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Abstract
Tantalum disulphide  (TaS2) embedded polypyrrole (PPy) composites in varied compositions have been prepared by the 
chemical polymerization technique. PPy and PPy/TaS2 composites were subjected to scanning electron microscopy (SEM), 
energy dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM) and selected area electron diffraction 
(SAED) to understand their morphology. X-ray diffraction (XRD) and fourier transform infrared spectroscopy (FTIR) studies 
were carried out to account for their structural properties. Room temperature AC conductivity of these composites has been 
studied in the frequency range between 50 Hz to 5 Mhz. AC conductivity of the composites showed increasing trend with 
increasing wt% of  TaS2- which can be explained on the basis of hopping of polarons. Conductivity of PPy/TaS2-50 wt% com-
posite has shown conductivity of 4.6 ×  10–3  Scm−1 at 100 Hz as compared to those of other composites. Dielectric response 
of these composites has been explained using Maxwell–Wagner polarization, and the tangent loss curves have been under-
stood based on the Rezlescu model. These composites can be considered in the design of low and mid frequency devices.
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Introduction

Polymers in general have many applications but conducting 
polymers (CPs) have very attractive future in terms of the 
technological applications that they are being used for wide 
range of fields (Pongali Sathya Prabu et al. 2021). These 
polymers, which have a framework of π-conjugated poly-
mer chains, allow for the delocalization of easily available 

π electrons, giving them distinctive electrical properties.
(Gunjal et al. 2023; Manjunatha et al. 2021) In the past few 
decades, the CPs viz. polythiophene, polypyrrole, polyani-
line, and polyphenylene have been extensively studied by 
doping them with different metal oxides, semiconductors, 
metalloids and sulphides. (Ćirić-Marjanovic 2013; Megha 
et al. 2020a; Vinay et al. 2019) Advanced research in the 
area of conducting polymers has led to a number of appli-
cations in areas such as super capacitors, (Tu et al. 2018) 
drug delivery, light emitting devices, (Tessler et al. 1996) 
rechargeable batteries and sensors (Machappa and Bad-
runnisa 2021; Chethan et al. 2020; Kushwaha et al. 2022). 
Amongst the abovementioned CPs, PPy has emerged as the 
most appealing material due to its unique transport feature, 
along with the ease of synthesis, good electrical capabilities 
and outstanding research potential (Sunilkumar et al. 2019a).

Composites of PPy with ZnO, (Chougule et al. 2012) 
 PbTiO3, (Basavaraja et al. 2007)  MgFe2O4, (Megha et al. 
2017a)  Y2O3, (Vishnuvardhan et al. 2006)  Fe2O3, (Suri 
et al. 2002) MWCNT, (Wu et al. 2009) Graphite oxide, 
(Gu et al. 2009)  WO3, (Zhu et al. 2010) have been synthe-
sized and their electrical transport properties are observed 
to be very interesting. Composites and blends formed out 
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of PPy have found vivid applications in the areas of sen-
sors, super capacitors, solar cells, paints, gas sensing, elec-
tromagnetic shielding, inks and light emitting diodes. (Das 
et al. 2012; Aguiar et al. 2021)

Current research trends, apart from metal oxide-based 
PPy composites, transition metal dichalcogenides (TMDs) 
have received a lot of attention. CPs and TMDs can 
together form a unique class of hybrid materials (Manjuna-
tha et al. 2018a, 2018b). Amongst all TMDs,  MoS2,  WS2 
have been studied extensively along with conducting poly-
mers. But  TaS2 which has a larger electropositivity com-
pared to other TMDs possess unique properties that need 
to be investigated with the conducting polymers (Manju-
natha et al. 2019a).  TaS2 which has more surface energy 
due to the fact that the surface charge of  TaS2 increases 
due to the van der Waals gaps between its 2D-layers which 
favours the optimal synergy when combined with CPs. 
High electrical conductivity of  TaS2 has drawn the atten-
tion of researchers to explore its interesting electrical 
transport properties (Chamlagain et al. 2017). A recent 
study in PPy/WS2 composites has revealed that the AC 
conductivity has increased significantly and it has better 
humidity sensing properties compared to the pristine PPy 
(Sunilkumar et al. 2021, 2019b). Our earlier research that 
showed an improvement in the humidity sensing proper-
ties of polyaniline/  TaS2 and PPy/  TaS2 composites has 
prompted us to explore the AC electrical transport prop-
erties of PPy/TaS2 composites (Sunilkumar et al. 2019a; 
Manjunatha et al. 2019a).

In view of the above discussion, we present here the 
synthesis of PPy and PPy/TaS2 composites by chemical 
polymerization technique and results related to their struc-
ture using XRD, FTIR, SEM, TEM and EDAX techniques. 
Room temperature AC electrical and dielectric properties 
of PPy and PPy/TaS2 composites as a function of frequency 
have been studied thoroughly.

