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Research over the past four decades on polyaniline has matured, and consequently it has become one
of the most popular conducting polymers. Also, several methods have been proposed by researchers
for the synthesis and conversion of polyaniline (PANI) to various forms as well as its doping with chal-
cogens especially selenium (Se) and tellurium (Te). These composites have been explored using various
chemical methods and their different properties have been extensively studied in terms of electrical,
thermal, morphological and optical behaviour. This review summarizes the results from research
experiments, including their synthesis and characterization, and the study of their various properties
such as DC conductivity measurements, scanning electron microscopy (SEM), Fourier transform infra-
red (FTIR) spectroscopy, field emission studies, EMI shielding behaviour, and electrochemical, superca-
pacitive, optoelectronic and thermoelectric properties. The incorporation of chalcogens in PANI leads
to a significant improvement in its electrical conductivity and field emission properties, making the
resulting nanocomposites promising materials for various electronic applications. The global energy
crisis underscores the need for innovative materials for the production of energy. In this case, solu-
tion-based polymer thermoelectric (TE) technologies offer an eco-friendly and cost-effective approach
to convert heat into electricity. The successful electrodeposition of tellurium films onto phenolic foam
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with PANI coatings and the synthesis of novel PANI/Te nanocomposites with enhanced nonlinear
optical properties open up new avenues. These nanocomposites were prepared using different
methods including simultaneous electrochemical reactions, in situ polymerization, and interfacial
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1. Introduction

Advanced materials such metals and ceramics including
polymer composites are versatile materials and are the basis
for modern technological advancement. The advent of con-
ducting polymers (CPs) was a significant finding by research-
ers, where it was demonstrated that the conductivity of polya-
cetylene can be increased by adding electron acceptors, with
the Nobel prize awarded in 2000 to Shirakawa, Heeger, and
MacDiarmid for this achievement.”” One of the well-known
and extensively researched conducting polymers is polyani-
line (PANI). Additionally, PANI has been doped with a range
of chemicals including protonic acids and oxidants, and it
can be tailored for ease of processing into various forms such
as coatings. PANI has been demonstrated to be useful for a
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range of applications including batteries,® supercapacitors®
and sensors.” It is environmentally sustainable and stable,
relatively inexpensive, simple to synthesize, and has a high
charge storage density. The oxidation and protonation states
of polyaniline govern its physical and electrochemical pro-
perties.® PANI has been considered a desirable conductive
material since its discovery to synthesize conductive compo-
sites for a variety of uses, including electro-magnetic (EM)
absorption, particularly microwave absorption, dissipation of
electricity, heating probes, conducting glues, conducting
membranes, anticorrosion paint/coatings, and sensor
materials.>”~® However, although PANI has a variety of uses
in large-scale industrial applications, many of its prospective
uses have not been fully investigated to date due to its
difficult processing. Therefore, the development of prepa-
ration strategies and accurate molecular design are desirable
to facilitate the synthesis of primary conducting polymers.
Typically, the polymerization of aniline leads to the formation
of polyaniline, which has a conjugated structure with a rigid
backbone, i.e. alternating single-double bonds. Researchers
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have proposed that PANI can exist in several oxidation states,
as follows:*°

