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ABSTRACT

Recent research has established growing research interest in subject of conducting polymer
(CP)-based hybrids due to their novel properties and potential applications in diverse fields. The
incorporation of CPs with other materials can produce new hybrids showing distinct properties
that are not observed in the individual components. Among numerous CP-based hybrids, CP and
noble metal nanoparticle (NMNP) hybrids have attracted the most intensive attention in the past
few years. The numerous functional groups and tunable chemical structures through redox in the
main chains of CPs, make them as ideal supporters for NMNPs. The compact interactions and
synergistic effects between CPs and NMNPs contribute to the increased performances in diverse
applications. The purpose of this review focuses on state-of-the-art synthetic strategies,
mechanisms and applications involved in CP-NMNP hybrids. Herein, CPs used are polyaniline
(PANI), polypyrrole (PPY), polythiophene (PTH) and their derivatives; while NMNPs mainly
refer to Au, Ag, Pt and Pd nanoparticles. Specifically, the topics include: 1) strategies and
mechanisms involved in the synthesis of CP-NMNP hybrids; 2) potential applications of
CP-NMNP hybrids in fields of catalysis, sensor, surface-enhanced Roman scattering (SERS),
device and others. Finally, prospects and challenges for making advanced CP-NMNP hybrids are
discussed.

Keywords: Conducting polymer; Polyaniline; Noble metal nanoparticle; Au, Hybrid; Catalysis;
Sensor



Nomenclature

AAO
AD
4-AP
APS
CMC
CP
CTAB
CSA
DNA
FTIR
GO
GOx
HEPES

Kapp

LB
MWNT
NMNP
NMP
4-NP
OANI
OFET
ORR
P3MeT

anodic aluminum oxide
asymmetry degree
4-aminophenol

ammonium peroxydisulfate
critical micelle concentration
conducting polymer
cetyltrimethylammoniumbromide
D-camphor-10-sulfonic acid
deoxyribonucleic acid
Fourier-transform infrared
graphene oxide

glucose oxidase
2-[4-(2-hydroxyethyl)-1-piperazinyl]-
ethanesulfonic acid

apparent rate constant
Langmuir-Blodgett
multiwall carbon nanotube
noble metal nanoparticle
1-methyl-2-pyrrolidinone
4-nitrophenol

oligoaniline

organic field effect transistor
oxygen reduction reaction
poly(3-methylthiophene)

PAA
PANI
PATP
PC
PEDOT
POMA
POPD
POT
PPY
PS
PSPAA
PTFE
PTH
PVP
RNA
SCE
SDS
SERRS

SERS
m-Si02
SWNT
TA
Tween-80
TSA

polyacrylic acid
polyaniline
poly(4-aminothiophenol)
polycarbonate
poly(3,4-ethylenedioxythiophene)
poly(o-methoxy aniline)
poly(o-phenylenediamine)
poly(o-toluidine)
polypyrrole
polystyreme
polystyreneiss-block-poly(acrylic acid)so
poly(tetrafluoroethylent)
polythiophene
poly(vinylpyrrolidone)
ribonucleic acid
saturated calomel electrode
sodium dodecyl sulfonate
surface-enhanced resonance Raman
scattering
surface-enhanced Raman scattering
mesoporous SiO;
single-walled carbon nanotube
thioglycolic acid
polyoxyethylenesorbitan monooleate
p-toluene sulfonic acid
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1. Introduction

Conducting polymers (CPs) have emerged as an attractive subject of great interes in polymer
science in the last several decades. They are inherently conducting in nature due to the presence of
a conjugated & electron system in their structures. In view of its environmental stability, low cost
of monomer, ease of synthesis, and special doping chemistry, polyaniline (PANI) is the most
intensively investigated among the family of CPs, followed by polypyrrole (PPY) and
polythiophene (PTH). Fig. 1 shows the oxidative polymerization processes, the reversible
acid/base doping/dedoping, and redox chemistry of PANI. PANI is normally prepared by the
chemical oxidative polymerization of aniline using a strong oxidant, typically ammonium
peroxydisulfate (APS) in an acidic aqueous solution. This produces the acid doped, conductive
emeraldine salt form, that may be dedoped by a base to yield the emeraldine base form. In addition
to the intermediate oxidation state of emeraldine base, PANI also possesses several other oxidation
states, such as the fully oxidized pernigraniline and the fully reduced leucoemeraldine, that may be
reversibly changed through chemical or electrochemical routes. Several reviews are available
detailing the synthesis, structures, processing and applications of PANI. For example, Kang et al
[1] summarized the explicit and quantitative dealings with the various intrinsic oxidation states of
PANI and its derivatives and Bhadra et al. [2] reviewed the synthesis, processing and applications
of PANI. In addition, nanostructured CPs and their formation mechanisms has also been reviewed

[3-7].

Fig. 1

Hybrids of CPs have become an increasing subject in CPs. Hatchett et al. [8] reviewed the
hybrids of intrinsically CPs as sensing nanomaterials several years ago. The incorporation of a
co-component into CPs may endow them with enhanced properties as compared to the individual
ones. Various other functional materials have been introduced into CPs, such as carbon-based
materials (carbon nanotubes and graphene), metal and metal oxides, and biological materials
[9-11]. In particular, combination of CPs with noble metal nanoparticles (NMNPSs) has generated

great research interest [12, 13]. NMNPs, such as Au, Ag, Pt, Pd, et. al., have been the research
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focus for material scientists for decades because of their unique optical and electronic properties
together with their various applications in fields such as electronics, photonics, catalysts, nano-
and biotechnology [14-18]. Usually, NMNPs are capped with a stabilizer, involving alkanethiols,
amines, nucleotides, and polymers [19]. The basic idea is to direct the nucleation and growth of
NMNPs, meanwhile, avoid the aggregation of NMNPs resulted from the van der waals attraction.
As mentioned, CPs possess particular multifunctional groups, agree well with the fundamental
requirements to stabilize NMNPs.

This review mainly focuses on recent advances in the synthesis and applications of CP-NMNP
hybrids. Different strategies are detailed and mechanisms involved are summarized. This review
provides a general overview of recent advances in this field and stimulate new research ideals for
designed synthesis of CP-based functional hybrids with predominant properties and practical

applications. Table 1 gives an overview of methods for the preparation of CP-NMNP hybrids.

Table 1

2. Strategies and mechanisms involved in the synthesis of CP-NMNP hybrids
2.1. CPs and NMNPs

The most common way make CP-NMNP hybrids is by mixing the pre-synthesized individual
components with desired size and morphology. Utilization chemical and electrostatic interactions
between CPs and NMNPs, NMNPs are normally adsorbed on surfaces of CPs to form CP-NMNP
hybrids.
2.1.1. Electrochemical route

In this approach, CPs are produced by oxidative electropolymerization of monomers and
NMNPs are obtained by the reduction of noble metal salts through electrodeposition [20-28]. The
number of cycles is varied in order to obtain films of different thickness and NMNPs with
different amount. Hatchett et al.[29], synthesized PANI through electropolymerization of aniline in
the presence of HBF4, that was cast on Pt electrode to form dense PANI films with 2-4 pum thick.
The addition of AuCl, formed a complex with PANI at the nitrogen linkage subsequently reduced
by cyclic voltammetry to form metallic Au clusters (~ 300 nm in diameter) on surfaces of PANI

films. The imino groups within PANI show a high affinity for both AuCls” and Au clusters [30].
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Atom-by-atom deposition of Au into PANI film through a repeated cyclic pathway have been
reported by Jonke and coworkers [31-35]. By controlling the potential, they kept PANI in an
oxidized state first while exposing it to a AuCls solution to form a PANI-AuCls complex, that
was then reduced to atomic Au by sweeping the potential negative. Once reduced, the imine sites
on PANI became available for the next Au deposition cycle. The repeated deposition of Au atoms
followed a cyclic pathway. The amount of Au deposited using this method was consistent for each
repeated cycle. Rinsing the excess AuCls anions from the film before reduction was a crucial step
to avoid uncontrolled AuCl, reduction.

Generally, the morphology of CP-NMNP hybrids by an electrochemical route depends on
substrate morphology. In addition to forming PANI dense films, PANI films with granular
morphology were obtained by applying cyclic voltammetry scans on Ti electrode in H2SO4
solution, following Au nanoparticles dispersed on the PANI/Ti electrode by cathodic
electrodeposition under galvanostatic conditions in a bath containing KAu(CN); in the presence of
a citrate buffer with pH=4 [36]. Au nanoparticles with 60-90 nm diameters were distributed in an
almost homogeneous manner at the surface of the PANI films. PANI film with fibrous morphology
was deposited by cyclic voltammetry on an ITO coated glass electrode in the presence of HCIO,
[37]. The PANI nanofibers (diameter of 150-200 nm) form a cris-cross network running over the
entire electrode surface. Then Au nanoparticles were deposited on PANI/ITO coated glass
electrode via chronoamperometry with HAuUCI4 used as an electrolyte. PANI nanofibers along with
Au nanoparticles (less than 100 nm) on their walls were obtained. PANI nanofibers deposited with
Au nanoparticles (13 nm) on glassy carbon electrode [38] and PANI nanowires (diameter of
250-320 nm) deposited with Au nanoparticles (70-120 nm) on Au electrode [39] using similar
route were also reported.

In a more straightforward way, CPs may be electropolymerized on an electrode surface and then
immersed in an NMNPs colloidal solution for a specified duration to capture NMNPs on the CP
surface [40]. Cho et al. [41] prepared CP films of PPY, poly(3-methylthiophene) (P3MeT) and
poly(3,4-ethylenedioxythiophene) (PEDOT) as electrochemical synthesized on a Au electrode.
These were immersed in a Au or Ag colloid solution. A few Au/Ag nanoparticles were seen on the
PPY film, whereas Au/Ag nanoparticles were successfully drawn onto the surfaces of P3MeT and

PEDOT. Results confirmed that Au and Ag nanoparticles were predominantly linked with the
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sulfur atoms via chemical bonding. Similar results have been reported elsewhere [42-46]. In
addition to chemical bonds, electrostatic interaction have been used to capture NMNPs. In Guo et
al. [47] electrochemically formed PANI nanowires in doped state on glassy carbon electrodes;
trisodium citrate-protected negatively charged Au nanoparticles (20 nm) were adsorbed on the
surfaces of the PANI nanowires electrostatic interactions. NMNPs could also be introduced before
the electropolymerization to form CPs [48]. For example, PANI-Au hybrids were obtained by
electropolymerization of aniline in the presence of - Au-Nafion [49]; PANI-Pt hybrids were
synthesized by electropolymerization of aniline in the presence of
phosphododecamolybdate-stabilized Pt nanoparticles [50, 51]; PEDOT-Au hybrids were
synthesized by electropolymerization of 3, 4-ethylenedioxythiophene in the presence of
3,4-ethylenedioxythiophene-protected Au nanoparticles (10 nm) [52]; PANI was grafted on the
surfaces of a Ag microparticle-modified electrode through electropolymerization of aniline [53].
Unlike adsorbtion on CP surfaces, in this case, NMNPs were normally surrounded and embedded
in a CP matrix, to which they were stably attached. Kim et al. [54] prepared a PANI-Au patterned
substrate by electrochemical polymerization from a Au-patterned 4-nitrobenzenethiol monolayer
with Au nanoparticles selectively adsorbed onto the amine groups of the film; PANI was also
found to form exclusively at the amine groups.

PANI chains were grafted onto functionalized multiwall carbon nanotubes (MWNTSs) by
electropolymerizing a mixture of aniline and MWNTSs using cyclic voltammetry [55]. The
as-formed hybrid film on electrode contained MWNT and PANI with the presence of PANI over
the entire surface of MWNT. Au nanoparticles were uniformly distributed on the film of
MWNT/PANI by electrochemical reduction of HAUCl..

In addition to dissolution in the reaction medium, the monomers may also be cast on electrode
or NMNP surfaces [56, 57]. Gopalan et al. [58] reported that inclusion complex of
4-aminothiophenol with B-cyclodextrin was cast on the surface of the glassy carbon electrode as
the electroactive layer. Au nanoparticles (10-15 nm) were incorporated into a film of
poly(4-aminothiophenol) (PATP) simultaneously by the electrolysis of H,SO4 solution of HAuUCI4
using a repetitive potential scan between 1.0 and -0.1 V. PATP and Au nanoparticles were
simultaneously formed on the glassy carbon electrode. Frasconi et al. [59] reported that Au

nanoparticles (4 nm) functionalized with 2-mercaptoethanesulfonic acid and 4-aminothiophenol
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were adsorbed on surfaces of Au electrode, and then the surface-tethered 4-aminothiophenol
groups were electropolymerized in a 0.1 M 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic
acid (HEPES) buffer solution.

As-synthesized CP-NMNP hybrids may be well-shaped by electrochemical reactions at the
electrode surface with the aid of a template [60, 61]. In contrast to the solution-based chemical
reaction route that normally occurs in a bulk solution, the electrochemical reaction happens at
theelectrode/solution interface. In order to shape the resulting deposited CPs and NMNPs, a
porous membrane is always attached to electrode surfaces. Porous anodic aluminum oxide (AAO)
and polycarbonate track-etched membranes have been well-established as template for CPs
nanorods and nanotubes through the electrochemical route [62-67]. In order to form CP-NMNP
core-shell nanostructures, Lahav et al. [68] immersed an AAO membrane containing PANI
nanotubes in a commercially available Au electroplating solution (pH = 10.2) and electrodeposited
Au by reduction starting from the Au cathode. The strongly alkaline Au solution simultaneously
caused dissolution and widening of the pores of the AAO template as well as prevented the PANI
nanotubes from re-swelling to the width of the pores. An annular space, therefore, formed between
the tubes and the membrane. As PANI is an insulator at pH 10.2, the Au deposited on the Au
cathode, and not on the PANI tubes, that acted only as templates for formation of the Au shells.
The length of the Au shell were controlled by performing a one-step electrodeposition of the Au
shell around the polymer tube, and tuning the amount of charge that passed through the
electrochemical cell during this deposition, (Fig. 2). Moreover, in order to form the segmented
structures, Au nanorods were first electrodeposited in an AAO membrane, a self-assembled
monolayer of thioaniline nucleated the growth of PANI on top of Au nanorods through
electropolymerization to form the PANI nanotube-Au nanorod segmented structures. Zhang et al.
[69] reported that Au nanorods was formed by a electrodeposition method using the AAO
membrane, and then a thin PANI-poly(4-styrenesulfonate) hybrid layer was electropolymerized on
the surface of the Au nanorods after completely removal of the AAO membrane. The study found
that by decreasing the thickness of the hybrid layer, a proportion of ordered PANI chains increased
on the surface of the Au nanoarray, and fast electron transfer took place between the hybrid layer

and the electrode surface.



Fig. 2

Callegari et al. [70] reported an electrochemical template-based strategy using polycarbonate
track-etched membrane to prepare well-shaped and mechanically robust tri-segmented
AuU-PEDOT-Au and tetra-segmented Au-PEDOT-PPY-Au nanowires. Electrodeposition of Au was
performed by cycling the potential of the working electrode from 0.7 to 0 V using a cyanide-free
solution (KCI, K;HPO., and HAuUCIls; in deionized water). Electropolymerization of
3,4-ethylenedioxythiophene was carried out by cyclic voltammetry from an aqueous solution
containing LiClO4 and various monomer concentrations. During the whole electrochemical
synthesis, the polycarbonate membrane template was not removed, and the formation of CPs was
believed to be rooted on the top surfaces of NMNPs, confined in the channel of porous membrane,

or vice versa. Finally, multisegmented nanowires of CP-NMNP hybrids were controllably formed

(Fig. 3).

