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ABSTRACT Conducting polymers (CPs) have been widely
investigated due to their extraordinary advantages over the
traditional materials, including wide and tunable electrical
conductivity, facile production approach, high mechanical
stability, light weight, low cost and ease in material processing.
Compared with bulk CPs, nanostructured CPs possess higher
electrical conductivity, larger surface area, superior electro-
chemical activity, which make them suitable for various ap-
plications. Hybridization of CPs with other nanomaterials has
obtained promising functional nanocomposites and achieved
improved performance in different areas, such as energy sto-
rage, sensors, energy harvesting and protection applications.
In this review, recent progress on nanostructured CPs and
their composites is summarized from research all over the
world in more than 400 references, especially from the last
three years. The relevant synthesizing experiences are outlined
and abundant application examples are illustrated. The ap-
proaches of production of nanostructured CPs are discussed
and the efficacy and benefits of newest trends for the pre-
paration of multifunctional nanomaterials/nanocomposites
are presented. Mechanism of their electrical conductivity and
the ways to tailor their properties are investigated. The re-
maining challenges in developing better CPs based nanoma-
terials are also elaborated.

Keywords: conducting polymer, synthesis, composite, nanos-
tructures, electronic devices

INTRODUCTION

Conducting polymers (CPs) are polymers having highly
n-conjugated polymeric chains with metal-like electronic,
magnetic and optical properties. They have become the

leading materials in polymer science ever since the dis-
covery of highly conducting polyacetylene (PAc) in 1976
[1,2]. Chemist Hideki Shirakawa, physicist Alan J. Heeger
and chemist Alan G. MacDiarmid first discovered the
oxidation of acetylene by iodine that resulted in PAc with
10° fold increment in conductivity [3,4]. Todine-doped
PAc can reach the conductivity of silver that is one of the
best readily available electrical conductors. Based on this
revolutionary discovery, the three were awarded the
Nobel Prize in Chemistry in 2000 and therefore opened
new doors to the exploration of electric organic polymers
[5]. CPs have garnered enormous academic and industrial
interest owing to their unique and tunable properties. CPs
show semiconducting characteristics before a “doping”
process, which involves oxidizing or reducing CPs. The
electrical properties can be modulated by doping process
that greatly increases the number of charge carriers in
CPs. Since the discovery of conducting PAc, a variety of
CPs have been developed and widely used due to rela-
tively high conductivity, as listed in Table 1, including
polyaniline (PANI), polypyrrole (PPy), poly(3,4-ethyle-
nedioxythiophene) (PEDOT), polythiophene (PT), poly-
acetylene (PA), polyparaphenylene (PPP) and others, as
illustrated in Fig. 1.

Recently, nanostructured materials have been widely
studied for both fundamental research and potential ap-
plications because of their unique properties at nano level.
Development of novel multifunctional materials is pri-
marily driven by sustainable technologies and novel
methods for achieving nanostructures effortlessly [6].
Compared with bulk polymers, nanostructured conduct-
ing polymers (NCPs) have received special attention
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Figure 1 Chemical structures of representative conducting polymers.

Table 1 Conductivity of common conducting polymers

Conducting polymers Conductivity (S cm ') Type of doping

Polyaniline (PANTI) 30-200 n, p
Polypyrrole (PPy) 10-7500 p
Poly(3,4-ethylenediox-
ythiophene) (PEDOT) 0.4-400 o, p
Polythiophene (PT) 10-1000 p
Polyacetylene (PA) 200-1000 n, p
Polyparaphenylene
(PPP) 500 n, p
Polyparaphenylene
sulfide (PPS) 37300 P
Polyparavinylene (PPv) 1-1000 p
Polyisothionaphthene
(PITN) 1-50 p

Reproduced from references [12-14].

owing to their facile synthesis, high surface area, superior
electrical conductivity, high carrier mobility, enhanced
electrochemical activity, special optical properties and
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biocompatibility. In the past, multidimensional NCPs
with different morphologies and structures have been
synthesized, such as 0D (nanospheres, nanoparticles), 1D
(nanorods, nanowires, nanofibers, nanobelts, nano-rib-
bons and hollow-type structures nanotubes), 2D (na-
norings, nanosheets, nanodiscs, nanoclips). Various
physical and chemical strategies have been used for na-
nocomposites fabrication, including physical template
synthesis (i.e., hard and soft method), and template-free
approach (i.e., self-assembly or interfacial polymerization,
electrospinning, seeding approach) [7,8].

Over the last decade, the number of studies on NCPs
has rapidly increased and significant progress has been
achieved due to several reasons [9]. First, it is important
to understand the mechanism of charge transfer and
charge transport processes during the redox reactions
which results in the outstanding electrical properties [10].
Doping can significantly increase the number of charge
carriers and enhance the conductivity. The fundamental
feature of all CPs is the extended conjugated m-system
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along the polymer backbone that gives them metal-like
properties (electronic, magnetic and optical). Meanwhile,
CPs also possess properties of the conventional polymers,
such as excellent mechanical properties, good environ-
mental stability, low processing temperature, low cost,
etc. Second, it is imperative to synthesize CPs-based
composites to fully utilize the advantages of CPs and
overcome the limitations, i.e., solubility [11]. The con-
ductivity and solubility of CPs are controllable by mod-
ifying their chemical structures. For example, polymers
can obtain good solubility and processability by in-
troducing specific functional groups, ie., poly(3-hex-
ylthiophene). Furthermore, hybrid nanomaterials, a
combination of CPs with different types of materials, such
as metals (i.e., Ag, Au and Pd), metal oxides (i.e., Fe,O;,
MnO,, NiO, CuO, TiO,, WO,, ZnO, SnO,, V,0;, Ru0,),
chalcogenides (i.e., MoS,, WS,, Bi,S;, CdS, CdSe, CdTe),
carbonaceous materials (i.e., graphene, graphene oxide,
carbon fibers and nanotubes), and other non-conducting
polymers, have been intensively investigated.

NCP based composites exhibit outstanding perfor-
mances owing to the synergistic performance derived
from each component [15]. Finally, it is motivating to
investigate suitable applications of NCPs and NCP-based
composites by the increasing number of academic and
industrial laboratories [9,16], including energy conver-
sion and storage (batteries, supercapacitors, dielectric
capacitors, solar cells, fuel cells) [6,7,14,17-22], chemical
sensors [23-26], biosensors [27-29], catalysis [30,31],
optical devices [32], electroactive devices [33,34], bio-
medical devices [12,13], electromagnetic interference
shielding [35], corrosion protection [16,36], antistatic
agent [9], removal of heavy metal ions [37], tissue en-
gineering [38] and other applications. NCPs and NCP-
based composites can provide significant improvement of
properties, including enhancing electrolyte diffusion for
batteries and supercapacitors, improving dielectric per-
formance in ferroelectric polymers-based capacitors,
supporting effective exciton dissociation in solar cells,
reducing response times and enhancing sensitivity of
biosensors and chemical sensors and raising anti-corro-
sion efficiency.

Therefore, it is necessary for a deep understanding of
recent progress and development of CPs with multi-
dimensional nanostructures and NCP-based composites.
An overview of the different methods employed in the
synthesis of NCPs and hybrid composites is summarized.
Significant electric performance and applications of CPs
composites in recent research are presented. Currently
the representative investigation of NCPs for special de-
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vices is highlighted, as shown in Fig. 2. The prospects of
scientific and technological challenges for synthetic ap-
proaches and potential applications are discussed. The
emerging novel synthesis of representative nanostructures
of conductive polymers and nanocomposites serve as the
main goal of this review: multi-dimensions with multi-
functions and multi-applications.

SYNTHETIC APPROACHES TO
NANOSTRUCTURED CONDUCTING
POLYMERS

The polymerization of CPs includes three major steps:
oxidation, coupling and propagation. These three steps
serve as integrated and key components which determine
the physical and chemical properties of CPs. The oxida-
tion step can be triggered by various methods, such as
chemical oxidants, electrochemical potential, photoactive
reagent and harsh reaction media [14]. Compared to bulk
CPs, the synthesis of NCPs has similar methods but in-
volves more considerations and requirements, because
NCPs exhibit superior performance versus their bulk
formations which is strongly related to synthetic ap-
proaches [39]. Significant progress has been achieved in
the preparation and synthesis of NCPs over the past two
decades [14]. Various methods for synthesizing nano-
scopic zero-dimensional (0D), one-dimensional (1D),
two-dimensional (2D), or three-dimensional (3D) CPs
have been developed, which can be categorized under two
main approaches: template-based approach including
hard template and soft template, and template-free ap-
proaches, such as interfacial method, seeding method,
electrospinning method, etc.

Template-based approaches

The template-based nano-structuring approach provides
ease in synthesis, efficient and highly controlled NCPs. In
template-based approaches, a template is used to guide
the NCPs to grow in designed shapes and sizes. There are
two main kinds of template approaches: hard templates
relying on physically moulding the CPs into shapes and
soft templates relying on self-assembly of the CPs
[10,31,39].

Hard template

The hard template method is a feasible, controllable and
widely exploited tool for synthesis of nanostructured in-
organic semiconductors, metals and polymers [40]. In
this method, a physical template is used as a mould or
scaffold to grow nanostructures. These templates can be
colloidal nanoparticles or nano-sized channels to provide
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Figure 2 An overview of conducting polymers based nanocomposites and applications.

a complete control of the size and shape of NCPs [8]. The
advantage of hard template method is that both chemical
and electrochemical polymerization can be used in the
following steps. For chemical template synthesis, the hard
template is immersed in a solution with monomer, oxi-
dant and dopant for monomer polymerized either on
their surface or in the pores/channels. The properties of
the chemically synthesized NCPs are dependent on the
reaction conditions, such as the characteristics of tem-
plate, the concentration of monomer, type of oxidant,
reaction time and temperature. For electrochemical
template synthesis, the template with a metal film as
electrode can achieve NCPs. Besides the chemical factors,
the properties of NCPs can also be influenced by the
concentration of monomers/dopants, range and duration
of the potential, and charge transport during the poly-
merization process [40].

For 0D NCPs, colloidal nanoparticles are usually used
as templates. The monomers are polymerized onto the
surface of nanoparticles to form a core-shell structure

306 © Science China Press and Springer-Verlag GmbH Germany 2018

[41,42]. Metal oxide nanoparticles or polymer micro-
spheres are the most widely used colloidal nanoparticles
[43]. The final shape and size of NCPs strongly depend
on the dimension of colloidal nanoparticles. There are
several advantages in this method, such as homogeneous
size distribution, easy to obtain in large quantity, and easy
to synthesize [8]. For example, hollow octahedral PANI
was synthesized using uniform octahedral Cu,O crystals
(0.6-1.3 pm in rhombic length) as a template in the so-
lution with dopant and oxidant. Cu,O provided the novel
structure and can be removed easily by the oxidative in-
itiator [44]. However, post-processing for template re-
moval is tedious and may influence the final shape of
hollow nanostructures.

For 1D NCPs, template with nano-sized channel or
porous membrane has been used to restrict the deposi-
tion/growth for the fabrication of aligned CP nanowires/
tubes, which was proposed by Martin [45]. Anodic alu-
minum oxide (AAO) and particle track-etched mem-
branes (PTM) have been widely applied with good
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Figure 3 (a) Growth mechanism of PEDOT nanostructures at lower oxidation potentials (<1.4 V): the predominance of electrochemically active sites
on sharp electrode edges. Two base electrodes are considered: (left) annular and (right) flat-top electrodes. SEM images present the base electrode
morphologies. Reprinted with permission from Ref. [50] (Copyright 2008, American Chemical Society). (b) Schematic depiction of PPy nanowires
preparation by electrochemical polymerization with AAO as the template. Reprinted with permission from Ref. [49] (Copyright 2016, Royal Society

of Chemistry).

controllability to produce CP nanowires/tubes [14,45-
47]. The diameters of PTMs pores can be as small as
10 nm and the density of pores ranges from 10° to 10’
pores per cm’ [40]. Many NCPs such as PANI [45,47],
PPy [48,49], PEDOT [50,51], have been chemically or
electrochemically synthesized in the form of nanowires or
nanotubes by different membranes. As shown in Fig. 3a, a
fundamental study on PEDOT nanotubes and nanowires
in an AAO template indicates that high monomer con-
centration and low electrochemical polymerization po-
tential favor the formation of nanowires [50], whereas
nanotubes are favorable at high oxidation potentials and
low monomer concentrations. This is mainly due to the
rate competition between monomer diffusion and elec-
trochemical polymerization. In Fig. 3b, PPy nanowire-
based triboelectric nanogenerators were synthesized by
using electrochemical polymerization method with AAO
as template [49]. The Ti substrate was used as electrode
and fixed with the AAO template. PPy nanowires grew
along the AAO pores by an electrochemical polymeriza-
tion method and the nanostructure was finally achieved
by dissolving AAO template in NaOH solution. The
morphology of grown NCPs can be influenced by several
factors such as diffusion and reaction kinetics, interaction
between wall of the pores and polymer at higher oxida-
tion potential. The controlled synthetic technique for
nanowires/tubes made it feasible to investigate the per-
formances of electrical devices [49]. However, size and
pore density of the solid template challenged to produce
the NCPs in large-scale using this method.

Soft template

The soft template synthesis, a frequently used technique
to produce NCPs, uses surfactants micelles to confine the
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polymerization of CPs into low dimensional nanoma-
terials with specific shapes and size [8]. Compared to
hard template, this approach is relatively simple and in-
expensive and is able to synthesize NCPs in large quan-
tities. Factors such as microstructure, morphology and
concentration of molecular template determine the final
size and morphology of NCPs. Typically, micro-emulsion
and reversed micro-emulsion polymerization are used to
produce such nanostructured materials. Some cationic
surfactants such as octyltrimethylammonium bromide
(OTAB), decyltrimethylammonium bromide (DTAB)
and cetyltrimethylammonium bromide (CTAB) were
utilized to form micelles that serve as nanoreactors. The
CTAB or DTAB with long alkyl chains can produce 1D
nanostructure, for example PPy nanowires/ribbons in
widths of 25-85 nm, while OTAB or nonionic surfactants
with shorter chains can produce non-1D nanostructures.
Both surfactant and the monomer concentrations
strongly influence the morphology of the resulting PPy
nanostructures [52,53]. Jang et al. [54] first reported the
synthesis of PPy core-shell nanomaterials by micro-
emulsion polymerization using different oxidants, i.e.,
copper (II) chloride and iron (III) chloride, as shown in
Fig. 4a. Finally, PPy hollow nanospheres could be ob-
tained by one-step solvent etching of linear core and
surfactants where the core and shell were created. This is
due to the difference in oxidation potentials of oxidants
used that ensured the double layer structure. The trans-
mission electron microscopy (TEM) and scanning elec-
tron microscopy (SEM) images of PPy nanoparticles and
hollow spheres are shown in Fig. 4b. The authors also
found the increase in surfactant concentration reduces
the average size of nanoparticles and increase in the
amount of monomer (in this case PPy) results in the
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Figure 4 (a) Schematic of the microemulsion fabrication of polypyrrole hollow nanospheres and their carbon derivative. (b) TEM and SEM images of
PPy nanoparticles and hollow spheres: (i) soluble polypyrrole nanoparticles; (ii) linear PPy core/shell nanoparticles; (iii) polypyrrole nanocapsules and
(iv) carbon nanocapsules. Reprinted with permission from Ref. [54] (Copyright 2004, Royal Society of Chemistry). (c) Schematic of PPy nanotubes
fabrication using reverse microemulsion polymerization, (d) TEM image of PPy nanotubes. Reprinted with permission from Ref. [55] (Copyright

2003, Royal Society of Chemistry).

enlarged size of the micelle.

It should be noted that surfactant templates discussed
above require effort to synthesize hollow nanostructures.
To make it effortless, reverse microemulsion poly-
merization can be adopted as an effective way to produce
nanotubes [7]. Different from microemulsion system,
aggregation of surfactant molecules in reverse micro-
emulsion is due to solvation of polar group and hydrogen
bonding promoted by water. In this method, nanosized
aqueous domains can incorporate various kinds of re-
actants. These water domains are confined within the
reverse micelles and act as nanoreactors for the growth of
NCPs. The added ions in the aqueous solution can assist
in the formation of rod-shaped structures. Jang et al. [55]
first reported the fabrication of PPy nanotubes by reverse
microemulsion polymerization in a polar solvent and
investigated the mechanism behind the nanotubes for-
mation. As shown in Fig. 4c, d, PPy nanotubes exhibited
hollow structure with diameter of 95 nm, length of 5 um
and wall thickness of 22 nm. The obtained PPy nanotubes
showed enhanced conductivity and higher aspect ratios
than that prepared by the self-assembly method. Simi-
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larly, uniform and well controlled PEDOT nanotubes and
nanorods were fabricated indicating these soft-template
based on sodium bis(2-ethylhexyl) sulfosuccinate (AOT)
reversed micelles is a feasible method to prepare 1D
hollow nanostructure [56-59]. However, poor stability of
the soft templates and difficulty in a refined control of
final morphology of the NCPs are challenging tasks to
overcome [7].

