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Abstract
Here, novel poly(1-naphthylamine)–tungsten disulphide (PNA–WS2) nanocomposites were synthesized through an in-situ 
chemical oxidative polymerization of 1-naphthylamine in the presence of ultrasonically dispersed  WS2. The effect of  WS2 
addition on the optoelectrical, morphological and thermal properties of PNA was studied by using different analytical 
tools. SEM images revealed that PNA aggregates are well supported on the dispersed  WS2 sheets. The formation of a 
fibrous network of PNA over the dispersed  WS2 layers evidenced from the TEM images has suggested larger surface area 
and better interfacial interaction between PNA and incorporated  WS2  layers. The thermal stability was improved upon 
the incorporation of  WS2. Optical bandgap values of PNA–WS2 nanocomposites were lower than that of bulk  WS2 and 
pristine PNA. Electrical and dielectric studies have confirmed an improvement in conductivity and dielectric properties 
with increasing  WS2 content, which was credited to the better charge transport between the polar backbone of PNA 
and charged surface of dispersed  WS2 due to enhanced interfacial area and electrostatic interactions between the com-
ponents. A maximum AC conductivity of 4.4 × 10–3  Sm−1 was displayed by nanocomposite containing 20%  WS2 loading 
and a further increase in  WS2 content showed a detrimental effect in electrical and dielectric properties. The present 
study has demonstrated that optical and dielectric properties of composites can be readily tuned by proper control of 
the composition and dispersion of  WS2 within the PNA matrix.
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1 Introduction

Inorganic graphene analogues (IGAs) are a new class 
of 2D nanomaterials having distinctive properties and 
applications and their composites are widely explored in 
recent time [1–4]. Of the IGAs,  WS2 is a unique member 
with impressive electrical, magnetic and optical attributes 
[5–12].  WS2 shows layer dependent direct bandgap, pho-
toluminescence and electron transport properties [13–15]. 
Because of its broad application potentials, scientists have 
adopted different methods like chemical exfoliation, liq-
uid-phase exfoliation, sonochemical methods and hydro-
thermal method for preparing nano-sized IGAs [16–20]. 
The ultrasound-assisted mechanical exfoliation of bulk 
 WS2 is a simple and economical method compared to 
chemical exfoliation. Effective incorporation of IGAs over a 
support matrix could show excellent performance in their 
catalytic and sensor applications [21–24].

For miniaturized electronic devices, materials with 
exceptional dielectric properties are required [25–28]. 
IGA based dielectrics and capacitors are attractive due to 

their ease of synthesis, low cost and high stability. Poly-
meric dielectrics are attractive as they have high dielectric 
breakdown field strength along with the additional advan-
tage of processability, flexibility and chemical stability, but 
dielectric permittivity of polymers is low [29–31]. Conju-
gated polymers (CPs) are a particular category of mac-
romolecules with highly polar structure and conjugated 
backbone, which are gaining more academic interest as 
the dielectric materials. The CPs have comparatively higher 
dielectric constant than that of common thermoplastic or 
thermosetting polymers owing to their highly polariz-
able conjugated backbone [32–35]. By using CPs as the 
polymer matrix for dispersing nanomaterials, the dielectric 
properties of the individual components can be integrated 
effectively. The materials having high dielectric permit-
tivity and low dielectric loss are suitable for energy stor-
ing applications. CP based dielectric materials have high 
dielectric breakdown field strength along with better pro-
cessability, flexibility and resistance to chemical attack [36, 
37]. IGA-CP nanocomposites have improved conductivity 
along with better capacitance, mechanical strength and 
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thermal stability [38, 39]. Therefore, IGA-CP composites are 
attractive for the fabrication of flexible, thin, lightweight 
and low-cost organic electronics for electronic displays, 
sensors and solar technologies.

Polyaniline (PANI) is a unique CP, and its dielectric and 
capacitance studies have been extensively reported [37, 
40–44]. Poly(1-naphthylamine) (PNA) is a PANI deriva-
tive which is gathering immense attraction among the 
research communities in recent years. Compared to PANI, 
PNA is highly processable and thermally stable. PNA has 
excellent electrochromic, photocatalytic and electrocata-
lytic properties owing to its low bandgap and unique 
structural features [45–54]. This work was focused on 
the preparation of lightweight and low-cost functional 
materials by hybridizing the unique properties of semi-
conducting PNA and layered  WS2. The effect of  WS2 load-
ing on thermal, electrical and optical properties was also 
 studied. The dielectric behaviour and AC conductivity of 
the prepared nanocomposites were studied within the 
frequency range of 50 Hz–1.5 MHz. It is the first report on 
the dielectric properties of the PNA, and its composites 
and the finding of this study suggests that efficient and 
highly processable materials for EMI shielding or micro-
wave absorbing applications can be derived from the simi-
lar PNA based systems.