Experimental

Materials and methodology

Analytical grade reagents such as pyrrole  [C4H4NH], ammo-
nium per sulphate [(NH4)2S2O8] were obtained from SD fine 
chemicals, Mumbai, India.  TaS2 was procured from Alfa 
Aesar.

0.03 M solvent of double distilled pyrrole monomer was 
taken in a beaker and using a magnetic stirrer, it was stirred 
to stir for 30 min. Tantalum disulphide powder, in the weight 
ratios 10, 30, 50wt%, were finely ground and added sepa-
rately to a beaker containing pyrrole by continuous stirring. 
Then, 0.06 M of ammonium persulphate was progressively 
added drop by drop to the pyrrole solution using a burette. 
Complete reaction took about 5–6 h under uninterrupted 
conditions with continuous stirring. Precipitate of the above 
mixtures was filtered and repeatedly washed with acetone 
and distilled water to obtain PPy/TaS2 composites. Compos-
ites were then dried in an oven at 100˚C till weight consist-
ency was achieved. Pristine PPy was prepared in an analo-
gous procedure without  TaS2. A schematic procedure for 
the synthesis of PPy/TaS2 composites is illustrated in Fig. 1.

Characterization

Characterization is an important aspect in analysing the 
samples in every field of research. Characterization of pris-
tine PPy and PPy/TaS2 composites was carried out using 
the techniques viz. scanning electron microscopy (SEM), 
energy dispersive X-ray spectroscopy (EDX), transmission 
electron microscopy (TEM), selected area electron diffrac-
tion (SAED), X-ray diffraction (XRD), fourier transform 
infrared spectroscopy (FTIR).

Fig. 1  Schematic illustra-
tion of formation of PPy/TaS2 
composites
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PPy,  TaS2 and PPy/TaS2 composites were subjected to 
a Bruker D8 Advance X-ray diffractometer to obtain the 
XRD spectra. The source for X-ray used was copper Kα with 
wavelength 1.541 Å, and the scanning was performed in the 
range 10°–80° of 2θ at a rate of 1.1°  min−1. FTIR spectra of 
the present composites were obtained from a Frontier Perki-
nElmer FTIR tool with 4  cm−1 resolution, with 16 number 
of scans and for the wavenumber range 450–4000  cm−1. A 
Quanta 3D FEG and FEI Nova Nano SEM 600 instruments 
were used to capture the SEM photographs. For the EDX, a 
EDAX genesis instrument was employed. Similarly, a TEM, 
JEOL-3010 instrument was used to capture the TEM images 
of the present composites.

AC response measurements

Room temperature AC response measurements in the fre-
quency range between 50 Hz to 5 Mhz were made on the 
present composites. Powdered composites were formed into 
the pellet form with the help of a hydraulic press. The thick-
ness and diameter of the obtained pellets were measured to 
be around 1.5 mm and 10 mm, respectively. To establish the 
ohmic contacts, both the major surfaces of the pellets have 
been silver coated.

Results and discussion

FESEM

Figure 2 shows the SEM images of PPy,  TaS2 and PPy/TaS2 
-50 wt% composite. The surface morphology from image 
of PPy (Fig. 2a) indicates that the distribution is of uni-
form polymeric morphology. This is in accordance with the 
typical spheroid particle which is a distinctive and signature 
morphology for CPs. Figure 2b reveals the SEM image of 
pure tantalum disulphide showing the continuous 2D  TaS2 
sheets. SEM image of the composite as shown in Fig. 2c 
reveals that  TaS2 sheets have been distributed uniformly 
in PPy matrix. Change in structure of the composite has 
resulted in electron delocalization which brings about an 
enhancement in the electrical conducting properties (Megha 
et al. 2018). Figure 2d depicts the EDX spectrum of the com-
posite PPy/TaS2-50%. This spectrum confirms the existence 
of peaks belonging to the elements such as nitrogen, carbon, 
oxygen, the basic entities of PPy and also the peaks related 
to sulphur and tantalum in tantalum disulphide.

Grain sizes of PPy and the composite were obtained using 
image-J software and the corresponding histograms in Fig. 3 
reveal the number frequency versus the grain sizes. Mean 

Fig. 2  SEM images of a PPy, 
b  TaS2, c PPy/TaS2-50% com-
posite and (d) EDX spectra for 
PPy/TaS2-50% composite
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grain size of PPy and the composite were determined to be 
0.54 μm and 0.42 μm, respectively. It is evident from the 
histograms that the decrease in grain size in the composite 
compared to PPy, has enhanced the grain boundaries leading 
to the decrease in inter-granular distance. This reduced inter-
granular distance favours easier charge transport through the 
polymer chains (Megha et al. 2020a).