In the above discussion on soft template methods, most
reports focused on the synthesis of 0D or 1D nanos-
tructures. There are few highlighted strategies on fabri-
cation of 2D or even 3D nanostructures. Zhang et al. [60]
described a novel, one-step, general oxidative template
assembly (OTA) approach to synthesize 2D clip-like na-
nostructures of PPy, PANI and PEDOT using ce-
trimonium  cations and peroxydisulfate anions,
(CTA),S,0; as a template. As shown in Fig. 5, both PANI
and PEDOT powder exhibited nanoclip morphology with
diameters of ~100 nm for PANI and ~200 nm for
PEDOT. This diameter difference is due to the varying
sizes of the individual polymer chains and the packing
patterns of different polymers. This OTA approach could

March 2018 | Vol.61 No.3
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Figure 5 SEM images of (a) granular PPy-Cl (scale bar, 200 nm), (b)
PPy-Cl nanoclips (scale bar, 1 um; inset: digital picture of paper clips),
(c) PANI-HCI nanoclips (scale bar, 1 pum), and (d) PEDOT-CI nanoclips
(scale bar, 1 um). Reprinted with permission from Ref. [60] (Copyright
2010, American Chemical Society).

be used to control the bulk morphology and permit large-
scale production of NCPs. Li et al. [61] developed an in
situ sacrificial oxidative template route for the bulk
synthesis of 2D nanorings and flat hollow capsules of
PANTI nanostructures.

Template-free approaches

The template-free approach is considered to be a simple
self-assembly and an economical method compared with
template-based approach as it requires no external tem-
plate and no post treatment. Although there are varieties
of synthetic approaches to NCPs, it is necessary and de-
sirable to make pure, uniform and template free CP na-
nostructures, which only use the mixture of components
to achieve a well-ordered structure for the final products.
The NCPs can be synthesized by controlling synthesis
conditions, such as temperature and molar ratio of
monomer to dopant. The most widely used template-free
approach includes interfacial, seeding, electrospinning
and other nanomanufacturing approaches.

Interfacial approach

CPs in 1D and 2D nanostructures with uniform dia-
meters, i.e.,, PANI and PPy nanofibers/nanoneedles/na-
noclips can be formed in bulk by one step facile aqueous/
organic interfacial polymerization [62]. Interfacial poly-
merization reaction regarded as a non-template approach,
uses high local concentrations of both monomer and
dopant anions at the liquid-liquid interface to promote
the formation of monomer-anion (or oligomer-anion)
aggregates. The monomer of CPs is dissolved in an or-
ganic solvent while the oxidant ammonium perox-
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ydisulfate is dissolved in an aqueous acidic solution.
Different from the conventional aqueous-phase synthesis,
the interfacial approach is similar to the synthesis of
Nylon and is performed in an immiscible organic/aqu-
eous biphasic system to enable the initiation and propa-
gation of the polymer reaction with fewer nucleation sites
[63]. The interaction occurred between initiator mole-
cules and monomers is essentially restricted in a 2D space
(the aqueous/organic interface). NCPs are formed at the
interface, and rapidly diffused into the aqueous phase,
leaving the interface available for further reaction. PANI
nanofibers have been synthesized by different groups
using this approach [62-65]. For example, aniline is
dissolved in an organic solvent (chloroform or toluene,
insoluble in water), while an oxidant ammonium per-
sulfate (APS) is dissolved in an aqueous solution con-
taining strong acid as a dopant for CPs (HCI or HCIO,).
The oxidation of aniline occurs around the interface be-
tween two immiscible solvents. PANI nanofibers form at
the interface within several minutes [64]. As the reaction
proceeds, the color of the organic phase becomes darker
and finally stops changing, indicating reaction comple-
tion. Matsui et al. [66] first reported the synthesis of
PEDOT in nanoneedles by an interfacial polymerization-
crystallization process. The aqueous/organic interface
consists of 3,4-ethylenedioxythiophene in an organic
solvent and ferric chloride as an oxidant in aqueous
phase. They also obtained PANI (63 nm x 12 nm) and
PPy (70 nm x 20 nm) in a rice-like shape at the liquid/
liquid interface using the same method [67]. The result-
ing crystalline polymers exhibited fast conductance
switching time between the insulating and conducting
states in the order of milliseconds. This liquid-liquid in-
terfacial method yielded uniform and needle-shaped CPs
via oxidative coupling processes in a single crystal state,
which is considered as the main advantage over other
synthetic methods.

Seeding approach

Seeding approach first proposed by Zhang and Manohar
[68-71], is a relatively novel method to rapidly synthesize
bulk quantities of various CP nanowires/fibers in one-
step with control of bulk nanoscale polymer morpholo-
gies. In this approach, the type and morphology of na-
nofibrillar seeds are very important for nanofiber
synthesis, which can be selected from a variety of organic,
inorganic, and biological systems: (a) PANI nanofibers,
(b) single-walled carbon nanotube (SWCNT) bundles, (c)
nanofibrous hexapeptide and (d) nanofibers of V,O; [7].
This approach includes two techniques, “nanofiber

© Science China Press and Springer-Verlag GmbH Germany 2018 309



REVIEW

SCIENCE CHINA Materials

Figure 6 SEM images of nanofibers synthesized by seeding the reaction:
(a) PANI nanofibers by emeraldine-HCI nanofibers, (b) PANI nanofi-
bers by HiPco SWNT, (c) PANI nanofibers by hexapeptide AcPHF, (d)
PANI nanofibers by V,0; nanofibers. Reprinted with permission from
Ref. [68] (Copyright 2004, American Chemical Society). (e) PPy nano-
fibers by V,0s nanofibers. Reprinted with permission from Ref. [69]
(Copyright 2004, American Chemical Society). (f) PEDOT nanofibers by
V,0; nanofibers (scale bar, 500 nm). Reprinted with permission from
Ref. [70] (Copyright 2005, Royal Society of Chemistry).

seeding” and “sacrificial template”, to synthesize nanofi-
bers and nanotubes of CPs [6]. As shown in Fig. 6, the
nanofiber seeding method provided a precise control of
the morphology in bulk quantities, such as nanofibers of
PANI (20-60 nm in diameter and 2-10 Scm™' in con-
ductivity) [68], PPy (60-90nm in diameter and
~50Scm ' in  conductivity) [69], and PEDOT
(100-180 nm in diameter and ~16 S cm ™" in conductivity)
[70]. These NCPs have been fabricated in one-step
without requiring large organic dopants, surfactants, and/
or bulk quantities of insoluble templates. Seeding a con-
ventional chemical oxidative polymerization of the
monomers with very small amounts of nanofiber seeds
(usually <1%) dramatically changes the morphology of
NCPs from particles to almost exclusively nanofibers.
This approach overcomes a key synthetic challenge in the
control of nanostructure of CPs by uncovering an im-
portant chemical property for seed templates to effec-
tively orchestrate fibrillar polymer growth. Furthermore,
a one-step and “green-nano” approach reported by Zhang
et al. [72] suggested to synthesize bulk quantities of PPy

310 © Science China Press and Springer-Verlag GmbH Germany 2018

Figure 7 (a) Schematic of electrospinning. Reprinted with permission
from Ref. [11] (Copyright 2016, Royal Society of Chemistry). (b) SEM
images of electrospun PANI fibers (scale bar: 2 um). Reprinted with
permission from Ref. [77] (Copyright 2014, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim).

nanofibers (80-100 nm in diameter) by V,0; nanofiber
seeds and ferrous chloride (FeCl,), along with the green
oxidant H,0,. The H,0, is a green oxidant because the
by-product of the reaction is just water, and its combi-
nation with different catalysts will offer varied oxidative
powers. In summary, the seeding approach provides the
opportunity to synthesize bulk quantities of NCPs rapidly
in one-step, which is more facile and efficient than tem-
plate-based methods. For better understanding, the pre-
cise synthesis mechanism for these nanostructures from
this approach should be investigated in future.

Electrospinning approach

Electrospinning has been considered as one of the sim-
plest and most effective physical methods to prepare
nanoscale 1D structures (nanofibers and nanorods)
without any template [73,74]. The basic set up of elec-
trospinning system includes three major components:
high-voltage power supply, spinneret and an electrical
conductive collector, as shown in Fig. 7a [11]. Electro-
spinning occurs when the repulsion force of a charged
solution overcomes the surface tension of the solution
under a high electrostatic field between the spinneret and
collector. The jet can be simultaneously pulled, stretched,
elongated and bent by the electrical force, forming nano/
micro-fibers by rapid solvent evaporation [6]. The main
advantage of electrospinning method is to mass-produce
continuous long nanofibers, which are difficult to syn-
thesize using other synthetic approaches [39]. Compared
to conventional fibers, electrospinning fibers possess
special characteristics, such as high aspect ratio, high
surface to volume ratio, controlled length, pore size and
superior mechanical properties [11]. PANI nanofibers
have been synthesized by many research groups using
different methods [75]; however, it was a great challenge
to produce neat PANI nanofiber by electrospinning due
to poor solubility of PANI in common solvents [76].
Electrospun PANI fibers doped with different levels of

March 2018 | Vol.61 No.3
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acid were synthesized for gas sensing application [77].
The fibers have different conductivity (vary from 2 x 10°°
to 50 S cm™') with similar diameters (500-850 nm). The
typical morphology is shown in Fig. 7b. Usually PANI is
required to be doped by organic acids to increase its so-
lubility in organic solvents. Previous studies reported the
synthesis of PANI with other insulating copolymer i.e.,
polyethylene oxide (PEO), to form nanofiber with in-
creased elasticity. However, the conductivity of PANI/
PEO was drastically reduced, and the physical and che-
mical properties were altered [78]. Cardenas et al. [79]
successfully fabricated pure PANI sub-micron sized fibers
using electrospinning technique, without doping by high
molecular weight acids or gaining stability by other
polymers. Different from the work reported by Mac-
Diarmid et al. [80] in which 20 wt.% of PANI was placed
in 98% sulfuric acid, this work used a solution with a
considerably lower concentration of PANI (1 wt.%) in
98% formic acid. Li et al. [81] first fabricated electrospun
conducting PPy fiber (3 um in diameter and 0.5 S cm ' in
conductivity). Highly conducting soluble PPy was poly-
merized using APS as the oxidant and dodecylbenzene
sulfonic acid (DBSA) as the dopant source. The poly-
merization conditions, such as the concentration of the
oxidant, polymerization temperature and time de-
termined the electrical conductivity and solubility of a
polymer. PPy nanofibers (70-300 nm in diameter) were
electrospun using different dopants and oxidants [11].
Another approach developed PPy hollow fibers by com-
bining electrospinning and solid-phase extraction [82].
Till now, by improved or modified electrospinning
technique, nanofibers with part or even good orientation
could be fabricated. Martin et al. [83] reported the fab-
rication of aligned PEDOT fibers and tubes based on
electrospinning and oxidative chemical polymerization.
One-dimensional NCPs fabricated by electrospinning
approach exhibit unique electronic and optical properties
that can be modified through doping and have wide ap-
plication in rechargeable batteries, chemical and biologi-
cal sensors, electromagnetic shielding and wearable
electronics, which will be discussed in following sections.

Other approaches
Some other template-free methods have been also re-
ported to produce NCPs.

Radiolysis has been used to synthesize NCPs by y-ir-
radiation under ambient temperature and pressure. This
approach possesses some advantages over other methods
such as, absence of foreign matter, polymerization at
room temperature, reaction uniformly by y-irradiation
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and easy control of reaction rate [6]. Pillalamarri et al.
[84] developed the radiolytic synthesis of PANI nanofi-
bers (50-100 nm in diameter and 1-3 um in length) and
nanorods (250-500 nm in diameter and 5-10 ym in
length) by y-ray irradiated aqueous solutions of aniline in
the presence of initiator. The obtained nanofibers can be
extracted after washing cycles and the polymer can be
doped with acids such as HCI, HCIO,, etc. Lee et al. [85]
reported the synthesis of highly uniform PPy particles
(100~500 nm in diameter) with a good electrical property
by in-situ y-irradiation/induced chemical oxidative
polymerization method. Remita et al. [86,87] did a sys-
tematical investigation on radiolytic synthesis of PEDOT
nanostructures and related mechanism.

Electrochemical nanowire assembly, which has been
employed to grow metal nanowires, can also produce and
control the morphology of CPs nanostructures [14]. Li et
al. [88] reported a novel template-free process to syn-
thesize PANI nanofibrils by controlled multi-potential
electropolymerization. The nucleation sites of PANI were
firstly generated on electrode at a higher potential and the
nanofibrils were finally obtained at a lower potential.
Kwon et al. [89] successfully fabricated PPy nanowires via
cathodic electropolymerization from an aqueous solution
without templates and chemical additives. The synthe-
sized nanowires were directly deposited on the substrate
with a nanoporous and interconnected network structure.
The influence of time, monomer concentration and do-
pant concentration on the morphology of the PPy na-
nostructures has been well investigated. An innovative
electrochemical approach was developed by extending
directed electrochemical nanowire assembly to grow PPy
(560 nm in diameter) and PEDOT nanowires
(340 nm in diameter) along the predicted pathway [90].

Soft lithography is another low-cost, high-resolution
and high-throughput approach that can fabricate na-
noscale patterns using a micro-mold [91-94]. Zhang et al.
[95] reported PEDOT:PSS nanowires (278-833 nm in
diameter) were patterned by micromolding in capillaries
on a glass or a Si wafer. The height of these grown na-
nowires can be controlled by applying sufficient force on
stamp during micropatterning. A large CP nanowires
array was fabricated by Hu and coworkers with internal
preferential alignment of nanowires by simple residue
free embossing protocol [96]. Another research group
studied the direct patterning of functional CPs achieved
by a nanoimprint lithography technique [97]. Recently, a
technique based on nanoimprint lithography and a lift-off
process for patterning CPs was proposed [98]. The pat-
terned CPs from aqueous solutions or organic solvents at
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Table 2 Advantages and disadvantages of synthetic approaches

Synthetic approaches Advantages

Disadvantages

Hard template

Soft template in large quantities.

Feasible for almost all CPs. The size and morphology
of CPs can be well controlled.

A simple and inexpensive method. Synthesize NCPs

Additional process to remove the template is required.

Weak control the size and morphology of NCPs.

Restrict to certain precursors.

Interfacial Simple and facile synthesis without template.
Synthesize NCPs in one-step rapidly with bulk
Seeding quantities. The seeds play a dual role as both the

Difficulty in fabricating hollow nanotubular structures.

templates and the reactive oxidants.

Electrospinning

Synthesize NCPs at room temperature and in
ambient pressure. The process is easily controlled
and adaptable without inducing impurities.

Radiolysis

Electrochemical assembly well controlled

Soft lithography

Simple method to synthesize CP nanofibers.

The size and morphology of NCPs can be

Low-cost, high-resolution and high-throughput.

Only available for soluble and thermoplastic CPs.

Weak control on the size and morphology of NCPs.
Precise control of dose rate and time of radiolysis is
required.

Lacks a precise control in the morphologies and
dimensions of NCPs.

Expensive facilities are required.

Partially reproduced from references [9,39].

nanoscale make it possible to use these materials in
flexible optoelectronic devices.

In summary, CPs with different nanostructures can be
synthesized by many approaches as discussed above.
According to our knowledge and discussions of other
scientists, the distinct definitions of various methods are
not quite clear, such as “template-free”, “self-assembly” or
“soft template” [9]. Each approach has its advantages and
disadvantages as listed in Table 2. The preparation steps
and the ability of the technique determine the size,
morphology, properties of final CPs. For example, the
solid template is necessary for hard template which
mainly determines the morphology of CPs, while it is not
necessary for soft template in which the morphology of
the CPs can be varied by changing synthetic conditions.
Electrospinning process is assumed as the best method to
obtain long nanofibers. However, some non-conducting
polymers (i.e., PEO) usually are used as assistant to tune
the viscosity of the mixture. How to select the approach is
according to many factors, such as the requirement of size
and morphology of final CPs, the physical and chemical
properties, the initial raw materials, the amount of CPs
and the current experimental conditions.

STRATEGIES TO FABRICATE ADVANCED
FUNCTIONAL NANOCOMPOSITES

Recently, CP based nanocomposites with high surface
area, controlled morphology and tunable electric prop-
erties have achieved superior performance and fascinated
many researchers because of their usefulness in many
applications. The properties and performances of CP
based nanocomposites not only rely on the quality and

312 © Science China Press and Springer-Verlag GmbH Germany 2018

morphology of each component, but also highly depend
on the fabrication approach selected.