Fig. 3

Use of the nanoporous Au films as an electrode, the electrochemical polymerization of aniline in
acid solution led to the formation of three-dimensional bicontinuous nanoporous PANI-Au hybrid

films (Fig. 4) [71].

Fig. 4

2.1.2. Chemical route

Typically, NMNPs are synthesized and suspended in a solvent and CPs are normally dissolved
in another solvent. After the two solutions are mixed, solvents are evaporated, leading to the
formation of CP-NMNP hybrid film. The CPs may be prepared using APS or H,O; oxidant agent
and the NMNPs may be obtained by reduction of noble metal salts using trisodium citrate, sodium
borohydride, hydrazine hydrate, etc., as reducing agents. The compositions of hybrids may be
simply varied by controlling the concentration of solutions [72, 73]. As for PANI, it is insoluble in

common organic solvents (such as chloroform, xylene, tetrahydrofuran, etc.) and mostly soluble in
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1-methyl-2-pyrrolidinone (NMP) and may be cast into a flexible film with residual NMP, about
10-18% by weight, as a plasticizer. As a result, NMP is often chosen as a suitable solvent for
dissolving PANI [74, 75]. Afzal et al. [76] mixed the NMP solution of PANI emeraldine base with
Au nanoparticles in NMP solution, and then the mixture was poured in Petri dish and the solvent
was evaporated at 120 °C for 16 h to cast the PANI-Au hybrid film. Although most of the Au
nanoparticles distributed in the polymer matrix had a mean diameter of =~ 20 nm (similar to that of
original Au nanoparticles), some agglomerates were formed, and the number of these aggregated
particles increased with increasing concentration of the Au nanoparticles. The authors ascribed the
aggregation phenomenon to the synthesis conditions with high temperature and long aging time.
Results from Fourier-transform infrared (FTIR) spectroscopy indicated that the Au nanoparticles
might reside in the vicinity of the imine nitrogen of PANI. Izumi et al. [77] reported that the
emderldine base PANI concentration played a critical role in determining the degree of Au
nanoparticles aggregation, and the interaction of emderldine base PANI with Au or Ag colloids
were probed by using surface-enhanced resonance Raman scattering (SERRS).

Tanami et al. [78] employed the Langmuir-Blodgett (LB) method to deposit multilayers of
PANI and mercaptoethane sulfonate-stabilized Au nanoparticles, where the electrostatic
interaction between the negatively charged Au nanoparticles in the subphase and the positively
charged PANI at the air-water interface was thought to assist the deposition of PANI-Au hybrid
film onto a solid support (Fig. 5). They found that the acidity of the subphase as well as the
nanoparticles concentration were used to tune the density of Au nanoparticles in the monolayer.
Poly(3-hexylthiophene)-Au hybrid film was also maintained using similar method [79]. In
addition, PANI-Au [61, 80-82], and PANI-Pt [83] hybrid films were formed through the

electrostatic layer-by-layer self-assembly process.

Fig. 5

CPs suspended in a poor solvent maintain their original nanostructure, and the complex with
NMNPs will lead to CP-NMNP hybrids with the desired configuration. The driving forces for
NMNPs adsorbed on surfaces of CPs also rely on chemical and electrostatic interactions among

them [84, 85].
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Spherical PANI nanostructures are normally synthesized using polystyreme (PS) as template
through a chemical polymerization route. For example, PS nanospheres (400 nm in diameter) were
used as template for the formation of PS-PANI core-shell spheres, followed by immersing in Au
(20 nm in diameter) colloidal solution for a specified duration to capture Au nanoparticles on
surfaces of PANI through electrostatic interactions, leading to the formation of PS-PANI-Au
three-component hybrids [86-88]. The PS core in PS-PANI-Au three-component hybrids may be
selectively removed through dissolution with tetrahydrofuran, resulting in PANI-Au hollow

hybrids (Fig. 6) [89].

Fig. 6

For endowing the CP-NMNP hybrids a magnetic property, superparamagnetic Fe3O4
microspheres showing dual functionalities of template and magnetism may be chosen as magnetic
template for loading CPs and NMNPs. Xuan et al. [90] reported the formation of FezOs-PANI-Au
core-shell hybrids. In the preparation, the superparamagnetic FesOs-PANI with well-defined
core-shell nanostructure was first synthesized via an ultrasound-assisted in situ surface
polymerization method with poly(vinylpyrrolidone) (PVVP) modifier, and then Au nanoparticles (4
nm) were assembled onto the surface of the as-synthesized FesOs-PANI core-shell microspheres

via electrostatic attraction (Fig. 7). Similar structures could also be found elsewhere [91, 92].

Fig. 7

Magnetic FesO4 particles with diameters limited to nanometers, may be assembled in a polymer
shell. For example, Kong et al. [93] formed PS-Fes04-PANI core-shell hybrids by coating a layer
of PANI on an assembly of FesO4 nanoparticles (5 nm) on the surfaces of sulfonated PS. Hollow
spheres were obtained after Au nanoparticles adsorption and PS template removal,
PANI-Fe;04-Au.

CPs with one-dimensional nanostructures of typical nanofiber/nanowire and nanotube have
been used to capture NMNPs to form one-dimensional CP-NMNP hybrids. For example,

self-doped PANI nanofibers [94, 95], PANI [96-98] and PPY [99] nanotubes, and PANI coated
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carbon nanotubes [100-103] were used to immobilize Au nanoparticles through the electrostatic

effect to fabricate the CP-NMNP hybrids.

2.2. CPs and noble metal ions

CP-NMNP hybrids may be formed by in situ reduction of noble metal ions on pre-synthesized
CPs with pre-determined nanostructures. Nanostructured CPs not only supply a support for
NMNPs, but also act as an effective reductant for the reduction of noble metal ions to form
NMNPs.

The concept of making CP-NMNP hybrids using oxidation-reduction interaction between CPs
and noble metal ions was primarily reported by Kang and coworkers, where the CP of PANI was
utilized to recover Au from chloroauric acid solution [104]. As shown in Fig. 1, PANI possesses
several oxidation states, from the fully oxidized pernigraniline to the fully reduced
leucoemeraldine. The electrochemical oxidation and reduction in agueous HCI solution in the pH

range of 1-4 involves the following reactions [105]:

Scheme 1
Scheme 2
Scheme 3

Scheme 4

The oxidation of PANI from leucoemeraldine to emeraldine salt (Scheme 1) is pH independent
and has an oxidation potential of about 0.1 V vs SCE, while the oxidation of PANI from
emeraldine salt to pernigraniline (Scheme 2) is pH dependent and has an oxidation of about 0.7 V
vs SCE. Treatment of pernigraniline with HCI gives rise not to protonated pernigraniline but
involves reduction to produce a emeraldine salt (reverse reaction of Scheme 2) [106]. Thus, in
chloroauric acid solution, the imine nitrogens of the emeraldine base are first protonated by HCI
(Scheme 3). PANI has a reduction potential slightly lower than typical Au, Ag, Pt and Pd ions [107,
108]. As a consequence, for example, the presence of Au ions results in the spontaneous
deprotonation via oxidation of PANI from emeraldine salt to pernigraniline and reduction of Au

ions to metallic state (Scheme 4). The pernigraniline, in turn, is readily reprotonated and reduce to
12



emeraldine salt in an acidic medium (reverse reaction of Scheme 2), providing a redox reaction
recycle [109]. Similar reactions occur with other CP and metal ion pairs. e.g., with PPY and Pd

ions [110, 111].

The synthetic parameters that influence the recovery of Au by PANI polymer film were
emphasized in early reports. The Au reduction rate was strongly dependent on the intrinsic
oxidation state of PANI, pH, reaction temperature and surface area of PANI polymer: 1) PANI in
the fully reduced state of leucoemeraldine led to increased Au reduction rate due to addition
contribution from Scheme 1; 2) higher pH value resulted in decreased Au reduction rate (referring
to PANI emeraldine salt), which agreed well with the electrode potential response with acidity of
the solution; 3) higher temperature led to increased Au reduction rate as the redox reaction was
endothermic; 4) higher effective contact area between PANI film and chloroauric acid solution led
to increased Au reduction rate (implying PANI nanostructures should show enhanced Au reduction
rate than PANI film) [104, 112]. The PANI film in leucoemeraldine state could accumulate up to
five times its own weight of Au (Au/monomer mole ratio > 2) [104]. During the recovery of Au by
PANI film, the PANI underwent degradation, ring substitution by chlorine, and a loss of material
into solution. The degradation was due to the higher propensity of the polymers when existing in a
higher oxidation state to undergo hydrolysis reactions to soluble products [112].

In the past two decades, more attention has been paid to the rational nanoscale configuration
control over CP-NMNP hybrids as morphology and size of their components of CPs and NMNPs
and interactions between them play vital roles in determining their properties and applications. In
general, the size of NMNPs is largely depended on the nature and morphology, doping state, and
even surface texture of CP nanostructures, whereas the morphology of CP-NMNP hybrids mainly
lies on the configuration of CP nanostructures.

2.2.1. Without additive

In the standard procedures for the synthesis of PANI via the oxidation polymerization of aniline by
ammonium persulfate in strong acid solution (such as 0.5 M H»S0O4) at 0 °C, PANI powders with
irregular agglomerates were normally formed [113]. Wang et al. [114] reported that after alkali
dedoping in the emeraldine base state PANI powders were used to obtain Au nanoparticles in

PANI via the reduction of AuCls by PANI in either aqueous or NMP media. The size of the Au
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nanoparticles depended on the reaction medium and the initial ratio of metal ions to PANI. The Au
nanoparticles were about 20 nm and 50-200 nm when the reduction of AuCls; was carried out in
NMP solutions of PANI and in the powder form of PANI in aqueous media, respectively. Larger
Au nanoparticles were obtained with higher molar ratio of AuCls; to PANI. The limited sites for Au
accumulation accounted for the increase in Au size. Moreover, the largest Au nanoparticles were
obtained when an acidic medium was used, attributed to possible agglomeration resulted from
increased reaction rate. In the case of making Pd nanoparticles, as the reaction of emeraldine base
powder with Pd(NOs), was very slow in both aqueous and NMP solutions, PANI in the
leucoemeraldine state instead of the emeraldine base state was used to obtain Pd nanoparticles
with size of about 150 nm. Using a similar synthesis but with PANI in emeraldine salt state, Pd
nanoparticles with size of about 1.5 nm were achieved in PANI and PPY matrix [115], which
might be caused by the low reaction rate.

Spherical PANI coated on SiO, [116] or PS [117] surfaces was studied for deposition of Au
nanoparticles. Although it was not possible to obtain homogeneous Au coatings, PS-PPY
core-shell nanospheres randomly decorated with 40-60 nm Au nanoparticles obtained under
conditions of dedoped CPs and high pH = 7 [117] were believed to slow down the reaction rate
and favor the formation small-sized Au nanoparticles. Spherical PPY nanopsheres (50-150 nm)
were also applied as reactive template for loading Au nanoparticles, where 100-200 nm Au
nanoparticles were agglomerated on the PPY particle surface [118]. In addition, 1, 5-naphthalene
sulfonic acid-doped PEDOT hollow spheres (538 nm in diameter) were treated with Ag ions, and
PEDOT-Ag yolk-shell nanostructures were fabricated with Ag size of 80-180 nm. The
confinement of Ag inside PEDOT shell might be related to the special treatment of removing
unwanted Ag ions outside before redox reaction [119].

In comparison with PANI powders and latex particles, PANI nanofibers show obvious
advantageous of high surface area and dispersion ability in aqueous solution, and have been used
to prepare Au nanoparticles limited to several nanometers. Several groups [120-127] reported that
a relatively uniform distribution of nanometer-sized Au nanoparticles were created by controlling
the time and temperature of a reaction between dedoped PANI nanofibers and chloroauric acid.
The temperature played the determining role in control the size of Au nanoparticles. For example,

when the reaction and dialysis purification were both controlled below 25 °C, the average size of
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Au nanoparticles was in the range of 1-6 nm (Fig. 8). However, although PANI nanofibers provide
some stabilization for particle growth, the interactions between the PANI chains and Au
nanoparticles are not strong enough to guarantee their long-term stability. Therefore, Au
nanoparticles with size < 1 nm on PANI nanofibers tend to form sizable aggregates and crystallites
[125]. Similar phenomena were also evidenced in the case of using FesOs-PANI core-shell spheres
for Au deposition [128]. When HCI-doped PANI nanofibers were used, Au nanoparticles with
similar size of about 2 nm on PANI nanofibers were also attained [129]. In fact, acid protonating
PANI was not important for the ability of PANI to reduce Ag ions and also had little effect on the

size of Ag nanoparticles [130].

Fig. 8

Moreover, PANI with other morphology and hybrid with other materials, have been applied as
reactive support for loading NMNPs. For example, PANI nanotubes were used to load Ag globular
and triangular nanoparticles with size of about 50-120 nm [4, 131-133]; sulfonated PANI
nanotubes with sulfonic groups introduced in the main chains of PANI were used to load Au
nanoplates (80-200 nm) [134, 135]; fibrillar PANI sulfonic acid/ribonucleic acid (RNA) hybrids
were used to load Au nanoparticles (~50 nm), where the Au nanoparticles showed as a mixture of
different shaped Au nanoparticles (triangular, pentagonal, hexagonal, spherical etc.), and flower
like and spherical morphology of Au nanoparticles were maintained by altering the composition
between PANI and RNA [136]; HCI-doped PANI-PPY nanofibers (100-200 nm in diameter) were
used to load Ag nanocubes (50-200 nm in diameter), and an increased PPY content in PANI-PPY
nanofibers led to an increase in Ag particle size accompanied by a decrease in surface coverage
[137]; HCI-doped PANI-coated cellulose fibers (20 um in diameter) were used to load Ag
nanoparticles (50 nm in diameter) [138]; phosphotungstic acid-doped PANI-coated multi-wall
carbon nanotubes were used to load Pd (10-20 nm), Pt and Rh (2-4 nm) nanoparticles by the
microwave-assisted polyol method [100]. Moreover, Au nanoparticles with hexagonal, pentagonal,
triangular, rod-like structures were reported through a interfacial redox process using
poly(o-methoxy aniline) (POMA) polymer, where the transfer of Au nanoparticles from aqueous

to organic phase was accomplished using the reducing and solubility properties of POMA in
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chloroform. The formation of differently shaped nanoparticles was proposed from catalytic
reduction of Au ions by POMA on the Au seed surface followed by the growth of nanoparticles
from the exposed Miller planes of seed surfaces [139].