2  Experimental

2.1  Materials

WS2 powder, ammonium peroxodisulphate  (NH4)2S2O8), 
concentrated hydrochloric acid (HCl) were of analytical 
grade and supplied by Merck, India. The monomer 1-naph-
thylamine  (C10H7NH2) was purchased from Loba Chemie, 
India, and it was recrystallized from ethanol before use. 
Deionized water and distilled ethanol were used as sol-
vents for the study.

2.2  Preparation of PNA–WS2 nanocomposites

PNA was synthesized by adding APS to the solution of NA 
in 1 M HCl by following the method described in our pre-
vious work [55]. Accurately weighed amount of bulk  WS2 
powder was transferred into 100 mL of 1 M HCl solution 
in a beaker and ultra-sonicated for an hour using a probe 
sonicator. A definite amount of alcoholic solution of NA 
was added to the above dispersion. It was again sonicated 
in a bath for 30 min. A solution of ammonium peroxodi-
sulphate (APS) in 1 M HCl (1:1 M) was added slowly within 
half an hour to the above mixture. The colour of the solu-
tion turned dark blue within a few minutes, indicating 
the polymerization of NA. Stirring was continued for 3 h 

at room temperature. The mixture was kept undisturbed 
overnight. Filtered and washed until the filtrate was color-
less. The purple-blue solid obtained was dried at 60 °C in 
a vacuum for 6 h. The same procedure was repeated by 
varying the composition of  WS2 and NA. The prepared 
composites were designated as PNA–5WS2, PNA–10WS2, 
PNA–20WS2 and PNA–30WS2 which contains 5%, 10%, 
20% and 30%  WS2 loading, respectively.

2.3  Characterization

The FTIR spectra of synthesized PNA and PNA–WS2 nano-
composites were recorded in the region of 400–4,000 cm−1 
using NICOLET FT-IR Thermo scientific spectrometer. The 
X-ray diffraction patterns of synthesized PNA,  WS2 and 
PNA–WS2 samples were recorded in the 2θ range between 
3° and 80° with CuKα radiation (λ = 1.5418 Å) at a scan rate 
of 0.05°s−1 using Bruker AXS D8 Advance diffractometer. 
Morphological studies were carried out with SEM analy-
sis using VEGA 3TESCAN instrument. HRTEM images of 
PNA–WS2 nanocomposite were recorded using a JEOL 
JEM 2100 electron microscope. Thermogravimetric stud-
ies were performed using Perkin Elmer STA 6000 within the 
temperature range from 40 to 750 °C at 10 °C min−1 under 
 N2 atmosphere. The surface elemental composition was 
determined by energy dispersive X-ray analysis (OXFORD 
XMX N, UK). UV–Vis diffuse reflectance spectroscopy 
(DRS) spectra were recorded using powdered samples in 
the range of 200–800 nm (SHIMADZU UV-2600, Japan). 
Direct current (DC) conductivity measurements were con-
ducted using pressed pellets. The pellets of 13 mm diam-
eter and 1–2 mm thickness were made using hydraulic 
press by applying a pressure of 5 torr. The DC conductiv-
ity of the polymer and its composites were studied using 
Keithely2450 four-probe conductivity meter. For electrical 
contacts, both faces of the pellet were evenly coated with 
a thin layer of silver paste. Dielectric and AC conductivity 
of these pelletized samples were measured using a pro-
grammable HIOKI 3250-50 LCR meter in the frequency 
range of 50 Hz–1.5 MHz. The conductivity and dielectric 
measurements were done at room temperature (30 °C). 
The real part of the complex dielectric permittivity (ε′) of 
the material was calculated using the formula ε′ = Cd/εoA, 
where C is the capacitance, d is the thickness (m), A is the 
area  (m2), and εo is the permittivity of free space. The imag-
inary part of the complex dielectric permittivity (dielectric 
loss) (ε″) was calculated using the relation ε″ = ε′ D, where 
‘D’ is the dissipation factor. AC conductivity of prepared 
systems was calculated as σac = 2πf·D·εo·εrwhere ‘εr’ is the 
relative permittivity and ‘f’ is the applied frequency (Hz).
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3  Results and discussion

3.1  Formation of PNA–WS2 nanocomposites

Here, PNA was prepared via a simple chemical oxida-
tive polymerization of NA in acidic medium. The scheme 

of oxidative polymerization of NA is shown in Fig. 
S1(supplementary data). PNA–WS2 nanocomposites were 
prepared through in-situ polymerization. It is suggested 
that during the mixing of an acidic solution of NA with 
ultrasonically dispersed  WS2, the positively charged pro-
tonated NA ions are get adsorbed on to the negatively 
charged surface of  WS2. On adding APS solution to this 
dispersion, polymerization of NA to PNA takes place, and 
PNA chains are intercalated between partially exfoliated 
 WS2. The schematic representation of the formation of 
intercalated PNA–WS2 composites is shown in Fig. 1.