CP/metal nanocomposites

NCP composites with metal nanoparticles take advantage
of organic and inorganic components, which possess the
combined properties other material does not have. This
combination provides an attractive route to reinforce the
electronic interaction between the two components by
morphological modification and structural rebuilding.
This strong electronic interaction increases the electro-
chemical and electrocatalytic activities and sensing cap-
abilities of the nanocomposites, compared to pure CPs
[25,99-101]. Different designed morphologies require
different starting materials and fabrication methods, as
listed in Table 3. Although it is a challenge to develop CP/
metal nanocomposites with a complex architecture, in-
cluding 3D network, core-shell and multilayered hetero-
structures, they have been successfully developed by
common approaches such as, oxidative polymerization,
chemical reaction, electrochemical deposition and elec-
trospinning techniques [31,102]. The in situ oxidative
polymerization is a facile method that mixes metal par-
ticles with monomers and certain oxidizing agent with
different molar ratio [103]. The principle of chemical
method is to reduce metal ions from their salt chemicals,
such as HAuCl,, H,PdCl,, H,PtCl;, AgNO; at the inter-
face of CPs and salt solution while polymerization oc-
curred simultaneously with the reduction of metal ions.
The obtained metal nanoparticles will be formed on the
surface of CPs or integrated with NCPs. Electrochemical
synthesis approach involves the direct deposition of metal
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Table 3 Synthesis and applications of selected CP/metal nanocomposites
Conducting Metal Preparation method Morphology Properties and Ref
polymer application
PANI Au In situ OX@atwe polymenzat_lon of aniline Nanocomposite fibers Ammonia sensing [103]
with gold nanoparticles
PANI Au One-pot oxidation usiqg chloroauric acid Pseudo-spherical Immunosensor (100]
as the oxidant structure
PANI Au Water/toluene biphasic system using AuCl, Rodlike AuNPs embedded Electrocatalytic [104]
as an oxidant in polymer performance
PANI shell grown on gold nanoparticles Core-shell structure Asymmetric superca-
PANI Au ell gro har : . ) [153]
via in-situ polymerization nanoparticles pacitor device
PANI Fe’ Reductive deposition of nano-Fe” onto Nanofibers with a Adsorbent for [154]
the PANI nanofibers rough surface removal of arsenic
Fe was modified by silane and aniline was Core-shell structure Exhibit excellent
PANI Fe . . ; . . [155]
polymerized nanoparticles dielectric properties
PANI Cu In situ polymerization method to produce Multibranching High antimicrobial (156]
polymer and metal tree-like form efficacy
PANI Pd Layer-by-layer electrodeposition Sar;(ivg(i)ct}lllijsetr;gged Electrocatalysts [157]
Drop ascorbic acid in K,PdCl,/DMF with Core-shell structure .
PANI Pd PANI/DMF solution nanoparticles Selective catalysts (158]
Polymerize PPy hydrogel and : Sensitive ampero-
PPy Au electrodeposited AuNPs AuNPs in 3D PPy hydrogel metric biosensor (106]
PP A Electro-polymerizing pyrrole on the PPy coated on Hybrid nanomaterial [159]
v u nanoporous gold bicontinuous AuNPs for actuation
PP A Coat the incipient network via wet Coaxial nanowire Stress sensing and (160]
Y g chemical route aero-sponges joule heating
One-pot UV-induced Dense structures in
PPy Ag photopolymerization the film plane / (161]
PP Pt Polyvinylpyrrolidone assist the Intercalated Electrocatalyst for [111]
Y self-assembly non-woven mesh biosensing
PEDOT:PSS Au One-step {nic_roplasma assisted Core-shell structures Fuel ;ell elegtrqcata— (162]
fabrication process Iytic application
; . A Ag grid on Inkjet-printed
PEDOT:PSS Ag Inijet printing PEDOT:PSS layer supercapacitors (163]
POT Auw/Cu Seeding polymerization reaction and Web-like structure Non-enzymatic [109]

a redox/complexation

of pot with Au/Cu glucose sensors

nanoparticles from metal salts, while depositing CPs si-
multaneously. The obtained nanocomposite can be
formed with metal nanoparticle embedded in CPs matrix
or on the surface of formed CPs or inside the CPs na-
notubes. Some researchers used the hard template such as
porous aluminum oxide or AAO membranes to obtain
nanocomposites in nanowires or nanotubes [102]. Bog-
danovi¢ and co-workers prepared PANI/Au nano-
composite by an interfacial polymerization method [104].
The formation of PANI/Au nanocomposite can be con-
trolled by varying the ratio of initial Au” ions and aniline
concentrations. The electrical conductivity of the nano-
composite was significantly higher than that of the
polymer. This CP/metal nanocomposite showed an ex-
cellent electrocatalytic performance towards oxygen re-
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duction reaction. Dutt et al. [105] fabricated a PANI,,/
Au,,. nanocomposite by pouring the mesophase con-
taining gold chloride over the mesophase solution that
contains aniline. The polymerization can be completed in
72 hours and the nanocomposite can be easily extracted
from the mesophase. Network nanostructured PPy hy-
drogel/Au composite was prepared by electrochemical
deposition of Au nanoparticles (AuNPs) on the prepared
PPy hydrogel/glassy carbon electrode (GCE) [106]. This
3D PPy hydrogel network provided an augmented ef-
fective surface area for biomolecules immobilization, and
improved the ionic and electronic transport.

Seeding approach has been recently considered as one
of the widely selected techniques to synthesize CP/metal
nanocomposite materials [25,107]. This approach can
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Figure 8 (a) Formation mechanism of the Pt NP@PPy NF structure. Reprinted with permission from Ref. [111] (Copyright 2013, Royal Society of
Chemistry). SEM images of (b) PPy granules oxidized by PtCl, without V,0O; seeds, (c) PPy/Au nanofiber composites from the V,0,/pyrrole/AuCl
system, (d) PPy/Pt nanofiber composites from the V,0,/pyrrole/PtCl, system, and (¢) TEM image of PPy/Pt nanofiber composites from V,0Os/pyrrole/
PtCl, (scale bar, 500 nm). Reprinted with permission from Ref. [108] (Copyright 2011, Royal Society of Chemistry).

simultaneously control the morphologies of both con-
ducting polymers and noble metal, without the assistance
of other templates or capping agents [108]. For CP/metal
network, Zhang et al. [109,110] first demonstrated a facile
and one-step approach to develop PPy/noble metal na-
nocomposites starting from the monomer and noble
metal salts. This method can be used to synthesize other
CPs network deposited with noble metal nanoparticles
which can be converted to nanocarbon/noble metal na-
nocomposites by rapid microwave heating. For example,
V,0; nanofibers were added into aqueous noble metal salt
solutions (i.e., AuCl, HAuCl,-3H,0, PtCl, and PtCl,). The
pyrrole monomer was added into the mixture to initiate
the polymerization reaction. V,Oj5 assisted the formation
of PPy nanofibers by directing monomer into its nano-
fibril oligomer form and simultaneously reducing noble
metal to nanocrystals. As shown in Fig. 8, the diameter of
the PPy nanofibers was in the range of 15-30 nm, and the
size of nanoparticles of metals is around 80-100 nm.
Many studies have been reported on the synthesizs of CP/
metal nanocomposite based on this approach called
“V,0; nanofiber seeded polymerization technique” [111],
including poly(o-toluidine) (POT)/Au/Cu [109], PPy/Ag
[112].

CP/metal oxides nanocomposites

Many metal oxides have been used in various application
areas. They played different roles when used in combi-
nation with CPs. Typically, high surface area is desired
from both inorganic species and CPs to achieve superior
performance with high conductivity. There are many
synthesis methods for fabricating CP/metal oxides na-
nocomposites but mostly, two synthetic strategies have
been employed to prepare the hybrids of CPs coupled
with metal oxides: i) preparing nanostructured metal
oxides in the presence of CPs by chemical reactions, and
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ii) polymerizing monomer in the presence of magnetic
metal oxides. In both strategies, different approaches have
been involved, including hydrothermal method [113-
115], solvothermal method [116], calcination of M(OH),
(M: metal) nanoparticles [117], self-assembly method
[118], thermal treatments, solution phase growth [119],
electrodeposition [120], photopolymerization [121] and
electropolymerization. For example, Table 4 shows the
synthesis and applications of selected conducting polymer
based nanocomposites with metal oxides. The nanotube
array, core-shell nanostructure and 3D porous hybrids
may result in excellent electronic and electrochemical
activity due to fully utilizing the synergistic properties
between the metal oxides and CPs. Besides metal oxides,
other inorganic species have been used in CP-based na-
nocomposites for special applications, which have similar
preparation process as CP/metal oxides composites. The
synthesis and applications of CPs with other inorganic
compounds are also listed in Table 4.

In the first strategy, nanostructured metal oxides are
prepared in the presence of CPs, which means the first
step is to synthesize CPs or directly use CPs as templates.
In this strategy, the reaction of metal oxides should not
influence the properties and morphology of CPs. Xia et al.
[122] fabricated PANI/RuO, core-shell nanofiber arrays
on carbon cloth (CC) as pseudocapacitor materials. As
shown in Fig. 9a and b, a thin layer of RuO, was grown by
atomic layer deposition (ALD) on PANI nanofibers.
Properties of samples with different ALD cycles of RuO,
have been studied, which showed that RuO, layer played a
crucial role in stabilizing the PANI pseudocapacitors and
improving the energy density. For core-shell nanos-
tructures of composites such as PANI/MoO;, PPy/MoO,,
PPy/VO,, PPy/SnO, PEDOT:PSS/V,0; and other com-
posites have been synthesized by hydrothermal method
[113-115], transmission electron microscope can be used
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Table 4 Synthesis and applications of selected CP based nanocomposites with metal oxides and other inorganic compounds
Conducting Inorganic Preparation method Morphology Properties and Ref
polymer compounds application
PANI TiO, Hydrotherma} an_d Core-shell nanorod array Electrochromic material [114]
electropolymerization
Precipitation followed by ZnO embedded in i, . .
PANI ZnO sonication process PANI matrix Visible light photocatalytic [164]
PANI cdo In diethylene glycol solution by Spherical and elliptical Photocatalytical activity [117]
oxidative polymerization nanoparticles
PANI RuO, Atomic layer deposition Core-shell nanofiber Highly stal?le [122]
arrays pseudocapacitors
PANI Fe,0,/MnO, Solvothermal method and Core-shell hybrids Adsorbents for heavy [116]
polymerization metal ions
PANI NiO/CuO Electrodeposition and Nanoparticles and Non-enzymatic sensor [165]
electrochemical oxidation nanofibers
PANI NiCo,0, Hydrothermal treatment and Core-shell structure Sensitive determination of (166]
in situ polymerization glucose
PANI Hydrogen titanate A sim_ple .oxidative 1D core-shell §tructured Cr(VI) and humic acid (18]
polymerization method composites removal
PANI MnFe,0, Incorporating MnFeZO‘l'd_uring Fiber-like network structure Microbial fuel cell [167]
polymerization of aniline
PPy CuO Polymerizatior} of pyrrole with Core-shell structures Lithium batteries [119]
CuO as wire templates
. Pulsed-light and pulsed-potential Highly ordered
PPy Tio, methods nanotube arrays / (120]
PPy TiO, Density functional theory simulation / An efficient photocatalyst [168]
PPy SnO, Vapor phase polymerization Nanosheets and nanofibers Highly Sf;r;istifs NH, gas [169]
PPy NiO Solvothermal reduction Needle-like structures Non—enzynglzhtigietection of [170]
PPy CoO CoO grown on 3D nickel foam Well-aligned CoO nanowire Asymmetric [171]
with PPy supercapacitors
PPy WO, In situ photopolymerization Unrii(())rrrrr)lh%isg;ﬂar H,S gas sensor [121]
PPy Fe,0, Hydrothermal and electrochemical 3D honeycomb-like Asymmetric [123]
polymerization nanoflakes/leaves supercapacitors
. N M ZnCO,0 Anode for lithium-i
PPy ZnCo,0, Chemical polymerization method esop(:vri(t)}lllsppl; E no eb(;itelrielsum ton [172]
PPy LiV,0, Low-temperature in situ oxidative Nanorods Rechargeablg lithium (173]
polymerization route batteries
PEDOT V,0. Cocoon-to-silk fiber reeling Layered V,0,/PEDOT Planar perovskite solar cells (174]
process nanobelts
PEDOT Fe,O, Spin-casted and in sifu Composite films with 1, o consitized solar cells (175]
polyreaction rough surface
PEDOT:PSS V,0, Hydrothermal method Double-decked Photovoltaic cells [115]
and spin-coating buffer layer
PEDOT:PSS Mn,O; HYdrOt‘}gf}T ;lErSg}%?gsgnd mix Nanowires Lithium ion battery anodes [176]
PEDOT NiO/Ni(OH), Mild electrochemical route Flowerlike porous arrays Flexible asymmetric [177]
supercapacitors

to characterize and verify the formation of core-shell and d, showed a 3D honeycomb-like hematite nanoflakes/
structure, and to show the core phase of metal oxide and  branched PPy nanoleaves heterostructures [123]. The
the amorphous CPs shell. core-branch heterostructures facilitated the combination

In the second strategy where monomers are poly-  of inorganic metal oxides and CPs. The MnO, nanosheets
merized in the presence of magnetic metal oxides, Fig. 9c ~ were first synthesized by a cathode electrodeposition
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Figure 9 (a) Schematic of the design process of PANI/RuO, core-shell nanofiber arrays on carbon cloth and (b) PANI/RuO, core-shell nanofiber
arrays with 500 ALD cycles of RuO,. Reprinted with permission from Ref. [122] (Copyright 2015, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim). (c) Fabrication process of core-branch Fe,0,@PPy heterostructures, and (d) SEM image of honeycomb-like Fe,O; nanoflakes@PPy
nanoleaves. Reprinted with permission from Ref. [123] (Copyright 2016, Elsevier).

technology, and then the obtained MnO, nanosheets were
employed as the sacrificed template to synthesize the
honeycomb-like Fe,O; nanoflakes by hydrothermal
method. Afterwards, PPy nanoleaves were electro-
deposited on the Fe,0; nanoflakes. Compared with 0D-
2D nanostructure, 3D branched nanoarchitectures pos-
sess extraordinary advantages such as larger surface areas,
direct electron and ion transport pathways. The self-as-
sembly method, discussed previously in CPs synthesis, is
also a facile and versatile technique to nanocomposites. In
the preparation of 1D PANI/TiO, nanocomposites, TiO,
nanoparticles can be well dispersed in a B-naphthalene
sulfonic acid solution prior to the polymerization of
aniline monomer. TiO, nanoparticles surrounded in mi-
celles with aniline can be considered as a soft template to
form PANI. In PANI coated protonic titanate nanobelt
composites, titanate nanobelt precursors were synthesized
through an alkaline hydrothermal treatment process, and
PANI was coated as shell by self-assembly approach
[118].

CP/metal chalcogenides nanocomposites

During the past decades, ultrathin 2D nanostructured
metal chalcogenides (MCs) have attracted significant at-
tention because of their distinctive compositional and
unique features [124]. MCs consist of a variety of mate-
rials (MX,: M = W, Mo, Sn, Ti, Re, Nb, Ta, Hf, Zr and X =
S, Se) and exhibit outstanding properties in diverse ap-
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plications such as energy conversion and storage, sensor,
thermoelectric devices, memory devices and biomedical
devices [125]. However, the tremendous investigation and
achievement on MCs do not only rely on their inherent
material properties, also largely depend on their ad-
justable properties with other nanomaterials [124]. Due
to outstanding electrical properties of CPs, the combi-
nation of CPs with ultrathin MCs hybrid nanostructures
becomes the focus of enormous research for both fun-
damental properties and various kinds of applications.
Varieties of synthetic approaches for CP/MCs nano-
composites with various morphologies, structures and
properties have been developed to satisfy the require-
ments arising from different applications [126].

In situ polymerization synthesis is a widely used method
to fabricate CP/MCs hybrid nanomaterials with a variety
of morphologies [125]. During the synthesis, CP mono-
mers and MCs are added into the host dispersion and
polymerization initiates on the addition of oxidant solu-
tion and CP/MC nanocomposites can be obtained after
purification treatment. There are several parameters that
can alter the final morphology of nanocomposite such as
concentration of monomer, dopant and oxidant, molar
ratio of oxidant to monomer, temperature and reaction
time. Zhu et al. [127] demonstrated a facile strategy via an
ice-reaction process to construct the architecture by
coupling PANI nanoneedle arrays with MoS, thin na-
nosheets. Typically, MoS, nanosheets were obtained by
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Figure 10 Schematic illustration of the fabrication of: (a) MoS,@PANTI architectures. Reprinted with permission from Ref. [127] (Copyright 2015
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) and (b) SnS,@PANI nanoplates. Reprinted with permission from Ref. [128] (Copyright 2014,

Royal Society of Chemistry).

ultrasonication of bulk MoS,, and these nanosheets serve
as a substrate for in situ growth PANI nanoneedles via
ice-reaction as shown in Fig. 10a. Wang et al. [128]
proposed a synthetic procedure for SnS,@PANI nano-
plates involving three facile steps shown in Fig. 10b: i)
hydrothermal synthesis of SnS, plates, ii) exfoliation of
SnS, plates by ultrasonication and iii) in situ coating of
PANI. Many other groups have also fabricated ternary
nanocomposite adding reduced graphene oxide (rGO)
with PANI and MCs for high performance super-
capacitors. [129,130].

Solution mixing is another method widely used for the
preparation of CP/MC nanocomposites [131]. This
method typically involves dispersion of CPs and MCs
nanosheets separately in solvent using stirring or ultra-
sonication followed by mixing and filtration. For ex-
ample, the counter electrode for dye-sensitized solar cells
was prepared by depositing the composite of PEDOT:
PSS/MoSe, by drop coating on different substrates [132].
PEDOT:PSS/MoSe, composite could replace Pt owing to
its low-cost and good catalytic ability, that offers an op-
portunity for fabrication of flexible Pt-free dye-sensitized
solar cells. PEDOT:PSS, being an excellent water-soluble
conducting polymer binder, provides multiple electron
transfer pathways between the MCs and the substrate.
Similar approach can be adopted for other metals such as
Mo, Sn composite with PEDOT:PSS for applications in
different areas such as thermoelectric, anode materials for
lithium-ion batteries etc. [133,134]. Another research
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group reported the exfoliation of MoS, nanosheet in
PEDOT:PSS solution by sonication mixing [135]. The
PEDOT:PSS/MoS, composite thin films were then fabri-
cated through direct vacuum filtration using PVDF
membrane.