1. Leucoemeraldine - a fully reduced form of polyaniline,

2. Pernigraniline - reported to be a fully oxidized form of
polyaniline and

3. Emeraldine salt/base — green/blue as oxidized : reduced (1: 1).

Amongst them, emeraldine is the most conductive form of
PANI. The conductivity of emeraldine base (EB) is lower than
that of emeraldine salt (ES) because EB exhibits semiconduct-
ing nature, whereas ES possesses metallic conductivity. When
the emeraldine base undergoes protonation to become the
emeraldine salt, a structural transformation occurs due to the
mechanism of proton-induced spin unpairing. Consequently,
this leads to a band that is half-filled, potentially giving rise to
a metallic state, where each repeating unit carries a positive
charge due to protonation, together with an associated
counter ion. The conductivity is also affected by the synthesis
processes and parameters involved. The conductivity of EB has
been reported to increase with acid doping.® Aqueous solu-
tions of acids such as camphor sulfonic acid (CSA), picric acid,
phosphoric acid, sulfuric acid, and hydrochloric acid were
used for doping EB PANI. However, its limited dissolution
behaviour hinders its practical applications. The difficult pro-
cessibility of PANI is attributed to the possible hydrogen
bonding between the atoms of its adjacent chains and its stiff
polymer backbone. Also, the melt processing of PANI is
excluded because of the instability of its EB form at melt-pro-
cessing temperatures.®'® However, due to its distinctive oxi-
dation states, the doping mechanism in polyaniline stands out
among conducting polymers. Considering the aforementioned
discoveries, the core idea of polyaniline synthesis, doping, and
conduction mechanism offers in-depth research for both
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additional technological applications and fundamental scien-
tific interest.®> ! Several metals have been incorporated in poly-
aniline to study its properties, including Ag/PANI,'* Au/PANI,"*?
Zn/PANI,* and Pt/PANL' Sezer et al.'> measured the intensity-
dependent refractive index of a PANI/Ag nanocomposite and
found that it is suitable for optical pulse compression and lim-
iting due to its reversible absorption behaviour at the same
wavelength. Li et al.'® constructed AUNP@PANI nanospheres
by oxidizing aniline using HAuCl, oxidant with the simul-
taneous formation of Au NPs. Li et al.’ incorporated Zn micro-
spheres in self-assembled hollow microspheres of PANI to
form a PANI hollow microsphere/zinc composite. Zhang
et al."* deposited a PANI array on carbon cloth by chronoam-
perometry (applying a time-dependent square wave potential
to working electrode), and then on a Pt nanosheet by ampero-
metry (applying a constant potential to the working electrode)
to detect ammonia. Likewise, several metal oxides have also
been introduced in the polyaniline network to generate a
variety of conducting polymer nano-composites. For example,
ZnO/PANL" CdO/PANL'® CuO/PANLY and TiO,/PANL'®
Gheymasi et al.'® copolymerized aniline and pyrrole using
ammonium peroxydisulphate (APS) as an oxidant and T-X100
as an emulsifier, and then blended it with ZnO nanoparticles
in CHCI; solution to obtain self-focusing and reverse satur-
ation absorption, which led to its use for the protection of the
eyes and optical instruments from high-intensity lasers. Roy
et al.'® reported the preparation of a CdO/PANI composite via
an in situ polymerization process using aniline-HCI-CdO solu-
tion and APS. Due to the structural changes upon the introduc-
tion of CdO, the conductivity increased. In the small frequency
region, the AC conductivity deviated from Jonscher’s power law
based on the dipole polarization effect, o(w) = 0, + Aw".
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Thampi et al."” grew brown-coloured 50 nm CuO NPs using
copper nitrate and polyethylene glycol and immobilized them
in a PANI matrix via the in situ polymerization of aniline. The
as-generated composite was incorporated in woven and non-
woven cotton fabric by immersing it in PANI/CuO solution for
anti-bacterial applications. Gapusan et al.'® immobilized TiO,
NPs in PANI-coated kapok fibres via the hydrothermal method,
which demonstrated photocatalytic activity against methyl
orange (MO) and Cr(wv) and antibacterial activity against E. coli
under visible light. Similarly, a variety of other oxide nano-
particles, such as TiO,, CeO,, ZrO,, Fe,03;, Fe;04, Zn0O, and
CdO could be incorporated in a polymer matrix and are useful
for a variety of applications in various scientific and techno-
logical fields (Scheme 1).'%1¢718

PANI Metal
Chalcogenide

Polyaniline [PANI]

PANI/Ag

[ PANI/Cu
Chalcogenide

Chalcogenide

Scheme 1 Bird's eye view of various PANI/chalcogen composites.
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2. PANI-chalcogen (Se & Te)
nanocomposites

Chalcogens are elements of group 16 (O, S, Se, Te and Po).
However, oxygen and polonium are not considered true chalco-
gens. In the case of oxygen (0O,), this mainly due to its differ-
ence in chemical properties owing to the absence of vacant
d-orbitals. Alternatively, in the heavier chalcogens, they
possess vacant d-orbitals, and thus show diverse chemical and
physical properties. Also, the electronegativity (EN) of oxygen
is much higher than that of the other chalcogens. Polonium is
a heavier element as well as radioactive element. The chemical
properties of selenium and tellurium have opened up new
avenues in the field of electrical and opto-electronic appli-
cations, and therefore inorganic metal chalcogenides have
attracted immense attention from researchers globally.
Recently, Se and Te-based nanocomposites have had a huge
impact due to their superior electrical, thermal and optical
properties. This has also been extended to their nano-
composites with conducting polymers, e.g. PANI, for further
advancement. Amongst the conducting polymers, polyaniline
has not been widely studied with Se and Te, although their
combination as a nanocomposite can result in significant
changes in their properties. Thus, the scope of this review is
limited to investigating the effects of the incorporation of sel-
enium (Se), tellurium (Te) and their inorganic selenides and
tellurides on the properties of PANI. Some research has been
conducted on these materials to discover their applications in
supercapacitors, thermoelectric, electrical, opto-electronic,
medicinal and other fields (Table 1).
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Table 1 Polyaniline/chalcogen nanocomposites
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Material Synthesis process Significant properties Ref.
Se/PANI Chemically doped by dissolving Se in chloroform in EB form of PANI Electronic: DC conductivity 11
Se/PANI Se pellets added in PANI EB solution in DMSO and heated Optoelectronic 19
Se NW/PANI Se nanowire is doped in swollen EB PANI by dissolving it in chloroform Field emission 20
Se/PANI Polymerized after mixing Se and aniline solution Electronic: AC conductivity 21
G-Se/PANI GO added during polymerization of aniline on Se nanowire Electrochemical: discharge capacity = 22
UIO-67@Se/PANI Aniline polymerized on UIO-67@Se powder Electrochemical: specific capacity 23
Seg.95F€q.05/PANI In situ polymerization Optoelectronic: CIE coordinates, 24
magnetization
Te/PANI/microporous  Galvanostatic deposition of Te on PANI-coated phenolic foam Thermoelectric (TE) 25
phenolic foam
Te/PANI PANI EB doped with acidic solution of Te. Electronic: DC conductivity 26
Te/PANI Te-catalyzed polymerization of aniline using hydrazine hydrate, forming Nonlinear optical (NLO) property 27
polyaniline-coated Te nanowire
PANI/Te Nanorod Te nanorod dispersion in m-cresol used for doping in CSA-doped EB PANI ~ Thermoelectric (TE) 28
PANI/Se-Te on LLC After potentiostatic polymerization of aniline Brij56 LLC template, Electrochemical 29
template mesoporous Se-Te layer was electrodeposited using Se-Te Brij56 LLC
electrolyte
PANI/SWNT/Te Aniline in situ polymerized with SWNT, and Te attached hydrothermally Thermoelectric 30
later
(MWCNTS)-Te Te and MWCNT dispersed in m-cresol ultrasonically and mixed with Thermoelectric, transport 31
nanorod/PANI PANI-m-cresol solution parameters
PANI/Te Following 28 Thermoelectric 32
Te,S,/polyaniline Single-step nonlinear electrochemical method Electrochemical Impedance 33
Te/PANI Te incorporated in PANI solution Electrochemical, charge-transport 34
mechanism
Te/PANI In situ polymerization of aniline with tellurium EMI shielding 36

