxidizing agents with a reactive oxygen atom are able to either
donate the oxygen to the aniline monomer resulting in the formation of oxygen-containing
products, and/or remove electrons/hydrogen from the aniline monomer [16]. There are a
number of oxidants which can act as either oxygen donors or electron acceptors depending on
the reaction conditions. In the case of oxygen donor species, high temperatures and alkaline
conditions result in the formation of favourable products. However, the opposite is true for
the electron acceptor mechanism, where low temperatures and acidic conditions produce
favourable results. Peroxydisulfate salts such as APS are able to either donate oxygen or accept
electrons; however, the latter is the preferred mechanism for the production of PANI. The
reaction of APS with aniline in alkaline conditions at an elevated temperature prompts the
donation of oxygen by the APS which results in the production of insoluble oxygen-/sulphur-
containing oligoanilines, whereas the same reaction in acidic conditions at a low temperature
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leads to the production of PANI as the major product through acceptance of electrons by APS
[14].

PANI exists in four different forms depending on the level of oxidation of the polymer. The
fully reduced form of the polymer is known as leucoemeraldine, the half oxidized form is
referred to as the emeraldine base, and the fully oxidized form is pernigraniline. Although
PANI is known to be a conductive polymer, all of these three forms are insulating. The
conductive nature of PANI arises only when it is in the emeraldine salt form, where repeating
units of the completely oxidized form are followed by units of the completely reduced form
[14]. When doped with HCl, PANI demonstrates a significant increase in conductivity by
approximately 10 orders of magnitude. Although this mechanism is not entirely understood,
it has been proposed that protonation of the emeraldine base of the polymer leads to a spinless
bipolaron structure, which rearranges and splits into two polaron units resulting in the
emeraldine salt form [18].

1.2. Transition metal dichalcogenides

Graphene has gained significant attention over the past number of years due to its incredible
properties. Research into 2D graphene has led to the award of the Nobel Prize in Physics in
2010. Graphene possesses unique electrical, thermal, and mechanical properties and is widely
researched for its potential applications in different devices [2]. The unique properties of
graphene are due to its two-dimensional hexagonal structure. The discovery of graphene has
triggered a considerable amount of interest in other materials that possess layered structures
that can be exfoliated into single layers.

Figure 1. Structure of graphene analogue WS2.

Layered materials that have recently been studied include TMDs, BC3, silicene, transition metal
carbides and nitrides, and a number of coordination polymers, each of which exists in a
structure composed of stacked layers analogous to graphite [19]. These graphite analogues can
be cleaved into single layers that are more or less structurally similar to that of graphene.
Among these graphene analogous materials, the TMDs are among the most widely studied.
Similar to graphene, they possess a two-dimensional hexagonal ‘honey-comb’ like lattice
structure as shown in Figure 1. These materials are composed of a transition metal that is
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covalently sandwiched between two chalcogen atoms which make up the two-dimensional
layer. Weak van der Waals forces exist between the two-dimensional sheets of the TMDs and
are responsible for the layered structure of the materials.

There are approximately 60 different TMDs, 40 of which exist in the layered form [20].
Variations in the compositions of TMDs result in a variety of different properties possessed by
the compound. TMDs can exist in three different forms which are a result of altering the
transition metal or the chalcogen (S, Se, Te) causing changes in the coordination or oxidation
state of the material. These forms include metallic, semimetallic and semiconductor. For
example, NbSe2 is a metallic material, whereas WS2 is semiconducting [21].

Out of the many TMDs, those containing a group six transition metal are among the most
highly researched. Recently, MoS2 as well as the chemically similar WS2 have been materials
of interest due to the fact that they are layered semiconductors with tunable bandgaps
depending on size [22, 23]. Much like graphene, these materials possess unique properties
when in an exfoliated state. Due to its ease of exfoliation, MoS2 has been the more highly
researched TMD for its use in a variety of devices.

There are a number of methods for preparing exfoliated MoS2, the most common being
exfoliation by the n-butyllithium technique [24]. First, the bulk MoS2 is mixed with an n-
butyllithium/hexane solution in order to achieve lithium-intercalation. The LixMoS2 is then
submerged in water, resulting in the production of LiOH and the evolution of H2 gas causes
separation of the MoS2 layers.