One-pot synthesis is considered as a facile methodology
for the fabrication of different types of nanocomposites
[136,137]. Lei et al. [138] proposed a template-free one-
pot synthetic route to prepare algae-like PPy/MoS, na-
nocomposite through a redox reaction between ammo-
nium tetrathiomolybdate [(NH,),MoS,] and pyrrole
monomer under a hydrothermal condition. The as-pre-
pared unique algae-like PPy/MoS, nanocomposites were
composed of few layers of MoS, nanosheets covered with
PPy. During the reaction, ammonium tetrathiomolybdate
was reduced to MoS, and pyrrole underwent an in situ
chemical oxidative polymerization and MoS,/PPy com-
posite was obtained into a 3D architecture. The as-pre-
pared nanocomposites exhibited excellent catalytic
activity and provided a facile strategy for high sensitivity
detection of H,O,. Recently, fullerene-like MCs with PPy
fibers have been synthesized by ultrafast microwave na-
nomanufacturing [139], which showed a single-step and
energy-efficient method to obtain MoS, and WS,.

CP/carbon nanocomposites

Hybridization of CPs with carbon nanomaterials can in-
tegrate the redox reaction of CPs and high conductivity
with large surface area of carbon nanomaterials, which
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Table 5 Synthesis and applications of selected CP based nanocomposites with carbon materials
Conductin, . . -
polymer & Carbon Preparation method Morphology Properties and application Ref
PANI CNTs Electrospinning Porous interconnected Supercapacitor electrodes [178]
network
PANI CNTs Oxidative polymerization Nanotube network Flexible supercapacitors (143]
process with carbon cloth
PANI DWCNTs Drop-casting solution Thin film Thermoelectric organic [179]
composites
PANI CNT-COOH Chemical Qxidative Coaxial structure Supercapacitor [144]
polymerization
PANI Graphene Chemical reduct.ion'and Flexible paper with High—performance [146]
electropolymerization nanorod supercapacitor
PANI Graphene One-step delectriovchemical PANI nanowires on Flexible supercapacitors [180]
co-deposition nanosheets
In-situ oxidative Flaky wrinkled and folded Electrodes and
PANI Graphene polymerization sheet-like hydrophobicity (181]
PANI 3D-rGO One step hydrothermal Interconnected porous 3D Supercapacitors [182]
method network
PPy SWCNTs Convenient physical mixing Unique layer with Thermoelectric performance [183]
and vacuum filtration nanosheets
PPy Graphene Coating and electrochemical One-dimensional Supercapacitor and (184]
reduction nanostructure biosensor
. . 3D hybrid Solid-state flexible
PPy Graphene Physical synthesis route nanoarchitecture capacitor [185]
PPy Graphene Chemical polymerization Multilayerectluxr]:noarchitec- Supercapacitors [186]
PPy rGO Chemical polymerization Nanotubes and 1GO All-solid-state [187]
nanosheets supercapacitors
PEDOT:PSS MWCNTs Physical mixture Thin film Humidity sensor [188]
PEDOT:PSS MWCNTs Electropolymerization Core-;?;vlloeﬁ(ld 3D Electrochemical capacitors [141]
PEDOT:PSS G/SCNT Blend and spin-coating Film with nanosheets Transparent conductive [189]
electrodes
PEDOT:PSS rGO Reduce GO to rGO Hollow hybrid fiber Fiber supercapacitor [145]
Pulsed current electro- Carbon nanofoam- .
PEDOT Carbon polymerization technique fibrous PEDOT Supercapacitor (190]
PEDOT GO Electropolymerization Ridge Dopamine detection [191]

G/SCNT: graphene dispersion assisted by sulfonated carbon nanotube.

exhibits excellent electronic performance [22]. Carbon
nanomaterials including carbon nanofibers, carbon na-
notubes (CNTs), graphene, graphene oxide (GO) and
rGO are potential components for CP-based nano-
composites (Table 5).

CNTs, exhibiting high mechanical strength, good che-
mical stability and excellent electrical conductivity, have
been widely studied and used in different nanodevices
[31,140]. However, there are a few limitations for CNTs,
such as poor processability and lack of chemical prop-
erties. Therefore, CP/CNT nanocomposites would pro-
vide a meaningful aspect to improve or extend properties
of both nanomaterials. For example, the electron/hole
transport will be improved due to the strong interactions.
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Many researchers tried to investigate effective methods to
synthesize CP/CNT nanocomposites. Electrochemical
polymerization is a convenient approach to fabricate CP/
CNT nanocomposites because the morphology and
properties of the nanocomposites can be well controlled
by the electropolymerization conditions [31]. Zhou et al.
[141] used electrochemical polymerization method to
synthesize PEDOT:PSS/multiwalled carbon nanotubes
(MWCNTs) core-shell composites with 3D porous nano-
network microstructure. The core-shell nanostructure
can significantly reduce the ions diffusion distance, and
the 3D porous nano-network microstructure can effec-
tively increase the electrode/electrolyte interface. Besides
the core-shell nanostructures, other nanostructures using
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Figure 11 (a) Schematic illustration of preparation of hollow composite fibers and formation of hollow structures, (b) and (c) cross-sectional SEM
images of the hollow composite fibers at low and high magnifications, respectively, (d) and (e) SEM images of the hollow composite fibers by a side
view at low and high magnifications, respectively. Reprinted with permission from Ref. [145] (Copyright 2016, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim). (f) Schematic illustrations of the formation process of PANI/graphene paper, (g) photograph of a piece of the peeling-off graphene
paper fabricated in a Teflon substrate. Reprinted with permission from Ref. [146] (Copyright 2013, Royal Society of Chemistry).

CNTs as fillers and CPs as matrix can be prepared by a
template-directed electropolymerization method [142].
Chemical polymerization is also widely used for pre-
paration of 1D CP/CNT [143,144]. However, due to the
poor interactions between CPs and CNTs, covalent
bonding agents were introduced to enhance the interac-
tions, such as p-phenylenediamine, chlorosulfonic acid,
poly(aminobenzene sulfonic acid) and other agents [31].
A uniform core-sheath structure and a thick homo-
geneous coating of CPs can be achieved.

2D carbon nanomaterials, especially graphene, exhibit
high electrical and thermal conductivities, mechanical
strength and specific surface area. Many studies have used
GO or rGO with CPs, as listed in Table 5. For some CPs,
the swelling/shrinkage during the insertion/deinsertion
process of the counter ions causes volume changes and
destroys the backbone of CP itself resulting in smaller
charge-discharge cycle. It is necessary to construct CP/
graphene nanocomposites to achieve an optimum su-
percapacitor electrode for better charge-discharge cycles.
In the area of the working electrode in supercapacitor, a
binder was always used to stick the active materials onto
metal foil, which might make procedures more complex
and impair the electrical conductivity, and therefore,
many researchers fabricated freestanding composites for
capacitance testing. For example, Qu et al. [145] fabri-
cated novel and high-performance supercapacitors with
hollow fiber electrodes including hollow CP/rGO com-
posite fibers, which exhibited high flexibility and elec-
trical conductivity. The mixture of PEDOT:PSS, graphene
oxide, and vitamin C was injected into a glass pipe to
reduce GO to rGO in the mold pipe, then dried and
reduced to synthesize the hollow composite fiber as
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shown in Fig. 11. Cong et al. [146] prepared a flexible
PANI/graphene paper by electropolymerization of PANI
nanorods on the graphene paper. As shown in Fig. 11f, g,
graphene oxide sheets were prepared according to the
modified Hummers method and aniline was electro-
polymerized on the graphene paper in 1 mol L™ H,SO,
solution. Another efficient way to synthesize CPs with
graphene is exfoliation of graphite. Choi et al. [147] re-
ported the fabrication of free-standing flexible PANI/
graphene multilayered nanostructures by sonication of
the graphite flakes in an organic solvent to form con-
tinuous films with PANIL. The PANI was reported to be
able to intercalate between graphene layers, without da-
maging graphene structures.

Ternary and multi-component nanocomposites

Recently, ternary nanocomposites which combined three
components from CPs, inorganic materials (metal, metal
oxides, etc.) and carbon nanomaterials have attracted the
attention of many researchers due to their excellent per-
formance over binary systems. In ternary architecture
design, various synergistic effects were observed in their
application as the electrode material for supercapacitors.
The extraordinary electrochemical performance of tern-
ary nanocomposites will be discussed in the section of
supercapacitors. Here, we focus on the synthesis aspect of
ternary system, which usually involves two-steps synth-
esis or two different methods. Representative examples of
ternary CP nanohybrids with their fabrications and
highlighted applications are listed in Table 6. For ex-
ample, in hierarchical nanocomposites of PANI/gra-
phene/Au, binary graphene/Au hybrid was formed by
hydrothermal process and PANI was coated on the sur-
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Table 6 Synthesis and applications of selected CP based ternary and multi-component nanocomposites
Conducting Metal Metal oxides Carbon Other Preparation method Properties and applications Ref
polymer materials materials
Twisting two fibers coated Highly stretchable
PANI Au / MWCNTs / with PANI@Au@CNT supercapacitors (192]
Hydrothermal method and |~ = o . o ce
PANI Au / Graphene / in situ polymerization fP P . [148]
process or supercapacitors
Reducing FeCl, in the T
PANI Fe / CNTs / solution of aniline Catalyzts with high oxygen [193]
and CNT reduction reaction
PANI Pd / GO / One-step electrodeposition  Electrocatalyst for alcohol (194]
technique oxidation reaction
Chemical polymerization of ~Supercapacitors with out-
PANI Ag / MWCNTs / PANI standing energy density (195]
. High-performance
PANI Au Fe,0, MWCNT / Layer-by-layer technique clectromagnetic absorption [196]
PANI / $nO GO / Microwave irradiation Active electrode material [197]
2 and in situ polymerization for supercapacitors
One-pot solvothermal Excellent microwave
PANI / Fe;0, rGO / method and polymerization absorption properties (198]
One-pot process using
PANI / Fe,O, / Attapulgite Fe(III) as the oxidant Servgd as la 1 adsorbent [199]
for aniline and catalyst support
PANI / Co,0, / Chitosan IaTuSlﬁ?e Ii)ﬁl)énsle;;?ﬁcoéloo £ Core/double shell structure [200]
30y
PANI / / GO NiFe,0, Reduction, doping and in High-performance [201]
situ chemical polymerization supercapacitors
PANI / / Graphene S Modified Hummers method Lithium-sulfur batteries [202]
oxide and layer-by-layer assembly
PANI / / C TiN Step‘évézetig;p::égg;; and Flexible supercapacitors [203]
Oxidative polymerization of  Effective towards E. coli
PPy Ag / CNTs / pyrrole with silver nitrate for water disinfection (152]
PP / Fe.O GO / Hydrothermal synthesis and  Electrode with excellent (149]
Y s oxidative polymerization capacitance retention
Directly mixing/drying, . .
PPy / TiO, Graphene / reduction, and heat High capacitance for [204]
treatment supercapacitors
. Chemical preparation and in Improved electrochemical
PPy / TiO, CNTs / situ polymerization response (205]
Polymerize pyrrole with Anode material for
PPy Ag Zn0 / / silver-ammonia complex  zinc-based secondary cell (206]
Polymerize pyrrole Electrocatalysis of ethanol
PPy Pt/Pd MoO, / / with MoO; in acid media (207]
PEDOT Ti Fe.O / / Hydrothermal method and ~ High-energy asymmetric [208]
23 electrodeposition supercapacitors
PEDOT:PSS / MnO, CNTs / Vacuum ﬁltration apd Supercapacitors wjth high (150]
electrochemical deposition energy density
PEDOT:PSS / RuO, Graphene / Electrostatic stabilization Screen-printing ink for [209]
supercapacitor
PEDOT:PSS / / MWCNT Ni(OH), Coordinating etching and  Pseudocapacitive materials [210]

precipitating method

for supercapacitors

face of graphene/Au sheets by in
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situ polymerization
strategy [148]. In the nanocomposites of PPy/Fe,O,/rGO,
the first step is to use hydrothermal synthesis to produce

the binary metals or metal oxides with carbon materials,
and the second step is oxidative polymerization of PPy
[149]. In the system of PEDOT:PSS/MnO,/CNTs, PED-

© Science China Press and Springer-Verlag GmbH Germany 2018

March 2018 | Vol.61 No.3



SCIENCE CHINA Materials

REVIEW

OT:PSS wrapped MWNT electrode was fabricated by a
simple vacuum filtration method first, and then MnO,
were electrochemically deposited on the surface of
PEDOT:PSS/CNTSs composites [150].

Ternary nanocomposites have also been used in other
systems such as metal-organic frameworks (MOFs),
which are the form of the coordination of metal ions and
organic ligands, and have become popular templates for
preparing porous carbon compounds. A novel low-cost
and highly efficient hydrazine sensor has been synthe-
sized based on nitrogen-doped carbon nanopolyhedra
(CNP), Prussian blue (PB) and PPy [151]. PB is loaded on
CNP support due to its porous texture and CNP can
promote the synthesis of PB. PPy is to provide high
conductivity and good environment stability. The elec-
trode modified with PB/CNP/PPy exhibits an excellent
activity for the electrocatalytic oxidation of hydrazine. In
pathogenic bacteria detection, nanocomposites of PPy/
CNTs/Ag nanoparticles have been fabricated because they
were efficient towards E. coli with 100% removal [152].
This design of ternary system fully utilized the high af-
finity of silver nanoparticles towards sulfur-containing
amino acids and phosphor, and the ability of CNT for
effectively killing bacteria by causing perturbation and/or
disruption of the cell membrane via oxidation.

APPLICATIONS OF CONDUCTING
POLYMER NANOCOMPOSITES

As discussed in previous section, NCPs and their com-
posites, synthesized using various kinds of methods and
strategies, have been under intensive investigation be-
cause of the unique combination of large surface area,
high electrical conductivity, mechanical flexibility, self-
healing, facile production, easy nano-structuring and low
cost. In this section, the applications of nanocomposites
in many fields are discussed such as energy storage de-
vices, sensors, energy harvesting devices, corrosion pro-
tection, antistatic agent, electromagnetic interference
shielding and  other  important  applications
[10,11,25,31,211].

Energy storage and conversion devices

Supercapacitors

Nowadays, supercapacitors have attracted extensive at-
tention because they can traverse the gap of specific en-
ergy and specific power between batteries and dielectric
capacitors by instantaneously transport high power
within a very short period and have promising applica-
tions such as power sources of electric vehicles and stand-
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by power systems [15,20]. With the development of mi-
croelectromechanical systems, on-chip energy storage
devices that can compatibly integrate with miniaturized
electronic systems are highly desired. It is of interest to
explore small scale supercapacitors with high power
densities and longer cycle lifetimes that can compensate
the limitation involved in batteries [212]. Currently, the
most widely investigated supercapacitors are carbon
based electrical double layer capacitors (EDLCs), includ-
ing monolithic carbide derived carbon [213], onion-like
carbon [214], CNTs [215] and graphene [216]. On the
other hand, CPs have been extensively studied for pseu-
docapacitance behavior because of multiple oxidation
states of these polymers. They are considered to have
significantly better electrochemical performance than
carbon based materials.

PANTI has been widely used for supercapacitors due to
the tunable pseudocapacitive performance owing to its
various oxidation states. The recent study demonstrated
that shorter diffusion paths and high surface area for
ordered PANTI structures are the key factors for enhan-
cing electrochemical performance such as power density
[217]. Many PANI-based composites with different car-
bon materials have been studied such as 1D carbon na-
notubes/nanofibers and 2D graphene. The high aspect
ratio of PANI chains forms the disordered network that
makes ion diffusion sluggish within the active material.
Therefore, it is imperative to incorporate ordered nano-
material that provides better accessibility to redox sites
and rapid diffusion through the network. This ordered
network enhances the electrochemical accessibility of a
material in one direction [218,219]. Fig. 12 illustrated a
smart nano-architectural 3D core-shell structure to
overcome the stacking problem during electrochemical
cycling. This is due to the controlled synergy between
physicochemical properties of nanoporous carbon and
PANI, which resulted in high performance electro-
chemical energy storage device. [220]. These carbon-
PANI nanocomposites achieved a high specific capaci-
tance of 300-1100F g ', high specific energy of
21 Whkg', high specific power of 12 kW kg ', and ca-
pacitance retention of 86% after 20,000 cycles which is
superior to previous reported work. New core-shell ar-
chitectures with different conductive polymers may have
potential for even higher performance and improved
stabilities, that can be investigated in future research.

There are many CPs applications can be found in
flexible supercapacitors owing to their high degree of
flexibility and good affinity [221]. Anothumakkool et al.
[222] reported a novel synthetic strategy for the pre-
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Figure 12 (a) Schematic illustration of the synthesis process for nano porous carbon-PANI core-shell nanocomposite materials starting from a
rhombic dodecahedron of ZIF-8. (b) SEM image of a carbon-PANI composite. (c) and (d) Transmission electron microscope (TEM) images of the
carbon-PANI composite. (e) Comparative cyclic voltammetry studies of carbon, PANI, and carbon-PANI. (f) Variation of capacitance with scan rate
for carbon, PANI and the carbon-PANI nanocomposite. Reprinted with permission from Ref. [220] (Copyright 2016, Royal Society of Chemistry).

paration of a highly conducting PEDOT phase on flexible
cellulose paper, which stabilized the counter-ions by hy-
drogen bonding. This flexible device showed conductivity
as high as 375Scm ' with low sheet resistance and a
power density of 1 mW h cm . The electrical and me-
chanical properties are stable under flexing and bending
conditions over around 4,000 cycles of charge-discharge.
Wang et al. [223] reported a fast solution-based approach
for the fabrication of flexible nanostructured PEDOT/
cellulose hybrid composite. The PEDOT was coated as a
thin layer on nano cellulose fibers with large surface area
and the composite displayed high specific capacitance
(90 F g_l) with low equivalent series resistance (1.7 Q2),
excellent cycling stability (93% capacitance retention after
15,000 cycles), high volumetric energy (1.5 mW h cm )
and high power density (1470 mW cm ).