Pawan Kumar Khanna received
his PhD in Organometallic
Chemistry of Se & Te from the
Indian Institute of Technology
(IIT), Bombay in 1990. He went
to Queens’ University of Belfast
and University of Wales at
Swansea (UK) for post-doctoral
studies with Prof. Christopher P
Morley during 1989-1992. He
was awarded the BOYSCAST
Fellowship of DST, Govt of India,
during 1998-1999 to work on
quantum dots at the University
of St. Andrews, Scotland (UK), with Professor David ] Cole-
Hamilton. He is currently a Senior Professor in the Dept. of
Applied Chemistry at the Defence Institute of Advanced
Technology (DIAT), Pune, India. His research interests include
applied organometallic chemistry, materials chemistry, nano-
chemistry, quantum dots, metal, chalcogenides and metal oxide
nanomaterials for application in the areas of photonics, EMI
shielding, photocatalysis, thermoelectric and biomedical sciences.
He has published over 200 research papers with 10 patent appli-
cations and completed 20 research projects funded by Govt.
agencies. He has guided over 100 graduate/post-graduate students
including PhD/post-doctoral fellows. He has been named a top 2%
scientist in the world for 4 consecutive years by the study con-
ducted by researchers of Stanford University, USA. His current

Pawan K. Khanna

778 | RSC Appl. Polym., 2024, 2, 775-794

2.1 Polyaniline/selenium (PANI/Se) nanocomposites

Chemical methods have been widely investigated for the syn-
thesis of Se/PANI nanocomposite mostly employing two main
approaches for doping Se in polyaniline, as follows:"""°>!

i. Mixing Se before polymerization in aniline solution and

ii. Doping Se in PANI EB solution after polymerization.

Each method significantly impacts the structural, electrical,
and morphological properties of the resulting nanocomposite,
making the choice of synthesis technique crucial. For instance,
it has been demonstrated that PANI can be synthesized
through the chemical oxidation of aniline using APS and its
composite with Se on Si-substrate can be studied to under-
stand the nature of the film in terms of the distribution of Se
in the PANI matrix using time-of-flight secondary ion mass
spectroscopy (TOF-SIMS)." This revealed a uniform distri-
bution of selenium with both submicron dots and clusters,
where the larger clusters have a higher concentration of Se
than the average Se concentration (Fig. 1). These distribution
patterns are crucial given that they influence the electronic

Fig. 1 TOF-SIMS image of Se distribution in PANI film. [Reproduced
from ref. 19, with permission from Elsevier, Copyright 2003.]

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and optical properties of the composite. Similarly, Shumaila
et al.*** demonstrated that Se nanowires (45-75 nm diameter)
prepared using SeO,, p-cyclodextrin and vitamin C can be
mixed with PANI EB ultrasonically in chloroform to form a
PANI/Se nanocomposite. This composite exhibits potential in
vacuum microelectronic devices and plastic display industries
for field emission behaviour. Upon the application of a high
electric field, electrons can be emitted by quantum tunnelling.
This emission is dependent on the work function of the
material and its field enhancement factor.>”” Utilizing an
in situ approach, Ozkazanc et al.>* prepared a PANI/Se compo-
site by mixing pre-dissolved selenium in nitric acid with
aniline and APS, followed by spin coating. Their work high-
lighted a distinct FTIR peak at 872 cm ™" associated with the
Se-Se stretching vibrations, indicating the successful incorpor-
ation of selenium in the polymer matrix. This method showed
that by varying the concentration of selenium, the band gap
and conductivity of the composite can be modulated, which it
vital for optimizing materials for specific electronic appli-
cations such as transistors and diodes. Furthermore, the band
gap can be engineered by the doping of Se in PANI via the
doping process, which can be evaluated by optical measure-
ment, and this doping can increase the conductivity by three
orders of magnitude."" The initial morphology of the selenium
nanoparticles may influence the morphology of the PANI/Se
nanocomposite if the composite is generated via ex situ proces-
sing, whereas via in situ processing, the morphology can be
controlled by the reaction parameters and the reagents
employed to generate selenium.

Overall, doping with spherical Se particles led to the for-
mation of granular cluster structures, whereas upon doping
with Se nanowires, a fibrous interwoven morphology was
observed by researchers. It was believed that this arrangement
may provide effective conductive pathways due to the move-
ment of delocalized electrons along the conjugated pathways
and the electron hopping mechanism between the adjacent
redox sites within the polymer chain. The FTIR spectra showed
the presence of structural changes in PANI after Se doping and
provided evidence for the interaction between Se and the
polymer chain. It has been suggested that due to the electro-
static interaction between the nitrogen atoms and selenium
ion, the physical adsorption of Se on the PANI molecule is also
possible.*!