3.2  FTIR studies

FTIR spectra of PNA,  WS2 and its nanocomposites are 
shown in Fig. 2. IR spectrum of  WS2 has a broad and less 
intense peaks which are in good agreement with IR data 
of bulk  WS2 reported earlier [56–58]. IR spectra of PNA and 
its  WS2 nanocomposites show peaks around 3400 cm−1 
due to the imine N–H stretching vibrations [59]. The N–H 
peaks observed were broad due to extensive hydrogen 
bonding between –NH group and the solvent molecules. 
Intense peaks in the range of 764–761 cm−1 observed 
for pristine PNA and its composites originated from the 
C–H deformation of the 1, 4 coupled NA confirmed the 
polymerization through the C(4)–N coupling of NA units 
[49, 50, 60]. Presence of intense peaks suggest that the 
degree of polymerization is not affected by the presence 
of  WS2.The peaks correspond to imine stretching vibration 
are slightly shifted from 1654 cm−1 for PNA to 1657 cm−1 
for PNA–WS2 composites. Additionally, C–H deformation 
absorption at 1084 cm−1 further confirmed the polymeri-
zation as proposed by Ameen et al. Other prominent peaks 

Fig. 1  Scheme of formation of PNA–WS2 nanocomposites

Fig. 2  FTIR of PNA,  WS2 and PNA–WS2 nanocomposites
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at around 1655 cm−1, 1589 cm−1, 1309 cm−1, 1151 cm−1 
were assigned to the imine stretching, quinoid stretch-
ing, aromatic C–N stretching and benzenoid–NH–quinoid 
stretching, respectively. A noticeable variation in the rela-
tive intensities of the benzenoid and quinonoid vibrational 
peaks was observed during the incorporation of  WS2 into 
the PNA matrix suggesting active interfacial interaction 
 WS2 layers and the polymer chain which may affect its 
electronic structure and polymer characteristics.

3.3  XRD studies

The crystalline nature of  WS2 incorporated PNA compos-
ites was interpreted from the XRD data shown in Fig. 3. 
XRD pattern of PNA presented in Fig. 3 (black)contained 
a broad hump with few less intense peaks at 17° and 24° 
corresponds to the reflection from the [200], [020] planes 
of PNA indicating that HCl doped PNA emeraldine salt 
is semi-crystalline [61]. XRD pattern of bulk  WS2 (Fig. 3 
red) confirm the layered structure of  WS2 which is evi-
denced from the characteristic peaks placed at 2θ = 14.5°, 
29.8°, 33.5°, 36°, 40°, 44°, 50°, 58.5°, 60° corresponds to 
the crystal planes[002], [100], [101], [102], [103], [006], 
[105], [110], [112] of hexagonal 2H–WS2, respectively 

(JCPDF-01–084-139:ICSD.202366) [62–64]. We have incor-
porated sheets of  WS2 dispersed by ultra-sonication. It is 
seen from the XRD results that the diffractions from the 
exfoliated nanosheets in PNA–WS2 composite are compa-
rable to the bulk form that corresponds to the hexagonal 
phase of  WS2. According to Mao et al., the observation of 
prominent [002] diffraction peak in all XRD patterns indi-
cates the growth of  WS2 layers along the c-axis direction [9, 
65]. Notably, the (002) peak for the PNA–WS2 composites 
decreased in intensities and are broader when compared 
to the bulk  WS2, which may be caused by the decrease of 
structural crystallinity and the increase in the disorder den-
sity. It is deducted from the XRD studies that the layered 
structure of  WS2 is kept intact during the nanocomposite 
formation suggesting that PNA is intercalated within the 
interlayer galleries of  WS2.

However, in the XRD patterns of PNA–WS2 nanocom-
posites, the diffraction from PNA becomes comparatively 
less intense, suggesting the amorphous nature of the 
formed PNA. The change in crystallinity is possible as  WS2 
layers may intervene in the intra-chain interaction and 
their orderly stacking of PNA. In case of low  WS2 loading, 
say 5%  WS2, a large bump which extends over 2θ = 10–30° 
with a few less intense peaks are observed suggesting that 
periodicity of PNA is maintained to some extent at lower 
loading. As per the previous reports, small peaks around 
2θ = 6, 9, 14°, 17° and 23° are related to the (020), (010), 
(200), (100) and (011) planes of the pseudo-orthorhombic 
lattice of PNA [50, 66, 67]. As  WS2 loading increases, the 
reflection from the PNA becomes insignificant. Hence, it is 
suggested that upon incorporation of  WS2 the orientation 
of polymer considerably affected and the PNA chains with 
short-range orders are randomly distributed over  WS2. For 
PNA–WS2 nanocomposites except for PNA–5WS2, only an 
amorphous hump is observed at 2θ < 13°, which is corre-
lated to the [200] reflection of PNA and additionally, char-
acteristic peaks of PNA gradually diminished in intensity. A 
profoundly intense peak at around 2θ = 14° is observed in 
the XRD pattern of all nanocomposites that is connected 
to the reflection from [002] plane of  WS2, suggesting that 
formation of polymer intercalated composites and simi-
lar results were reported elsewhere [58, 63]. Based on the 
XRD results it is concluded that the orientation and crystal 
structure of the PNA was considerably varied during com-
posite formation while that of  WS2 remains almost intact. 
This assumption was further supported by morphological 
studies using electron microscopic methods.