In the case of CP films/membranes, the loaded NMNPs are always shown as micro-sized
complex structures. Xia et al. [140] reported that Au quasi microspheres deposited on the
PANI/polyacrylonitrile blend films were obtained. Shih et al. reported that fractal-like Pt
microparticles conglomerates of many small Pt nanoparticles (<10 nm) were fabricated on
camphorsulfonic acid-doped PANI membranes, whereas sheet-like Pt microparticles composed of
smaller densely packed Pt nanoparticles were fabricated on undoped PANI membranes [141]. Gao
et al. [142] reported that Pd particles grown on top of the porous PANI membrane (Pt size: 200 nm)
and on top of the dense PANI film (Pt size: 500 nm) both consisted of many much smaller Pt
nanoparticles (13 nm) were obtained. Wang and coworkers [143-145] reported that homogeneous
Ag nanosheet assemblies with well-defined three-dimensional nanostructures were fabricated on
PANI membranes. They also showed that by varying the nature of the dopant of PANI membranes,
Ag nanostructures with fiber, sheet, cube, yarn-ball, and leaf-like morphologies were fabricated.
Although the detailed growth mechanism related to the dopant-dependent morphology remain
unknown, the morphological difference corresponding to various dopants was ascribed to
influence by the surface energy of the membrane (manifested by the water contact angles) that
were tuned by the nature of the dopants and the redox states of the PANI membrane [146]. The
effect of thickness of the CPs films was also revealed, with thicker PANI films favoring the
formation of larger and dense Au nanoparticles [147].

In addition to load a single component of NMNPs on PANI membranes, Au-Ag alloys with
hierarchical structure can also been fabricated using a similar strategy. For example, jellyfish-like
Au-Ag alloys through sequential chemical deposition on a PANI substrate were developed (Fig. 9)
[148]. The formation of Au nanoparticles on the PANI membrane by way of self-assembly was
simply achieved by immersing the PANI membrane into AuCls aqueous solution, followed by
immersion in AgNOs aqueous solution to allow deposition of the Ag metal. PANI was essential for
the generation of such jellyfish-like Au—Ag alloys, which served the role of mediating electron

transfer to reduce Ag ions and oxidize Au nanoparticles simultaneously.
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Fig. 9

2.2.2. With additive

In order to obtain NMNPs with smaller size (< 10 nm) together with higher stability, additional
stabilizer are always needed in the synthesis. During the growth process of NMNPs, CPs interact
with NMNPs only on the contact side, with the other parts of the NMNPs not effectively protected,
so that the neighboring NMNPs will aggregate with each other and result in even,
micrometer-sized noble metal particulates. Therefore, the growth of noble metal nuclei will be
retarded and the aggregation phenomenon will be prevented if the other surfaces of the as-formed
noble metal nanoclusters are effectively capped by additional stabilizer. That is thought to result in
evenly deposited nanosized NMNPs on the surfaces of CPs.

2.2.2.1. Functional doping acid

In comparison with undoped CPs, a common acid protonating of PANI has little effect on the
size of NMNPs [130]. This may be related to the weak interactions between doping acid and
NMNPs that the common doping acid cannot influence the nuclei and growth of NMNPs.
However, when a doping acid with functional groups showing strong affinity towards NMNPs is
doped to CPs, then the growth and aggregation of noble metal nuclei will be retarded resulting in
the formation of NMNPs with smaller size and CP-NMNP hybrids with high uniformity.

For example, the conventional polyelectrolyte polyacrylic acid (PAA) was chosen to hybrid
with PANI because PAA not only made the colloidal particles hydrophilic, but it also bound and
pulled noble metal ions to the PANI colloids. Li et al. [149] reported that the synthesis of PANI
colloid nanoparticles consisted of a spherical outer layer that was PAA rich and an inner core that
was a homogeneous mixture of PANI and PAA. The reduction of Ag ions took place either within
or on the surface of the PANI colloid nanoparticles. The process involved incrementally adding Ag
ions solution to aqueous PANI colloid nanoparticles. The Ag nanoparticles (3 nm in diameter)
appeared to form a shell about 10 nm thick around the surface of the PANI colloidal nanoparticles,
whereas the core structure of the PANI colloids was free from Ag nanoparticles. When using nitric
acid doped PANI colloid nanoparticles instead of undoped PANI colloid nanoparticles to
synthesize Ag nanoparticles following the same procedure, all of the Ag nanoparticles resided

strictly within the core of the PANI nanoparticles. The difference was explained by the charges on
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the polymer chains and the counter ions (dopants) that opened the pores in the doped PANI colloid
nanoparticles. As the pores open, Ag ions diffused into the core of PANI colloid nanoparticles and
got reduced to form Ag nanoparticles. As for the undoped PANI colloid nanoparticles, most Ag
ions were reduced on the surface of the PANI colloid nanoparticles, which then dispersed
throughout the solution.

Another example is to introduce thioglycolic acid (TA) in PANI nanofibers for the formation of
Au nanoparticles with size limited to 10 nm [150]. Different doping acid, such as citric acid,
camphorsulfonic acid, and TA were chosen for comparison. In comparison with the case of
dedoped PANI nanofibers, the uniformity of Au nanoaprticles improved when citric acid doped
PANI nanofibers were used, and became better when camphorsulfonic acid-doped PANI
nanofibers were chosen. However, Au nanoparticles with size exceeds 100 nm apart from PANI
nanofibers were still seen in the products, showing that citric acid and camphorsulfonic acid doped
in PANI nanofibers could not effectively protect aggregation of Au nanoparticles. In the case of
TA-doped PANI nanofibers, almost all Au nanoparticles (2-10 nm in a controlled manner) were
evenly deposited on surfaces of PANI nanofibers, and the uniformity of such hybrid nanofibers
was near 100% (Fig. 10). Therefore, in comparison with the use of dedoped or either citric acid or
camphorsulfonic acid-doped PANI nanofibers, in the case of TA-doped PANI nanofibers Au
nanoparticles formed during early stage of the reaction would be located on surfaces of PANI
nanofibers, and other surfaces in addition to contact sides were effectively protected by TA. It was
concluded that a doping acid that showed strong affinity toward Au nanoparticles introduced to
PANI nanofibers would effectively prevent aggregation of Au nanoparticles which led to the
formation of uniform hybrids with Au nanoparticles evenly deposited on surface of PANI
nanofibers. Using a similar method, TA-doped PANI nanotubes were also loaded with Au

nanoparticles with size limited to 10 nm [151].

Fig. 10

2.2.2.2. PVP
PVP, as a commonly used protection reagent for Au nanoparticles, shows potential for the

formation of Au nanoaprticles on CPs. Han and coworkers [19, 152] reported the synthesis of
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well-defined Au nanoparticles with tunable size (3-20 nm) supported on shells of
poly(o-phenylenediamine) (POPD) microspheres. The choice of POPD was based on the fact that
this polymer had higher density of imine groups than PANI. If PVP was not used, besides the
formation of Au nanoparticles supported on POPD hollow microspheres some micrometer-sized
Au aggregates apart from the microspheres could be seen (Fig. 11a), whereas Au nanoparticles of
3 nm exclusively located on surfaces of POPD hollow microspheres were obtained in the presence
of PVP (Fig. 11b). During the growth process of Au nanoparticles, POPD interacted with Au
nanoclusters only on the contact side and the other parts were not effectively protected so that the
neighboring Au nanoclusters would aggregate with each other and resulted in even,
micrometer-sized Au particulates in the absence of PVP. In the presence of PVP, the other parts of
the Au nanoclusters were effectively capped by PVP, which prevented the aggregation
phenomenon, resulting in evenly deposited Au nanoparticles on the surfaces of the POPD hollow
microspheres. If Au seeds (20 nm) were pre-adsorbed on surfaces of POPD hollow microspheres,
addition of PVP and then chloroauric acid into the aqueous solution led to Au nanorods supported
on hollow polymer microspheres through a well-known seed-mediated strategy [153-155]. Other
NMNPs, such as silver nanoparticles, supported on polymer hollow microspheres could also be

obtained by using the same synthetic procedure.

Fig. 11

2.2.2.3. Surfactant

Xu et al. [156] investigated the effect of different surfactant on the formation of Au nanoparticle
by an in situ reduction reaction of chloroauric acid on the PPY nanotubes. Cationic surfactant
cetyltrimethylammoniumbromide (CTAB), the anionic surfactant sodium dodecyl sulfonate (SDS),
and the non-ionic surfactant polyoxyethylenesorbitan monooleate (Tween-80) were selected as
stabilizers. In the absence of a surfactant, although some small Au nanoparticles with an average
diameter of 13 nm were dispersed uniformly on the nanotubes, large Au nanoparticles with an
average diameter of 80 nm were also present because of the overgrowth of the Au nanoparticles.
In the presence of CTAB, almost no Au nanoparticles were deposited on the PPY nanotubes

because of the repulsive electrostatic interactions of CTAB and PPY. When SDS was used as a
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stabilizer, large Au nanoparticles with diameters of about 50 nm were formed on the surface of the
PPY nanotubes, which indicated that the protecting function of SDS was not quite as good in this
case. Using the non-ionic surfactant Tween-80, Au nanoparticles with an average diameter of 13

nm were uniformly distributed on the PPY nanotubes (Fig. 12).

Fig. 12

2.2.3. With physical barrier

The addition of a functional stabilizer to control aggregation of NMNPs on CPs has some
limitations. For example, the functional doping acid introduced for the formation of nanosized
NMNPs only exists in acidic conditions and will be dedoped under basic conditions. As a result,
the removal of functional doping acid in basic environment will subsequently cause instability of
NMNPs, which eventually limits their application, especially in catalysis in basic conditions. As a
result, CP- NMNP hybrids insensitive to pH are highly desirable.

The basic idea is construct nanobarriers on surfaces of CPs. In most reported CPs with spherical,
fibrous or tubular nanostructures, the outer surfaces are always smooth. As described in the
preceding, during the in situ formation of NMNPs, besides the contact sites of noble metal nuclei
with polymer matrix, other surfaces are not protected and then the neighboring noble metal nuclei
will aggregate leading to overgrowth of NMNPs. If the noble metal nuclei may be effectively
isolated by nanobarriers, their overgrowth may be inhibited. One solution is to make rough surface
of CPs [157]. As reported, surface-patterned fibrous poly(o-toluidine) (POT) were successfully
fabricated from fibrous POT with smooth surfaces by a swelling-evaporation strategy [158]. The
roughness came from short nanofibers (5-10 nm in diameter) perpendicular to fibrous surfaces
(Fig. 13a). The rough surfaces of POT nanofibers composing short POT nanofibers on surfaces
acted as nanobarriers to isolate noble metal nuclei and therefore prevented their aggregation and
overgrowth. The size of Au nanoparticles on POT nanofibers with smooth surfaces was in the
range of 80-100 nm, whereas that was mainly 2-5 nm on POT nanofibers with rough surfaces (Fig.

13b).

Fig. 13
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Another strategy is to introduce mesoporous SiO, (m-SiO2) shells with nanochannels on
surfaces of CPs [159]. Han et al. [160] developed Fe3O4/PANI/m-SiO hybrid core/shell spheres as
novel and robust reactive supports to produce highly stable and recyclable Au nanoparticles.
Specifically, FesO4/PANI/m-SiO2 hybrid core/shell spheres were first fabricated, followed by the
addition of Au ions to initiate the redox reaction between PANI and Au ions to yield Au
nanoparticles (5-10 nm) on PANI surfaces (Fig. 14). The introduction of m-SiO; shells not only
acted as a barrier to control Au nucleation and further prevented Au coagulation, but also

functioned as a channel for mass transfer of reagents involved in catalysis applications.

Fig. 14

2.3. Monomers and NMNPs

In this approach, NMNPs with desirable size and morphology are synthesized in advance, and
then the commonly used oxidant is added into the colloidal solution containing NMNPs and
monomers, followed by the polymerization of monomers to form CP-NMNP hybrids. During the
polymerization, the monomers, oligomers or polymer chains will adsorb onto the surfaces of
NMNPs through chemical and/or electrostatic interactions to generate the CP-NMNP hybrids of
typical core-shell nanostructures [161-163].
2.3.1. Without additive

The most commonly used NMNPs are citrate-stabilized Au nanoparticles as synthesized
through a well-established citrate reduction route [164] due to the simple synthetic conditions, and
the fine-tuned diameter (10-25 nm) and morphology of Au nanoparticles. However, only
aggregated Au nanoparticles covered with CPs and bare CPs were obtained when APS was added
into the colloidal solution containing citrate-stabilized Au nanoparticles and monomers [165]. This
may be rationalized as follows: 1) citrate is not an excellent stabilizer for Au nanoparticles,
consistent with the observed aggregated Au nanoparticles that develop after ageing for several
days; 2) monomers will be present in the whole water phase, but not specifically on the surfaces of
Au cores. Thereafter, the polymerization occurs not only on the surfaces of Au nanoparticles but

also in the solution phase, which leads to aggregated Au nanoparticles covered with CPs and CPs
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without Au nanoparticles embedded, respectively. In order to obtain well-defined uniform
CP-NMNP core-shell nanostructures, the surfactant or functional stabilizer is always needed in the
synthesis.

2.3.2. With additive

2.3.2.1. Nonionic surfactant F127

Surfactant added to a colloidal solution of Au nanoparticles, will locate on the Au/water
solid/liquid interfaces as a monolayer to reduce the interface energy. As such, the stability of Au
nanoparticles will be enhanced. After adding monomers, they will locate close to the hydrophobic
regions because of the hydrophobic features of most commonly used monomers (with aromatic
moiety exhibiting low solubility in water). When initiated by an oxidant, the polymerization will
occur on the surfaces of Au nanoparticles where monomers exist, leading to the formation of
uniform CP-Au core-shell hybrids.

In the earlier report, Sarma et al. [166] synthesized PANI-Au hybrids using H.O; as oxidizing
as well as reducing agents. Au colloids were formed by addition of H,O, to chloroauric acid
aqueous solution, followed by the addition of aniline solution (in 1 M HCI solution) in several
portions to initiate the polymerization of aniline with excess H20», leading to the formation of
PANI-Au hybrids. In their later report [167], an anionic surfactant SDS was introduced as the
stabilizer in a similar synthesis. The morphology of PANI-Au hybrids was not given in either case.

Han et al. [165] systematically studied the effect of surfactant concentration on the resulting
morphology of CP-Au hybrids. They chose a nonionic surfactant poly(ethylene
oxide)-poly-(propylene oxide)-poly(ethylene oxide) triblock copolymer, Pluronic F127 as an
example. First, the surfactant F127 and o-toluidine monomers were introduced to citrate-stabilized
Au colloids, followed by the chemical polymerization of monomers with APS oxidant to afford a
POT shell around each Au nanoparticle. Results showed that the addition of F127 at a
concentration lower than critical micelle concentration (CMC) was critical for the synthesis of
well-defined uniform POT-Au core-shell hybrids.

It is well known that micelles may form if the surfactant concentration reaches its CMC,
whereas only surfactant molecules dispersed in solution when the surfactant concentration is lower
than CMC. Therefore, it is believed that the polymerization environments will be completely

different at altered surfactant concentration, believed to affect the morphology of hybrids. When a
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surfactant is added below its CMC, most surfactant molecules will adsorb on surfaces of Au
nanoparticles with its hydrophobic chains heading to surfaces of Au nanoparticles and the
hydrophilic chains heading to the water phase. After adding monomers, they will be solubilized in
the hydrophobic regions close to Au surfaces. Finally, uniform CP-Au core-shell nanoparticles
may be fabricated after polymerization of monomers. If the surfactant concentration exceeds CMC,
beside the surfactant molecules adsorbed on surfaces of Au nanoparticles, micelles may be formed
in the solution phase. The monomers added will be mostly solubilized in the hydrophobic cores of
micelles. Thus, the polymerization of monomers in micelles will result in the formation of POT
nanoparticles without Au cores. The concept has been applied to the synthesis of various CP-Au
core-shell hybrids with varied chemical structures of CP, and size and shape of Au nanoparticles

(Fig. 15).