Researchers have also investigated field emission behaviour
of PANI/Se nanocomposites using an in-house fabricated setup
at room temperature, maintaining a pressure of 10~° Torr in
the vacuum chamber. It was observed that 10% (w/w) Se
doping showed the highest emission characteristics with a low
turn-on field of 1.2 V m™', making it promising material for
field emission-based applications.>**

Moreover, novel composites such as graphene/Se/PANI have
been reported to show a superior performance in Li-ion
battery applications and displayed improved cycling durability
and excellent performance at high rates, demonstrating a
reversible discharge capacity (after 200 cycles) of 567.1 mA h
g ' at 0.2 C and 510.9 mA h g~* at 2 C.>* The robust electro-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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chemical performance of this nanocomposite demonstrates its
potential as a cathode material for Li-Se batteries. Another
innovative approach by Ye et al?® involved creating a
UIO-67@Se/PANI composite for Li-Se batteries using Zr-based
metal-organic frameworks (MOFs) coated with PANI. This
composite demonstrated significant specific capacities and
retention rates, highlighting the versatility of Se/PANI compo-
sites in energy storage applications. Specifically, it achieved a
notable specific capacity of 248.3 mA h g~ at 1 C after 100
cycles, while maintaining a capacity of 203.1 and 167.6 mA h
g~ at higher rates of 2 C and 5 C, respectively. Heiba et al.>*
conducted the synthesis of polyaniline (PANI) combined with
Seo.o5Fen.05 at different weight ratios (5% and 10%) using an
in situ polymerization technique. Analysis using XRD verified
the structural properties of PANI and the presence of
Seg.o5Fe os5. It indicated that PANI possessed a semi-crystalline
structure and the appearance of Se, osFe; 5 in two phases (tri-
gonal-Se and orthorhombic-FeSe,) in the PANI nano-
composites (Fig. 2). The nanocomposites exhibited weak ferro-
magnetic behaviour, with enhanced coercivity and saturation
of magnetization with an increase in the weight percentage of
Seg.o5F€g. o5 in PANI.

The synthesis and characterization of selenium/polyaniline
(Se/PANI) nanocomposites offer exciting insights for their
diverse applications. Se doping in PANI has been achieved
through methods such as chemical oxidation and in situ
polymerization, influencing its electrical, morphological,
thermal, structural and optical properties. These nano-
composites show promise in fields such as electronic devices,
field emission applications, and energy storage systems.
Future research avenues should focus on fine-tuning the syn-
thesis approaches, understanding the fundamental inter-
actions between Se and PANI, exploring their performance in
practical devices, and optimizing their properties for enhanced
functionality and sustainability. Additionally, investigating
novel composite architectures and exploring their applications
in emerging technologies such as Li-ion batteries and environ-
mental remediation can further expand the scope of Se/PANI
nanocomposites. Furthermore, it is possible to propose that
Se/PANI nano-composite can act as precursors of Se for the
preparation of metal selenide QD/PANI nanocomposites.
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Fig. 2 Room temperature magnetization curves of PANI/Seq gsFeo o5
(5 wt% in black and 10 wt% in red) nanocomposites. [Reproduced from
ref. 24, with permission from Springer, Copyright 2019.]
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2.2 Polyaniline/tellurium (PANI/Te) nanocomposites

The global energy crisis necessitates innovative energy solu-
tions, which often depend on the use of technologically
advanced polymer-composites materials given that they are
highly suitable for a range of energy applications including
thermoelectric (TE) technologies, offering environmentally
friendly and cost-effective means to convert low-grade heat
into electricity. In this section, we explore the synthesis and
characterization of PANI/Te hybrid films and the studies on
their thermal, electrical and optical properties. To date, several
methods have been adopted by researchers for the preparation
of PANI/Te nanocomposites. One of the methods involved the
electrodeposition of a Te film above PANI-coated phenolic
foam. Alternatively, the other method involved the use of an
acidic aq. solution of Te and its reaction with PANI for the fab-
rication of a PANI/Te nanocomposite. It was reported that the
Te film could be electrodeposited onto phenolic foam using
PANI coatings as conducting transition layers.>® The structural
and thermoelectric behaviour of the deposited films exhibited
uniformity and preferred crystal orientation along the c-axis
direction.

Thermopower measurements revealed the maximum value
of 342 pv K™* at 473 K, showcasing the thermoelectric poten-
tial of the nanocomposites. Kazim et al.>® reported the doping
of PANI with varying Te concentrations to improve the electri-
cal properties of the composite. The maximum dc conductivity
was found to be 6.635 x 107> Q™' em™" for 25% Te doping. It
was discussed that Te** doping resulted in carrier delocaliza-
tion due to the attraction between neighbouring polymeric
units arising from the incorporation of Te in the PANI chain.
This arrangement led to the formation of polarons and bi-
polarons, thus enhancing the carrier mobility with an increase
in the doping level of Te**. Also, varying the doping concen-
tration to achieve useful properties was discussed.