3.4  SEM studies

SEM images of PNA, bulk  WS2, PNA–10WS2 and 
PNA–20WS2 are presented in Fig. 4. The HCl doped PNA 
appeared as aggregates of regular micro/nano globules 

Fig. 3  XRD pattern of PNA,  WS2 and PNA–WS2 nanocomposites
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(Fig. 4a, b), while the flake-like morphology of  WS2 was 
clear from its SEM images (Fig. 4c, d). On loading the exfoli-
ated  WS2 sheets into the PNA matrix, there was a notice-
able change in the morphology (Fig. 4e–h). Thin flakes of 
 WS2 are visible in the SEM pictures of the nanocomposites, 

and the filler  WS2 appears to be in a few-layer stacked con-
dition. PNA globules adhered to the  WS2 sheets were seen 
in the SEM images of nanocomposites. It is possible as the 
 WS2 layers readily adsorb the HCl doped NA molecules 
due to electrostatic interactions. SEM study confirms the 

Fig. 4  SEM images under different magnification of PNA (a, b),  WS2 (c, d), PNA–10WS2 (e, f) and PNA–20WS2 (g, h)

Fig. 5  TEM images under different magnification of PNA (a, b) PNA–5WS2 (c, d), PNA–10WS2 (e, f), PNA–20WS2 (g, h) and their SAED pat-
terns (inset b, d, f and h)
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formation of PNA intercalated layered  WS2 nanocompos-
ites during the in-situ polymerization. Thus, as proposed 
by XRD studies, it was concluded that amorphous PNA 
molecules were occupying in the cavities of ultrasonically 
exfoliated  WS2 sheets in addition to its surface yielding 
hybrid composites having intimate contact between com-
ponents. Hence, it is anticipated that such arrangements 
can facilitate better charge transfer at the interface and 
hence could be a better candidate for catalysis and elec-
trochemical capacitors. This could be because of the elec-
trostatic interaction between the HCl doped NA molecules 
and negatively charged  WS2 layers.

3.5  TEM studies

Detailed information regarding the arrangement of PNA 
and  WS2 in the nanocomposites was gained from TEM 
studies. TEM images of PNA, PNA–5WS2, PNA–10WS2 
and PNA–20WS2 are shown in Fig. 5. TEM images of PNA 
(Fig. 5a, b) indicate that the PNA has a dispersed network 
structure and SAED pattern (inset Fig. 5b) further confirms 
that PNA was amorphous. However, in the TEM photo-
graphs of nanocomposites, the PNA has well defined 
fibrous network topology, and PNA nanostructures were 

appeared to be well supported on the hexagonal  WS2 
sheets. TEM studies also reveal that layered  WS2 could 
homogenously distribute PNA on the exterior and also 
in between the layers, giving the maximum surface area 
with intimate interaction between the components. 
There was no apparent crystalline character observed for 
PNA–5WS2 and PNA–10WS2, as revealed by the diffusive 
circles in their SAED patterns (inset Fig. 5 d, f, respectively). 
Hence it was suggested that at lower  WS2 loading, effi-
cient exfoliation was possible under ultrasonication and 
the intercalated PNA chains could effectively block the 
restacking of  WS2.

Fig. 6  EDAX pattern of PNA–5WS2 (a) PNA–10WS2 (b) PNA–20WS2 (c) and PNA–30WS2 (d)

Table 1  Compositional details of PNA–WS2 nanocomposites 
obtained from EDAX studies

Composite wt% of W wt% of S at.% of W at.% of S

PNA–5WS2 1.51 1.2 0.1 0.48
PNA–10WS2 4.32 1.65 0.31 0.68
PNA–20WS2 9.68 1.71 0.81 0.97
PNA–30WS2 17.28 3.04 1.45 1.46
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The SAED pattern of the PNA–20WS2 shows bright spots 
corresponds to the hexagonal  WS2 lattice, which is consist-
ent with XRD results (inset Fig. 5h). The comparison of the 
SAED patterns of the nanocomposites discloses an increase 
in crystalline character with an increase in the  WS2 amount, 
which might be due to a high tendency for the restacking 
of  WS2 layers. Similar agglomeration of layered fillers in CP-
IGA nanocomposites has been reported earlier [63, 68].