Fig. 15

In their continuing report Han et al. [168], showed that POMA-Au core-shell hybrids
synthesized with the aid of F127 may be transformed into yolk-shell hybrids through a novel
swelling—evaporation strategy. Specifically, uniform POMA-Au core-shell hybrids with a single
Au core (15 nm in diameter) embedded in each polymer particle (100 nm in diameter) were
dispersed in a common solvent, such as ethanol. Due to the swelling property of the POMA
polymer with ethanol, POMA shells of POMA-Au core-shell hybrids would be in the swollen state.
After saturation swelling of the POMA polymer, ethanol solvent was then evaporated under
ambient conditions. During the evaporation process, ethanol molecules inside POMA shells,
together with POMA polymer chains, moved outside, creating voids between the Au core and
POMA shell. The solvent used played the determining role in the formation of POMA-Au
yolk-shell hybrids (Fig. 16). The proposed sacrificial template-free strategy is in contrast to

commonly used sacrificial template strategy for making PANI-Au yolk-shell nanostructures [169].

Fig. 16

In addition to symmetric POMA-Au core-shell hybrids, asymmetric POMA-Au core-shell
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hybrids may be synthesized by addition of Au colloids into the polymerizing system containing
monomer and APS oxidant, with particular polymerization times [170]. The asymmetry degree
(AD) was applied to quantitatively define the eccentricity of the Au core in the POMA bead.
Asymmetric POMA-Au core-shell hybrids with different ADs were synthesized by adding Au
colloids into the POMA polymerization system after the polymerization proceeded for different
times. The AD of POMA-Au core-shell hybrids decreased from 1.0 to 0.8, 0.5, and 0.1 when the
addition time of Au colloids was fixed at 60, 50, 10 and O s, respectively. After the
swelling-evaporation processes, POMA-Au hollow hybrids with a single Au nanoparticle
encapsulated in each shell of POMA hollow spheres (yolk-in-shell structure) were found when the
AD for POMA-Au core-shell hybrids was higher than 0.8. If the AD decreased to 0.5, the Au
cores were encapsulated in both the porous shells and hollow interiors of POMA hollow spheres

(Fig. 17).

Fig. 17

2.3.2.2. Anionic surfactant SDS

The anionic surfactant SDS is another commonly used surfactant for the synthesis of CP-Au
hybrids. Xing et al. [171] prepared CP-Au core-shell hybrids with the aid of SDS. The
citrate-stabilized Au colloids (22 nm in diameter) were synthesized in advance, followed by
addition of surfactant SDS. The adsorption and in situ polymerization of aniline or pyrrole on the
surface of Au nanoparticles by APS oxidant gave uniform polymer shells. The shell growth was
kinetically controlled, where the PANI was successively grown on Au nanoparticles by multiple
growth cycles with shell thickness controlled in the range of 14-92 nm. They also showed that the
aggregation of Au nanoparticles were controllably promoted in this system by simply timing SDS
addition, to give linearly aggregated cores of 2-20 Au particles (Fig. 18). Similar to the synthesis
of CP-Au spherical core-shell hybrids in Au colloidal solution with the aid of SDS, CP-Au
rod-like core-shell hybrids with Au nanorods as cores, such as PANI-Au nanorod core-shell
hybrids [172, 173] and PPY-Au nanorod hybrids [174], have been reported. In addition, if the
aniline was introduced from the vapor phase to the solution containing Au colloids, SDS and

oxidant H202, PANI-Au core-shell hybrids with more than one Au nanoparticle were obtained
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[175]. If Au nanoparticles were first assembled on surfaces of SiO, nanoparticles through
electrostatic interaction, the polymerization of aniline in the presence of SDS could lead to the
formation of well-defined three-layered SiO,-Au-PANI core-shell hybrids with numerous Au

nanoparticles encapsulated in a single PANI shell [176].

Fig. 18

For polymerization of aniline initiated by oxidant chloroauric acid in Au colloidal solution with
the aid of SDS, the simultaneous growth of Au and PANI on Au seeds led to the formation of
fractal architectures [177]. By controlling different growth rates of Au and the PANI shell, the
anisotropic growth of Au at the exposed tips of the branches (branching growth) were promoted
while minimizing the core growth. The PANI shells prevented aggregation and maintained
colloidal stability of the hybrids. In addition, pre-fabricated Au seeds of uniform diameter were
used to control size distribution of the dendritic hybrids (Fig. 19). Using the same reaction system,
they showed that seeding were applied to controlling the growth of two-dimensional PANI-Au

dendritic nanostructures on sample grids [178].

Fig. 19

During the synthesis of PANI-Au core-shell hybrids in Au colloidal solution with the aid of
SDS, if the oxidant is changed from APS to H>O, only oligoaniline (OANI) formed on surfaces of
Au nanoparticles (OANI-Au core-shell hybrids) [179]. Since oxidation of monomers by a weak
oxidant in neutral pH condition gives oligomers that are rich in amine groups, capable of being
oxidized further. When OANI-Au core-shell hybrids were further treated with a stronger oxidant,
chloroauric acid, the amine groups of OANI were oxidized to imine groups and form PANI in
“pernigraniline” state. If the OANI shell on Au nanoparticles was partially oxidized to PANI, the
decrease in solubility allowed the unreacted shell section to be easily dissolved away using
2-propanol, leading to uniform PANI-Au yolk-shell hybrids (Fig. 20). The ionic diffusion through
the polymer shell was the rate-determining step in the overall process. Conservative estimates

showed that the diffusion coefficient of AuCls; was at least 700 times slower than that of the
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typical rate values in traditional studies, which was most likely caused by the lack of micropores

in the polymer structures.

Fig. 20

If the polymerization of pyrrole is initiated by AgNO3 instead of APS in Au colloidal solution
with the aid of SDS, triple-layer PPY-(Au@Ag) core-shell hybrids were fabricated. The Ag and
PPY layers were generated simultaneously from the redox reaction between pyrrole and AgNOs,
and Ag was found to diffuse through the PPY shell and deposit isotropically on the Au surface due
to the close lattice constants of the two NMNPs. The intermediate Ag layer in the triple-layer
nanoparticles were easily etched by NHs; in the presence of O, without affecting the Au core,
resulting in the formation of PPY-Au yolk-shell hybrids [180].

A novel hybrid vesicle Au@vesicle formed by the polymerization of thiophene initiated by
H,0, and FeCl; in Au colloidal solution with the aid of SDS (Fig. 21) [181]. The SDS
concentration was found to play the determining role in the hybrid morphology: when the SDS
concentration decreased from 5.0 to 2.5 mM while keeping other conditions unchanged, the
morphology of the resulting hybrids changed dramatically from PTH-Au core-shell to Au@vesicle
nanoparticles. The number of vesicular cavities in one nanohybrid was highly correlated with the
size of the seed nanoparticles as larger Au seeds resulted in increase in the number of cavities. The
surface polymerization of thiophene to PTH on Au nanoparticles and their simultaneous
over-oxidation to thiophene sulfone subunits were proved to give rise to polymers with both
hydrophobic and hydrophilic subunits. Phase-segregation of this amphiphilic polymer was

proposed to lead to the formation of vesicles.

Fig. 21

It has been demonstrated that completely encapsulated core-shell nanostructures are common,
particularly if the shell is made of polymer or amorphous material such as silica [171, 182].
Therefore, through in situ polymerization of monomer in NMNP colloid solution with the aid of a

surfactant, CPs are well-coated on surfaces of NMNPs as CP-NMNP core-shell hybrids. The
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morphology of hybrids is largely determined by the configuration of NMNP seeds, and spherical
and rod-like morphology is commonly seen in CP-NMNP core-shell hybrids. If the NMNPs are
first coated with other materials and then also may be chosen as seeds for further coating of CPs
using similar route, the morphology of the resulting hybrids will be determined by the middle
component and the removal of the middle component will lead to the formation of CP-NMNP
yolk-shell hybrids. A typical example was reported by Sindoro et al [183]. In their synthesis,
citrate-stabilized Au colloids were first coated with single-crystalline phase of perylene to form
perylene-Au core-shell nanocuboids, and such perylene-Au core-shell nanocuboids were also
regarded as seeds for further PANI coating with the aid of SDS, resulting in the formation of
PANI-perylene-Au ternary core-shell hybrids. After release of the perylene, PANI-Au yolk-shell

nanostructures were formed (Fig. 22).

Fig. 22

2.3.2.3. Anionic surfactant SDS and diblock copolymer

A multiple-petal morphology with the Au nanoparticles encapsulated by hybrid polymers (PANI
+ PSPAA) by treatment of spherical PANI-Au core-shell hybrids with the diblock copolymer
polystyrenesss-block-poly(acrylic acid)so (PSPAA) (Fig. 23) [184]. The inserted PSPAA assembly
that led PANI to form a petal-like shell on the Au surface. It was proposed that the morphology of
the shell underwent a transformation to decrease the surface energy to the utmost by forming a

petal-like shell to increase the volume and finally minimized the surface energy/volume ratio.

Fig. 23

2.3.3. Other methods

In addition to aqueous phase NMNPs seed-growth route with the aid of a surfactant for
CP-NMNP hybrids [185], other methods are also available for such hybrids. Dong et al. [186]
reported the synthesis of PANI-Au core-shell hybrids by in situ polymerization of aniline using
poly(N-isopropylacrylamide)-co-poly(acrylic acid)/Au hybrid microgel particles as a template.

Surface initiation approach was reported for filament-like PANI attached to Au
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nanoparticles/nanorods, where Au nanoparticles stabilized by surfactant 10-bromodecylperoxide
carrying peroxide group can initiate aniline polymerization without additional oxidant when the
Au nanoparticles were added to an aniline solution [187]. A two-phase polymerization route was
reported to generate PANI-Ag hybrids [188]. In the preparation, the dodecanethiol-stabilized Ag
nanoparticles were prepared and acted as nucleation centers for PANI growth to obtain the
PANI-Ag hybrids through a two-phase water-toluene interfacial reaction. Different structures of
the hybrids, such as a thin sheet of PANI around the silver nanoparticles or a PANI mass with
nanoparticles homogeneously embedded within it, were obtained by rigorously controlling the
reaction time. Interfacial polymerization was also reported to generate PANI nanofibers grafted to
Au surfaces by placing the 4-aminothiophenol treated Au substrate at the interface of a biphasic
solution of dopant and aniline monomer [189]. Katre et al. [190] synthesized Au nanoparticles by
y-irradiation method using aniline as a stabilizer, and further addition of APS oxidant to initial the
polymerization of aniline monomer to obtain PANI-Au core-shell hybrids, where several Au

nanoparticles were often seen in a single PANI nanoparticle.

2.4. Monomers and noble metal ions

Co-precipitation of CPs and NMNPs to hybrids means that the reduction of metal ions and
oxidation polymerization of organic monomers are simultaneous. For realizing the simultaneous
formation of CPs and NMNPs nanostructures, the most commonly-used approach is that oxidation
polymerization of monomers to CPs is induced by the reduction of noble metal ions to NMNPs,
where CPs and NMNPs will be generated and deposited at the same time, resulting in the
formation of CP-NMNP hybrids [191-193]. The polymer oligomers locate on surfaces of newly
formed noble metal nuclei to lower down the surface energy. As a consequence, in the CP-NMNP
hybrids obtained, normally NMNPs show as core and CPs show as shell. After optimization of
synthetic conditions, well-dispersed NMNPs in bulk CPs may be formed. The morphology of the
hybrids prepared with this procedure is probably varied from sphere-shaped structure to film, and
even to hierarchical nanostructures. The choice of the noble metal salts and the monomers should
be such that the noble metal salt can oxidize the monomer to form a polymer as well as utilize the
electrons released during the oxidation to reduce the noble metal salt to form NMNPs. It may be

predicted whether the amines will function as reducing agents in chloroauric acid reduction based
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on their redox properties [194]. In addition, the kinetics of Au nanoparticles formation may be
understood in terms of Marcus electron transfer theory, where the slower reactions proceed in the
inverted region owing to the difference between the Au reduction potential and the amine
oxidation potential [194]. The kinetics of the reaction involving redox reaction between
chloroauric acid and aniline in aqueous acidic medium were investigated by the quartz crystal
microbalance technique [195]. The results indicated that the kinetics of the reaction were of order
0.5 with respect to chloroauric acid and 1.5 with respect to aniline.

Research has not yielded a definitive view on the formation mechanism of CP-NMNP hybrids.
For example, two mechanisms have been proposed for the aniline and chloroauric acid redox
system for PANI-Au hybrids. According to one proposal, aniline monomer is first protonated in
the protonic acid medium, and then oxidized by chloroauric acid to form aniline radical cation,
with chloroauric acid reduced to form Au nanoparticles. The aniline radical cation formed was
adsorbed onto the Au nanoparticle surface and the Au nanoparticles served as the catalyst for the
polymerization of aniline [195, 196]. In a second proposal, chloroauric acid protonate the aniline
hydrochloride with the formation of anilinium cations (PhNH3*) and the generation of a radical
cation accompanied by the release of an electron. Then, AuCl,s acted as the oxidizing agent to
oxidize PhNH3z" and form PANI. During polymerization, the process proceeded with the release of
an electron that then used to reduce the AuCls to form Au atoms. The coalescence of these Au
atoms ultimately formed Au nanoparticles, which were encapsulated and stabilized by the PANI
polymer [197].

2.4.1. Solution polymerization
2.4.1.1. Without additive

In the conventional route for conducting polymer PANI, oxidant APS is added into aqueous
acidic solution containing aniline monomers. If the oxidant APS is changed into other noble metal
salts, such as AuCls, PANI polymer and NMNPs may be simultaneously formed. In most of the
cases, PANI polymers accompanied by microscale Au clusters may be obtained, and a phase
separation is normally seen mainly between PANI and Au clusters [196, 198, 199], which is in
contrast with radiolysis introduction during synthetic procedure, where NMNP nanoparticles are
well embedded in CPs [190, 200-202]. Typically, addition of HAUCls aqueous solution to aqueous

acidic solution containing aniline results in the reduction of AuCls’, accompanied by oxidative
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polymerization of aniline, leading to PANI nanofibers with a diameter of 35 nm and aggregated
Au nanoparticles that precipitated from the liquid phase during the reaction [203].

The Au nanoparticles aggregated to form microscale Au clusters and capped with a thin layer of
PANI. These PANI nanofibers have similar chemical structure and conductivity to the polymer
generated from the conventional method using APS to oxidize aniline. The PANI nanofibers
might be formed through an Au nanoparticle catalyzed oriented growth mechanism [204-206].
The catalytic effect of as-formed Au nanoparticles to one-dimensional growth of PANI has been
extended to the synthesis of nanofibers of PANI derivatives: the reduction of o-toluidine [207] and
o-phenylenediamine [208, 209] with HAuUCI, led to the formation of POT and POPD nanofibers.
If the HAUCI, solution was added drop-wise, the catalytic effect diminished and PANI nanofibers
could not be formed. However, Au nanoparticles were sized in the range of 7-15 nm embedded in
polymer matrix [210]. In this case, aniline monomers were in excess during the redox reaction.
The results were reasonable as large amounts of aniline oligomers were rapidly formed and Au
nanoparticles would be well-capped with oligomers, and the further growth of originally formed
Au nanoparticles prevented. Meanwhile, the oriented growth of one-dimensional nanostructures of
PANI nanofibers driven by the catalysis effect of Au nanoparticles might be inhibited as the
originally formed Au nanoparticles were covered with oligomers. When the reaction medium of
aqueous solvent was changed to organic or even ionic liquid solutions, similar results with
NMNPs with limited size (normally < 20 nm) embedded in CP matrix if the noble metal salt
solution was added drop-wise to monomer solution. Such redox systems including
aniline/chloroauric acid in methanol/water mixed solution [211-216], o-methoxyaniline/Pd(Ac)2 in
toluene [217], o-phenylenediamine/Pd(Ac); in toluene [197], and pyrrole/AgNQs in ionic liquid
solution [218].