Although WS2 is similar in chemical structure to MoS2, exfoliation of WS2 using the n-butyl-
lithium technique is much more difficult [25, 26]. This difficulty arises from the fact that
when WS2 is mixed with the n-butyllithium hexane solution, very little lithium intercalation
occurs. When performing lithiation of MoS2, the resulting LixMoS2 typically has a lithium
content of x ≈ 1. WS2 under identical conditions yields LixWS2, with an x value of under 0.4. As
a result, there is negligible H2 formation when LixWS2 is submerged in water causing the degree
of WS2 exfoliation to be very low [26]. Consequently, this has inspired researchers to examine
other methods of WS2 exfoliation. A solvothermal method has been used to increase the
amount of lithium intercalation in WS2 [27]. Other reported methods include using a strong
acid treatment to separate the WS2 layers, as well as using different synthetic techniques to
prepare the WS2 in an already exfoliated state [28–30].

Recently, Wu et al. reported a method of preparing WS2 nanosheets in an exfoliated state. This
method involved ball-milling WO3 in the presence of sulphur and heating to 500–800°C under
argon atmosphere [29]. Shortly after, Matte et al. reported a method for the preparation of
exfoliated WS2 which involved the use of thiourea as the source of sulphur and tungstic acid
as the source of tungsten. This process simply involves grinding of tungstic acid with an excess
of thiourea (tungstic acid–thiourea 1:48 mole ratio), and heating the mixture to 500°C under
nitrogen atmosphere [30].

Once in an exfoliated state, WS2 has a wide variety of potential applications including photo-
conductors, catalysts, lubricants and lithium batteries [29]. Although there are many potential
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applications for this material, the amount of work done on WS2 has been quite limited
compared to other TMDs.

1.3. Inorganic-polymer nanocomposites

There has been significant research into the development of a wide variety of inorganic-
polymer-based nanocomposites. Inorganic-polymer nanocomposites are materials that consist
of inorganic nanoparticles mixed with a polymer where the size of the inorganic nanoparticle
is less than 100 nm, for example layered materials, incorporated into a polymer host [31].
Research into these types of materials is primarily concerned with the enhancement of the
polymer properties through the incorporation of different particles with varying characteris-
tics. Examples of polymer properties that are considered include thermal stability, electrical
conductivity and mechanical strength. A variety of different nanoparticles such as clays, metal
oxides, transition metal dichalcogenides and semiconductor metallic crystals have been
previously incorporated into polymeric matrices. There are a number of different methods
used to prepare inorganic-polymer nanocomposites such as blending or mixing the polymer
and filler material, sol–gel processing, and in situ polymerization [1].

Figure 2. Intercalated and exfoliated nanocomposites.

Polymer-based nanocomposites containing layered materials can exist in two major forms:
exfoliated nanocomposites and intercalated nanocomposites (Figure 2). Exfoliated nanocom-
posites consist of single or few layered nanosheets incorporated within a polymer matrix.
Conversely, intercalated nanocomposites are materials formed when the layered species are
stacked with polymer chains, resulting in alternating inorganic and polymeric layers.
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XRD characterization of the nanocomposite is very useful for determining its structural
characteristics. In particular, XRD can be used to detect three types of nanocomposites. For an
immiscible nanocomposite, the powder pattern is similar to that of the starting layered
structure, demonstrating no change in d-spacing, and therefore suggesting that no separation
of the layers took place. For an intercalated nanocomposite, its XRD pattern will be different
from that of the pristine lamellar structure. Typically, an increase in d-spacing is observed due
to the incorporation of the polymer in the gallery spaces of the inorganic host. Finally, in the
case of an exfoliated nanocomposite, no peaks are expected in the XRD scan. This is due to the
fact that there is no regular spacing between the layers of the material, indicating that the layers
are exfoliated and distributed throughout the polymer matrix [31]. It is also worth noting that
the XRD scan of the exfoliated nanocomposite assumes that the incorporated polymer is
completely amorphous. However, a polymer possessing a crystalline structure could show
diffraction peaks in the XRD pattern of its corresponding exfoliated nanocomposite.