3.6  EDAX analysis

The chemical composition of the PNA–WS2 composites is 
analyzed using EDAX analysis and corresponding EDAX 
spectra of PNA–5WS2, PNA–10WS2, PNA–20WS2 and 
PNA–30WS2 are shown in Fig. 6 a–d, respectively.

The amount of W and S in the composites detected by 
EDAX is presented in Table.1 The observed filler loading is 
lower than the theoretical value. It may be because of the 
semi-quantitative nature of the EDAX technique, which meas-
ures the composition of the exterior of the samples. Another 
reason for the observed lower  WS2 content may be due to 
the wrapping of  WS2 layers by PNA, as revealed by electron 
microscopic studies discussed in the previous sessions.

3.7  UV–Vis studies

The influence of  WS2 incorporation in the electronic spec-
tra and optical properties of the PNA was studied using dif-
fuse reflectance UV–Visible spectra (Fig. 7). The absorption 
spectra of PNA (Fig. 7a) and its nanocomposites (Fig. 7c–f) 
shows two observable humps, one in UV and other in the 
visible region. The peak in the UV region is attributed to the 
π–π* transmission and later corresponds to polaronic tran-
sition. There is a considerable red shift in peak maxima for 
both electronic transitions. The π–π* absorption shifts from 
315 to 340 nm and the n–π* polaronic absorption from 521 
to 540 nm. The broadness of the polaronic transition has a 
direct correlation to the extent of delocalization, and it has 
been influenced by  WS2 loading, as seen from the UV–Visible 
spectra. The UV–Visible spectrum of  WS2 powder is shown 
in Fig. 7b, and it displays four prominent peak maxima at 
wavelength 297, 376, 503 and 603 nm, and these results 
are consistent with earlier reports. Conclusively, it is clear 
from the spectral studies that the formation of intercalated 
nanocomposites has significantly affected the electronic 
band structure and, consequently, optical properties of the 
nanocomposites. The intensity and width of the polaronic 
absorption vary on the addition of  WS2, and larger width and 
intensity are observed for the PNA–10WS2 and PNA–20WS2 
nanocomposites. The visible band found for PNA–10WS2 is 
broader than that of other systems suggesting the extent of 
conjugation is better for PNA–10WS2 compared to remain-
ing nanocomposites. However, on further increasing  WS2 

content, there observed a slight narrowing of the absorp-
tion hump. Therefore, based on the optical study, optimum 
charge transfer interactions offering maximum polaronic 
delocalization are anticipated for these nanocomposites. 
Upon increasing the loading of semiconducting  WS2, there 
may not be effective charge transfer between the randomly 
organized PNA because of the intervening  WS2 sheets. Thus, 
the electronic spectral studies reveal that PNA chain con-
formation and interfacial interactions are presumed to be 
affected by the loading and distribution of  WS2.

The direct bandgap values of  WS2, PNA and PNA–WS2 
nanocomposites were calculated from the Tauc’s plot 
between (ahυ)2 versus photon energy (hυ) in eV, where ‘a’ 
stands for the optical absorption coefficient and photon 
energy in eV can be calculated form wavelength using the 
equation hυ = 1240/λ presented in Fig. 8a–f. The allowed 
direct bandgap of prepared PNA and its  WS2 nanocom-
posites are obtained by extrapolating the straight-line 
portion of the plots to X-axis at zero (ahυ)2 value. The 
bandgap values of prepared systems were presented in 
Table 2. The band gap for HCl doped PNA was found to be 
1.91 eV, and that of pure  WS2 was 2.14 eV. It is observed 
that all PNA–WS2 nanocomposites have lower bandgap 
than both pure components, and the smallest of 1.77 eV 
was observed for PNA–10WS2 nanocomposite. The band-
gap values lie in the visible regime; hence, the intercalated 
PNA–WS2 nanocomposites would be promising in solar-
driven photocatalytic and photovoltaic applications. The 
study reveals that the band structure and band gap values 
can be engineered by incorporating  WS2 layers.