The reduction potential of aniline is pH dependent during its initial oxidative stage, decreasing
on increasing the pH of the solution due to its deprotonation (pKa of aniline is 4.6), possibly
making the reduction of AuCls proceed in a violently way [219]. In the synthesis of Au
nanoparticles, with rapid reduction of AuCls to generate Au atoms, the shape of the final Au
product will take the thermodynamically favored one. However, when the reduction rate becomes
slow enough, kinetic control will take over in both nucleation and growth and the final Au product

will take shapes deviating from the thermodynamically favored one [220]. Guo and co-workers
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[221] paid more attention to the morphology of in situ formed Au nanoparticles, as layered
assemblies of single crystal Au nanoplates were formed by slowing up the reduction process of

AuCly for facilitating the formation of anisotropic Au nanostructures.

Fig. 24

As amino groups interact weakly with noble metal surfaces [221], during the redox reaction
between aniline and chloroauric acid, Au nanoparticles always develop as microscale Au clusters.
When aniline derivatives with functional groups showing strong affinity towards NMNPs are
chosen instead of aniline, highly dispersed Au nanoparticles embedded in PANI matrix may be
obtained. For example, when 2-aminothiophenol was chosen instead of aniline under similar
synthetic conditions, poly(2-aminothiophenol) stabilized Au nanoparticles, where the Au
nanoparticles were estimated to be 1.0 nm in size and in narrow size distribution were fabricated
(Fig. 24) [222]. The synthesized poly(2-aminothiophenol)-stabilized Au nanoparticles were stable
without obvious aggregation for more than 6 months. In addition, by controlling the mechanical
stirring speed, the diameter of poly(2-aminothiophenol)-Au hybrid nanofibers were tuned in the

range of 80-200 nm, while the diameter of embedded Au nanoparticles remained unchanged [223].

Fig. 25

Uniform raspberry-like or dandelion-like nanospheres PANI-Au hybrids are formed by adding
chloroauric acid to aqueous solution containing aniline, followed by agitation, (Fig. 25) [224]. The
PANI-Au nanospheres comprise many short Au nanorods (about 30 in diameter) wrapped by
PANI with the diameter of the entire nanospheres in the range of 150-200 nm [224-226]. A similar
structure of PANI-Au hybrids is obtained if the reaction aqueous solution contains critic acid
capped Au colloids [227], and similar nanostructures reslut using o-toluidine as the monomer. The
amount of Au nanoparticles inside each polymer sphere may be adjusted from tens to one
(core-shell structure, Au core diameter: 30 nm) by decreasing the amount of chloroauric acid [228].

However, due to strong affinity between Au and sulfur when monomer thiophene or
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3,4-ethylenedioxythiophene are used as monomers the reaction is very fast (within a few seconds),
and the Au nanoparticles obtained are controlled in several nanometers and well dispersed in
polymer matrix with high stability [229, 230].

2.4.1.2. With additive

The addition of functional molecules, such as functional doping acid and surfactant, can affect
the configuration of resultant CP-NMNP hybrids involved in the redox reaction between aniline
monomer and chloroauric acid. Although the role of additives on the formation of resultant
nanostructures has not yet been well-understood (micelles are always proposed as soft template for
the formation of different hybrid nanostructures), various intriguing CP-NMNP hybrid
nanostructures may be achieved.

During the traditional synthesis of PANI with APS as the oxidant, D-camphor-10-sulfonic acid
(CSA) or p-toluene sulfonic acid (TSA) is commonly introduced as a functional doping acid for
the synthesis of PANI nanotubes or nanofibers [231, 232]. One-dimensional PANI-Au coaxial
nanocables with an average diameter of 50-60 nm and lengths of 1-2 um were synthesized with
CSA introduced in the reaction system of aniline monomer with chloroauric acid in aqueous
solution [233, 234]. It was proposed that micelles formed by CSA-aniline might act as a soft
template in the formation of the PANI-Au nanocables. Results also indicated that high CSA
concentration was essential for the formation of nanocables, whereas spherical PANI with Au
nanoparticles embedded are formed under low CSA concentration, in accordance with the
structure of POMA-Au hybrids under similar synthetic condition except that 0-methoxy aniline is
used as monomer instead of aniline [235]. In contrast, PANI nanospheres (230+22 nm) with Au
nanoparticles (6£2 nm) embedded were obtained using added TSA [236], where TSA-aniline
micelles were proposed for PANI growth into nanospheres. In another case, spherical dendritic
PPY-Au hybrids were prepared with TSA introduced in the reaction system of pyrrole monomer
with chloroauric acid in aqueous solution [237]. The morphology was quite similar to that of
dandelion-like PANI-Au hybrids synthesized in aniline and chloroauric acid neutral aqueous
solution without additive [224].

It is well-known that citric acid is a commonly used stabilizer for Au nanoparticles [164].
Micelles composed of citric acid—aniline salt may also act as soft template, but the resulting

morphology is completely different. PANI hollow nanospheres with controllable incontinuous
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nanocavities ranging in size from 10 to 50 nm as a novel hollow nanostructure were reported by
chemical polymerization of aniline with chloroauric acid as the oxidant in the presence of citric
acid (Fig. 26) [238]. It was proposed that micelles composed of citric acid—aniline salt acted as
template for initial oligomer-Au core-shell structure, and the embedded Au nuclei were inclined to
migrate into micelle shells where hydrophilic —COOH groups existed because the interaction
between Au nuclei and citric acid are more favorable to that between Au nuclei and PANI with
polymerization proceeding, in contrast with the use of CSA and TSA instead of citric acid as the
doping acid under similar synthetic conditions. The aggregation and fusion processes of Au nuclei

embedded in PANI were attributed to the formation of multicavities in PANI matrix.

Fig. 26

Huang et al. [239] showed that the addition of PVP can dramatically change the morphology of
PANI-Au hybrids. It was shown that only mixing AuCls with aniline led to homogeneous
PANI-Au nanorods; however, upon addition of a small amount of PVP into the reaction system,
only PANI-Au nanospheres were obtained (Fig. 27). They believed the change in morphology was
likely due to the encapsulation of the nuclei (seeds) with PVP, which inhibited the growth of a
nanorod. In addition, Sajanlal et al. [227] reported that if raspberry-like OANI-coated Au
nanoparticles were pre-introduced in aqueous solution containing PVP, the addition of chloroauric
acid led to various PANI-Au hybrid shapes, such as nanoplates, spherical, core-shell nanoparticles
and flower-like nanoparticles. The presence of PVP (or surfactant) not only modulated the
resulting morphology of CP-Au hybrids, but also endowed them high water solubility and
colloidal stability [240, 241]. Their later studies demonstrated the creation of a new class of
nano/mesostructures, such as Au/Ag flowers, Au/Pt buds, and Au/Pt beads, through the directed

overgrowth of Ag or Pt on OANI-Au nanowires [242].

Fig. 27

The PANI-Au hybrid obtained in the presence of anionic surfactant SDS had a core-shell

structure, with individual or multiple Au nanoparticles of 20 nm mean diameter were encapsulated
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by PANI of well-defined tetrahedron shape, with 150 nm average edge length [243]. The SDS
micelles were believed to template the formation of core-shell structure. A high concentration of
SDS and low concentration of anilinium ions suppressed the formation of larger particles,
producing nanometer-sized particles only. In contrast, under similar synthetic condition, but at a
high anilinium ions concentration, nanoporous Au microsheets enveloped in 10-30 nm thick PANI
sheaths were reported [244, 245]. A PANI-Au core-shell structure could also be obtained using the
nonionic surfactant Tween 40, [246].

The cationic surfactant CTAB has also been applied. Unlike SDS, it has been well-documented
that the selective interaction between CTAB and Au nanocrystals facilitates the formation of
anisotropic Au nanostructures [247, 248]. PANI nanotubes and Au nanoplates in separate phases
were prepared simultaneously by mixing aniline acidified with glacial acetic acid and chloroauric
acid in the presence of CTAB [249]. It was proposed that CTAB and anilinium salt micelles
formed during the synthesis. Formation of single crystal fcc Au nanoplates was due to selective
growth of (111) side planes, whereas PANI nanotubules might be synthesized via a self-assembly
process template by anilinium salt micelles.

In addition to functional doping acid and surfactant, deoxyribonucleic acid (DNA) has also been
chosen, and the reduction of chloroauric acid using aniline adsorbed on DNA produced highly
branched dendritic Au nanoparticles with concomitant formation of PANI in contrast to the

formation of spherical Au nanoparticles in the absence of DNA [250].

2.4.2. Interfacial polymerization

In the interfacial polymerization route, monomers and noble metal salts are dissolved in
immiscible solvents, and the redox reaction happens at liquid/liquid interface. In typical, monomer
is normally dissolved in organic solvent and noble metal salt is dissolved in aqueous solution. For
example, with aniline dissolved in carbon tetrachloride used as the oil phase, and deionized water
containing chloroauric acid added to form a water/oil interface, the interface became black
immediately after chloroauric acid was added to the water phase, indicating initiation of the
aniline polymerization. PANI nanospheres (100-150 nm) evenly decorated with Au nanoparticles
(2 nm) were obtained (Fig. 28) [251]. With prolonged reaction time, however, Au nanoparticles

with larger size were deposited on the PANI surfaces, produced through the chemical reduction of
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AuUCly ions by PANI, with the 2 nm Au nanoparticles as growth seeds. The choice of organic
phase for aniline includes toluene [252], nitrobenzene [253], chloroform [254-256], ionic liquid

1-butyl-3-methylimidazolium hexafluorophosphate [257], and even aniline itself [258].

Fig. 28

In addition to PANI-Au hybrids synthesized using interfacial polymerization route, other
CP-NMNP hybrids have been synthesized using similar route. Lu et al. [259] reported that
PEDOT-Au nanocables were obtained with 3,4-ethylenedioxythiophene dissolved in
dichloromethane as the oil phase, and chloroauric acid aqueous solution added to form a water—oil
interface. The molar ratio between monomer and HAuUCI, determined the formation of hybrid
nanocables [260]. The nanocable morphology was quite similar to that of PANI-Au nanocables
synthesized with the aid of CSA in aqueous solution [234]. Time-dependent morphological change
indicated that one-dimensional aligned buds self-assembled from Au nanosheet first formed at the
interface, followed by polymerization of adsorbed monomers to form immature nanocables
resulted in breaking up the nanosheet aggregates. Finally, individual nanocables kept growing in
one direction with the roots of the nanocables still connected together. Feng et al. [261] reported
the synthesis of PPY-Ag core-shell hybrids with pyrrole dissolved in carbon tetrachloride and
AgNO:3 dissolved in aqueous solution containing PVP, where the presence of PVP could realize
the effective coating of PPy on the surface of Ag. Gupta et al. [262] reported the synthesis of
polycarbazole-Au hybrids with carbazole dissolved in dichloromethane and chloroauric acid
dissolved in acidic aqueous solution, where uniform distribution of Au nanoparticles was observed
of the size 2-3 nm embedded in polycarbazole matrix.

In contrast, monomer can also be dissolved in acidic aqueous solution and noble metal salt may
be dissolved in organic phase to realize an interfacial polymerization. A typical example was
shown by Zheng et al. [263], with the reverse micelles composed of sodium bis(2-ethylhexyl)
sulfosuccinate/p-xylene/H,PtClg chosen as the organic phase, and aniline in acidic aqueous
solution constructed as the aqueous phase. PANI-Pt nanofilms with Pt nanoparticles (20 nm)

dispersed uniformly in the PANI films were fabricated (Fig. 29).
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Fig. 29

If a solid membrane separates the solutions containing monomer and noble metal salt,
liquid/solid/liquid interfaces will be created, and the simultaneous formation of CPs and NMNPs
will occur in membrane. For example, PANI-Au were deposited on the surface of the
poly(tetrafluoroethylent) (PTFE) membrane via simple diffusing interfacial reaction [264]. The
preparation was carried out in a two-compartment system separated by PTFE/Nafion hybrid
membranes wetted in 1 M HCI. The upper one contained a chloroauric acid aqueous solution, with
the bottom one contained an aqueous solution of aniline and TSA. Aniline monomers together
with TSA and oxidizer solutions were allowed to counter-diffuse simultaneously to the membrane.
The content of Au in upside surface of the hybrid membrane was higher than that in the bottom
side, and on the contrary, the content of PANI in bottom side surface of the hybrid membrane was
higher than that in the upside one. Polycarbonate (PC) membranes have been applied in the same
manner [265]. In another case, Jiang et al. [266] developed a novel interfacial polymerization route,
where PS spheres were first spread on the surface of aqueous solution containing chloroauric acid
to form a monolayer, followed by addition of aniline acidic aqueous solution to initial the redox
reaction templated by PS monolayer. Finally, removal of PS template led to the formation of

PANI-Au nanobowl sheet (Fig. 30).

Fig. 30

In addition to liquid/liquid interfacial polymerization, gas/liquid interface polymerization have
been proposed with chloroauric acid dissolved in aqueous solution and aniline introduced as a
vapor. The polymerization happened at the gas/liquid interfaces, leading to the formation of

dendritic PANI-Au hybrids [267].

2.4.3. Template polymerization
Using a hard-template method to synthesize CP-NMNP hybrids is another way to control the
morphology of the hybrids. This will lead to ternary hybrids with advanced functionalities. The

final morphology of the product is mainly depended on the hard-template.
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In Guo’s work [221], aniline molecules adsorbed on single-walled carbon nanotubes (SWNTSs)
in a colloidal solutiondue to the formation of proton-transfer complexes between carboxyl in
SWNTs and amine group in aniline. Addition of chloroauric acid into the colloidal solution could
readily produce SWNT-PANI-Au hybrids in an in situ one-pot fashion. PANI together with Au
nanoparticle (3 nm) was well coated on surfaces of SWNTs. Similar results were reported by
Chang et al [268]. In a similar way, the two dimensional graphene oxide (GO) nanosheets were
utilized for making GO-PANI-Au hybrids [269].

In other cases, mesoporous silica SBA-15 [270] and nickel foam [271] have been used as hard
template for the confined formation of PANI-Ag and PPY-Ag hybrids. In a nanofibrillar V,0s
seeding approach, the nanofibrillar oligomers, formed due to the reaction between pyrrole
monomers and V20s nanofibers, would further react with the noble metal ions and reduce them to

NMNPs, resulting in PPY nanofiber network decorated with Pt, Au or Ag nanoparticles [272].