2. Synthetic methodology

2.1. Synthesis of exfoliated WS2

Tungstic acid was purchased from Sigma-Aldrich and used as received. Typical synthesis of
exfoliated WS2 involved grinding and mixing tungstic acid in excess of thiourea with the use
of a mortar and pestle. The mole ratio of the tungstic acid to thiourea was 1:48. This mixture
was placed in a ceramic reaction vessel and inserted into a ceramic tube installed in a split
furnace. The mixture was then heated to approximately 500°C for 3.5 h under nitrogen
atmosphere and then allowed to cool overnight under nitrogen purge. This yielded a black
solid product which was ground to a fine powder for use in future reactions.

2.2. Synthesis of polyaniline-WS2 nanocomposites

A sample of distilled aniline along with 1 M HCl was placed in a large Erlenmeyer flask. The
solution was placed in an ice bath and cooled to approximately 0°C with mechanical stirring.
A sample of the previously synthesized WS2 was suspended in 10–20 mL of deionized water
and probe-sonicated for approximately 20 min at 30% amplitude. The WS2 suspension was
then added to the aniline solution and stirred mechanically while keeping the temperature
between 0°C and 5°C.

A solution of ammonium peroxydisulfate (APS) was prepared by dissolving a sample of APS
in 1 M HCl. This solution was cooled in an ice bath and then slowly added to the aniline-WS2

mixture. The mole ratio of aniline to APS was 1:1. The reaction mixture was left to stir for 1.5 h
before the product was collected by vacuum filtration, washed thoroughly with 1 M HCl, and
left to dry overnight under suction.

For the synthesis of bulk polyaniline, the same procedure as outlined above was used, but
without addition of any WS2.
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3. Instrumentation

Powder X-ray diffraction (XRD) was performed using a Bruker AXS D8 Advance instrument
equipped with a graphite monochromator, variable divergence slit, variable antiscatter slit and
scintillation detector. Cu (Kα) radiation (λ = 1.524 Å) was used for sample measurements
carried out at room temperature. Samples were run in air from 2 to 60° (2θ).

Thermogravimetric analysis (TGA) was performed on a TA Instruments TGA Q500 in dry air
or nitrogen purge. For measurements performed under nitrogen, the furnace was allowed to
purge for 15 min using a 60.00 mL/min purge flow rate before the measurement was started.
The heating rates used were varied between 5 and 40°C/min. The range of heating used was
from 20 to 800°C.

Scanning electron micrographs were obtained on an LVEM5 benchtop instrument, operating
at 5 kV. Powdered samples were placed on carbon-taped stubs prior to analysis.

High-resolution transmission electron microscopy (HRTEM) was performed on a Hitachi 7500
Bio-TEM, using an accelerating voltage of 80 kV. The powdered samples were dispersed in
deionized water with the help of ultrasonication, and the dispersed samples were cast on
carbon-coated copper grids.

Electrical conductivity measurements were performed using the four-probe van der Pauw
technique on a home built system. Samples were prepared as thin circular pressed pellets,
12.7 mm in diameter, with a thickness between 0.5 and 1.0 mm. Pellets were attached to a
sample holder with either vacuum grease or double-sided tape, and wires were secured to the
pellets using silver or carbon paste. Room-temperature conductivity measurements were
performed in air. For some samples, variable-temperature conductivity measurements were
also made, with the pellets in vacuum.

EPR spectra were recorded using a Bruker Elexsys E580 pulse spectrometer operating in CW
mode. The solid samples were placed in Suprasil EPR sample tubes (4 mm o.d.) and were
sealed.

4. Results and discussion

4.1. Characterization of exfoliated WS2 nanoparticles

In order to determine whether or not the synthesized product was in fact WS2 in an exfoliated
state, powder XRD diffraction data were collected. The diffractogram is shown below in Figure
3(b).

XRD data show that the synthesized WS2 is highly amorphous in nature, with a low crystal-
linity percentage of 17.2%, as determined by the XRD software. The diffractogram shows the
presence diffraction peaks at approximately 33° (2θ) and 58° (2θ) corresponding to the (100)
and the (110) planes, respectively. In contrast, the XRD diffractogram of pristine layered WS2
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(Figure 3a), shows the characteristic (002) line just above 14° (2θ). The lack of the (002) line and
the presence of the (100) and (110) lines in the diffractogram of the synthesized WS2 indicate
that it is, in fact, in an exfoliated state. The XRD data correlate well with the literature for
exfoliated WS2 synthesized via the n-butyllithium method [25].