3.8  Thermal studies

Thermal stability and polymer degradation were studied 
using thermogravimetric analysis (TGA). From the TGA and 
DTG plots shown in Fig. 9a, b respectively, it is clear that all 
systems except pristine  WS2 have an initial weight loss at 
around 100 °C, which is attributed to the loss of adsorbed 
water molecules. Bulk  WS2 is highly stable and has not 
undergone appreciable weight loss up to 750 °C. For PNA, 

Table 2   λmax and band gap values of  WS2, PNA and all PNA–WS2 
nanocomposites

System λmax (nm) Band gap (eV)

π–π* transition Polaronic transition

PNA 317 515 1.91
WS2 297,376 513,611 2.14
PNA–5WS2 331 523 1.89
PNA–10WS2 335 534 1.77
PNA–20WS2 338 544 1.83
PNA–30WS2 340 540 1.81
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a gradual weight loss observed in the temperature range of 
175–250 °C is ascribed to the loss of dopant chloride ions 
along with the deprotonation of PNA chains. Around 320 °C, 
a gradual weight loss at a low rate has been observed for 
PNA and PNA–WS2 composites suggesting the degradation 
of low molecular weight fractions along with the removal of 
co-intercalated chloride and interstitial water molecules. For 
PNA–5WS2 weight loss occurs at a comparatively lower tem-
perature, this could be due to the fast degradation of micro-
crystals of oligomeric PNA formed as indicated by its XRD 
spectrum. Above 530 °C, relatively faster weight loss was 
observed, which is attributed to PNA chain degradation. It 
is observed the polymer chains degradation temperature of 
nanocomposites increases with an increase in  WS2 loading. 
It is proposed that because of the interfacial interactions 
between the PNA chains and  WS2 layers due to efficient 
intercalation of PNA between the  WS2 sheets, the PNA chain 
degradation is inhibited. Thermal studies revealed that the 
 WS2 intercalated PNA backbone is less susceptible to deg-
radation compared to bare PNA and the prepared PNA–WS2 
composites show enhanced thermal stability compared to 
similar IGA-PANI composites reported earlier [58, 69].

3.9  DC Conductivity

The DC conductivity values of all the prepared materials 
are presented in Fig. 10 and it is clear from the study that 
their conductivity lies in the semiconducting regime. DC 
conductivity for HCl doped PNA at 303 K was 5.4 × 10–5 
 Sm−1. The low conductivity of PNA is due to its constraints 
to attain planarity because of the presence of large fused 
aromatic rings [60, 70]. All the  WS2 nanocomposites show 
an increase in DC conductivity and among the nanocom-
posites, better conductivity was observed for PNA–20WS2. 
The increase in DC conductivity of nanocomposite is 
attributed to the doping effect of  WS2 layers which facili-
tate charge transport. Such an increase in conductivity of 
IGA incorporated conducting polymers composites was 
reported earlier. According to earlier reports, some syn-
ergistic interactions involving Lewis acid–base type cou-
pling between the aromatic π-cloud and semiconducting 
metal sulfide layers that lead to the active charge trans-
port between and across the intercalated PNA and  WS2 
layers are possible, and hence conductivity is improved 
[71–73]. PNA–20WS2 has shown the best electrical and 

Fig. 7  UV–Visible Spectra of  WS2, PNA and PNA–WS2 nanocomposites
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optical characteristics among the prepared nanocom-
posites, which may be because of the optimum interfacial 
interactions between PNA and  WS2 sheets. As proposed by 
Sun et al. observed a decrease in conductivity on higher 

loading of  WS2 sheets, maybe because of the irregular ori-
entation of component PNA and  WS2 sheets resulting in 
the poor interconnection between the conductive chains 
damaging the regularity and continuity hindering electron 

Fig. 8  Tauc’s plots of  WS2, PNA and PNA–WS2 nanocomposites

Fig. 9  TGA (a) and DTG (b) plots of PNA,  WS2 and PNA–WS2 nanocomposites
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transport, thus diminishing its conductivity. Additionally, 
the decrease in chain length or conjugation in an increase 
in  WS2 loading could be another reason for lowering con-
ductivity as proposed earlier reports [72, 73].Thus present 
study reveals that, by appropriately controlling the dis-
persion of  WS2, it could be possible to tune the electrical 
transport properties of the PNA composites.

3.10  Dielectric studies

The extent of electric charge storage and the mecha-
nism involved in the polarization and charge storage can 
be understood by measuring the variation of dielectric 
parameters with frequency. The dielectric permittivity 
of a material is a complex quantity and consists of the 
real and imaginary parts. The real part of the dielectric 

permittivity (ε′) corresponds to dielectric permittivity, and 
the imaginary part (ε″) corresponds to dielectric loss [72]. 
The dielectric parameters of compressed discs of PNA and 
PNA–WS2 composites are measured within the frequency 
range of 50–1.5 MHz. The variation of ε′ against frequency 
for different compositions are presented in Fig. 11a, b. It 
is clear from Fig. 11a that the ε′ of the pristine PNA and 
PNA–WS2 nanocomposites are high at a lower frequency 
and gradually decreases as frequency increases. However, 
at higher frequencies ε′ remains almost constant for a 
wide range of frequencies.