3. Applications
3.1. Catalysis

Haruta’s discovery of CO oxidation catalyzed by supported Au nanoclusters [273] had a great
impact on both the scientific and industrial communities; the subsequent activity in this research
field may be likened to a “gold rush” in modern science [274]. NMNPs are often supported on
activated carbon or metal oxides. In recent years, interest in NMNPs has shifted from activated
carbon or metal oxides to polymers [275], because of the merits of mild and simplified synthetic
conditions and higher catalytic performances for polymer supported NMNP catalysts, as compared
with activated carbon or metal oxides supported NMNP catalysts [276]. Therefore, the synthesis of
polymer supported NMNPs is especially attractive. Considering that the conjugated = electrons
and heteroatoms (N or S) in the main chain of CPs can bind to metal atoms on the surface of
NMNPs, CPs have been chosen as attractive supports for NMNPs. In addition, their easy
preparative protocol from non-expensive starting material, controllable doping levels through an
acid doping/base dedoping process (Fig. 1), inert nature, and non-solubility in most organic
solvents and water make them ideal supports in heterogeneous catalysis.

The catalytic activities of NMNPs involved in liquid phase reactions may be examined by

choosing the model catalysis reaction involving the reduction of 4-nitrophenol (4-NP) to
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4-aminophenol (4-AP) by NaBH, [277-279]. Such a reaction catalyzed by Au catalysts has been
reported intensively because this reaction may be rapidly and easily characterized. It is commonly
accepted that when Au nanoparticles are used for catalytic reduction, BHs and 4-NP are first
diffused from aqueous solution to the Au surfaces, and then the bare Au nanoparticles serve as
catalysts to transfer electrons from BH4™ to 4-NP, leading to the production of 4-AP. Since excess
NaBHya is present in the reaction solution and the reduction of 4-NP by NaBHy is negligible in the
absence of Au nanoparticles, the reaction may be considered pseudo-first-order with respect to the
concentration of 4-NP. The apparent rate constant (kapp) is always used to evaluate the catalytic
activity of NMNPs. The catalytic activity of NMNPs is affected by various factors, such as
catalyst size and surface state, configuration, catalyst-support interaction, et al.

The diameters of NMNPs and CP-NMNP hybrids play the determining role in their catalytic
activity [151]. For example, in the case of PANI nanofiber-supported Au nanoparticles where Au
nanoparticles were decorated on fiber surface, the reaction catalyzed by smaller Au nanoparticles
(2 nm) showed the shorter adsorption time and faster reaction rate (five times higher in kapp) as
compared with those for larger Au nanoparticles (10 nm) [150]. In another case, diameter of
PATP-Au hybrid nanofibers on the -catalytic activity was also revealed [223]. When
poly(2-aminothiophenol)-Au hybrid nanofibers with diameter of 80 nm and 200 nm both
embedded with highly dispersed Au nanoparticles (2 nm) were used as catalyst, the reaction
catalyzed by smaller nanofibers (80 nm) showed shorter adsorption time and faster reaction rate
possible due to large exposure of Au catalysts on fiber surfaces with smaller diameter. In addition,
when surfactant was introduced in poly(2-aminothiophenol)-Au hybrid nanofibers, the catalytic
activity was completely lost indicating that the surfactant introduced in
poly(2-aminothiophenol)-Au nanofibers might act as a catalyst inhibitor.

In addition, the effect of surface state of NMNPs was also disclosed in the case of PEDOT-Au
hybrids [241]. In that study, while the Au content of the dispersion did not show a great influence
on the value of kapp, the stabilizers showed a variation, in the order of sulfonate PS < SDS < PVP.
They speculated that the aggregate size and morphology were likely to play an important role in
deciding the reaction rate, however, those issues were not investigated in detailed. As CPs, it was
found that dedoping treatment resulted in better catalytic performance due to stronger interaction

between —N= groups and 4-NP [88].
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The configuration of CP-NMNP hybrids also plays an important role in determining the
catalytic performance. In the cases above mentioned, CP-NMNP hybrids with NMNPs decorated
on surface of CPs or deeply embedded in CPs were utilized as catalysts. For the former case, high
catalytic activity was attributed to the short pathway between reactant molecules and active
catalysts; however, NMNPs were inclined to coagulate during reaction processes due to the lack of
efficient isolation between nanoparticles, thus showing low stability and recyclability. For the later
one, although such hybrids showed high stability, the dense organic coatings made it difficult for
reactant molecules to reach buried active catalysts and thus they showed low catalytic activity.
Therefore, the synthesis of CP-NMNP hybrids with both improved stability and catalytic activity
is highly desirable. Yolk-shell nanostructures with NMNP as the movable core and m-SiO; as the
penetrable shell as advanced catalysts can overcome the drawbacks. For example,
PS@PANI@AuU/m-SiO; yolk-shell nanostructures containing numerous sub-10 nm Au
nanoparticles in each particle as highly stable/recyclable catalysts have been suggested [159].

In a more straightforward way, CPs themselves can form the penetrable shell due to their
amorphous character. For example, PEDOT-Ag [119], PANI-Au [179], and POMA-Au [168]
yolk-shell hybrids have been reported. As for CP-NMNP hybrids with CP shell and NMNP yolk,
not only the aggregation of NMNP yolk is hindered by CP shell, but NMNP yolk may be also
movable in the CP shell, which leads to high surface area. In addition, the CP-NMNP yolk-shell
catalyst is stable and may be recycled again for reduction by precipitating, filtering and
redispersing processes.

From the catalysis point of view, it should be noted that the introduction of a shell for the active
NMNP core will undoubtedly delay the encounter of reaction reagents with catalysts resulting in
decreased catalytic efficiency, as compared with bare NMNP catalysts without shell. Besides, the
crush of yolk-shell catalysts involved in recyclable catalytic reactions and purification processes
may cause the release of the NMNP core and induce their mutual coagulation. If the NMNP core
is encapsulated in permeable CP shell, it will be easier for the reagents to encounter the NMNP
core, leading to increased catalytic efficiency. Moreover, the stability should be enhanced as
partial breakage of shells will not release NMNP core. Han et al. [170] showed that POMA-Au
yolk-in-shell hybrids gave the highest catalytic activities, with Kap, followed the following order:

symmetric POMA-Au core-shell hybrids < asymmetric POMA-Au core-shell hybrids <
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POMA-Au yolk—shell hybrids < pure Au nanoparticles < POMA-Au yolk-in-shell hybrids (Fig.
31a). As for POMA-Au yolk-in-shell hybrids, it was believed that reaction reagents both inside
and outside polymer shells were easily accessible to the reactive centers due to porous polymer
shells with large pore size and thin shell thickness with active Au cores close to both surfaces. The
synergistic effect had been accounted for the result, where the intrinsic conducting nature of
POMA favors electron transfer of catalysts due to their effective contact, which was believed to
contribute to the improved catalytic efficiency. The synergistic effect between CP and NMNP
towards improved catalytic activity was also reported in other cases using CP-NMNP catalysts [85,
90, 93, 115]. The recyclability results (Fig. 31b) also merited the high stability of the yolk-in-shell
catalysts. As a result, both superior catalytic efficiency and recyclability were established,
indicating their potential applications as efficient and recyclable catalysts involved in liquid-phase

catalysis.

Fig. 31

In order to improve the recyclability of CP-NMNP hybrid catalysts, superparamagnetic
materials may be incorporated. For example, PANI/Fe3sO4/Au (Pd) hollow spheres [93],
CoFe;04/PANI/AU nanotubes [98], and FesO4/PANI/Au/m-SiO, core-shell spheres [160] were
used to catalyze the reduction of 4-NP, with the catalysts recovered through simple magnetic
separation.

In comparison with CP-NMNP colloid particles, CP-NMNP hybrid films show obvious
advantages of easy and convenient operation in the practical catalytic reaction system. For
example, the hybrid film may be processed to different shape according to the practical need, and
put into or out from the catalytic reaction system freely. Moreover, the tedious regeneration
process including precipitating, filtering and redispersing may be simplified by washing only with
excessive water. Therefore, CP-NMNP hybrid films are indeed good catalysts for promoting the
practical catalytic application [140, 264].

In addition to the model catalysis reaction of 4-NP to 4-AP by NaBH. [280], CP-Au hybrids
have been applied as heterogeneous catalysts in other catalysis reactions. For example, PANI-Au

spherical hybrids were active catalysts towards the reduction of rhodamine B (RhB) dye in the
40



presence of NaBH4 [251]. Xuan et al. [90] reported that FesO4/PANI/Au hybrid used as a
magnetically recoverable catalyst for the reduction of RhB with NaBHa4, was a more effective
catalyst than Fes04/SiO2/Au catalyst due to effective contact between PANI and Au nanocatalysts.
POPD microsphere-supported Au nanoparticles showed high catalytic performance for aerobic
oxidation of alcohols under air at room temperature [19, 152]. PANI supported bimetallic
nanoparticles of Au and Pd were used as catalysts in the oxidation of benzyl alcohol with oxygen.
PANI is expected to be a charge density donor and might have an influence on the electronic
properties of the NMNPs [85]. PANI-TiO.-Pt hybrids used as catalysts for photocatalytic
reduction of CO, with H2O vapor to CH4 and/or CO, where PANI contributed to the enhancement
of both the chemisorption of CO; and the separation of photogenerated electron—hole pairs [281].

Due to the catalytic activity of Pd nanoparticles towards Suzuki-Miyaura cross-coupling
reaction of aryl halides with arylboronic acids, one of the most powerful and convenient synthetic
protocols for the generation of biaryl in organic chemistry, CP-Pd hybrids have been intensively
investigated as catalysts for such reactions. For example, PANI-Pd [282-286], PPY-Pd [287, 288],
and poly(amino acetanilide)-Pd [289] hybrids were used as catalysts for Suzuki-Miyaura
cross-coupling reactions. In order to improve the separation efficiency, superparamagnetic
materials were incorporated in the hybrids [290, 128]. In particular, poly(2-aminothiophenol)-Au
hybrids were established to be highly active towards Suzuki-Miyaura cross-coupling reactions
[222].

In addition, CP-Pd hybrids have been used as active catalysts towards other reactions, such as
the Heck reaction [283, 287, 291], asymmetric dihydroxylation of olefins to afford optically active
vicinal diols [285], phenol formation from aryl halides and potassium hydroxide [286], selective
hydrogenation of alkynes, cinnamaldehyde and 2-ethylanthraquinone [142, 292-294]. In some
cases, the CP-Pd hybrids show improved catalytic performances over classical metal oxide-Pd
hybrids. For example, PANI/Pd and PPY/Pd used as catalysts in a direct reduction of nitrite,
showed better catalytic performances than the classical Pd/Al,Os catalyst, with less ammonium
ions. These better performances were explained by the redox and ion-exchange properties of the
CPs allowing the exchange between the hydroxides produced and the dopant anion of the CPs.
The ion-exchange property of the CPs depended on their oxidation states, directly linked to the

polymerization conditions and easily modulated [115].
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In the electrochemical catalysis, active catalysts of NMNPs should be immobilized on electrode
surface. CPs are good candidates for immobilizing NMNPs to electrode surfaces, not only because
of their excellent adhesive towards electrode surface and interaction with NMNPs, but also due to
their interesting electrochemical properties. The porous structure derived from the amorphous
nature of CPs facilitates disperse the NMNPs into the polymer matrix and to generate new
electrocatalytic sites. CPs with dispersed NMNPs have shown properties of the individual
components with a synergistic effect.

The oxygen reduction reaction (ORR) is one of the typical systems for measuring the catalytic
properties of NMNPs and of great importance for fuel cell investigations [295, 296]. Pt
nanoparticles are highly electrocatalytically active towards ORR. For example, PANI-Pt
film-decorated electrodes were electrocatalytically active towards ORR [57, 83, 297, 298], and the
electrocatalytical activity were tuned by controlling the thickness on the PANI-Pt multilayer [83].
In addition, CP-Au hybrids were used as catalysts for ORR, such as PANI-Au [127, 245],
PATP-Au [58], and POPD-Au [299].

CP-NMNP hybrids have been frequently applied as electrocatalysts towards the oxidation of
glucose to gluconic acid [38, 61, 84, 254, 255, 300]. Majumdar et al. [301] reported the synthesis
of PANI-Au hybrids on the cation-exchange resin beads and demonstrated their use in catalyzing
the oxidation of glucose to gluconic acid by Au nanoparticles and simultaneously in detecting the
formation of the acid by the color change of PANI. The observations demonstrated the possibility
of the incorporation of multifunctional components on the surfaces of resins for carrying out a
chemical reaction as well as detection of the product. Riskin [25] demonstrated the synthesis and
novel functions of a new hybrid material consisting of maghemite-Au core-shell hybrids
embedded in PANI. The hybrid system exhibited magnetoswitchable charge transport properties
in the absence and presence of an external magnetic field. The magnetic attraction of the hybrids
to the electrode facilitated the charge transport across the polymer by shortening the inter-particle
electron transfer distances. The magnetoswitchable electron transport properties through the
polymer were then employed for the cyclic magnetoswitchable bioelectrocatalyzed oxidation of
glucose (Fig. 32). In other cases, CP-NMNP hybrids also exhibited good electrochemical activities
and electrocatalysis towards oxidation of ascorbic acid [36, 256, 302-304], methanol [34, 42, 55,

305-310], n-propanol [35]; NADH [80], dopamine and uric acid [89, 311, 312], and hydrazine [43,
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313].

Fig. 32

3.2. Sensors

Because of its homogeneity, unique redox properties, high electrical conductivity and strong
adherence to electrode surface, PANI has been extensively applied in sensors. Beside retaining
electrochemical properties of traditional PANI, PANI nanomaterial offers many advantages, such
as a large specific surface to allow fast diffusion of target molecules and a unique property to
accelerate electron transfer [74]. Therefore, the sensor based on PANI nanomaterials can greatly
enhance the sensing sensitivity and selectivity [206]. Addition of NMNPs into CPs will endow
more adsorption sites for target molecules and contribute to improved electricity conductivity
beneficial for improvement in their sensor performance.

PANI has a distinct doping mechanism. Protonation by acid—base chemistry leads to an internal
redox reaction and the conversion from a low conductivity emeraldine base into a highly
conducting emeraldine salt (Fig. 1). This implies that PANI may be used in highly sensitivity
electrochemical sensors for reaction that involve an acid or base [229, 206, 268]. Jiang et al. [266]
reported the sensor response to NHs; using Au nanoparticles-functionalized two-dimensional
patterned conducting PANI nanobowl monolayer. The sensor exhibited fast response (5 s) and
recovery (7 s) behavior, of great importance in gas detection and control. The sensing mechanism
was governed by the protonation/deprotonation phenomena brought by NHs gas. The interfused
Au nanoparticles played a significant role of catalyst due to their surface activities. The larger
surface area provided by the Au nanoparticles present near the nitrogen atom of PANI could
enhance the charge transfer between the hybrid and the vapors, so the sensitivity of the sample
increased with the increasing percentage of Au. Shirsat et al. [39] reported a sensitive, selective,
and fast responding room temperature chemiresistive sensor for H,S detection and quantification
using PANI nanowires-Au nanoparticles hybrid network. Unlike strong acid such as HCI, H.S is a
weak acid and therefore only partially dopes the PANI and does not change conductivity
significantly. These chemiresistive sensors show an excellent limit of detection (0.1 ppb), wide

dynamic range (0.1-100 ppb), and very good selectivity and reproducibility. The reaction of H,S
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on the Au nanoparticles was obviously a critical step in the detection. The formation of AuS along
with the enhancement of doping level of PANI from the donation of electrons to the protons
released in the reaction was assumed to change the resistance of the PANI-Au nanoparticles
network. PANI and Au nanoparticles acted as a donor and acceptor, respectively, confirming that
the transfer of electron from p-type PANI network increased the conductance. PANI-Au fibrous
hybrids were also used to detect volatile sulfur compounds of human expired breath [126]. The
developed sensors, together with a multichannel sensing system, may find use in breath analysis
and disease diagnose related to malodor biomarker gases.