It was proposed that the electron delocalization in the com-
posite occurs due to the presence of dopant and sulfuric acid
together, which perhaps act as double doping reagents.>® In
another synthesis process, Te was freshly prepared using
H,TeO; via hydrazine hydrate and was used as a catalyst in the
polymerization of aniline to prepare PANI-coated Te nano-
wires, where the broom-shaped hierarchical structure demon-
strated superior NLO behaviour in comparison to its individual
components according to the discussion by the authors.””
Wang et al.*® employed an ultrasonic dispersion method to
form a Te/PANI film, which exhibited an enhanced thermo-
electric figure of merit (27). This film showed a power factor of
146 yW mK™2 and its zT was enhanced from 0.156 at room
temperature to 0.223 at 390 K. A nanocomposite with a chalco-
gen alloy, i.e., PANI/Se-Te nanocomposite, was synthesized>®
via electrodeposition on a Brij56 (surfactant) lyotropic liquid
crystalline (LLC) template and studied.

The integration of polyaniline (PANI) with tellurium (Te) in
nanocomposites presents a promising avenue for enhancing
its thermoelectric (TE) application. It was mentioned that syn-
thesized PANI/Te hybrid films exhibited improved thermoelec-
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tric properties according to their characterization, owing to
their well-matched nanoscale interfaces, enhanced carrier
transport, and low thermal conductivity. Wang et al>°
employed an innovative approach for the in situ synthesis of
water-soluble ternary PANI/SWNT/Te ( polyaniline/single-walled
nanotube/tellurium) nanocomposites, showing uniform struc-
tures and remarkable thermoelectric (TE) properties. The
nanocomposite films demonstrated exceptionally high
Seebeck coefficients, which was ascribed to the energy filtering
action by PANI/SWNTs together with the PANI/Te interfaces,
maintaining a good balance between electrical and thermal
conductivity (0.2 to 0.4 W m~" K™') with the TE power factor
reaching 101 uW m™" K2, surpassing that of the individual
components present in the composite (Fig. 3). The presented
approach opens possibilities for designing high-performance
ternary organic-inorganic composite TE materials with various
fillers.

In another study, interfacial engineering was employed®" to
intelligently craft Te-based ternary hybrid nanomaterials using
tellurium nanorods, MWCNTs and PANI. The interactions
among MWCNTSs, Te nanorods and PANI lead to the formation
of well-bonded interfaces, enhancing the electrical conduc-
tivity and thermopower simultaneously. The optimized compo-
sition resulted in a power factor of 54.4 uyW m™" K2 (Fig. 4).
This research offered a technically improved approach for
enhancing the thermoelectric performance of conducting
polymer-based hybrids, showing promise for economical flex-
ible energy conversion devices suitable for large-scale
production.

Further research in this field was continued by Wang
et al.,”® where they directed their attention towards enhancing
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Fig. 3 Variation in thermal conductivity with Te content in PANI/SWNT/
Te nanocomposite. [Reproduced from ref. 30, with permission from The
Royal Society of Chemistry, Copyright 2017.]
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Fig. 4 (a) Comparison of TE properties and (b) interfacial energy
filtering effects. [Reproduced from ref. 31, with permission from Wiley
VCH, Copyright 2018.]
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the carrier concentration by subjecting polyaniline/Te nanorod
hybrid films to thermal treatment. The outcome demonstrated
that thermal treatment effectively tuned the carrier concen-
tration, leading to a notable enhancement in thermoelectric
electric performance. This study revealed that the hybrid film
produced at 180 °C exhibited a 20% increase in power factor
compared to the original film by controlling the dopant quan-
tity and carrier concentration via thermal processing. A
cathode material for Li-ion batteries with high conductivity
and capacity was discussed by Li et al.,** showing the potential
of tellurium in this field. This Te-containing PANI composite
exhibited a large initial capacity and maintained cycling stabi-
lity at 5 A g, suggesting a sustainable strategy for battery fab-
rication. The approach and designed nanorod structure pre-
sented a promising solution to the challenges associated with
tellurium-based batteries. Rani et al>* fabricated a Te/PANI
nanocomposite via the solid-state chemistry method by blend-
ing varying concentrations of Te (5%, 10%, and 15%) that with
PANI. The resulting composite displayed adaptability for
various energy harvesting purposes, including both conversion
and storage. The successful integration of Te in the matrix at
the benzenoidal functionality, with oxygen bonding via sul-
phonated disorder contributed to the super-capacitive behav-
iour. The authors concluded that 10% Te concentration was
optimal for achieving both photo- and electrochemical con-
duction performance.®® Recently, it was demonstrated that the
PANI/Te nano-composite can be the future EMI shielding
materials for blocking electromagnetic waves/radiations in the
X-band. It was hypothesized that the composite, which initially
had low conductivity, could be converted to a reasonably
higher conducting material by doping with silver and excess
Te. The authors showed that the EMI shielding efficiency of
the composite was about —10 dB due to the presence of in situ-
generated TeQ,.>® Thus, the exploration of PANI/Te nano-
composites for applications beyond thermoelectricity, such as
energy storage and photoconduction, holds significant poten-
tial, paving the way for multifunctional and versatile conduct-
ing polymer-based materials for diverse energy applications.
Furthermore, the development of ternary PANI/SWNT/Te and
PANI/MWCNTs-Te nanocomposites demonstrated the feasi-
bility of incorporating multiple components to tailor pro-
perties, highlighting avenues for designing high-performance
organic-inorganic hybrid materials with enhanced functional-
ity and versatility (Fig. 5).
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Fig. 5 Charge transport mechanism in Te-PANI. [Reproduced from ref.
34, with permission from Springer Nature, Copyright 2023.]
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3. PANI-metal chalcogenide
nanocomposites