The dielectric properties of a heterogeneous system 
like PNA–WS2 composites are dependent on the nature 
of the matrix and polarization behaviour is quite com-
plicated as the components are of different conductivity 
and dielectric permittivity. It is reported that the dielectric 
permittivity of both bulk and few-layer  WS2 and  MoS2 is 
very low due to its low conductivity [74, 75]. Here, three 
different polarization mechanisms may co-exist, namely 
interfacial polarization, dipolar orientation and counter 
ion polarization. As the PNA–WS2 composites are com-
posed of thin layers of semiconducting  WS2 layers inter-
calated by conjugated PNA chains, interfacial polarization 
(Maxwell–Wagner–Sillar polarization) is supposed to be 
predominant [76]. Additionally, the counter ion polariza-
tion resulted from the displacement of charged species 
like dopant anions or protons under the external electric 
field have significant contribution towards the ε′ of the 
composites. Therefore, the observed high dielectric per-
mittivity at the low-frequency region, i.e., 100–1000 Hz 
is credited to the counter ion polarization. At 100 Hz, ε′ 
observed for PNA–20WS2 and PNA–30WS2 were 5650 and 
3920, respectively, which is significantly higher than the 
pristine PNA. At higher frequencies, the dipoles do not get 
enough time to align according to the rapidly changing 

Fig. 10  DC conductivity of PNA and PNA–WS2 nanocomposites

Fig. 11  Plot of variation of ε’ of PNA and PNA–WS2 with frequency (a) and variation of ε’ with composition at a different frequency (b)
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alternating electric fields, thus diminishing polarization 
resulting in a low dielectric value. It was observed that the 
dielectric permittivity of all systems decreased continu-
ously as frequency increases following the general trend 
reported for common dielectric materials. Even though, 
the PNA–20WS2 and PNA–30WS2 nanocomposites have 
dielectric permittivity around 40 at 1 MHz which is due 
to the large interfacial polarization and the accumulation 
of charges at the phase boundaries of  WS2 and PNA [77]. 
The variation of ε′ with % of  WS2 at different frequencies 
is shown in Fig. 11b. At any frequency, the ε′ values of 
the pelletized samples followed the order PNA–20WS2 ˃ 
PNA–30WS2 > PNA–10WS2 ˃ PNA > PNA–5WS2. Therefore, 
the study reveals that the incorporation of  WS2 into PNA 
has a radical enhancement in dielectric parameters of the 
nanocomposites.

The variation of the imaginary part of dielectric per-
mittivity (ε″) with frequency (logf ) and composition 
are shown in Fig. 12a, b. It is clear from Fig. 12a, b that 
ε″ and the dielectric loss values of PNA and PNA–WS2 

nanocomposites show high sensitivity to composition and 
frequency, especially at low-frequency regions. Figure 12b 
shows that variation of ε″ with composition is similar to 
that of ε′, i.e. PNA–20WS2 ˃ PNA–30WS2 > PNA–10WS2 
˃ PNA > PNA–5WS2. The observed higher dielectric loss 
for PNA–20WS2 might be accounted by the percolation 
and the associated growth of the conductivity tail. The 
observed trend in ε″ with frequency corroborates that 
ionic and interfacial polarizations are mainly contributing 
towards the observed dielectric permittivity.

The variation of AC conductivity of PNA and PNA–WS2 
nanocomposites with applied frequency are presented 
in Fig. 13a, b. Similar to other dielectric parameters, con-
ductivity values are also sensitive to the composition and 
applied the electric field. It is observed from Fig. 13a that 
AC conductivity of the doped PNA and PNA–WS2 nano-
composites increase with the increase in an applied elec-
tric field. An increase in the applied electric field enhances 
the charge carriers’ jumps between the localized positions; 
accordingly, the activation energy decreases, facilitating 

Fig. 12  Plot of variation of ε’’ of PNA and PNA–WS2 with frequency (a) and variation of ε’’ with composition at different applied frequencies 
(b)

Fig. 13  Plot of variation of AC 
conductivity of PNA and PNA–
WS2 with frequency (a) and 
variation of AC conductivity 
with composition at different 
applied frequencies (b)
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charge transport, and therefore, an increased conductivity 
is generally observed [28, 29, 78]. AC conductivity values 
for PNA, PNA–5WS2 and PNA–10WS2 nanocomposites, 
which were in the range of  10–5  Sm−1 at 1000 Hz and is 
lower compared to other composites. The variation of AC 
conductivity followed presented in Fig. 13b shows that 
it has the same trend as that of DC conductivity, ε″ and 
ε′. The A.C. conductivity of prepared systems followed 
the order PNA–20WS2 ˃  PNA–30WS2 > PNA–10WS2 ˃ 
PNA > PNA–5WS2. Among the whole composites prepared, 
PNA–20WS2 and PNA–30WS2 composites show better 
A.C conductivity at all frequency range and conductivity 
increases on an increasing frequency. The maximum con-
ductivity observed was 4.4 × 10–3  Sm−1 for at 1 MHz for 
PNA–20WS2, which is comparatively higher than reported 
PANI composites containing metals and metal chalcoge-
nides fillers [75, 77, 79, 80]. The increased conductivity is 
attributed to the increase in the number of charge carriers 
and its diffusion through the amorphous composite matrix 
along with the contribution from localized polarons and 
bipolarons. The high conductivity values of PNA–WS2na-
nocomposites suggested better transport of charge car-
ries within and between polymer chains owing to intimate 
contact between the  WS2 layers and the conjugated PNA 
phase.