Figure 3. (a) XRD diffractogram of (a) pristine layered WS2 (Aldrich), (b) synthesized WS2.

Figure 4. XRD of products obtained after TGA in air: (a) product from synthesized exfoliated sample, (b) product from
pristine layered sample.
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TGA was performed in air on the synthesized exfoliated WS2 and on pristine layered WS2

(Aldrich). Both TGA runs resulted in the formation of a light green powder, demonstrating
oxidation of both samples. It was assumed that in both cases, WO3 was formed as a result of
oxidation of the initial materials. To confirm this, XRD data were collected on both light green
samples and the results were compared to the literature data for pure WO3. It was noted that
the diffraction peaks shown in both diffractograms (Figure 4) correlated well with one another,
and closely resembled the literature powder pattern of WO3 [32]. It was also found that the
light green products from exfoliated WS2 and pristine layered WS2 demonstrated a similar high
percentage in crystallinity of 79.4% and 76.6%, respectively. This confirms that both WS2

samples were oxidized to WO3, and thus possess a similar chemical composition.

Electrical conductivity measurements were performed on pressed pellets of the synthesized
exfoliated WS2 using the van der Pauw technique. The synthesized exfoliated WS2 was
found to be non-conductive, while pristine layered WS2 exhibits a conductivity value of
3.6 × 10–3 S/cm.

Figure 5. SEM micrograph of exfoliated WS2.

SEM was performed on the exfoliated WS2 in order to gain insight into its surface morphology.
As shown in the SEM micrograph (Figure 5), the material appears to be amorphous, which is
consistent with the XRD data.

TEM was used to further characterize the material in order to gain a more in-depth under-
standing of the structure of the material. As viewed under TEM, exfoliated WS2 appears to be
very thin and membrane like. The membranes do not stack, clearly indicating the disordered
state of the material. There is also a certain degree of folding/wrinkling of the membranes. It
could also be observed that the exfoliated WS2 is quite porous, and might potentially have a
very large surface area (Figure 6).
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Figure 6. TEM of exfoliated WS2.

4.2. Characterization of polyaniline

XRD was used to characterize the synthesized PANI. The diffractogram features a very broad
peak, indicating a low degree of crystallinity of the material. The XRD analysis software
calculated a low percent crystallinity of 11.6%, clearly indicating a highly disordered structure
(Figure 7). This is consistent with the fact that PANI is an amorphous polymer, and is in
agreement with the literature [33].

Figure 7. XRD diffractogram of pure PANI.
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FTIR was also used to characterize the PANI. The FTIR spectrum correlates well with the
literature, demonstrating wavenumbers within the same range [33].

Figure 8. TEM micrograph of bulk PANI.

Electron microscopy was also used to further characterize the bulk PANI. Bulk PANI as
observed under SEM and TEM shows that it is completely featureless, and highly disordered.
The TEM micrograph of bulk PANI is shown in Figure 8.

4.3. XRD characterization of PANI-WS2 nanocomposites

Powder X-ray diffraction data were collected on the prepared PANI-WS2 nanocomposites
(Figure 9).

Figure 9. Diffractograms of nanocomposites (a) PANI-10%WS2, (b) PANI-20%WS2, (c) PANI-37%WS2.
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XRD data provided evidence for the formation of exfoliated nanocomposites. The XRD scans
for all prepared compositions appeared to be highly amorphous and lacked any sharp
crystalline peaks, indicating that the materials possessed a low degree of structural order. It
was also observed that as the WS2 content is increased, the appearance of the characteristic
exfoliated WS2 diffraction peaks just above 33° and 58° became more apparent. These peaks
were not detected in the XRD scans of samples with lower WS2 content, which closely resemble
the scan of the bulk polymer.

4.4. Transmission electron microscopy on PANI-WS2 nanocomposites

Transmission electron microscopy was further used to characterize the nanocomposites. All
nanocomposites as viewed under TEM showed that they are in a completely amorphous,
disordered state, and these findings are in very good agreement with the powder X-ray
diffraction data. Thus, TEM further confirms the formation of exfoliated systems. As an
illustration, the TEM micrographs of PANI-10%WS2 and PANI-64%WS2 are shown in Figure
10(a) and (b).