The research on polymer-based thermoelectric composites,
focusing on polyaniline (PANI) and inorganic nanoparticles
such as ZnSe, CdSe, CdTe, PbTe, Bi,Ses;, Bi,Te;, Ag,Se, and
Bio.5Sby 5Tes, as well as mixed metal chalcogenides provides
valuable conceptual insights into enhancing the thermoelec-
tric performance through tailored nano-structuring and
interface engineering. By incorporating these nanoparticles
in PANI matrices through diverse synthesis methods, such
as solvothermal, electrodeposition and chemical oxidation
methods, researchers have achieved significant improve-
ments in electrical conductivity, Seebeck coefficient and
power factor. The utilization of low-dimensional nano-
structures and introduction of hybrid interfaces in PANI-
based composites have demonstrated promising results in
enhancing the thermoelectric properties, paving the way for
potential applications in flexible thermoelectric devices and
low-temperature thermoelectric systems. Future research in
this domain can focus on further optimizing the nano-struc-
turing process, exploring novel synthesis techniques and elu-
cidating the underlying mechanisms governing the enhanced
thermoelectric performance. Additionally, investigating the
scalability, long-term stability, and environmental effects of
PANI-based thermoelectric composites will be crucial for
their practical implementation in energy harvesting and
waste heat recovery applications. In this section, we present
a summary of the research on PANI-chalcogenide nano-
composites. Polyaniline-chalcogenide nanocomposites have
also been reported as potential electronic materials.*®™*
Researchers adopted a variety of methods for their synthesis
and the fabrication of films of these composites, which are
described in Table 2. Selected metal selenides and tellurides
are discussed in subsequent sections.

3.1. PANI/zinc chalcogenides

According to our extensive literature search, we could not find
any reports on ZnTe/PANI composites; however, there are a few
reports emphasizing the incorporation of ZnTe in other poly-
mers. Thus, considering this lack of information, only ZnSe/
PANI is discussed here. However, this implies that researchers
can focus on these materials and conduct extensive research to
expand the utility of ZnTe in electronic and photonics appli-
cation. Bormashenko et al.*® conducted research on utilizing
films of ZnSe and polyaniline emeraldine base (PANI EB) as
coatings to reduce the reflection in the near and mid-infrared
(NIR and MIR) optical regions (Fig. 6). The PANI coating effec-
tively minimized the Fresnel losses in the middle and near IR
regions, ie., wavelength range of 1.0-6.25 pm. The investi-
gation also assessed the damage threshold of the coating
under laser irradiation at a wavelength of 1.5 pm, indicating
that ZnSe has satisfactory microhardness when coated. Thus,
thin PANI EB layers are well-suited for coating infrared (IR)
optics elements due to their broad IR transparency, high IR

RSC Appl. Polym., 2024, 2, 775-794 | 781


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lp00093e

Open Access Article. Published on 02 July 2024. Downloaded on 12/5/2025 12:02:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Table 2 Some polyaniline/metal chalcogenide nanocomposites
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Material Synthesis process Significant properties Ref.
CdSe/PANI Aniline and CdSe NPs were mixed by ultrasonication, and then polymerized by Electronic: conductivity, 5
APS current density
Ceo/CdSe/PANI Ceo/CdSe was used as a promoting agent for the polymerization of aniline Optoelectronic & 37
thermoelectric
PANI/CdSe (TPs) PANI film was dipped in CdSe solution for a few seconds Optical: PL 38
Cu,Se/PANI In aniline, HCI solution of Cu,Se NPs was mixed and polymerized by APS Optical and electronic 39
PANI-Ag,Se/PVDF PANI layer was coated over Ag,Se using dodecylbenzene sulphonic acid Thermoelectric 40
PANI-Bi,Se; Template-based in situ oxidative chemical polymerization by APS after mixing Thermoelectric 41
30% Bi,Se; NPs in aniline solution
PANI-Bi,Te; Bi,Te; nanorod in aniline-SSA solution, then APS added for polymerization Thermoelectric 42
Bi,S3/PANI and Chalcogenides were sonicated in toluene. Then PANI was added and heated with ~ Thermoelectric 43
Bi,Te3;/PANI intermittent sonication
PbTe-PANI core- In situ fabrication by dissolving APS in PbTe precursor solution and mixing in Thermoelectric 44
shell aniline-CCl, solution for interfacial polymerization
PANI/Cu,ZnSnSe, PANI was electrodeposited on fluorine doped tin oxide (FTO)/glass electrode. Electronic: current density, 45
Then CZTSe was electrodeposited on it using aqueous electrolyte solution of its photocurrent
precursors in tartaric acid solution
CdTe/PANI Galvanostatic electrodeposition of PANI on ITO and CdTe doping by soaking Optoelectronic: 46
solution electroluminescence (EL)
CdSeTe@PANI To CdSeTe QDs, HClI and aniline were added, which was polymerized by adding  bioimaging 47a
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Fig. 6 Comparison of coated and uncoated ZnSe plates. [Reproduced
from ref. 46, with permission from Elsevier, Copyright 2004.]

radiation stability, high optical tolerance, and good surface
hardness. These properties make them ideal for various IR
optics applications, including antireflective coatings for IR
windows and lenses.
Kaushik et al.*’* presented findings regarding the creation
of diffused polyaniline (PANI)/ZnSe QD structures through the
electrochemical method, with potential applications in LEDs.
The polyaniline films formed ordered bundles of closely
packed polymeric strands, allowing the uniform dispersion of
ZnSe QDs. The resulting PANI/ZnSe films exhibited signifi-
cantly improved luminescence.