In a recent study, researchers found that ternary com-
posites or even multi-component nanocomposites con-
sisting of CPs, carbon materials and metal oxides
exhibited much higher capacitance and better cycling
stability than binary systems. Noble metal nanoparticles
possess excellent electron conductivity and thermal sta-
bility. Transition metal oxides such as Co;0,, NiO, RuO,,
SnO, and MnO, showed large surface area, short con-
duction lengths and electrochemical pseudocapacitive
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properties [150]. Carbon nanomaterials have high acces-
sible surface area, high conductivity and good charge
transfer channels. Especially, graphene is an excellent
substrate to host the active polymer [148]. More examples
of ternary CP nanohybrids for supercapacitors are listed
in Table 6. For example, Xu and co-workers [192] pro-
posed a novel flexible and stretchable supercapacitors
using Au nanograins decorated aligned CNT sheet with
the deposition of PANL The structure took the form of a
two-ply structure consisting of two identical single fibers
by scrolling PANI@Au@CNT sheet. In this design, Au
nanograins increased the roughness of linear electrode to
increase the utilization rate of PANI, and simultaneously,
Au nanograins embedded in the PANI/CNT layers can
increase the electrical conductivity. The supercapacitor
showed excellent volumetric capacitance of 6 Fcm ° at a
scan rate of 10 Vs'. The developed stretchable wire-
shaped supercapacitors exhibited a high volumetric ca-
pacitance of 0.2 Fcm ™ at a strain of 400%. Jiang et al.
[210] synthesized the coaxial ternary hybrid material with
MWCNTs as a core, and thin layer (<5nm) of amor-
phous Ni(OH), and PEDOT:PSS as a shell. The high
pseudocapacitance and excellent rate capability were
achieved due to the amorphous Ni(OH), that increases
the probability of redox reactions to occur on or near the
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surface of the electrode. This ternary hybrid showed more
than 3,250 F g ' of gravimetric capacitance in basic elec-
trolyte and retained 71.9 % of its initial value. Zeng et al.
[208] designed an anode based on PEDOT/Ti/Fe,O; core-
shell nanorod arrays grown on flexible carbon cloth. In
this structure, the donor density of Fe,O; was intensely
enhanced with Ti doping to boost its capacitive perfor-
mance. PEDOT improved the conductivity of nanoma-
terials and act as a protective layer to prevent the integrity
of the electrode structure. This ternary nanocomposite
structure showed noteworthy energy density of
0.89 mW h cm™ and can be used as a high-performance
electrode material for asymmetric supercapacitor devices.

Rechargeable Li-ion batteries

The high energy density is an important factor for re-
chargeable batteries used for electronic devices, power
supply, grid-scale energy storage and electric vehicles
[224-226]. It is known that Li-ion batteries have the
highest energy density among other rechargeable batteries
[227,228]. The high capacity, fast charge-discharge rate
and longer cycle life are the key parameters for a battery
that are associated with many other factors. However,
there are still many limiting factors which influence the
battery performance in many ways [14,31,229]. The
major limitation is to develop high capacity cathodes
material with high energy density. One of the materials
that have been extensively studied was sulfur due to its
abundance, low material cost, higher capacity and energy
density than Li-ion batteries. It can be used in elemental
form or can be used as pre-lithiated sulfur (Li,S). How-
ever, low electrical conductivity of sulfur results relatively
low capacity, thus limiting its use for commercial appli-
cation [14]. Another parameter limits its use is poly-
sulfide, which are the discharge products that leach out of
the electrode and cover the cathode causing poor re-
chargeability and low capacity. The long chain poly-
sulfides diffuse and migrate to anode through electrolyte
and react with lithium resulting in consumption of anode
material that decreases the open circuit potential and
discharge capacity. Many strategies have been adopted to
overcome these challenges such as using carbon materials
to form the network. However, the escape of polysulfides
is inevitable from the electrode. Anode is another area of
research that has been broadly studied for Li-ion batteries
to increase the charge capacity. Commercially, lithiated
graphite has displayed excellent electrochemical perfor-
mance. However, graphite showed much lower capacity
as compared to highest theoretical capacity of Li
(4,000mA hg ).
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A recent study showed silicon as suitable replacement
for graphite as the anode material due to its high specific
capacity, low discharge potential and environmental
friendliness. In recent years, the design and fabrication of
electrodes has gained much attention in applications of
rechargeable batteries. Li-ion batteries based on organic-
inorganic hybrid composites have been widely studied
due to electrical conductivity and high coulombic effi-
ciency and long cycling lifetime with negligible degrada-
tion. Inorganic compounds possess good lithium storage
but have low electrical conductivity and cyclability. CPs
form an effective electrode with inorganic materials that
can overcome these limitations of electrode lifetime, rate
capabilities and mechanical stability [230].

To improve the entrapment of polysulfide, Cui et al.
[231] used encapsulated carbon/sulfur particles with
PEDOT:PSS which are thermally stable and moderately
rigid in the electrochemical environment as shown in Fig.
13a and b. This work provided an effective way to trap
polysulfides and minimize the dissolution of polysulfides
from cathodes. The discharge capacity remained over
600 mA h g at the 150" cycle which was significantly
improved. Chen et al. [232] used a membrane assisted
precipitation technique to generate sulfur-coated PEDOT
core/shell nanoparticles. The PEDOT provided the con-
ductive matrix for electron transport and encapsulation
shell to entrap polysulfides. The initial discharge capacity
of 1,117 mA h g ' and the capacity retention of 83% per
50 cycles can be achieved indicating excellent cycling
durability and performance. The CPs have been utilized
with Si anodes [233]. The polyfluorene-type polymers
served as a conductive binder to overcome the volume
expansion of Si during charge-discharge cycles. Cui et al.
[234] incorporated a PANI hydrogel into the silicon an-
ode to form a hierarchical hydrogel framework which
bound the Si surface by crosslinking through hydrogen
bonding with phytic acid or electrostatic interaction with
the positively charged polymer. A high performance Li-
ion battery has been achieved with a cycle life of 5,000
cycles with over 90% capacity retention at current density
of 6.0 Ag' (Fig. 13c-e).

For real applications, high-rate and high-voltage ma-
terials are critical to reduce the charging time. Long-term
cycling of an electrode is highly dependent on volume
expansion and surface degradation of materials [235].
Chao et al. [236] fabricated a core-shell structure of
PEDOT and V,0s with graphite foam and were able to
achieve ultra-fast stable Li-ion storage performance, high
capacities and enhanced rate (168 mA hgﬁ1 at 60°C).
Wang et al. [237] prepared Fe,O;/PANI composite which
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Figure 13 (a) Illustration of the encapsulation of carbon/sulfur particles with PEDOT:PSS for improving polysulfides encapsulation: carbon/sulfur
particles without PEDOT:PSS coating and the polysulfides leak out of the carbon matrix during charge/discharge process. (b) With a PEDOT:PSS
coating where the polysulfides are encapsulated within the composite and therefore lithium ions and electrons can move in and out. Reprinted with
permission from Ref. [231] (Copyright 2011, American Chemical Society). (c) Schematic illustration of 3D porous SiNP/conductive polymer hydrogel
composite electrodes. Each SiNP is encapsulated within a conductive polymer surface coating and is further connected to the highly porous hydrogel
framework. (d) Lithiation/de-lithiation capacity and coulombic efficiency of SINP-PANI electrode cycled at current density of 6 A g ' for 5,000 cycles.
(e) Galvanostatic charge/discharge profiles plotted for the 1%, 1000, 2000", 3000™ and 4000" cycles. Reprinted with permission from Ref. [234]

(Copyright 2013, Nature Publishing Group).

demonstrated a high rate capability and a high capacity of
778 mA h g ' at higher current density of 1 A g '. This is
due to the improved electrical conductivity and effective
ion transportation of the composite electrode and firm
connection between the electrolyte and the electrode
materials. Xu et al. [238] designed a PEDOT:PSS coated
ZnO/C hierarchical porous nanorods nanocomposite as
anode through one-pot wet chemical reaction followed by
thermal calcination. The produced nanostructured ma-
terials exhibited excellent electrochemical performance.
The ZnO/C with hierarchical structures helped accom-
modate the volumetric changes during charge/discharge;
the porous structures facilitate the transportation of sol-
vated lithium ions and highly conductive PEDOT-PSS
coating layer greatly accelerated the electron transport.
Cui et al. [239] first demonstrated a high-performance
cathode material with PPy/Li,S composite in which PPy
helped to facilitate electronic conduction. A high dis-
charge capacity of 785 mA h g ' of Li,S was achieved with
stable cycling over prolonged 400 charge/discharge cycles.
Lawes et al. [240] reported inkjet-printed silicon in which
Si nanoparticles with PEDOT:PSS binder were used as
high performance anodes material for Li-ion batteries.
The continuous conductive network formed by PEDOT:
PSS allowed rapid electron transfer and its flexibility ac-
commodates the large volume changes of SiNPs during
charging and discharging. These anodes exhibit very high
capacity of more than 1,700 mA h g ' for 100 cycles and
exhibited the stability during cycling performance over
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1,000 cycles.

Dielectric Capacitors

With the requirement of high-power, high-efficiency and
low-cost capacitive storage system, there is great need for
the development of dielectric materials with a high di-
electric permittivity, low loss and high energy density
[241-245]. Compared to inorganic dielectric materials (i.
e., ferroelectric ceramics) [246-249], polymer-based di-
electric materials have received tremendous attentions
because of their excellent mechanical properties, high
electric breakdown field and ease of synthesis [250-254].
NCPs as a new class of conducting organic materials
provided a unique opportunity as conducting fillers in
polymer-based dielectric composites [255-263]. Different
from other conductive fillers, NCPs exhibit two ad-
vantages: i) their electrical conductivity can be adjusted
over a broad range by simple doping or de-doping pro-
cess, which will give rise to unique dielectric/electric
properties, and ii) their mechanical properties are similar
to dielectric polymer matrix that offers excellent com-
patibility with the polymer matrix [264-268]. Huang and
his coworkers [258] developed a PANI-based composites
with dielectric permittivity (>7,000) at 100 Hz, which is
approximately 90 times of the polymer matrix. This was
achieved by dispersing PANI in a polymer matrix to
fabricate all-organic composites. The composite possesses
high flexibility and elastic modulus close to that of the
insulated polymer matrix, which exhibited an elastic en-
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Figure 14 SEM images of PVDF films with (a) fpax; = 0.050 and (b) fp4n = 0.060. Schematic images of the microstructure of PANI/PVDF films with
() 0.042 < fpans < 0.050 and (d) 0.050 < fpan; < 0.060. (e) Dependence of dielectric permittivity and DC breakdown field at room temperature. (f) The
energy density of the PANI/PVDF films varies with different volume fraction of PANI. Reprinted with permission from Ref. [259] (Copyright 2010,

Royal Society of Chemistry).

ergy density of 0.18 J cm > under a field of 16 MV m .
Yuan et al. [259] prepared high energy density nano-
composites with PANI-based fillers at lower filler loading.
SEM images shown in Fig. 14a and b gave the
morphologies of the PANI/PVDF nanohybrid films with
4 vol.% and 5 vol.%. The thickness of the insulation layer
between PANI particulates decreased and micro-
capacitors can be formed. Finally, the conductive network
was formed as illustrated in schematic images in Fig. 14c
and d. The percolation threshold was 4.2 vol.% and the
dielectric permittivity and loss exhibited a stable value in
the frequency range from 1 to 10 kHz below the perco-
lation threshold. The nanocomposites showed the di-
electric permittivity of 385 (with the volume fraction of
0.05 at 1 kHz), the breakdown strength of 160 MV m’,
and the energy storage density of 6.1 J cm . This method
provided an effective route for fabricating a high energy
density capacitor. In a recent study, the interfacial poly-
merization method and encapsulation technique were
used to guarantee a uniform distribution of NCPs in an
insulated polymer matrix. Wang et al. [255] and Shehzad
et al. [256] both worked on further improvement of the
compatibility of the PANI in the polymer matrix using an
organic dopants such as dodecylbenzene sulfonic acid
(DBSA) and perfluorosulfonic acid (PFSA). The dielectric
permittivity at the percolation threshold of 2.9 wt.% fil-
lers, were raised by 50-fold compared to the polymer
matrix at 100 Hz. CNTs covered with PANI (PA-
NI@CNTs) were synthesized as conducting fillers that
showed good dispersibility in thermoplastic polyurethane
[269]. PANI nanorods on poly(vinyl pyrrolidone) (PA-
NI@PVP) were synthesized with uniform size and easily
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dispersed in the PVDF matrix. The nanocomposite with
9.5 wt.% of fillers exhibited a high dielectric permittivity
of 174 and a suppressed loss of 0.17 at 100 Hz [262].
Alternatively, PANI can be treated as the outside layer in
core-shell nanostructure to increase the interfacial po-
larization [270,271]. Good mechanical properties and
high dielectric permittivity were obtained by these work
which could be promising dielectric material for prepar-
ing film capacitors.

In a current study, the most used PANI fillers are
particle-like or fiber-like, which limited the study on the
all-organic composites [242,272]. Therefore, it is useful to
synthesize CPs with different shape and size, for the de-
velopment of high performance all-organic composites.
Zhang et al. [261] fabricated an all-organic composite
system using newly developed PPy nanoclips. Each na-
noclip had a length of 1 um, a width of 0.5 ym with a
thickness (diameter) of 50-70 nm. The composites had a
uniform microstructure by a unique and facile process
that combined solution casting and hot pressing. The
composites showed a very low percolation threshold (8
wt.%) and exhibited a high dielectric permittivity of more
than 1,000. More importantly, the dielectric loss of 1 is
lower than the loss reported in most of conductor-di-
electric composites using metallic particles and 1D con-
ductive fillers. The loss observed in the composites at low
temperatures is mainly determined by this relaxation
process rather than the conductivity [273].

Chemical sensors

CPs have been considered as good candidates for che-
mical gas sensors because of their reversible electrical

325



REVIEW

SCIENCE CHINA Materials

Table 7 Selected conducting polymer based nanocomposites as chemiresistive sensors
Sensing materials Structure Sensing gas  Concentration Se;lessigzgzeor Detection limit RetSi[;l(l) élSe Riicrz‘éer Ref
PANI/Cu Thin film NH, 50 ppm 86% 1 ppm 7s 160 s [278]
PANI/Au Nanowires H,S / 13.8% 0.1 ppb <2min <5 min [279]
PANI/Au Nanofibers CH,SH 1.5 ppm 30% 1.5 ppm ~500 s / [107]
PANI/Ag Nano-network NH, 10 ppm 90% 5 ppm < 3 min / [280]
PANI/CeO, Core-shell NPs NH, 50 ppm 650% 2 ppm 57.6s / [281]
PANI/SnO, Nanosheets NH, 5 ppm 30% 257 ppb 259s 468 s [169]
PANI/rGO Network film NH; 100 ppm 60% 100 ppb 36s 18s [282]
PANI/CNTs Nanofibers NH, 30 ppm 40% 4 ppm 18s 46's [283]
PANI/MWCNTs  Core-shell nanotubes NH, 2 ppm 15.5% / 6s 35s [284]
PANI/graphene Meshed structure NH, 20 ppm 360% 1 ppm 50 s 23s [285]
PANI/(S,N:GQDs) Nano-pores NH, 100 ppm 42.3% 1 ppm 115 44 s [286]
PPy/Ag Nanowires Ethanol 80 ppm 54% 10 ppm < 1 min 500 s [287]
PPy/Pd Core-shell NPs NH, 20 ppm 13.1% / 14 148 s [288]
PPy/NiO Nanocomposite NO, 100 ppm 47% 10 ppm 49s < 5 min [289]
PPy/WO, Nanocomposites NO, 100 ppm 61% 5 ppm / / [290]
PPy/TiO,/graphene Nanocomposites NH, 50 ppm 102.2% / 36s 16's [291]
PEDOT/Ag Nanotubes NH, 100 ppm 30% 1 ppm 2s 7s [292]
PEDOT:PSS/Cu(II) Porous structure NH, 50 ppm 8% / 138 s 63s [293]
PEDOT:PSS/Fe(II) Thin film CcO / 150% / 30s 5s [294]
PEDOT:PSS/GO Thin film H, 100 ppm 4.2% / 30s 25s [295]

Sensitivity or response includes AR/R, and R/R,.

properties that are related to the change of resistance,
current, or electrochemical potential by reaction with
chemicals [31,274]. PANI nanofibers as one of the most
used NCPs, have been utilized as sensing materials to
detect different chemical gases based on different me-
chanisms, such as HCI, NH;, N,H,, CHCIl; and CH;0OH
[275]. However, their application is limited by low sen-
sitivity and poor selectivity. It can be enhanced by adding
a second nanocomponent, including metal and metal
oxide particles, carbon materials, insulating polymers, etc.
to the CP nanostructures. For example, due to intrinsic
electronic and electrochemical properties, metal NPs play
a very important role in chemical gas sensing, which can
exhibit excellent sensing performance when exposed to
specific chemical molecules [16,25]. The limitations of
metals themselves are their NP format, high operating
temperatures and reduced long-term stability, which
made a great challenge to use the metal particles for
sensing platform alone. Therefore, to increase the sensi-
tivity, integrating metals NPs with CPs has become an
effective way due to their promising chemical specifi-
cities, high surface area, high electrical conductivities,
shorter diffusion lengths and low temperature processa-
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bility [28,276,277]. NCP-based sensors, which transform
a chemical reaction into an electrical response, have been
successfully utilized for monitoring organic and inorganic
gases, including alcohols, ethers, ammonia, nitrogen,
NO,, H,, H,S, SO, and CO. Many research groups dedi-
cated on CPs-based nanocomposites for chemical gas
sensing and the information are listed in Table 7.