Sensors based on CP-NMNP hybrids for dopamine detection have been frequently investigated
[52, 81, 314-316] as dopamine is one of the crucial catecholamine neurotransmitter molecules
widely distributed in the mammalian central nervous system for message transfer. CP-NMNP
hybrids modified electrode possesses a higher active surface area and electrocatalytic activity for
the oxidation of dopamine. For example, Song et al. [317] reported a selective dopamine sensor
based on overoxidized-PANI-Au hybrids. The overoxidized PANI film enhanced selectivity and
sensitivity toward dopamine. The concentration of the dopamine was determined using
voltammetry as a non-enzymatic sensor. The Au nanoparticles favored the sensing of dopamine in
the presence of ascorbic acid. The combination of the PANI with the Au nanoparticles could create
synergetic effects for the performance of the biosensor, such as a fast response time, a lower
detection limit, a wider linear range, enhanced selectivity, and higher sensitivity for the
determination of dopamine. As the vesicles of catecholamine source have radii on the order of 100
nm, exploring the nanoelectrode is of particular significance. Zhang et al. [318] developed a novel
dopamine nanosensor based on the PANI-Au hybrid modified Au nanoelectrode with tip
dimensions approximate 200 nm in radius. As a nanosensor, the PANI-Au hybrid modified
nanoelectrode exhibited highly electrocatalytic activity toward the oxidations of ascorbic acid and
dopamine. Moreover, a large peak separation between ascorbic acid and dopamine allowed the
modified nanoelectrode to detect dopamine in the presence of high concentration ascorbic acid.
This sensor was sensitive and stable for the detection of dopamine and had a wide linear response.
With the good spatial resolution, wide linear response and good selectivity, the proposed
nanosensor was hopeful to be applied in detection of dopamine in vivo.

Hydrogen peroxide detection is also a hot topic as it may be harmful to biological systems and
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appears to be involved in the neuropathology of central nervous system diseases [50, 319, 320].
CP-NMNP hybrids based sensors have been widely studied used for detection of hydrogen
peroxide with a low detection limit and rapid response time. Similar to dopamine sensor,
CP-NMNP hybrids modified electrode also delivers high electrocatalytic activity for the oxidation
and reduction of hydrogen peroxide [94, 102, 129, 257, 321, 322]. As ex situ approaches for
hydrogen peroxide detection have complicated procedures, use harmful chemicals such as acid,
and require extended assay time, in situ detection is indeed highly demanded. Guo et al. [47]
reported the in situ detection using hydrogen peroxide to diagnose ischemia through enhanced
protein direct electron transfer on a unique horseradish peroxidase—Au nanoparticle-PANI
nanowire biofilm (Fig. 33), which showed fast response (3 s), high sensitivity (117.8 pA mM™*
cm?), low detection limit (0.3 pM) and good selectivity and stability. It was discovered that the
extracellular hydrogen peroxide molecule released per ischemic cell was 2.7-times of that of a
normal cell. They stated that the in situ method can significantly reduce the assay time for in-time

medical treatments of ischemia.

Fig. 33

DNA electrochemical biosensors based on CP-NMNP hybrids have been reported [44, 323]. In
this case, both CP and Au nanostructures afford the high surface area and good electrical
conductivity that favoring the transfer of the electrons. In addition, they also play an important
role in the immobilization and hybridization of DNA. Feng et al. [324] reported the construction of
PANI nanotube-Au nanoparticle (PAN-Au) membranes on the glassy carbon electrode for the
electrochemical sensing of DNA. The synergistic effect of Au and PANI enhanced dramatically
the sensitivity for the DNA hybridization recognition. DNA sequence-specific of phosphinothricin
acetyltransferase gene existing in some transgenic crops was detected by electrochemical
impedance spectroscopic measurement. The dynamic detection range of the sequence-specific
DNA was from 1.0x107*2 to 1.0x10°® M, and the detection limit was 3.1x107%* M. PANI-Au
hybrids with fibrous structures were also used for electrochemical sensing of DNA [124]. As
PANI is limited redox active only under acidic conditions, normally at pH < 4, this drawback

greatly restricts its applicability in bioelectrochemistry, which normally requires a neutral pH
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environment. Utilizing self-doped PANI can overcome the problem as it can maintain its
electroactivity even up to basic medium [325]. Wang et al. [326] developed self-doped PANI-Au
hybrids based biosensors for DNA detection due to the electroactivity in neutral pH range of
self-doped PANI. A gene fragment of the cauliflower mosaic virus 35S gene, which is related to
one of the screening genes for the transgenically modified plants, was satisfactorily detected. The
linear range was from 1.0x107* to 1.0x10°® M and the detection limit was 1.9x107** M. In order
to improve immobilization efficiency, Nascimento et al. [327] developed a biosensor for detection
of dengue serotype at picomolar concentration based on PANI-Au hybrids with SH-terminal
groups due to its ability of immobilizing dengue serotype-specific primers. The
PANI-Au-serotype system exhibited a highly selectivity response to the complementary target of a
human patient’s dengue genome.

The advantageous features of PANI and Au nanoparticle have been utilized to construct a
nontoxic biocompatible interface for immobilization of tumor cells as sensitive impedance cell
sensor. Au nanoparticles with excellent biocompatibility were used to modify leukemia HL-60
cells, which could not only efficiently preserve the activity of tumor cells, but also accelerated the
electron transfer between electrode and the immobilized cells. The biosensors based on
PS-PANI-Au core-shell hybrids showed the wide detection range, low detection limit, good
detection precision and simple fabrication process, which were further developed as a convenient
means for the study of cells adhesion, proliferation and apoptosis [87]. PANI nanowire-Au
nanoparticle hybrids based mediator free immunosensor were developed for the detection of
cancer marker prostate specific antigen (Fig. 34). The linear range was from 1 pg mL ! t0100 ng
mL2, the detection limit was 0.6 pg mL™* (lower than ELISA), and the sensitivity was 1.4 pA L

mol™ (higher than ELISA) along with a regression coefficient of 98.99% [82].

Fig. 34

In addition, CP-NMNP hybrids based sensors have been applied to detect other species, such as
glucose [86, 328-331], NADH [69, 80, 97, 332], carcinoembryonic antigen and a-fetoprotein [333],
carbohydrate antigen [334-336], salbutamol [48], cortisol [210], glutathione [40], cholesterol [123,

337], chlorpyrifos [338], ascorbic acid [177, 267, 328], uric acid [339], oxalic acid [340],
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hypochlorite [341], hydrazine [342], superoxide anion [343], acetone and toluene [344], NO; [49]
et al. More recently, a pressure sensor consisting of PANI nanofibers and Au-coated
polydimethylsiloxane micropillars were reported, where the sensors were operated by the changes
in contact resistance between Au-coated micropillars and PANI according to the varying pressure

[345].

3.3. Devices

Because of its very low solubility in most solvents, the infusibility, hygroscopic and low
conductivity of PANI, its potential applications in devices have been greatly limited. The
PANI-only device has not the electrical bistability (reversible transition of device from OFF state
to ON state) and negative differential resistance functions. However, when PANI is combined with
other components such as NMNPs, it will be meaningful for their application in various aspects
with improved properties [241]. The charge-transport phenomena among CP-NMNP films [46, 79,
346] and the interfacial electronic structures of the CP—noble metal interfaces [347-353] have been
investigated in detail due to their important role in determining the device performances.

A nonvolatile plastic digital memory device based on PANI-Au hybrids with PANI nanofibers
decorated with Au nanoparticles were fabricated by Tseng et al. [122] The device had a simple
structure consisting of the plastic hybrid film sandwiched between two electrodes (Fig. 35). The
Au nanoparticles enhanced the conducting form of PANI which could keep its redox activity. An
external bias was used to program the ON and OFF states of the device that were separated by a 3
orders of magnitude difference in conductivity. The hybrids possessed a memory effect via a
charge transfer mechanism. The charge transfer happened between the imine nitrogen in the PANI
and the Au nanoparticles, where PANI and Au nanoparticles acted as donor and acceptor,
respectively. The ON-OFF switching process took less than 25 ns and the device retention time
were several days after being programmed. The device was cycled more than 7 times. PANI-Au
devices have repeatable conductance switching from room temperature to 121 K [354]. Wei et al.
[355] fabricated an air stable nonvolatile memory device based on the PANI-Au hybrids. The
synthesis and distribute of Au nanoparticles were conducted at the same time during the
electropolymerization of aniline. The Au nanoparticles were embedded in the polymer matrix

instead of being confined on the surface which was in favor of the stability of the hybrid in air. In
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addition, PANI-Au yolk-shell hybrids been used for flexible memory device [169].

Fig. 35

Patil et al. [37] investigated the emission characteristics of PANI-Au hybrids as a novel and
promising material for field emission based applications. From the field emission studies, the
value of the turn on field, corresponding to 1 nA emission current, was 0.65 V/um and emission
current density of 1 pA/cm? had been drawn at an applied field of 1.1 V/um. The field emission
current stability investigated at 1 A over duration of more than four hours was good. The superior
field emission characteristics were attributed to the nanometric dimensions of the gold and PANI
fibers.

Au-doped polyacrylonitrile—PANI core—shell nanofibers, which involved electrospinning of the
core and subsequent gas-phase polymerization of the shell, were used as organic field effect
transistors (OFETS) [356]. The as-prepared Au-doped PAN-PANI core—shell nanofibers provide a
very high field-effect mobility of up to 11.6 cm? V! s, without crystallizing the molecular
structures of polymers. This high mobility were due to the nanofiber structure, which promoted
charge transfer and reduced the grain-boundary effect, and the doping of Au nanoparticles, which
served as “conducting bridges” between the PANI semiconducting domains. This approach was
also suitable for other conducting polymers. PEDOP-AuU/Ag hybrids were fabricated for
application as smart window [45]. Electrochemical impedance spectroscopy showed that the easier
ion diffusion through the electrode and the reduced charge-transfer resistance in the hybrids were
responsible for the larger coloration efficiency shown by the PEDOP-AuU/Ag devices.
Electrochromic devices based on PEDOP-Ag and PEDOP-Au films, with an ionic-liquid-based
polymeric electrolyte, showed a CEmax of 270 cm? C* at 458 nm (PEDOP-Au) followed by a
second unusually high CEmax of 490 cm? C! at 1000 nm, greater than that achieved in neat
PEDOP. The hybrids also showed faster switching kinetics while simultaneously maintaining a
high optical contrast, thus demonstrating that NMNPs enhanced and modify the electrooptical
response of CPs.

The electrical and magnetic properties of PANI-Au-FezOs-Au sub-microcables bundle as

fabricated by combining electrospinning with electroless deposition were investigated [357]. The
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conductivity of the bundle of obtained sub-microcables was 17.7 times higher than that of
H,S04-doped PANI fibers. Its coercivity was 13.57 times higher than that of H,SO4-doped PANI
nanoparticles and it showed obvious ferromagnetic property. The sub-microcables bundle had high
conductivity (58.4 S/cm), relatively large coercivity (930 G), indicating their potential application

in future magnetic storage devices.

3.4. SERS

Surface-enhanced Raman scattering (SERS) is currently recognized as one of the most
promising spectroscopic probes for ultrasensitive detection of chemical and biological analytes
[358-360]. SERS nanosensors usually consist of NMNPs, which act as SERS substrates.
Developing synthetic approaches to making NMNPs with well-defined structures is greatly
desired for realizing highly sensitive SERS devices. Xu et al. [143] reported that large-area
homogeneous three-dimensional Ag nanostructures on Au-supported PANI membranes displayed
uniform SERS responses throughout the whole surface area, with an average enhancement factor
of 10°-107. The nanocavities formed by the stereotypical stacking of these Ag nanosheets and the
junctions and gaps between two neighboring Ag nanoparticles were believed to be responsible for
the strong SERS response upon plasmon absorption. In their continuing research [144], they
showed that these ideal conditions typically consisted of Ag nanosheet morphologies with an edge
dimension of approximately 50 nm, a size regime that was commensurate with an efficient SERS
response from spherical Ag nanoparticle-based SERS substrates. Ag morphologies formed outside
of the ideal deposition conditions exhibited relatively weak SERS activity-of approximately an
order of magnitude-because they yielded either very thin nanosheets or single-crystal Ag features;
neither structure supports efficient plasmon coupling. They also stated that PANI-Ag hybrids
benefited from the underlying polymer’s processability to yield SERS-active materials of almost
limitless shape and size and showed significant promise for future SERS-based sensing and
detection schemes. In addition, thorny Au on PANI membranes for SERS application were also
reported [361]. The enhanced Raman effect was used for investigating the structure of CPs near
NMNPs. Baibarac et al. [362-364] investigated the SERS spectra of PANI thin films on rough Au,
Ag, and Cu supports using the 1064 nm excitation radiation. It was verified that SERS spectra of

PANI emeraldine base depended on the oxidizing properties of metallic surface, showing that
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chemical reactions took place at polymer/metal interface. lzumi et al. [77] reported that the
interaction of PANI emeraldine base with Ag and Au colloids was probed using surface-enhanced
resonance Raman scattering (SERRS) at 3 different exciting radiations. Due to the great sensitivity
of SERRS technique, the detection limit of PANI emeraldine base concentration was ca. 2 x 10”7
M in Ag and Au colloidal suspensions. Wang et al. [224] demonstrated that dandelion-like
PANI-Au hybrid nanospheres were developed as a wonderful sensor for the detection of Hg?* ions,
which was based upon the Raman intensity response of PANI to Hg?* ions. In this system, PANI
as Raman reporter molecules carried large amounts of amine and imine functional groups, and the
N atom had a lone pair of electrons that could involve coordination between N atoms and Au NPs.
When Hg?" were added into PANI-Au colloidal solution, the amine and imine groups could act as
adsorption sites of Hg?" on PANI chains through forming quadridentate coordination. After
addition of Hg?" ions, the ‘thorn’ of dandelion-like PANI-Au nanospheres shrunk and the surface
morphology changed evidently, which demonstrated that there was strong interaction between
Hg?* and PANI, and Au nanoparticles in nanospheres aggregated. A large localized
electromagnetic field was produced around the aggregated Au nanoparticles due to the
electromagnetic coupling between the adjacent Au nanoparticles, so the increase of SERS signal in
the intensity were observed. Results from the morphology dependent sensitivity investigations
showed that the dandelion-like PANI-Au nanospheres had an ultra sensitive response (as low as

10" M) compared with other morphologies due to their larger contact area with Hg?* ions.