The particle size of ZnSe QDs was 5 nm, which is smaller
than the Bohr exciton radius for ZnSe (9 nm).*”” This small
size leads to a high density of surface states, which trap the
photoexcited carriers, thereby suppressing the excitonic
luminescence. However, when PANI is used as a host, it passi-
vates these surface states, enhancing the luminescence of the
composite material.

Shirmardi et al.*® investigated the impact of incorporating
polyaniline (PANI) on the photocatalytic efficacy of ZnSe NPs
as an organic semiconductor. The co-precipitation method
was used to synthesize pristine ZnSe NPs and core-shell ZnSe/
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PANI type-II heterojunction nanocomposites, thus separating
the photogenerated electron-hole pairs, reducing their recom-
bination and preparing them for photocatalytic application.
The composite showed a reduced band-gap value compared
with the pristine ZnSe NPs, which was induced by PANI, with a
shift in its VB and CB edges. The photocatalytic assessments
for the removal of methylene blue (MB) and chromate ions
upon the action of visible-light showed the enhanced behav-
iour of the ZnSe/PANI nanocomposites compared to pure ZnSe
NPs due to their type-II heterojunction. The results of the
Brunauer-Emmett-Teller (BET) calculations highlighted a
decrease in the textural properties of the nanocomposite due
to PANI, such as its specific surface area, pore size and pore
volume.

Shokr et al.*® conducted a study on the synthesis of nano-
composites comprised of polyaniline and ZnSe, wherein ZnSe
nanoparticles, approximately 8.5 nm in size, were produced
via the colloidal technique, while polyaniline was synthesized
together with the ZnSe nanostructure. The XRD analysis
revealed the semicrystalline nature of polyaniline and cubic
crystal structure of ZnSe. The SEM images illustrated an enlar-
gement in particle size due to the integration of ZnSe in the
polyaniline matrix. UV-Visible spectroscopy was employed to
examine the optical characteristics of the nanocomposites,
revealing a reduction in the energy gap of polyaniline by about
0.5 eV with an increase in Zn content. Overall, E, was
enhanced from 3.42 to 2.92 eV. ZnSe, being a semiconductor
with a wide bandgap, introduces additional electronic states
with a lower activation energy within the band structure of
PANI. These states can facilitate the generation of more holes
due to the increase in dc conductivity. Specifically, the inter-
action between the PANI matrix and ZnSe quantum dots can
lead to the hopping of the charge carriers, where the electrons
from PANI can be transferred to ZnSe, leaving behind holes in
PANI. This charge transfer process effectively increases the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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hole concentration in polyaniline. The thermoelectric power
measurements suggested that holes were the predominant car-
riers, exhibiting increased mobility and quantity, together with
a reduced potential barrier with an increase in the ZnSe con-
centration within the polyaniline matrix. Jijana et al.>° pro-
duced electrochemically polymerized ZnSe quantum dot/PANI
nanofiber composites having a 3-mercaptopropionic acid-
capping on ZnSe. It was reported that the quantum dots were
attached to PANI through the carboxylic acid functionality,
thus maintaining the functionalities of both PANI and QD
surface, enabling the attachment of horseradish peroxidase
(HRP) enzyme, a bio-receptor. Subsequently, a biosensor was
constructed using this composite, which showed excellent
capacity to detect 17p-estradiol under different conditions. The
explored research on polyaniline (PANI) and zinc selenide
(znSe) nanocomposites provides valuable conceptual insights
into their multifaceted applications.

The utilization of PANI as an antireflection coating for
infrared optical elements, in combination with ZnSe, demon-
strates its potential to mitigate Fresnel losses and transmit
high power density infrared radiation. The creation of PANI/
ZnSe through electrochemical methods reveals promising pro-
spects for enhancing the luminescence in LED applications
and biosensing. The incorporation of PANI as an organic semi-
conductor in ZnSe nanoparticles significantly improves their
photocatalytic efficacy, opening avenues for environmental
remediation. Additionally, the synthesis of PANI/ZnSe nano-
composites with tailored properties, such as semicrystalline
structures and altered optical and electrical characteristics,
shows potential in thermoelectric applications. Looking
forward, there is future scope in optimizing synthesis tech-
niques, ensuring scalability, and exploring the long-term stabi-
lity of these nanocomposites. Further research should delve
into integration of these materials in practical devices, under-
standing their performance under diverse conditions and
investigating their environmental impact. Novel combinations
of conducting polymers and semiconductors, together with
the development of multifunctional nanocomposites, can
expand the horizon of applications in electronics, sensors, and
beyond, paving the way for technological advancements and
real-world implementations.

3.2. PANI/cadmium chalcogenides

Singh et al.’> mixed CdSe in aniline, and then polymerized it
using APS, which exhibited an increase in current density by
three orders compared to pure PANI. The observed ohmic
behaviour in the forward bias voltage was attributed to the
conduction behaviour exhibited by the free charge carriers,
specifically “polarons and bipolarons”.