Ammonia sensors

Ammonia (NHj) is one of the highly toxic gases and a key
component of various industrial processes. It damages the
skin, eyes and respiratory system of human when the
concentration is higher than 25 ppm in the air. Many
researches have been focused on detection of ammonia
for environmental monitoring, process control and health
precautions. Various ammonia sensing technologies have
been investigated, including electrolytic sensors, solid
state sensors and spectroscopic techniques and conduct-
ing polymers [296]. Some drawbacks limit the commer-
cial application of these sensors, such as low sensitivity,
limited accuracy for electrolytic sensors, expensive spec-
troscopic sensors and poor selectivity for solid state de-
vices. Most of NH, sensors based on metals or metal
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Figure 15 (a) Synthetic route to PEDOT/Ag. (b) TEM image of PEDOT/Ag with 30 wt.% concentration of AgNO;. (c) The sensing performances and
the sensitivity changes of pristine PEDOT NTs and Ag NPs/PEDOT NTs with 5, 10 and 30 wt.%. Reprinted with permission from Ref. [292]
(Copyright 2011, The Royal Society of Chemistry). (d) and (e) Schematic of preparation and SEM of core-shell CeO,/PANI particles. (f) Response
curves of CeO,/PANI (CPA4) and PANI to 50 ppm and CeO, to 200 ppm and 2% ammonia. (g) Sensor stability of CeO,/PANI at room temperature.
Reprinted with permission from Ref. [281] (Copyright 2014, American Chemical Society).

oxides are expensive and are operated at high tempera-
ture that gives low response and short life time. There-
fore, CPs has been widely investigated as NH; sensors due
to their fast response, low cost and operation at ambient
conditions and metal nanoparticles can be incorporated
in CPs without changing their properties to enhance the
sensor performance [283]. For example, Patil et al. [278]
fabricated a temperature ammonia sensor based on cop-
per nanoparticle intercalated PANI nanocomposite thin
films. The sensor showed a high sensitivity of detecting as
low as 1 ppm of NH;, with fast response and recovery
times of 7 and 160 s and sensor response of ~86%. The
enhanced response was attributed to the large surface area
and improved charge transfer between Cu NPs and PANI
matrix. Park and co-workers [292] decorated PEDOT
nanotubes with Ag NPs using metal ion reduction-
mediated vapor deposition polymerization, where Ag"
was reduced to Ag NPs by PEDOT as shown in Fig. 15a,
b. The sensitivity of PEDOT/Ag depends on the con-
centration of AgNO, where increasing AgNO, enhances
the sensitivity of sensor. The fabricated sensor was more
sensitive than pristine PEDOT that can only detect 5 ppm
of NH; as compared to 1 ppm NH; for the sensor.
Besides metal particles, other inorganic nanomaterials
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such as metal oxides can be used to improve sensing
performance. For examples, as shown in Fig. 15d, room-
temperature NH; gas sensor was fabricated using CeO,
NPs coated by cross-linked PANI hydrogel [281]. The
nanohybrids showed enhanced response (6.5 to 50 ppm
of NHj;) that exhibited excellent stability after 30 cycles in
15 days. This was due to formation of a p-n junction
when CeO, NPs and PANI come in contact. Similarly,
PPy based high sensitivity, high selectivity NH; sensor
was prepared by making SnO,/PPy nanocomposite via
vapor phase polymerization with detection limit of as low
as 257 ppb [169]. The sensing performance was attributed
to following reasons: the P/N junction at the interface of
SnO, nanosheets and PPy coating, high specific surface
area and good ohmic contact between the substrate and
the sensing material.

Currently, sensor films on a flexible substrate have
become an interesting research topic in modern electro-
nics. Polyethylene terephthalate (PET) is the widely used
flexible substrate to fabricate organic electronic sensing
devices. The main challenge in flexible devices is to keep
flexibility while maintaining critical properties like sen-
sitivity, stability, reproducibility at a desired level. Gav-
gani et al. [286] investigated a flexible sensor based on S
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and N co-doped graphene quantum dots (S, N: GQDs)/
PANI hybrid thin film. They obtained a significant im-
provement of NH; response (~42% at 100 ppm), excellent
selectivity and rapid response and recovery times (115 s)
at room temperature. The synergistic effect between the S,
N: GQDs and PANI of doping/de-doping process, charge
carrier mobility and swelling process, was considered as a
reason of enhanced sensing properties. Bandgar et al.
[297] synthesized a flexible and low-temperature PANI-
based sensor, which showed an optimum response of 26%
to 100 ppm NH, gas at 0°C with a fast response (19 s) as
well as recovery time (36 s). In most of flexible devices,
the resistance remains almost unchanged and the sensing
performance was not affected during repetitive bending
cycles, which demonstrated mechanical stability indicat-
ing the potential for soft/wearable electronic technology
[298]. Jun et al. [299] fabricated novel radio frequency
identification (RFID)-based wireless sensor systems using
carboxyl group functionalized PPy (C-PPy) nanoparticles
(NPs). The C-PPy nanoparticles with an average size of
60 nm, were synthesized from a water-soluble polymer
and highly monodispersed metal cations. The presence of
the C-PPy NPs gave rise to a strong affinity between the
PPy backbone and the NH;, which was detected by the
RFID sensor.

Hydrogen sulfide sensors

Hydrogen sulfide (H,S) is a toxic and flammable gas
which is often generated from different industrial pro-
cesses or by the degradation of organic matter such as
rotten egg. The immediately dangerous to life or health
(IDLH) concentration for H,S is 100 ppm. Therefore, low
cost H,S sensors are of interest for food and packaging
industry. H,S is a weak acid which does not interact with
PANT significantly. The incorporation of transition metal
chlorides in PANI nanofibers can improve the response
to H,S compared to unmodified PANI nanofibers (CuCl,-
PANI and ZnCl,-PANI) [300-302]. High sensitivity for
high concentrations (>20 ppm) was achieved but the re-
covery performance was limited. Shirsat et al. [279] re-
ported a sensitive and selective chemiresistive sensor for
H,S detection, which consisted of PANI nanowires-Au
NPs hybrid network between two gold microelectrodes.
The sensor exhibited excellent selectivity by AR/R, of 5%
upon exposure to 50 ppm NH;, which was significantly
lower than the response to 0.1 ppb H,S. In recent work,
electrospun PANI nanofibers were used to fabricate H,S
gas sensor that were written directly on the paper and
polyimide substrates [303]. The sensor exhibited high
sensitivity (1 ppm), quick recovery (250 s) and high se-
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lectivity towards H,S among H,S, NO, and acetone. The
formation of high quality nanofibers is the key to good
recovery and repeatability.

In summary, the possibility of adding functional fillers
into the polymer matrix greatly broadens the use of CP
sensors. It is a challenge to develop low cost nanos-
tructured sensor devices on a large scale. High selectivity
for specific target species is another critical subject for
real sensing applications. Sensor array with statistical
tools such as principal component analysis for data pro-
cessing are utilized to evaluate the selectivity of the sen-
SOr.

Biosensors

CPs have attracted intensive interest in the development
of biosensors because they are excellent materials for
immobilization of biomolecules and rapid electron
transfer for the fabrication of efficient biosensors
[29,304-307]. Various biomolecule targets with specific
properties determined the parameters of CPs based bio-
sensors, such as sensitivity, selectivity, especially response
time, which is of crucial importance [308]. The sensing
signals, including conductivity, current, impedance data,
are strongly associated with the number and mobility of
charge carriers [29]. CPs combined with metal, metal
oxide and carbon nanomaterials exhibited enhanced
electrochemical properties for the following reasons: (1)
the amount of nanomaterials loaded on electrode surface
was increased; (2) the electron transfer during the reac-
tion was accelerated; (3) distribution of nanomaterials
became more uniform; and (4) the electrocatalytic activity
and stability was much improved [309]. Many research
groups dedicated on CPs-based nanocomposites as bio-
sensors and the information are listed in Table 8.

Hydrogen peroxide sensors

Hydrogen peroxide (H,0,), as a reactive oxygen species,
has wide applications in industrial process and environ-
mental and biological reactions. H,0, is also related to
several diseases; therefore it is very important to develop a
reliable, rapid and economical detection method for
healthcare and biological monitoring. As biosensors, the
detection of H,0, is important because it is often a pro-
duct in enzymatic reactions. In the past decades, many
methods including chemiluminescence, chromatography,
and electrochemistry have been used to determine the
H,O, concentration [320]. Among these techniques,
electrochemical sensor acted as the most promising sen-
sing method and offered an inexpensive and effective way
for H,0, detection [25]. The experimental results in most
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Table 8 Selected conducting polymer based nanocomposites as biosensors

Elfgctrod_e Analyte LOD . Linear range Working Response time Sensigiyity s Ref

configuration (umol L) (mmol L) potential (V) (s) (A mmol " L cm °)
PPy/Ag/GCE H,0, 0.68 0.005-0.1 —0.25 <5 9,701 [310]
PPy/CuNPs H,0, 0.9 0.2-1 —0.85 <3 / [311]
PPy/Ag/Fe,0,/GCE H,0, 1.7 0.00-11.5 —0.2 / / [312]
PEDOT:PSS/MB H,0, 0.1 0.0001-0.12 —0.15 / 353.9 [313]
PANI/PtNPs Glucose 0.7 0.01-8 —0.56 3 96.1 [314]
PANI/NiCo,0, Glucose 0.38 0.015-4.735 0.5 / 4,550 [166]
PANI/AuNPs/CC Glucose 3.08 0.0126-10.0 / / 150 [315]
PANURUCOXIPUT Glucose / 0-20 0.6 / 1.34 [316]
NiO/PANI/GO/GCE Glucose 0.5 0.002-5.560 0.6 / 376.22 [317]
PPy/NiO Glucose 0.33 0.01-0.5 0.53 / 1,094.80 [170]
POT/Au/Cu Glucose 0.027 1-30 0.1 / 37 [109]
PPy/PB/CNP Hydrazine 0.29 0.0075-1.653 0.25 <3 / [151]
PANI/Nafion/Cu Urea 0.5 0.001-0.1 —0.35 15 112 [318]
PANI/Nafion/Cu Creatinine 0.5 0.001-0.1 —0.35 15 85 [318]
PANI/MWCNT/ Paracetamol 2.9 0.005-0.63 0.5 <2 / [319]

Basillus sp./GA

LOD: S/N=3, GCE: glassy carbon electrode, PU: polyurethane, E-PU: epoxy-enhanced polyurethane, GOx: glucose oxidase, CC: carbon cloth, GA:
glutaraldehyde, PB: Prussian blue, MB: Meldola blue, CNP: carbon nanopolyhedra.

of metal/CP electrodes have been summarized in our
previous work, which illustrated metal/CP nanocompo-
sites have relatively low detection limit, high current
sensitivity, fast response time and linear regions covered
wide determination range [25]. For example, Mahmou-
dian et al. [310] synthesized PPy coated silver nanostrip
bundles (Ag NSBs-PPy) by a facile method of direct re-
duction of Ag cations in the presence of the pyrrole
monomer in an aqueous solution of AgNO; and NaOH.
The glassy carbon electrode (GCE) modified with Ag
NSBs-PPy in an electrochemical system showed remark-
able catalytic performance for H,O, detection. The en-
larged surface area resulted in the improvement of the
ability of the modified electrode and fast response for
reaction with H,O,. The detection limit for the range of
low and high concentration is estimated as 0.68 umol L™
and 13.10 umol L, respectively. Yang et al. [321] fabri-
cated an enzymeless electrochemical sensor based on
highly ordered polyoxometalate (POM)-doped PANI
nanopillar films for the detection of hydrogen peroxide.
The sensing performance was attributed to the large
surface area of the 1D nanostructure and the multiple
redox reactions of POMs.

Some CP/metal nanocomposites have been widely
employed for both catalytic and biosensing applications
[30]. For instance, Au/PANI nanocomposites have been
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fabricated by depositing Au nanoparticles on the surface
of PANI nanofibers. The product exhibited excellent
catalytic properties for the reduction of nitro-compounds
in the presence of NaBH, with shorter adsorption time
and faster reaction rate using smaller Au nanoparticles
[322]. Lu and coworkers [323-325] reported a series of
promising research achievements on CP/noble metal
nanocomposites for catalytic properties. CP/noble metal
nanorings were fabricated by an one-pot fabrication using
facile soft-template method, which was the first time to
use (CTA),PdBr, as a template [323]. For instance, the
experimental results showed enhanced catalytic activity of
PPy/Pd nanorings for the reduction of p-nitrophenol into
p-aminophenol by NaBH, in aqueous solution, owing to
following two factors: (i) PPy was used to immobilize Pd
nanoparticles in good dispersion and enhance the elec-
tron transfer between PPy and Pd, and (ii) stable ring-like
structure provided the process stability. PANI/Au na-
norices were prepared by the similar method in which
HAuCl,-(3-aminopropyl)triethoxysilane (APTES) acted
as both a soft template and an oxidant [324]. The nano-
composites exhibited an enhanced peroxidase-like cata-
lytic activity compared with the individual component,
which was used as enzyme mimics toward the oxidation
of tetramethylbenzidine (TMB). Some ternary nano-
composites have been also prepared for H,0, detection
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[326,327]. Lu et al. [326] reported the synthesis of PPy/
CuFe,0,/Cu,S; nanotubes as an efficient peroxidase mi-
mic by the combination of electrospinning process, an-
nealing treatment and hydrothermal reaction. The results
indicated H,0, could be well detected in the linear range
from 0 to 20 umol L' and the detection limit was esti-
mated to be about 0.688 umol L™ (S/N=3). This work
offered a simple method to fabricate a high performance
peroxidase-like catalyst for biosensors and environmental
monitoring.

Glucose sensors

Glucose is one of the essential substances in human’s
living and an important component of food, drugs and
industrial products. Glucose detection is important in
biomedical applications and ecological approaches, spe-
cially of clinical importance [306]. The quantitative
monitoring of blood glucose has become crucial and can
greatly reduce the risks of diabetes mellitus-induced heart
disease, kidney failure, or blindness, etc. In previous
studies, the most common glucose biosensors based on
GOx and other enzymes have attracted wide interest
owing to their high selectivity and biocompatibility. Miao
et al. [328] fabricated a glucose sensor based on AuNPs/
polyvinylpyrrolidone/PANI nanocomposites for enzyme
immobilization and biosensor construction. The sensor
exhibited fast amperometric response, good stability and
reproducibility, and excellent electrocatalytic activity to-
wards glucose in real serum samples without common
interference. However, there are limitations of enzyme-
based biosensors such as high cost, easily deactivated and
tedious modification steps. In recent work, non-enzy-
matic glucose sensors with CP-based nanocomposites are
becoming new hotspots. Xu et al. [315] synthesized a
flexible electrochemical sensor based on AuNPs/PANI
arrays/CC electrode. The flexible carbon cloth was em-
ployed as base electrode, PANI arrays were directly grown
on CC electrode, and large number of Au nanoparticles
were electrodeposited on the surface. High sensing per-
formance towards glucose detection was achieved that
includes a wide linear range from 10.26 umol L' to
10 mmol L', a high sensitivity of 150 yA mmol ' L cm 7,
and a low detection limit of 3.08 umol L™'. Poyraz et al.
[109] fabricated networks of POT nanofibers and Au/Cu
nanoparticles NPs via one-step seeding polymerization
reaction and a redox/complexation process. High sensi-
tivity for glucose, a wide linear operation range and high
selectivity in the presence of uric acid (UA) and L-as-
corbic acid (AA) at their physiological levels were
achieved. Zheng et al. [329] developed a highly sensitive
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non-enzymatic glucose sensor based on Cu/PANI/gra-
phene nanocomposite. This system showed high se-
lectivity to glucose oxidation but no signal from
interferents such as ascorbic acid and dopamine. This
indicates its great potential as a non-enzymatic glucose
sensor. Among many metal oxides, nickel oxide (NiO)
nanostructure has been widely used in non-enzymatic
glucose sensors owing to their excellent electrocatalytic
properties and chemical stability. Zhuang et al. [317]
fabricated a 3D nickel oxide NPs/PANI nanowire/gra-
phene oxide hybrid composite. The resulting sensor dis-
played high sensitivity, good reproducibility and a
detection limit of 0.11 umol L. Besides individual metal
oxides, Yu et al. [166] investigated a core-shell structure
of NiCo,0,@PANI nanocomposite for electrocatalytic
properties using simple and reliable strategy. NiCo,O,
provides more catalytically active sites and offer numer-
ous effective electrolyte-accessible channels for ion
transportation. PANI coating on the outer walls, serving
as conductive substrate, is one of the strategies to improve
the conductivity of NiCo,O,.