TEM

Figure 4a depicts the transmission electron micrograph of 
PPy/TaS2-30wt% composite with high resolution image and 
SAED pattern of the composite. Dark region of the image 
unveils  TaS2 and light region indicates the PPy matrix. The 
image clearly exhibit that  TaS2 has confined in PPy chain 
matrix with clear encapsulation of  TaS2 in PPy. Figure 4b 
depicts the SAED picture of the composite exhibiting the 
crystalline nature of the composite as similar to our earlier 
studies (Manjunatha et al. 2018a, 2019b). PPy/TaS2-30wt% 
composite exhibited crystalline nature as confirmed by the 

diffraction spots obtained from the selected area electron 
diffraction which is well in agreement with that of the results 
obtained from the XRD pattern of the composite.

XRD

Figure 5 depicts the XRD spectra of pure PPy,  TaS2 and 
PPy/TaS2-30 wt% composites along with the assignment of 
hkl values. Figure 5a shows X-ray diffraction peaks of  TaS2 
with assigned planes. The data support the hexagonal crys-
tal structure with trigonal prismatic coordination in the 2H 
phase (Manjunatha et al. 2019a) which is established from 
search match software bearing the JCPDS file No. 02–0137. 
Figure 5b displays the XRD pattern of pristine polypyrrole 
with a broad hump at around 2θ = 24.77°. This broad peak 
manifests the amorphous nature and the short range chain 
order of polypyrrole (Allen et al. 1997). Figure 5c depicts 
the XRD pattern of PPy/TaS2-50% composite which display 
the peaks of PPy and  TaS2 substantiating the monotonous 
dispersion of  TaS2 in PPy matrix (Sakthivel and Boopathi 
2014).

Fig. 3  Particle size histograms depicting the number frequency ver-
sus size distribution of a PPy and b PPy/TaS2-50% composite

Fig. 4  a High Resolution TEM image of the PPy/TaS2-50% compos-
ite, b Selected Area Electron Diffraction pattern
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FTIR

FTIR spectra for  TaS2, Ppy and composite PPy/TaS2-50 wt% 
are displayed in Fig. 6. The bands at 587 and 862  cm−1 in 
the FTIR spectra of  TaS2 (Fig. 6a) have been ascribed to the 
tantalum–sulphur stretching vibrations and sulphur–sulphur 
stretching vibrations (Liang and Andrews 2002). FTIR spec-
trum of pure PPy (Fig. 6b) exhibits the characteristic bands 

at 919, 1050, and 1217  cm−1, which can be, respectively, 
attributed to the C–H wagging, C–N stretching, and C–H 
deformation vibrations of PPy. The stretching vibrations of 
C–N, C–C, C–H, and N–H in the pyrrole ring (Fig. 6c) cor-
respond to the bands at 1366, 1566, 2971 and 3896  cm−1 
(Mane et al. 2015). Characteristic absorption bands of PPy 
and  TaS2 with slight displacement hint at a well-established 
development in the composite. Also, the band at 1050  cm−1 
corresponds to the characteristic charge delocalization band. 
This band in the composite has found to be with higher % 
transmittance indicating the increase in delocalization of 
π-electrons in the polymer chains of the composite and thus 
resulting in higher conductivity of the composite.(Megha 
et al. 2020b)

AC response

The frequency dependent AC conductivity of PPy and the 
composites with 10, 30 and 50 wt% is presented in Fig. 7. 
Within the studied range of composition and frequency, 
order of the AC conductivity was measured to be in the 
range  10–2–1 S  cm−1. It can be noted from Fig. 7 that the 
AC conductivity of the composites exhibits a frequency 
independent behaviour up to a certain frequency, called as 
critical frequency,  fc. Beyond this frequency, AC conduc-
tivity is frequency dependent—as it shoots up sharply with 
the applied AC frequency. The critical frequencies have 
increased with increasing weight percent of composites. 
Frequency independent conductivity and frequency depend-
ent conductivities are, respectively, ascribed to short and 
long range, back and forth motion of charge carriers (Megha 
et al. 2020b). Conductivities above the critical frequency 

Fig. 5  XRD spectrum for a  TaS2, b PPy and c PPy/TaS2-50% com-
posite

Fig. 6  FTIR spectra of a  TaS2, 
b PPy and c PPy/TaS2-50% 
composite
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were used to evaluate the power law index using least square 
linear regression method, and the values were found to be in 
the range of 0.3–1.