The prominent presence of cubic phase CdSe was examined
with a slightly lower lattice constant value of 0.554 nm. The
short circuit current density was found to increase to 150 A
em™>. Thus, the increase in the conductivity of the nano-
composite makes it suitable for applications in p-n junction
diodes, sensing devices, etc. Joshi et al.>® reported the fabrica-
tion of heterojunctions employing electro-chemically de-
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Fig. 7 Current density v/s voltage (a) CdS/polyaniline, (b) CdSe/polyani-
line, and (c) CdTe/polyaniline. [Reproduced from ref. 35, with permission
from Springer, Copyright 2007.]

posited PANI and CdX (X = S, Se, Te) thin films. The ideality
factors and flat band potentials were determined for CdS,
CdSe, and CdTe-based junctions, indicating their suitability
for optoelectronic applications. Their heterojunction and
diode properties, e.g. current, and capacitance voltage, i.e. I-V
and C-V, were studied.

Fig. 7(a—c) display the I-V characteristics of the junction
between cadmium chalcogenide and polyaniline. It was shown
that CdX/polyaniline can function as diode materials. Not only
tellurium-based II-VI semiconductors but also selenium-based
semiconductors play a vital role in the development of these
composites for photovoltaics. Ahilfi et al.”" synthesized PANI-
based nanocomposites employing CdSe nanoparticles through
a chemical and electrospinning method, where the crystalline
cubic CdSe/PVA nanocomposite served as the acceptor, while
amorphous PANI-DBSA/PS nanofibers acted as the donor in a
hybrid solar cell. Also, the fine dispersion of PANI within the
PS film can generate photogenerated electrons and holes when
exposed to UV light, resulting in an increase in absorption in
the near UV range. Patullo et al.>® attempted to enhance the
photovoltaic conversion efficiency via the utilization of highly
conductive materials such as PANI and (PEDOT:PSS) by
employing the dip-coating technique on a pulsed layer-de-
posited CdS/CdTe film as the substrate.

This studied showed that the electrochemically synthesized
PANI/CdTe composite on ITO exhibited superior anticorrosion
properties to the pure polyaniline coatings on stainless steel
(XC 70) due to the higher tendency of the protonated polyani-
line to attract electrons, as revealed by the electrochemical
impedance spectroscopic technique.>

Incorporating fullerene with PANI has also attracted atten-
tion from researchers and a study was undertaken by Rusen
et al.,’” who introduced a new technique to oxidatively poly-
merize aniline (PANI). They developed a method that employed
fullerene Cgo/CdSe QDs to enhance the polymerization
process. This study also proposed the mechanism for the
polymerization process, involving donor-acceptor exchange
between the components based on their HOMO-LUMO energy
levels, as shown in Fig. 8. This was an interesting study, where
size-dependent polymerization was discussed, showing an
increase in the polymerization efficiency with a decrease in the
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Fig. 8 Oxidative polymerization of aniline using CdSe-Cgo system.
[Reproduced from ref. 37, with permission from Nature, Copyright
2016.]

particle size of CdSe. CdSe tetrapods synthesized by the solvo-
thermal method were incorporated in a PANI film via a low-
cost chemical bath deposition method by Bhand et al*® to
create void-free, densely packed, granular hybrid PANI/CdSe
nanocomposite layers.

Enhanced absorption and photoluminescence (PL) intensi-
ties were observed in the visible to near-infrared (NIR) spec-
trum by increasing the dipping time. This augmentation can
be attributed to the interaction between CdSe and the proto-
nated N-H group of PANI. It was shown that the thermal stabi-
lity was enhanced by the presence of CdSe in the nano-
composite compared to pure PANI. In another method,
Gaponik et al>* applied galvanostatic electrodeposition to
deposit polyaniline/CdTe nanocomposites on an ITO/glass
substrate using colloidal CdTe and compared its photo-
luminescence and electroluminescence spectra, observing a
peak at the same wavelength of 500 nm (Fig. 9) due to the size-
dependent colour tunability from green to red. An increase in
current was observed at a lower voltage in CdTe/PANI than
CdTe. It was discussed that because of the better hole trans-
porting property of polyaniline, the CdTe/PANI layer compo-
sites showed better a electroluminescence (EL) quantum
efficiency. Xue et al.>® observed a 40 times enhancement in
fluorescence by polymerizing aniline on the surface of CdSeTe

EL intensity
PL intensity

400 600 800
Wavelength /nm

Fig. 9 PL and EL spectra of CdTe/PANI heterojunction. [Reproduced
from ref. 54, with permission from The Royal Society of Chemistry,
Copyright 1999.]
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quantum dots. Also, it showed a high-amplified signal for cell
imaging given that the fluorescence intensity was increased by
a thousand times at the emission wavelength of 450 nm when
incident with 360 nm light. They observed that when the
CdSeTe QDs were capped by PANI, then the surface traps were
passivated and the absorption and emission bands were blue-
shifted. The absorption band shifted from 360 nm to 300 nm
and the emission band shifted to 450 nm from 560 nm. The
characteristic IR bands of the CdSeTe quantum dots were
located at 1307 cm™ " and 1275 cm™". The interaction of the
amine and carboxylic groups in PANI and the quantum dots
caused a shift in the characteristic peaks of PANI. This study
also showed that the CdSeTe/PANI composite was more nega-
tively charged, where the zeta potential values of CdSeTe and
CdSeTe/PANI QDs were found to be —29.9 mV and —53.1 mV,
respectively.

Joshi et al.>® reported the fabrication of an LPG sensor at
room temperature (300 K), which was formed by a n-CdSe/
p-polyaniline junction through the electro-chemical deposition
method. The forward biased current-voltage characteristics
displayed a significant shift for different LPG concentrations.
The peak response, reaching up to 70%, was attained with a
concentration of 0.08 vol% LPG. Similarly, in another study
they investi