Other biomolecules sensors

Other biomolecules such as DNA sensor are equally im-
portant for minimizing any damage in DNA molecule to
prevent from serious diseases. Wei et al. [330] used
PEDOT:PSS membrane in an electrokinetic microfluidic
device based on ion concentration polarization (ICP) for
the detection of low-abundance DNA samples. Such de-
vice performed fast and more efficient hybridization re-
action, which was able to detect DNA target in the sub-
nanomolar concentration regimes. These devices can be
directly applied to complex biological samples. PANI can
be used to modify the biosensor surface that can further
enhance the sensing performance by improving the
charge transfer. This was achieved by polymerizing ani-
line in emulsion with dinonylnaphthalene sulfonic acid
(DNNSA) yielding highly processible mixture for bio-
sensor surface modification [331,332]. Zhang et al. fab-
ricated a potentiometric immunosensor for the detection
of a cardiac biomarker—Troponin I-T-C with PANI/
DNNSA as a transducing layer. Different from traditional
potentiometric sensors based on potentiometric response
from analyte binding [333,334], this sensor depends on
enzymatic redox reaction catalyzed on the sensing sur-
face. It has a significantly low limit of detection
(5pgmL" or 56 fmol L) and a wide dynamic range (6
orders of magnitudes), making it an ideal substitute for
conventional immunoassays currently used in clinical
settings [335]. Rong and co-workers [106] fabricated new
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network nanocomposite composed of PPy hydrogel loa-
ded with gold nanoparticles for a sensitive label-free
amperometric For carcinoembryonic
antigen (CEA) detection, the immunosensor exhibited a
wide linear detection range from 1 fg mL ' to 200 ng mL™"
with an ultralow limit of detection of 0.16 fg mL™".

immunosensor.

Energy harvesting devices

Actuators

Electroactive polymers (EAPs), including piezoelectric
polymers and electrostrictive polymers, are considered as
the most suitable materials for energy harvesting devices
due to their high flexibility, low cost, easy synthesis and
compatibility with any desired shape [258,336,337]. Pie-
zoelectricity gives a linear relationship between the strain
and the electric field whereas electrostriction has quad-
ratic dependence of strain on the electric field. To im-
prove the capability of electromechanical response, it is
necessary to increase the dielectric constant while main-
taining low Young’s modulus. As discussed in Section
"Dielectric capacitors”, the development of polymeric
composites filled with conductive loading is most pro-
mising way to increase the dielectric permittivity and
modify the electrical properties. In a recent study, re-
searchers found that polymer composites with CP as the
filler can keep high conversion efficiency and good strain
capability [338]. PANI-based composites were developed
that possessed an elastic modulus close to that of the
insulation polymer matrix [339]. The developed compo-
site exhibited a strain of 2.65% with an elastic energy
density of 0.18 J cm° under a field of 16 MV m " [258].
Jaaoh et al. [340] studied the power output of fabricated
polyurethane (PU)/PANI composites with various PANI
contents by solution casting giving maximum power with
2 wt.% of PANI. Putson et al. [341] modified the PU as
matrix with different oxidation states of PANI (emer-
aldine base, EB and emeraldine salt, ES) as filler. The film
containing PANI-ES has three times larger dielectric
constant than PU matrix. This large dielectric permittivity
was further increased to 142.6 at 1 kHz by the addition of
HCI (PU/PANI-ES-HCI) to increase the interfacial area.

Triboelectric nanogenerator

Triboelectric nanogenerator (TENG), invented by Wang
and co-workers in 2012, has drawn widespread attention
as a novel mechanical energy harvesting device [342]. The
working principle of TENG is based on the coupling ef-
fect of triboelectrification and electrostatic induction
when two triboelectrode materials with opposite tribo-
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electric polarities have friction between them [343]. Since
TENG relies on the surface charging effect, it is critical to
select and develop the triboelectrode materials with ex-
cellent triboelectric properties. In recent work, PPy was
considered as the promising triboelectrode material for a
high output TENG due to its numerous advantages over
other materials such as semiconductor properties, flex-
ibility, high specific capacitance, rapid charge storage,
difficult to be oxidized or degraded in harsh environ-
ments, and easy to fabricate in 1D nanostructures. The
first PPy based TENG was reported by Wang et al.
[344,345] to have outstanding performance of self-pow-
ered synthesis of PPy and self-charging powering system
(Fig. 16). The device can power a digital temperature-
humidity meter and can power as many as 40 reactors.
Cui et al. [49] proposed a novel TENG constructed with
PPy nanowires prepared by an electrochemical poly-
merization method using AAO as a template. The syn-
thesized PPy based TENG showed excellent durability
and high output performance with a short circuit current
density of 23.4 mA m * and output voltage of 351 V. The
smart device can be used to power a cathodic protection
system to protect metals from corrosion. CPs can im-
prove the overall performance of flexible piezoelectric
nanogenerators (FPNGs) and other energy harvesting
nanodevices. Sultana et al. [346] proposed the presence of
PANI in nanogenerator makes it suitable for portable,
wearable flexible electronic devices that have large elec-
trical throughput. The CPs nanocomposites can be
exploited in many other energy harvesting devices for
their flexibility, ease of synthesis and adjustable electrical
properties.

Thermoelectric devices

Thermoelectric (TE) devices/systems directly convert
thermal energy (temperature difference) into electrical
energy, are attractive for applications from civilian (such
as waste heat recovery) to military and aerospace pur-
poses [347]. Typical module consists of two different
materials connected at two points. When the two con-
junct points are placed at different temperature, there is
an electrical potential generated between the two con-
junct points (i.e., Seebeck effect). The conversion effi-
ciency of a TE device is dependent on the material used.
A figure-of-merit (Z-factor or power factor), defined as
ZT = S0T/x, is widely used to represent the character-
istics of the TE materials. The other widely used para-
meter to characterize the energy conversion efficiency is Z
x T, where S is the Seebeck coefficient, o is the electrical
conductivity, « is the thermal conductivity, and T is the
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Figure 16 Overview of the all-plastic-materials based self-charging power system. (a) Schedule of the integrated self-charging power system from 3-
parallel TENG and 4-series supercapacitors (SC). (b) SEM image of hPPy, which is used as triboelectric electrode of TENG and electrode active
material of supercapacitors, with its water-contacting angle shown in the up-right corner. (c) Brief mechanism of the TENG. Reprinted with
permission from Ref. [345] (Copyright 2015, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

absolute temperature, respectively, and S’o is the power
factor. Inorganic semiconductors, such as tellurium, lead,
bismuth, are most efficient for thermoelectricity. Many
nanostructured TE materials were developed, such as 1D
(nanowires) and 2D (quantum wells and superlattices)
materials, nanocomposites (Bi,Te;, PbTe and SiGe based)
and other new materials [348]. However, there are lim-
itations for these materials to be used because they are
heavy, brittle, toxic, expensive and sparsely available.
Organic thermoelectric materials showed excellent re-
sponse due to their low cost, mechanical flexibility,
nontoxic and low processing temperature. The
trinsically low thermal conductivity of CPs makes them
ideal for high-performance thermoelectric materials, but
their relatively poor electrical conductivity and the See-
beck coefficient could be a limitation [349]. As one of the
widely used organic thermoelectric materials, PANI ex-
hibited very small thermoelectric power factors (S%0). It
was found that electrical conductivity and Seebeck coef-
ficient are strongly correlated. This indicates the difficulty

in-
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in enhancing both the parameters simultaneously in one
material.

To overcome these limitations, increasing attention has
been paid to CP-based nanocomposites to utilize both
advantages of inorganic fillers and CPs [350,351,361], as
listed in Table 9. Wang et al. [352] carefully controlled the
polymer conformation and interfaces between PANI and
Te nanorods, as shown in Fig. 17a, b. The high-speed
carrier-moving channel, obtained by conformation of
PANI chains, increased the electrical conductivity while
preserving the low thermal conductivity. Recent studies
have reported that CPs with carbon-based nanomaterials
(CNTs, graphene and graphene nanoplates) can effec-
tively increase the power factor [179,353,355-357]. For
example, nanointerfaces between the PANI and CNTs
can enhance the size-dependent energy-filtering effect
[362] and the m-m conjugation interactions between the
PANI and CNTs would increase carrier mobility [354].
They both result in enhancement of electrical con-
ductivity and Seebeck coefficient simultaneously. Gra-
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Table 9 The room-temperature TE properties of the conducting polymer based hybrid nanocomposite

CPs-based Conductivity Seebeck coefficient ~ Power factors Thermal ZT
nanocomposites (0) (Scm™) (S) (W K (S0) (WW m™' K?) E&? ‘j;lgtll\gtl)), (SoTx™) Ref
PEDOT:PSS/Te nanorods 19.3 163(+4) 70.9 0.22-0.3 0.1 [350]
PEDOT:PSS/Te nanorods 2 1400 42 / / [351]
PANI/Te nanorods (70 wt.%) 102 102(+5) 105 0.21 0.156 [352]
PEDOT:PSS/SWNTs 400 25 25 0.4 / [353]
PANI/SWCNT 125 40 20 / 0.004 [354]
PANI/graphene 130 15 3.6 / 0.008 [355]
PANI/graphene 856 15 19 / / [356]
PANI/graphene/PANI/DWNT 1,080 130 1,825 / / [357]
PANI/DWNT (30 wt.%) 610 ~61 ~220 / / [179]
PPy/rGO 75.1 33.8 8.56 / / [358]
PPy/SWCNT 803(+29) 41(+2) 21.7 / / [183]
PPy/Graphene/PANI 500 324 52.5 / / [359]
PANI/SWNT/Te 345 54 101 0.3 / [360]

phene possesses similar chemical bonding with CNTs but
has more m bonds and larger surface area than CNTs
[356]. However, researcher found the TE properties of
PANI/graphene composites were still at a low level
compared with PANI/CNT composites. This is due to the
structural defects, impurity content and easy aggregation
of graphene [356,363,364]. Wang et al. [356] prepared
three different types of PANI/graphene nanocomposite
films by solution-assistant dispersing method. The high
electrical conductivity of 856 S cm ' and power factor of
19 uW m ' K ? were achieved. Cho et al. [357] prepared
PANI/graphene/PANI/double-walled nanotubes
(DWNTs) nanocomposites with ordered molecular
structure. The maximum achieved power factor of
1,825 uW m ' K ? is the highest power ever reported for a
completely organic material. The 3D conjugated network
with PANI-covered DWNT bridging the gaps between
graphene sheets increases the electrical conductivity and
Seebeck coefficient. Recently, ternary systems have de-
veloped with uniform structures and high TE properties
[359,360]. As shown in Fig. 17c and d, PPy/graphene/
PANI ternary nanocomposite has been prepared by the
combination of in situ polymerization and solution pro-
cess [359]. This ternary nanocomposite exhibited higher
thermoelectric power factor than PPy, PANI and other
binary systems. An abnormally high Seebeck coefficient
was obtained in PANI/SWNT/Te nanocomposites, be-
cause of the energy filtering effect at both interfaces of
PANI/SWNTs and PANI/Te, while the electrical con-
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ductivity was still high [360].

Corrosion protection

Metal corrosion protection technology plays an extremely
important role in the development of the national econ-
omy [365,366]. To prevent or mitigate corrosion, is not
only a technical problem, but also related to the resources,
energy, environmental protection and major strategic
tasks. Therefore, effective corrosion protection plays a
great strategic significance in future [365]. There are
many anti-corrosion coating technologies present to re-
duce the loss of corrosion including electrochemical
protection, coating, metal alloying, metal plating, etc.
Among these technologies, coating technology has been
widely adopted in a wide range of areas from large bridge,
drilling platforms to small bikes and cans, etc., because
the coatings can be easily repaired. Due to limitations of
traditional coating material properties and process,
coating may contain toxic substances such as lead or
chromate, causing hazardous environment to the sur-
roundings. Therefore, the development of a low cost
coating material with green technology became one of the
main objectives in the field of corrosion protection. De-
berry et al. [367] and Mengoli et al. [368] first reported
the application of conducting polymer in the field of
corrosion protection. Since then, CPs have been ex-
tensively researched on corrosion protection due to easy
preparation, thermal stability in air, redox behavior, low
cost and versatile processability. Many research groups
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Figure 17 (a) Schematic illustration of the PANI/Te hybrid film processing, (b) electrical conductivity, Seebeck coefficient, and power factor of
PANI/Te films changing with different Te content at room temperature and changing with temperature with Te content 70 wt.%. Reprinted with
permission from Ref. [352] (Copyright 2016, Royal Society of Chemistry). (c) Diagram of interactions in PPy/graphene/PANI composite, (d) Power
factor of pure PPy, PANI, PPy/graphene composite, PANI/graphene composite, and PPy/graphene/PANI composite with 32 wt.% graphene at
different temperatures. Reprinted with permission from Ref. [359] (Copyright 2017, American Chemical Society).

have systematically investigated the synthesis of CP
coatings on different metals such as copper, aluminum,
iron, mild steel and stainless steel for corrosion protec-
tion [36]. In 1996, Ahmad and MacDiarmid [369] studied
that conducting polymer can be applied chemically on the
surface of steel, providing anodic protection by passi-
vating the steel surface. Camalat et al. [370] reported the
protection of steel by PANI coating in acidic medium.
Ferreira et al. [371] investigated that PPy provides cor-
rosion protection for easily oxidizable metals such as iron,
aluminum and zinc. Nautiyal et al. [372] studied the in-
fluence of different types of dopants on passivation of
carbon steel, electrodeposition of PPy coating and their
effect on anti-corrosion performance. Because of the
different methods of preparation, doping, corrosive
media and different research methods involved, the me-
chanism of conducting polymer for corrosion protection
is still under study [373-375].

In a recent study, experimental results indicated that
it’s a great challenge for a single conducting polymer to
provide perfect corrosion protection. Charge stored in the
polymer layer (used to oxidize base metal and to produce
passive layer) can be irreversibly consumed during the
system’s redox reactions. Consequently, protective prop-
erties of the polymer coating may be lost with time.
Further, porosity and anion exchange properties of CPs
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could be detrimental, particularly pitting corrosion
caused by small aggressive anions (e.g., chlorides). An
interesting alternative is to consider CP based composite
systems to address the problems involved with conduct-
ing polymer coating [365]. Lighter weight and improved
corrosion resistance makes composite materials as a good
choice. The use of CPs with polymeric blends as corro-
sion protection coatings has shown significant protection
for iron and its alloys. Polyvinyl chloride (PVC) and poly
(methylmethacrylate) (PMMA) with good mechanical
characteristics and high chemical resistance possessed
attractive properties for use as corrosion protection
coatings [376,377]. Besides the polymeric blends, the
combination of CP with other nanostructured materials
nanocomposites has also attracted considerable attention
due to unique nanostructures, outstanding physico-
chemical and electro-optical properties, and a wide range
of potential uses.

CP/metal oxide system uses nano-sized oxide fillers in
CP-based composites, and it had played very important
role in improving the corrosion resistance and mechan-
ical properties for anti-corrosive coating [378]. There are
numerous reports on improvement of coatings perfor-
mance in corrosive environments, using nanoparticles as
reinforcement such as TiO,, SiO,, ZnO and Fe,0,. TiO,/
CP nanocomposites have been widely investigated be-
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cause the corrosion resistance was enhanced due to the
presence of TiO, particles in the coating system. They can
form better dispersion for paint formulation which pro-
vides barrier properties in the coatings [379-381]. Re-
cently, Pagotto et al. [382] reported multilayers of PANI/
n-TiO, (TiO, nanotubes) on carbon steel and welded
carbon steel for corrosion protection. The addition of
TiO, nanotubes to PANI coatings inhibits the degrada-
tion of carbon steel by mechanical effect. The multilayer
PANI/n-TiO, enhances the adhesion and anticorrosive
behavior. Bhandari et al. [383] studied the mild steel
coated with PANI/SiO, (PSC) nanocomposites with di-
mension of 1 cm x 1 cm to carry out the corrosion stu-
dies. The chronoamperometric response method was
used for analysis in the corrosion protection and found
significant drop in corrosion current for PSC compared
with bare steel and PANI coating without SiO, nano-
particles. The protection efficiency of composite coating
was calculated at 99.3%, indicating the suppressed cor-
rosion of mild steel when coated with PSC composite
coating.

CP/carbon materials are considered as ideal for antic-
orrosion and are preferred to meet different environ-
mental needs among many multifunctional materials as
anticorrosive fillers. Bai et al. [384] physically introduced
carbon black into the model coating of PEDOT/polyvinyl
butyral (PVB) binder to solve the problem of Fermi-level
misalignment at the polymer/metal interface. The amount
of electrochemically active PEDOT in the coating was
successfully increased by the addition of carbon black.
The composite coating applied on a zinc substrate pro-
vides effective inhibition of delamination. Qiu et al. [385]
proposed a novel PANI/CNT brush-like nanostructures
through in situ oxidative polymerization. It was found
that nanobrush coating offers excellent corrosion pro-
tection of steel over a wide pH range by providing good
barrier to the corrosive environment. It was more en-
vironmentally friendly than traditional heavy metal and
their oxide coatings. Recently, graphene has been re-
ported to be an excellent anticorrosion material due to its
unique characteristics of chemical inertness, excellent
thermal and chemical stability, remarkable flexibility and
impermeable to molecules [386-388]. Jafari et al. [386]
electrochemically synthesized adherent PANI/graphene
nanocomposite coatings on Cu substrates. The coating
exhibited excellent corrosion resistance in aggressive en-
vironments. The morphology of PANI/graphene nano-
composite remained integrated and defect-free after
immersion in 5,000 ppm NaCl solution for 120 min.
Some researchers found that GO has a larger band gap
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and fully passivated surface. It has good solubility in polar
solvents and is expected to provide better corrosion re-
sistance than pristine graphene [389,390]. Qiu et al. [389]
fabricated PANI/GO composite coated on 316 stainless
steel by a pulse current technology. High hydrophobicity
and lower porosity of the coating was found to be able to
protect the steel from different corrosive medium (H,O,
0,, CI, etc.), resulting in a better corrosion resistance.