From Fig. 7, it can also be pointed out that the conduc-
tivity of the composites was higher than PPy. This has been 
attributed to the decreased inter-chain separation due to the 

incorporation of tantalum disulphide into PPy matrix. This 
results in creation of more defects which in turn generates 
higher number of polarons (Bisquert and Belmonte 2004). 
These polarons can now hop on to longer distances in PPy 
chain matrix. Conductivity of the composites with wt% 10, 
30 and 50 was found to be increasing and it was found to be 
highest for 50 wt% composite. The polarization of charge 
carriers enhanced the conductivity of composites than that 
of the pure polypyrrole. Incorporation of tantalum disul-
phide into PPy matrix has resulted in the polarization of 
charge carriers at the specified localized sites, which in turn 
has led to the increase in conductivity of the composites.

Figure 8 reveals the variation of imaginary part of imped-
ance of PPy and PPy/TaS2 composites with frequency. The 
overall behaviour of all the composites reveals the relaxation 
in the system (Li et al. 2016a). As we increase the weight%, 
the relaxation peak shifts towards the higher frequency side. 
The relaxation time was calculated by using the formula 
τ = 1

2�f
p

 . Here, fp represents the frequency of peak position of 

the plot. For PPy, the relaxation time was determined to be 
3.9 μs, whereas in case of the PPy/TaS2-50% composite, the 
relaxation time was found to be in the range 1.9 μs. As the 
value of relaxation time decreases hopping length of charge 
carriers also decreases- leading to the increase in conductiv-
ity of the composite (Sunilkumar et al. 2021).

Figure 9 depicts the variation of dielectric constant with 
frequency for PPy and the composites. The dielectric con-
stant was found to decrease with increase in frequency. The 
dielectric constant was found to be high at lower frequencies 
in all the samples. This has been ascribed to the hopping of 
charge carriers (Megha et al. 2017b). Hopping of charge 
carriers cause polarisation in dielectric materials at higher 
frequencies, resulting in lower dielectric constant values. 
With the constrained mobility of bound carrier dipoles, the 
space charge polarisation occurs resulting in orientation 
polarisation, which may be the cause for the dielectric con-
stant to drop with the increase in applied frequency (Maity 
et al. 2015).

From Fig. 9, it can also be observed that the dielectric 
constant decreases for PPy compared to the PPy/TaS2 com-
posites. Initially, for 10 wt%, the dielectric constant was 
measured to be high and with increasing concentration of 
 TaS2, the dielectric constant decreased linearly. From 10 to 
1000 kHz, a sudden decline in the value of ε' was noticed, 
which can be explained by space charge effects and inter-
facial polarisation effects. The charge carriers produced by 
the Maxwell–Wagner-Sillars polarisation effect are stored in 
the components’ interfacial area. In this two-phase model, 
the interfacial polarisation of charge carriers is present in 
the low frequency region due to imperfect formation of lay-
ers in the composite which in turn electrically conductive 
and so dielectric relaxation response of the material causes 

Fig. 7  Frequency dependence of AC conductivity for PPy and its 
composites

Fig. 8  Variation of imaginary part of impedance of PPy and PPy/
TaS2 composites with frequency
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the drop in ε' at higher frequencies. The delayed molecular 
polarisation that occurs within the external applied field is 
responsible for the dielectric relaxation (Li et al. 2016b).

Variation of dielectric loss tangent with frequency in pris-
tine PPy and its composites is shown in Fig. 10. Usually, 
the dielectric loss tangent occurs in the form of heat due to 
movement of charge carriers in the material. In Fig. 10, it 
can be observed that the dielectric loss tangent curve exhib-
its an unusual behaviour by marking a peak for all the com-
posites. This peak is referred to as the dielectric relaxation 

peak following the Rezlescu model (Megha et al. 2019). In 
the present composites, the dielectric relaxation peaks were 
found to be in the frequency range  103–104 Hz. When the 
frequency of the polarons and the frequency of the applied 
AC field match with each other, a resonance phenomenon 
occurs resulting in the appearance of dielectric relaxation 
peak (Sadiq et al. 2015). The materials exhibiting higher 
dielectric loss at lower frequencies can be explored for appli-
cations such as medium frequency devices.

Conclusions

PPy/TaS2 composites have been synthesized by using chemi-
cal polymerization method. PPy composited with  TaS2 man-
ifests an increment in AC conductivity with increasing wt 
% of  TaS2 in the composites. PPy/TaS2-50wt% composite 
has shown the maximum conductivity amongst all the pre-
pared composites due to hopping of charge carriers and same 
can be evidenced from impedance studies. The composites 
have also exhibited enhanced conducting properties than that 
of pure polypyrrole. The dielectric constant and dielectric 
loss can be understood by Rezlescu and Maxwell–Wagner 
model. The present composites exhibiting higher dielectric 
loss at lower frequencies can be explored for their poten-
tial applications in the development of medium frequency 
devices. Further, these conducting polymer-transition metal 
dichalcogenides composites have been planned for studying 
their gas sensing behaviour to encash their unique electrical 
properties.
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