3.5. Others

CP-NMNP hybrids have been used as electrochemical supercapacitors [365, 366]. Lang et al.
[71] reported the synthesis of three-dimensional bicontinuous nanoporous PANI-Au hybrid films
made by one-step electrochemical polymerization of PANI shell onto dealloyed nanoporous Au
skeletons. The free-standing PANI-Au hybrid films were promising electrode materials for
high-performance aqueous and all-solid-state supercapacitors with ultrahigh volumetric
capacitance (~1500 F cm ) and energy density (~0.078 Wh cm™2), seven and four orders of
magnitude higher than these of electrolytic capacitors, with the same power density up to ~190 W
cm 3. The good capacitive behaviors of PANI-Au supercapacitor devices were arose from the ion

and electron transports enhanced by unique bicontinuous nanostructure, where the nanoporosity
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facilitated the fast ion diffusion, and provided the large PANI/electrolyte interface to ensure the
sufficient redox reaction of PANI during charge/discharge processes, and the three-dimensional
interconnected Au network with ultrahigh electrical conductivity harnessed the electron transport
by remarkably decreasing the internal resistance of assembled devices. Ye and coworkers [367,
368] reported the fabrication of flexible, in-plane, and all-solid-state micro-supercapacitors on the
basis of printed interdigital PANI-Au network hybrid electrodes by the combination of laser
printing technology and in situ anodic electropolymerization. The micro-supercapacitors acquired
a maximum energy density of 5.83 mW h cm™ and a maximum power density of 0.45 W cm that
were both comparable to or superior to the values obtained for currently available state-of-the-art
planar supercapacitors/micro-supercapacitors. In addition, PEDOT-Au hybrids were used as
organic thermoelectric materials, where the PEDOT-Au hybrids showed better thermoelectric
performance than pristine PEDOT without Au nanoparticles [369]. Addition of Au nanoparticles

improved the electrical conductivity of the PEDOT films from 104 S cm™ to 241 S cm™ and the
thermoelectric figure of merit from 0.62 x 10 to 1.63 x 10 at 50 °C. Microwave absorption

property of PANI-Au-GO hybrids was investigated and the electromagnetic interference shielding
effectiveness of PANI was enhanced due to the inclusion of Au nanoparticles and GO with

increased interaction between the PANI, Au nanoparticles and GO [269].

4. Conclusion and outlook

A variety of CP-NMNP hybrids may be prepared by different methods. The configuration of
CP-NMNP hybrids can vary from one-dimensional nanofibers and nanotubes to two-dimensional
nanofilms, and to three-dimensional core-shell and yolk-shell nanostructures, and even to
hierarchical structures (such as fractal architectures and dandelion-like nanospheres). The location
of NMNPs may be supported on surfaces or buried inside CPs, the morphology of NMNPs may be
tuned from nanoparticles, nanorods and nanoplates, to complex jellyfish-like nanostructures, and
the size of NMNPs may be controlled limited to several nanometers. Control of the nanostructure
of both components, PANI and NMNP, has brought promising results with respect to their
functions, which is of high importance for their potential applications.

In the last few years, new advances in the preparation, by chemical and electrochemical means,
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and characterization of CP-NMNP hybrids, have been seen. Significant progress has been
achieved regarding control of the size and morphology of both CP and NMNP nanostructures
presented in CP-NMNP hybrids. However, the interfacial interactions between CPs and NMNPs
are still not well understood. It is also apparent that studies involving a larger range of NMNPs
with CPs of varying lengths will be useful to further understand the effect of a conjugated matrix
on the optical and electronic properties of the hybrids. These observations bode well for
applications of CP-NMNP hybrids as catalysts, sensors, devices and SERS, which take advantage
of the electronic and optical properties of the hybrids. In most cases, the synergistic effect in
CP-NMNP hybrids contributes to the improved performances involved in various applications,
even though the underlying synergy mechanisms have not been disclosed in detail, inviting future

research.
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(a) Procedure for the preparation of the core-shell polymer-metal manostructures within
the pores of a AAO membrane. (B-E) SEM images of nanostructures grown in the
AAO membrane (after dissolution of the membrane in 1 M NaOH for 1.5 h): (b) PANI
fiber only; (c-e) PANI-Au core-shell structures, where the Au was deposited for 1 h (c),
1.5h (d), and 2.5 h (e). [68], Copyright 2006. Reproduced with permission from the
American Chemical Society.

SEM pictures of 110 nm diameter tri-segmented Au-PEDOT-Au nanowires presenting
two different polymer junction lengths: (a) 200 nm (20 scans) and (b) 1 um (100 scans).
The good contrast between the metallic and the polymer segments on SEM pictures
allows for growth calibration. Scale bars: 1 um. [70], Copyright 2009. Reproduced with
permission from the American Chemical Society.

(a) Schematic diagram showing the fabrication of three-dimensional nanoporous
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PANI-Au hybrid films by electrochemical polymerization. (b) SEM image of
nanoporous Au dealloyed for 8 h in HNOs. Inset: the wrinkled films illustrating that
nanoporous Au films exhibit excellent flexibility. (c) Typical top-view and
cross-section (inset) SEM micrographs of nanoporous PANI-Au hybrid films
electroplated for 10-cycle plating. [71], Copyright 2012. Reproduced with permission
from Elsevier Ltd.

Possible arrangements of the Au-NPs within the PANI: (a) homogeneous layers, (b)
condensed assembly, and (c) extrusion across the polymer. [78], Copyright 2010.
Reproduced with permission from the American Chemical Society.

(a) Scheme of the preparation and (b) TEM image of PANI-Au hollow spheres. [89],
Copyright 2006. Reproduced with permission from the American Chemical Society.
(a-d) TEM images of the as-prepared FezO4-PANI-Au hybrid with core/shell
nanostructure with different magnifications. [90], Copyright 2009. Reproduced with
permission from the American Chemical Society.

TEM images of autoreduced Au nanoparticles of (a) <1, (b) 2, (c) 6, and (d) >20 nm
grown on PANI nanofibers. Inset scale bars = 10 nm. (e) Au crystal with its TEM
diffraction pattern (inset). [125], Copyright 2011. Reproduced with permission from the
American Chemical Society.

Schematic illustration of the formation process of Au-Ag jellyfish on PANI membranes.
[148], Copyright 2011. Reproduced with permission from the Royal Society of
Chemistry.

(a) Schematic illustration for the formation of PANI Nanofiber/Au Nanoparticle hybrids.
(b-d) TEM images Au nanoparticles supported on PANI nanofibers with different dopin
acids: (b) citric acid, (c) camphorsulfonic acid, and (d) TA. [150], Copyright 2010.
Reproduced with permission from the American Chemical Society.

TEM images of POPD hollow microspheres supporting Au nanoparticles (a) without
and (b) with PVP. [19], Copyright 2009. Reproduced with permission from John Wiley
& Sons Inc.

(a) SEM and (b) TEM images of the PPY-Au hybrids using Tween-80 as a stabilizer.

[156], Copyright 2009. Reproduced with permission from John Wiley & Sons Inc.
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TEM images of surface-patterned fibrous POT (a) before and (b) after Au deposition,
[157], Copyright 2011. Reproduced with permission from John Wiley & Sons Inc.

(a) Schematic illustration of the formation of FesO4/PANI/noble metal
nanoparticle/m-SiO; core/shell spheres and (b) a typical TEM image of
FesO4/PANI/Au/m-SiO; core/shell spheres. [160], Copyright 2014. Reproduced with
permission from the Royal Society of Chemistry.

Schematic illustration of the formation of POT-Au core-shell hybrids at different
concentrations of surfactant. [165], Copyright 2010. Reproduced with permission from
John Wiley & Sons Inc.

(a) Schematic illustration of the transformation of POMA-Au core-shell into yolk—shell
nanostructures by a swelling—evaporation strategy. TEM images of POMA-Au (b and c)
core-shell and (d and e) yolk—shell nanostructures. [168], Copyright 2014. Reproduced
with permission from the Royal Society of Chemistry.

(a) Schematic illustration of the AD of asymmetric POMA-Au core—shell hybrids. (b—g)
TEM images of asymmetric POMA-Au core-shell hybrids (b, d, f) before and (c, e, )
after swelling—evaporation processes with different ADs: (b, ¢) 0.8, (d, €) 0.5 and (f, g)
0.1. [170], Copyright 2014. Reproduced with permission from the Royal Society of
Chemistry.

Ilustrations of ideal core-shell nanoparticles (a), in contrast to nanoparticles that
experiences aggregation before (b) or after (c) the encapsulation process; and proposed
mechanisms of our encapsulation methods: (d) addition of SDS before aniline prevents

Au nanoparticle aggregation and allows single encapsulation upon polymerization; (e)
in the absence of SDS, aniline-Au nanoparticles mixture leads to linear aggregation that
can be controllably terminated by SDS addition. Subsequent polymerization
encapsulates the linearly aggregated cores. [171], Copyright 2009. Reproduced with
permission from the Royal Society of Chemistry.

(a) Schematics illustrating multi-generation growth of Au dendritic nanoparticles by
using Au nanoparticles and Au nanorods as seeds, respectively; (b—d) TEM images of
G1, G2, and G3 dendritic nanoparticles, respectively, by sequential growth from Au

nanoparticles seeds; (e-g) TEM images of G1, G2, and G3 dendritic nanoparticles
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Fig. 20.

Fig. 21.

Fig. 22.

Fig. 23.

Fig. 24.

Fig. 25.

grown from Au nanoparticles. Scale bars: 100 nm. [177], Copyright 2010. Reproduced
with permission from the Royal Society of Chemistry.

(a) Schematics illustrating the fabrication of PANI-Au yolk-shell nanoparticles. TEM
images of (b, ¢) OANI-Au core-shell hybrids at low and high magnification,
respectively. (d) IR spectra of (1) Au-OANI and (2) Au-PANI hybrids (asterisks
indicate peaks of interest). (e, f) After treating sample (b) with chloroauric acid for 6 h,
imaged at low and high magnification, respectively; and (g) after etching sample (e)
with 2-propanol for 2 h. [179], Copyright 2012. Reproduced with permission from the
American Chemical Society.

(a) Schematic illustrations of the PTH-Au core-shell nanoparticles and the Au@vesicle
nanoparticles. TEM images of (b) the Au@PTH nanoparticles, [SDS] = 5.0 mM, t =12
h and (c) Au@vesicle nanoparticles, [SDS] = 2.5 mM, t = 12 h. [181], Copyright 2011.
Reproduced with permission from the Royal Society of Chemistry.

Triple-layer PANI-perylene-Au nanohybrids: (a) Schematics of the two-step synthesis;
(b, ¢) TEM images of nanohybrids grown from 60 nm Au nanoparticles; (d)
nanohybrids grown from 100 nm Au nanoflowers. Controlled perylene release: (e)
schematic illustration; (f, g) TEM images of yolk-shell PANI-Au after complete release
of perylene; (h) TEM image of PANI-perylene-Au after partial release. [183], Copyright
2011. Reproduced with permission from John Wiley & Sons Inc.

(@) Transformation of PANI-Au into (PANI+PSPAA)-Au in DMF/H,0 solution; (b) and
(c) TEM images of the typical (PANI+PSPAA)-Au with multiple petals at low and high
magnification. [184], Copyright 2011. Reproduced with permission from the Royal
Society of Chemistry.

(@) TEM and (b) HR-TEM images of poly(2-aminothiophenol)-stabilized Au
nanoparticles. Scale bar: (a) 20 nm, (b) 4 nm [222]. Copyright 2009. Reproduced with
permission from the American Chemical Society.

(a) SEM images of the PANI-Au hybrids (inset: larger scale magnification SEM image);
(b) A photograph of native dandelion spheres; TEM images of the dandelion-like
PANI-Au hybrids: (c) at low magnification; (d) at high magnification (inset: an SAED

pattern). [224], Copyright 2011. Reproduced with permission from Elsevier Ltd.
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Fig. 26.

Fig. 27.

Fig. 28.

Fig. 29.

Fig. 30.

Fig. 31.

Fig. 32.

Fig. 33.

(@) lustration of the proposed formation mechanism of PANI hollow nanospheres with
incontinuous multicavities. (b) FE-SEM and (c) TEM images of PANI hollow
nanospheres. [238], Copyright 2012. Reproduced with permission from the American
Chemical Society.

SEM images showing the size and morphology of PANI-Au hybrids prepared by
mixing 2.5 mM AuCl; and 0.05 M aniline (a) and with additional 0.05 M PVP (b).
[239], Copyright 2012. Reproduced with permission from the American Chemical
Society.

(a) Low- and (b) high-magnification TEM images, HR-TEM images taken (c) at the
edge and (d) on the body of the prepared PANI-Au hybrids. Reaction time: 1 h. [251],
Copyright 2012. Reproduced with permission from the Royal Society of Chemistry.
Proposed mechanism of the formation of PANI-Pt nanofilms. [263], Copyright 2005.
Reproduced with permission from Elsevier Ltd.

(a) Schematic illustration of the process for fabrication 2D patterned conducting PANI-
Au hybrid nanobowl sheet with PS spheres as template. (b) TEM image of the
PANI-Au nanobowl sheet. [266], Copyright 2009. Reproduced with permission from
Elsevier Ltd.

(@) Plot of In(ci/co) of 4-NP against time using different catalysts. (b) Synthesis yield of
4-AP in the successive reactions with different catalysts. [170], Copyright 2014.
Reproduced with permission from the Royal Society of Chemistry.

(a) Magnetic control of the charge transport across the PANI/Au-y-Fe2O3 hybrids. (b)
Electrical contacting of glucose oxidase (GOx) by the PANI-modified electrode and the
bioelectrocatalytic activation of the oxidation of glucose. (c) Cyclic voltammograms
corresponding to the PANI/Au-y-Fe;Os hybrids: a) in the presence of GOXx, without
glucose; b) in the presence of GOx and glucose, 80 mM, in the absence of the external
magnet; c) in the presence of GOx and glucose, 80 mM, in the presence of the external
magnet. All data were recorded in 0.2 M phosphate buffer, pH 7.3, in the presence of
GOx (2 mg mL™), scan rate 5 mV s, under argon. [25], Copyright 2007. Reproduced
with permission from John Wiley & Sons Inc.

Schematics of construction of the horseradish peroxidase—Au nanoparticle—PANI
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nanowire sensing biofilm and the in situ detection. [47], Copyright 2011. Reproduced
with permission from the Royal Society of Chemistry.

Fig. 34. Proposed schematics for the fabrication of Au nanoparticle—PANI-Au hybrids to
immobilize anti-PSA to detect PSA. [82], Copyright 2012. Reproduced with permission
from the Royal Society of Chemistry.

Fig. 35. The structure of the PANI nanofiber-Au nanoparticle bistable memory device (a).
Schematic structure of a PANI nanofiber-Au nanoparticle after the application of +3 V
(b). An increase in charge transfer from PANI to the Au nanoparticles is believed to
occur. [122], Copyright2005. Reproduced with permission from the American Chemical

Society.
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Table 1 A comparison of different strategies involved in the synthesis of CP-NMNP hybrids.

Methods Feature Advantage Limitation
CPs and Simple mixing of Pre-designed size and Tedious process, weak
NMNPs pre-synthesized morphology of CPs and NMNPs interactions,  possible
CPs and NMNPs aggregation of
individual components
CPs and In situ reduction Controllable geometry of Weak control over size
noble metal of noble metal CP-NMNP hybrids with and amount of NMNPs
ions ions by CPs pre-designed size and morphology
of CPs
Monomers In situ oxidative Pre-designed size and Limited hybrid
and NMNPs polymerization of morphology of NMNPs with configuration of typical
monomers in the controllable CPs thickness core-shell
presence of nanostructures
NMNPs
Monomers Simultaneous Simple, economic and Lack in rational control
and noble formation of CPs environmentally friendly process over size and
metal ions and NMNPs with diverse hybrid configurations morphology of
and compact interactions between individual components
CPs and NMNPs and hybrids
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