The observed composition dependence of dielectric 
parameters can be explained by considering micro-level 
capacitors like the arrangement between the conjugated 
PNA and semiconducting  WS2 layers as dielectric layers. 
The ε′ and ε″ values suggest a higher number of charge 
carries / mobile salt ions in the bulk nanocomposites. The 
observed high AC conductivity value also proposes a large 
number of charge diffusion within the amorphous region 
and this indicates the presence of isolated polarons in this 
region. On increasing the amount of  WS2 sheets, a higher 
number of micro capacitor arrangements are formed, thus 
increasing the dielectric permittivity and AC conductiv-
ity. The observed maximum conductivity, ε′ and ε″ for 
PNA–20WS2 may be due to the maximum contribution 
from polar  WS2 and improved interfacial interactions. 
On further increasing the  WS2 content, the thickness of 
dielectric layers increases and more agglomeration due 
to restacking may occur, causing a considerable reduc-
tion in the number of micro capacitor units inside the 
composite matrix, following a lowering of dielectric per-
mittivity [37, 44]. Therefore, it is proposed that dielectric 
phenomena of PNA–WS2 are governed by several factors 
including nature, composition, interfacial interaction, area 
of contact, the thickness of layers, the extent of interca-
lation and chain length of the polymer and mechanism 
of conduction. For a complex heterogeneous system like 
this, two types of dipoles, one from the polymer and other 
from the  WS2 sheets, should be considered and a detailed 

molecular level study applying theoretical simulation 
analysis is required for the complete understanding of 
the charge storage and dissipation phenomena of such 
nanocomposites.

As mentioned before,  WS2 being a polar molecule can 
contribute to the overall polarization of the nanocom-
posites. However, when the amount of  WS2 added is low 
(for PNA–5WS2), the addition of  WS2 might have caused 
the reorganization of PNA chains causing more scatter-
ing creating more voids between PNA chains and hence 
lowering its dielectric characteristics [81]. As we increase 
the  WS2 loading up to 20%, the ε″ and value increases 
that maybe because of the interfacial area between the 
 WS2 sheets and PNA together with additional contribu-
tions from the incorporated polar  WS2. However, above 
20%  WS2 loading, the ε′ and ε″ decreases because of the 
clustering of  WS2 sheets as evidenced by the SEM and 
TEM studies, causing corresponding decrease in the typi-
cal Maxwell–Wagner–Sillar interfacial polarization. Similar 
lowering of dielectric properties at higher filler loading 
have been reported by other authors for PANI compos-
ites containing inorganic fillers like clay, ferrite and metal 
oxides [37, 43, 44, 81, 82]. Therefore, it is concluded that 
maximum space charge distribution is observed with an 
optimum concentration of 20%  WS2 by weight.

The studiesq’ indicates that the dielectric characteris-
tics can be tuned by controlling the PNA–WS2 ratio. The 
high dielectric permittivity and loss values for optimum 
composition suggest that the PNA–WS2 system could be 
useful in the capacitor application, especially in the low-
frequency range and could find excellent applicability in 
EMI shielding.

4  Conclusion

PNA intercalated  WS2 nanocomposites with different  WS2 
content have been synthesized by the in-situ chemical 
oxidative polymerization method. The crystal structure, 
surface morphology optical, thermal and electrical prop-
erties have been investigated and discussed in detail. 
The presence of  WS2 improves the thermal stability and 
nanocomposites’ electrical and optical characteristics 
have shown intimate relation with the composition and 
dispersion of incorporated  WS2 layers. Improved dielec-
tric performance is attributed to the special intercalated 
arrangement and synergistic electron transfer interactions 
between PNA and  WS2. The observed maximum dielectric 
loss for PNA–20WS2 is credited to the percolation and the 
associated growth of the conductivity tail. Notably, the 
present study provides a comprehensive picture of a per-
colated PNA composite, and it is suggested that prepared 
PNA–WS2 nanocomposites with tunable electrical and 
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dielectric attributes can be used for various fields, includ-
ing as a capacitor, as microwave absorbing materials or in 
EMI shielding applications.
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