Figure 10. TEM micrographs of (a) PANI-10%WS2, (b) PANI-64%WS2.

4.5. EPR analysis of PANI-WS2 nanocomposites

Electron paramagnetic resonance spectroscopy was used to characterize the PANI-WS2

nanocomposites, as well as the pure PANI and exfoliated WS2. As an illustration, the overlaid
EPR spectra of pure PANI, exfoliated WS2 and PANI-20%WS2 nanocomposite are shown in
Figure 11. Exfoliated WS2 was found to be EPR silent, and pure PANI showed an EPR signal
with a g-value of 2.0023. However, the PANI-20%WS2 nanocomposite demonstrated an intense
peak that was significantly narrower than that of the pure PANI. The dramatic difference in
EPR signal between the pure PANI and that of the PANI-20%WS2 material implies that the
WS2 and PANI in the nanocomposite are not simply a physical mixture, but are actually mixed
at the molecular level. Other compositions showed similar behaviour.
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Figure 11. EPR spectra of (a) pure PANI, (b) exfoliated WS2, and (c) PANI-20%WS2.

4.6. Decomposition kinetics of PANI-WS2 nanocomposites

The decomposition kinetics of the PANI-WS2 nanocomposites (1, 5, 7.5, 10, 12.5, 15, 20, 37 and
64%) and pure PANI were determined using the Ozawa method [34, 35]. The Ozawa method
involved performing a series of TGAs at different heating rates (5, 10, 20 and 40°C/min),
obtaining the conversion curves from the thermograms, and then a series of Ozawa plots at
different conversion values. The activation energy of decompositions (Ea) were then deter-
mined from the Ozawa plots. The results are summarized in Table 1 and displayed in Figure
12. The data demonstrate that the presence of WS2 in PANI enhances its activation energy of
decomposition. The maximum enhancement (about 34 kJ/mol) was observed at 12.5% by mass
of WS2.

% by mass of WS2 Ea (kJ/mol) Standard deviations (kJ/mol)
0 131.2 ±7.7

1 146.6 ±5.1

5 133.1 ±9.3

7.5 133.2 ±15.9

10 152.3 ±4.8

12.5 165.4 ±5.5

15 151.2 ±5.2

20 129.5 ±8.4

37 144.8 ±12.7

64 152.5 ±11.5

Table 1. Activation energies of PANI-WS2 nanocomposite samples.
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Figure 12. Plot of activation energy values versus mass% of WS2.

4.7. Electrical conductivity of PANI-WS2 nanocomposites

Room temperature conductivity values for the nanocomposite samples are summarized
below in Table 2, and plotted in Figure 13. The accuracy of the conductivity of a given sample
is about ±10%. For some of the nanocomposite compositions, several pellets were measured
and each conductivity value is listed. Considerable variation is observed in some cases, but
this is not surprising considering that the samples were pellets made from pressed powders.
Conductivity can be affected many factors such as the pressure used in forming the pellets,
the quality of inter-grain contact, sample aging, and the humidity of the air. In addition,
different batches of PANI may have slightly different oxidation or doping levels.

WS2 content in nanocomposite Room-temperature conductivity (S/cm)

0% (Pure PANI) 3.1, 3.7, 5.0, 5.3

1% 0.60, 0.68

5% 0.022, 0.024, 0.051

7.5% 0.30

10% 13

12.5% 8.8, 16

15% 24, 25

20% 9.1

37% 8.5, 10

64% 8.0

Table 2. Nanocomposite conductivity at room temperature. Multiple values indicate readings on different samples of
the same nominal composition.
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Figure 13. Nanocomposite conductivity at room temperature.

Two pellets of exfoliated WS2 were tested but showed no detectable conductivity. WS2 is known
to be a semiconductor, and when a pellet pressed from bulk WS2 powder (Aldrich) was
measured a conductivity of 3.6 × 10−3 S/cm was found. We conclude that either our exfoliated
WS2 is much less conducting than bulk WS2, or that the inter-grain contact in our pellets of
exfoliated WS2 is so poor as effectively prevent conduction through the pellet.