Many other nanomaterials have been widely employed
to boost the protective performance of coatings [365]. For
example, He et al. [391] studied PANI grafted basalt
plates (BPs) for enhanced corrosion protective perfor-
mance of epoxy coatings. The results showed coating
containing 10% PANI-g-BPs exhibited the best protective
performance with an impedance of about 1.2 X
10° Q cm® at 0.01 Hz after immersion for 80 days. Al-
though CP-based coating has proved to have a good
corrosion resistance, current study on its mechanism of
corrosion is still limited. With the use of different test
methods, corrosion resistance mechanism of polymer
coatings can be fully and more accurately evaluated. With
the continuous development of the theory and technol-
ogy, it is believed that there will be more effective and
sophisticated research methods for in-depth study of the
electrochemical corrosion coatings.

Antistatic agent

It is well known that static charge is easily produced due
to the insulator friction in dry air. Electrostatic attraction,
repulsion, electric shock and the discharge machining
caused by static charge can be of great harm and can have
serious consequence to the life of the material [392].
Many important areas are in need of avoiding the accu-
mulation of static electricity, such as the electronics in-
dustry, that includes a variety of static-sensitive
components of production, transportation, storage,
packaging [383,393]. The main role of the antistatic agent
is to inhibit the generation of electrostatic charge and the
promotion of charge leakage [383,393]. The most used
methods for improving the antistatic performance are to
reduce the surface resistivity or increase conductivity of
the surface and to reduce the generation of triboelectric
charge. For antistatic materials, the surface resistivity (p,)
should remain between 10° and 10" Q sq ' defined by
military handbook and 10° to 10" Q sq ' defined by in-
dustry standards [394,395]. Another method to determine
antistatic materials is to record the antistatic charge decay
time, where a voltage is applied on the surface of the
material (usually 5 kV) and the time required to decay to
10% of its initial strength is recorded. This time is known
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as 10% cut-off limit and the corresponding 50% discharge
is referred as 50% cut-off limits. The material, which has
good antistatic properties, should show 10% cut-off decay
time in less than 2.0 s.

The effect of surfactant antistatic agents is strongly
dependent on the environment of material processing
and the humidity when used. The requirements of new
antistatic agents are inexpensive, transparent, less affected
by air humidity, without heavy metals and easy to prepare
in aqueous solution. Conventionally, amphiphilic sur-
factant was usually introduced into polymers as the an-
tistatic material but the antistatic property is not
permanent [396]. Like dielectric nanocomposites, differ-
ent kinds of conductive fillers including metal nano-
particles, metal oxide whiskers, carbon black, carbon
nanotubes, ionic liquids and graphene, have been added
into the polymer matrix to obtain excellent antistatic
property and economic results [397-399]. But poor dis-
persion of the filler and compatibility with polymer ma-
trix results in poor antistatic performance.

Recently, many studies have been focused on CP-based
composites as antistatic agents [393]. However, poor
stability, rigidity, insolubility and infusible properties
limit their direct use as antistatic agent [400]. Commonly,
CPs blended with other polymer matrices have been
widely used as a composite for anti-static application
[9,401]. The main function of the antistatic agent is to
promote a conductive channel. This kind of anti-static
polymer composite has a good compatibility and better
lasting. Soto-Oviedo et al. [401] reported PANI/organo-
clay nanocomposites and propylene-ethylidene-norbor-
nene rubber antistatic agent prepared by melt blending
using an internal mixer. The composites exhibit high
conductivities up to 10> S cm ' for 40 wt.% of conducting
nanocomposites, which can also be used for electro-
magnetic shielding applications. Xu et al [402] in-
troduced PANI as a conductive agent into polypropylene
(PP) matrix, the composites showed significant im-
provement in volume resistivity of the composite. Shi et
al. [403] studied the PANI/cellulose composite fibers with
good antistatic properties. The composite was successfully
spun from hydrophobic PANI and hydrophilic cellulose
complex solution in aqueous media, containing 7 wt.%
NaOH/12 wt.% urea, as solvent by wet-spinning. It was
noted that the resistivity was as low as 10° Q cm with 2
wt.% of PANI loading. The time for initial surface voltage
decay to 10% were 0.34 and 0.21 s, respectively, indicating
the antistatic property of the fibers. The results also in-
dicated that composite fiber with low PANI content had
satisfactory values of decay time and good antistatic
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properties. Wang et al. [395] reported high-density
polyethylene (HDPE) nanocomposites with graphene
nanoplatelets (GNP) coated PANI as filler synthesized by
in situ polymerization. The surface resistivity and volume
resistivity (p,) decreased sharply with addition of 10 wt.%
GNP@PANI. The significant improvement of the anti-
static property of the nanocomposites is mainly due to the
conductive network formed inside composites. Recently,
many other nanocomposites have been synthesized for
antistatic application, such as graphene-based PANI na-
nocomposites [404], MWCNT and silver nanoparticle
decorated polypyrrole in epoxy matrix [405], and poly-
acrylonitrile/PANI composite nanofiber webs [406].

CP-based antistatic composites will become the main
area of future research and development due to their
advantages of corrosion resistance, ease of processing and
lightweight towards antistatic applications. Because na-
nomaterials exhibit special properties over bulk, it is be-
lieved that with rapid development of nanotechnology
and nanomaterials, novel CP-based nanocomposites
would be a good prospect of antistatic materials. New
conductive polymer materials and environmentally
friendly conductive polymer nanocomposites research
and development will bring great opportunities.

Electromagnetic interference shielding

With increasing demands of electronic devices and
wireless communication, electromagnetic interference
(EMI), generated by electrical devices, radio, television
signals and magnetic devices, has become a serious issue
which can cause degradation of system or equipment
[35]. EMI has strong influence on human health such as
the symptoms of languidness, insomnia, nervousness,
headache, etc. Therefore, shielding of EMI is very critical
for telecommunication signals, electronic device perfor-
mance, industries operation and human life. Effective
EMI shielding must have two functions of reducing un-
desirable emissions and protecting the component from
stray external signals [407-409]. EMI shielding effective-
ness (SE) is an important parameter to evaluate the ab-
solute effectiveness of shielding materials and is strongly
dependent on electrical conductivity and thickness of the
shielding materials [410]. Materials with high electrical
conductivity such as metals, carbon materials and CPs,
have been widely used as EMI shielding materials
[31,411-413]. Metals have limited applications due to
their high mass density, poor flexibility and susceptibility
to corrosion. CPs and their nanocomposites have become
attractive materials for EMI shielding recently because of
their high conductivity, environmental stability, me-
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Table 10 Study on CPs-based composites for EMI shielding in recent three years
. . Conductivity SE Thickness SSE
CPs-based nanocomposites Preparation S cm ™) (dB) (mm) (dB em’ g7) Ref
PANI/Ag nanowire Two-step casting 5,300 50 0.013 - [415]
PANI/amine-CNT In situ polymerization 3,009 50.2 0.005 74,900 [416]
PANI/amine-CNT In situ polymerization 3,009 74.9 0.029 19,300 [416]
. In situ polymerization and
PANI/graphite ball milling 24 83-89 1 - [417]
. In situ polymerization and
PANTI/graphite ball milling 24 17 0.005 - [417]
PANI/graphene Solution intercalation 116 42 0.005 - [418]
PANI/Bagasse fiber In situ polymerization 2 28.8 0.4 [419]
PANI-aramid Mixture and spin coating 300 30 0.007 - [420]
PANI/Co/Ni Electroless deposition - 34-46 - - [421]
PPy/MWCNT In situ polymerization 52 108 3 - [422]
PPy/sawdust In-situ polymerization and 1 20 0.01 - [423]
mixture
PEDOT:PSS/rGO In situ polymerization 6.84 70 0.8 841.3 [424]
PEDOT:PSS/graphene foam Drop coating 43.2 91.9 1.5 20,800 [425]
PEDOT:PSS/WPU Mixture and drop-casting 77 62 0.15 4133 [426]

WPU: waterborne polyurethane.

chanical flexibility, lightweight and low cost [414].
CP-based composites with carbon materials such as
CNT, graphene etc. have been widely investigated and
attracted enormous attention for EMI shielding applica-
tions due to the combination of unique structures and
high electrical conductivities of CPs and CNTs, that form
a network and conduct charges through m-n hopping
between them [411,427]. PANI is the most promising
candidate for nanocomposites as shielding material due
to its facile synthesis, environmental stability and high
conductivity. Li et al. [416] fabricated lightweight flexible
nanocomposites using oxidative polymerization of aniline
on CNTs, to enhance the interactions between PANI and
amine-functionalized CNT. The composite exhibited the
highest specific SE of 7.5 x 10* dB cm’ g ' compared with
previously reported work. Besides CNT, CPs reinforced
with other conductive carbon materials also delivered
outstanding SE depending on their intrinsic properties
and nanostructures. Joseph et al. [417] proposed PANI
nanofiber-graphite composite with thickness of 1 mm
which exhibited average EMI SE of 83-89 dB in the fre-
quency range of 8.2-18 GHz attributed to 100% at-
tenuation of electromagnetic radiation. When the screen
printing method was used and the thickness was reduced
to 50 pum, SE is about 13 dB. Wu et al. [425] developed a
graphene foam (GF)/PEDOT:PSS composite by drop
coating of PEDOT:PSS aqueous solution on functiona-
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lized GFs. Excellent electrical conductivity of 43.2 S cm™
and total EMI SE of over 90 dB were obtained. The in-
formation of CP-based composites for EMI shielding in
recent three years is summarized in Table 10.

In the latest trends and future aspect, CP-based
shielding composites with multi-layered stack frame-
works have attracted wider consideration and will be the
most used approach [428]. Fang et al. [415] designed free-
standing layer-structured PANI/Ag nanowire composite
films via a simple casting process, as shown in Fig. 18a.
The composite film with 14 vol.% Ag-NWs showed high
electrical conductivity of 5,300 S cm ', good mechanical
strength of 44 MPa and excellent SE of more than 50 dB
over a wide bandwidth of 1.2 GHz. Lyu et al. [420] fab-
ricated high strength PANI-aramid nanocomposite with
hierarchical layering structure, as shown in Fig. 18c. This
stable composite film with a thickness of 10-15 um dis-
played good shielding effectiveness of 30-35dB with
mechanical strength of 179 MPa. Zhao et al. [421] syn-
thesized a layer-structured shielding composite prepared
by the successive coating of PANI and magnetic alloy
cobalt-nickel which showed relatively high SE of
34-46 dB. Similar work was also achieved on layered linen
fabric/PPy/nickel (LF/PPy/Ni) composites. The mechan-
ism of EMI SE “1+1>2” enhancement phenomenon was
also discussed [429]. From these recent studies, it was
inferred that layered structure has superiority in terms of
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Figure 18 Layer-structured PANI/Ag-NW composite film: (a) the schematic of preparation and (b) the EMI SE in the X-band frequency range.
Reprinted with permission from Ref. [415] (Copyright 2016, Royal Society of Chemistry). PANI-aramid nanocomposite with hierarchical layering
structure: (c) the schematic of preparation and (d) the EMI SE in the X-band frequency range. Reprinted with permission from Ref. [420] (Copyright

2017, Elsevier).

shielding effectiveness in contrast to the single layer fra-
meworks and embedded structures. The CPs keep the
final film with ideal thickness and advanced mechanical
properties. A new direction of the layer-structured com-
posite films is promising for EMI shielding materials in
the applications of electronic devices and radiation
sources in near future.

CONCLUSIONS AND FUTURE ASPECTS

Ever since the discovery of highly conducting poly-
acetylene in 1970s and the Nobel Prize awarded in 2000,
numerous researchers have dedicated their research on
CPs and tremendous amount of research results have
been reported in this area. The rapid growth of science
and technology has enlightened the development of the
CPs and their composite materials in nanoscale. In this
review, we presented a comprehensive overview of the
fabrication strategies of CPs and their nanocomposites,
which offered extensive information on their advanced
multifunctional properties for different applications.
Many conventional and state-of-the-art synthetic ap-
proaches of CPs have been included, such as template-
based approaches (hard template and soft template) and
template-free approaches (interfacial method, seeding,
electrospinning, radiolysis, electrochemical assembly, soft
lithography, etc.). The design and fabrication of CP based
nanomaterials were also summarized, including CPs with
metals, metal oxides, chalcogenides, nanocarbons with

338

© Science China Press and Springer-Verlag GmbH Germany 2018

different morphologies, and CP based multi-component
systems. Different synthetic approaches result in different
morphologies and dimensions of nanocomposites for
various applications, including electrochemical poly-
merization, seeding approach, interfacial polymerization,
electrochemical deposition, rapid mixing method, hy-
drothermal method, spin-coating, and so on. With ex-
traordinary electronic properties, functional CP based
nanocomposites have been extensively explored in the
applications of electronic nanodevices, energy storage
devices (supercapacitors, batteries, dielectric capacitors),
chemical and biological sensors, energy harvesting de-
vices (actuators, triboelectric nanogenerator, thermo-
electrics), and protection applications (anticorrosion
agent, antistatic agent and electromagnetic interference
shielding). After summarizing hundreds of reports in the
literature on fabrication and application, future under-
standing and development are required.

For design and synthesis of pure CPs, the challenge is
precise control of their electrical conductivity with dif-
ferent dimensions and morphologies. In future develop-
ment, researchers should focus on providing novel
synthetic methods and assembly processes that can pro-
duce CPs nanomaterials in a large quantity. It is known
that high electrical conductivity can be obtained in CPs
with high degree of structural order. It is necessary to
propose effective methods to characterize and control the
crystalline/amorphous ratio in CP structures. For fabri-
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cation strategies of CP based nanomaterials, the combi-
nation of CPs with other nanomaterials will continue to
be a prospective research topic. The importance of the
choice of CPs, combined with appropriate preparation
techniques appear to be the key to develop promising
nanocomposites. The systematic study on CPs with de-
sirable sizes, nanostructures and properties in the com-
posite could be very beneficial to this field in the future.
Novel methods are needed to offer simple, efficient,
scalable and inexpensive way for the nanomanufacturing
of multi-component nanocomposites.

Great progress has been achieved in synthesis and ap-
plication of CP based nanomaterials in supercapacitors,
batteries, capacitors, and other energy storage devices. As
an active component of supercapacitors, CPs suffered
poor rate and cycling stability; however integrating them
with different functional nanomaterials can effectively
minimize the limitation of CPs and significantly improve
the electrochemical performance. Based upon the studies
surveyed in this review, the following aspects may deserve
further investigation: (1) ternary composites with hybrid
nanostructures could be more reliable for better-working
supercapacitors, (2) flexible and stretchable super-
capacitors will still be a hot research topic, which utilizes
the advanced properties of CPs, including structural di-
versity, high flexibility and excellent durability and (3) it
is critical to thoroughly understand energy storage me-
chanisms in different types of devices for the improve-
ment of specific capacitance, energy density and power
density. In dielectric capacitors, the current limitation of
nanocomposites with conducting polymer filler is the
simultaneous increase of dielectric loss and dielectric
permittivity when the content of conducting polymer
approaches the percolation threshold. The understanding
of the breakdown strength mechanism of conductor-di-
electric composites is still limited and further investiga-
tion on the application of this approach of dielectric
capacitor is needed.

CPs have been widely used as the sensing layers of gas
sensors due to low operating temperature, facile property
adjustment, easy fabrication and excellent properties in-
cluding high sensitivity and short response time. In future
study, their limitation needs to be addressed: (1) stability
for a long period is critical for sensors based on CPs for
commercial applications. The performances of current
sensors may dramatically decrease in air for a relatively
longer time. This is due to the self-discharging phe-
nomenon in CPs and degeneration by oxygen influence.
(2) The reason of irreversibility is still not clear and needs
to be studied. With sensing cycles increasing, the re-
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sponse of sensors gradually falls and is difficult to return
to the original value. The interactions between gas and
CPs need further investigations. (3) Selectivity has been
an existing problem not only for CPs but also for other
sensing materials. Furthermore, humidity has strong ef-
fect on sensing selectivity when detecting other gases in
air. For biosensors, current studies using CP based na-
nocomposites have become key potential for bioanalytical
techniques. Besides the problems mentioned for gas
sensor, there is still room to improve the sensing per-
formances in the following aspects: (1) integration of
device nanomanufacturing, sensing arrays, signal pre-
processing, pattern recognition in one microsystem, (2)
improvement in the selectivity and sensitivity of nano-
composites and understanding the immobilization of
biomolecule on sensing materials and the mechanism of
reaction.

For protection applications, it is difficult to provide
protection for a long period only using individual CP
coating. In commercial application, the protection could
be dramatically degenerated in aggressive environments.
CP-based nanomaterials have demonstrated that they are
the most promising alternative candidates for corrosion,
antistatic and EMI shielding applications, because of ad-
justable conductivity, excellent shielding performance,
corrosion resistance and good mechanical properties.
Future investigations should focus on the synthetic paths
of CP nanocomposites that exhibit more protective per-
formance.

With all the discussions above, there are several critical
points to be mentioned in terms of promoting CP-based
nanocomposite research to the next level: (i) a reliable,
large-scale manufacturing system needs to be developed
in the future to assure the consistency of the nano-
composite properties and (ii) in-depth understanding of
the interfaces between CP and other components in the
nanocomposites will shed light to the future nano-
composite design and applications. Although quite a few
applications have been discussed in this review, there is
always more innovation that can be achieved with the
development of new CP based nanomaterials. Further
advances and deep insight in CPs will lead to new hor-
izons in fabrication, characterization and applications.
Evidently, CP based materials with high structural in-
tegrity and excellent multifunctional properties will make
up the landscape of next-generation electronic devices.
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