As seen in Table 2 and Figure 13, as the percentage of WS2 in the nanocomposites is increased,
the conductivity drops initially, reaching a minimum at about 5% by mass. This drop is not
surprising, since we are adding poorly-conducting WS2 to conducting PANI. However, as the
percentage of WS2 is increased further, the conductivity rises again, and samples containing
at least 10% WS2 demonstrate a significant enhancement in electronic conductivity over the
pure polymer. The 15% samples exhibited the highest electronic conductivity at about
24 S/cm. When a two-component composite material is more conducting than either of its
components, this suggests that interaction between the components has altered the electrical
properties of one or both of the components. For example, a layered nanocomposite consisting
of polypropylaniline intercalated between layers of FeOCl was a much better conductor than
either FeOCl or polypropylaniline alone [36]. This is believed to be due to electron transfer
from the polymer to the FeOCl layers. The nature of the interaction causing conductivity
enhancement in the PANI/WS2 system above 10% WS2 is not yet understood, and will be a
topic for future research.

Variable-temperature conductivity measurements were attempted on a number of the samples.
In the experimental system used, the sample is in vacuum and can be cooled to 50 K or below.
The pressed pellet nanocomposite samples were quite fragile and often cracked on exposure
to vacuum or due to thermal stresses on cooling. For this reason, it was only possible to obtain
variable-temperature data on the pure PANI, as well as 12.5% and 20% WS2–PANI nanocom-
posite samples. The results are shown in Figure 14.
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Figure 14. Variable temperature conductivity of PANI, PANI-12.5%WS2 nanocomposite, and PANI-20%WS2 nanocom-
posite.

It was also observed that conductivity dropped when the pellets were placed in vacuum,
possibly due to the loss of small amounts of residual water. For example, the PANI sample
shown in Figure 14 had a conductivity of 3.1 S/cm in air. This dropped to 2.0 S/cm after 4 h in
vacuum at room temperature, and to 1.5 S/cm after 24 h. After this, the variable-temperature
measurements were made, and then the sample was returned to air for four days, after which
the conductivity was 2.9 S/cm, close to the original value. Similar conductivity decreases in
vacuum were observed in the nanocomposite samples, especially the 12.5% sample, which was
in vacuum for a longer time than the others.

The variable-temperature data are consistent with the variable-range hopping (VRH or Mott
law) model for conduction in disordered materials. In the VRH model, the resistivity ρ is given
as a function of absolute temperature T by

( )
1

0 1
0 ( )dTT exp

T
r r +

é ù
= ê ú

ë û
(1)

where d is the dimensionality of the material, and T0 and ρ0 are parameters that are nearly
independent of temperature. Both three-dimensional and two-dimensional Mott law behav-
iours have been reported in a number of studies of conducting polymer and nanocomposite
systems [36–38]. If Eq. (1) with d = 3 is valid, a plot of ln ρ as a function of T-1/4will be linear.
Our data are plotted in this format in Figure 15. The straight-line behaviour seen in the figure
shows that the three-dimensional VRH model is a reasonable description of electrical conduc-
tion in these materials.
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Figure 15. Three-dimensional VRH model of PANI, PANI-12.5%WS2 nanocomposite, and PANI-20%WS2 nanocompo-
site.

If d = 2 in Eq. (1) a plot of ln ρ as a function of T-1/3will be linear. Our data also appears nearly
linear in such a plot, and the 12.5% data with its more limited temperature range even appears
nearly linear in a plot of ln ρ as a function of T-1/2(d = 1). We conclude that our variable-
temperature conductivity data are consistent with VRH conduction, although the dimension-
ality d cannot be determined precisely.

5. Conclusion

A significant amount of information was generated on the synthesized PANI-WS2 nanocom-
posite materials. Evidence has been provided to show that the WS2 synthesized from thiourea
and tungstic acid is in an exfoliated state. XRD, TEM and EPR provide evidence that genuine
exfoliated nanocomposites have been prepared through the incorporation of the exfoliated
WS2 into PANI. Furthermore, the incorporation of exfoliated WS2 into PANI resulted in
significant changes in the thermal and electrical properties of the polymer.
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