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Conducting polymers have become the focus of research due to their interesting properties, such as a wide

range of conductivity, facile production, mechanical stability, light weight and low cost and the ease with

which conducting polymers can be nanostructured to meet the specific application. They have become

valuable materials for many applications, such as energy storage and generation. Recently, conducting

polymers have been studied for use in supercapacitors, batteries and fuel cells. This article is to briefly

discuss the background & theory behind their conductivity as well as to highlight the recent

contributions of conducting polymers to the field of energy. Furthermore, the methods of production of

the conducting polymers in addition to the different ways utilised to nano-engineer special

morphologies are discussed.

Introduction

In a modern age characterised by the inevitable transformation

from using fossil fuels to greener renewable energy sources, new

cutting-edge materials for energy storage are being pursued by

scientists to keep up with the surging demand for clean energy.

Such materials should be able to store or generate high

amounts of energy in devices that ultimately should be cheap,

light weight and easily produced to maximise efficiency.

Traditionally, energy storage devices such as Li-ion batteries

utilise graphite materials as anodes, but graphite exhibits low

capacity that can't match the full energy capacity of lithium.1 In

order to overcome this problem, other materials (e.g. silicon

anodes and sulphur cathodes) are being mixed with carbon

powder and adhesive polymers to form an active material

embedded in a conductive matrix.2 This approach addresses the

capacity problem but the composite materials have their own

drawbacks,3 as will be addressed further in this article. In

addition the conductive mixture adds extra weight to the battery

without contributing to its capacity which is detrimental to

applications such as electric vehicles.

In fuel cell technology, noble metals such as platinum and

platinum-based composites are loaded onto high surface area

supports and used as electrodes because they exhibit high

electrocatalytic activity towards the oxygen reduction reaction,

hydrogen oxidation and small organic molecule oxidation

which are typically the reactions of choice.4,5 As for the Li-ion

battery case, there is a downside for using such materials due

to high cost, dissolution and poor mechanical stability.6,7 All of

these drawbacks are indeed slowing down the development of

new cutting-edge energy storage and generation devices, which

appears to be falling behind the rapid development of energy

demanding applications such as ever more powerful electronic

gadgets and electric cars.

Amidst the race to nd materials that may address these

issues, conducting polymers stand out as promising new

candidates replacing traditional materials such as metals and

metal oxides. This is because of their unique physical and

chemical properties, such as wide conductivity range, process-

ability, exibility, being light weight, low cost, and the potential

to be manufactured on a large scale. Furthermore, conducting

polymers are structurally and chemically customisable to meet

the demands of many different applications. This article will

cover the theory behind conducting polymers, their methods of

production and customisation as well as their role in current

and future energy applications.

Background and theory

Conducting polymers (CPs) are a subset of a larger group of

materials called organic polymers that exhibit semiconducting

or conducting properties.8,9 A polymer is, according to the

International Union of Pure and Applied Chemistry (IUPAC), a

macromolecule with a high relative molecular weight and

composed of multiple “poly” repetitive units “mers”. These

repetitive units are based on molecules with low relative

molecular weight.10 For a long time, polymers were regarded as
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electrically insulating materials and were mostly used for

insulating electrical components.8,11 However, it all changed

around thirty ve years ago when some polymers showed

semiconducting properties in the accidental discovery of doped

polyacetylene (Fig. 1) by Shirakawa and co-workers.12 They

quickly noticed that the conductivity of polyacetylene was

dependent on the level of oxidation and that it can be tuned to

cover the full range from insulators to metals.13 Indeed for

harnessing and developing this concept, they were awarded the

2002 Noble prize in chemistry.14

Since then, CPs have become the focus of many studies in

the elds of material science and energy due to their interesting

and tuneable properties. The outstanding electrical and optical

properties of CPs are a result of their intrinsic chemical struc-

ture. They are conjugated and have a backbone of adjoining sp2

hybridised orbitals, hence, delocalised p electrons are formed

along their backbone.15,16 One of the most studied CPs is poly-

aniline (PANi) as well as polythiophenes, polypyrrole, and

polyphenylene vinylene (Fig. 1).17–20

In order to understand the mechanism by which CPs exhibit

their electric conductivity, band theory is usually applied.9 In the

following sections band theory will be discussed in light of

quantum theory and molecular orbital theory.

Band theory explanation based on quantum theory

The explanation of atomic spectra by quantum theory makes it a

very useful tool in the process of understanding the band

theory.21,22 According to quantum mechanics, atomic particles

(e.g. electrons) can only occupy well-dened and explicit energy

levels.23 As electrons hop from one energy level to another

allowed energy level, they give rise to narrow line widths.24 As

atoms in a crystalline solid are in close proximity to one another

and chemically bonded to their surrounding atoms, they cannot

be viewed as isolated particles.25 This is due to the electrons on

an atom sensing the electric eld generated by electrons on

other surrounding atoms. Hence, fusing of the discrete energy

levels into a broad energy band occurs which is strongly

dependent on the nature of the chemical bond in the solid.26

Fig. 2 shows a schematic of 3s and 3p orbitals for a single

sodium atom that overlap to become bands overlapping in

energy. These bands are linked to the whole crystal rather than

to single atoms.

Band theory explanation based on molecular orbital theory

Molecular orbital theory gives chemical insight into band theory.

For any two given atoms (e.g. hydrogen as it is the simplest of

atoms, Fig. 3), their atomic orbitals can overlap with one another

when they come close to each other. As a result, two molecular

orbitals known as the bonding and antibonding orbitals are

formed.26 These molecular orbitals are delocalized over both

atoms. The energy of the bonding molecular orbital (s) is lower

than the individual hydrogen atomic orbital, while the anti-

bonding molecular orbital energy (s*) is higher.

As a result, the molecular orbital that possess the lowest

energy forms the bond between the two atoms, hence it is

termed the bonding orbital, and when these overlap is called

the valence band, while the molecular orbital with the highest

energy (i.e. antibonding orbital) when overlapped is called the

conduction band (Fig. 4). The valence band (VB) represents the

highest occupied molecular orbital (HOMO) and the conduc-

tion band (CB) represents the lowest unoccupied molecular

orbital (LUMO).27

The gap between the HOMO and LUMO is called the energy

gap (Eg) which is the range of energies that is unavailable to

electrons. It is also known variously as “the fundamental energy

gap”, the “band gap”, or the “forbidden gap”.9,21 The conjugated

structure of CPs has been found to be essential to permit the

formation of delocalized electronic states.16 The degree of

Fig. 1 Structures of some conducting polymers in their uncharged

state.

Fig. 2 Schematic showing the formation of bands in conducting

materials (e.g. sodium) according to quantum theory. When many

atoms are in close proximity to each other their atomic orbitals overlap

and form a mixed orbital “band”. The blue lines and box represent

electron filled orbital(s) and the red lines and box represent unfilled

orbital(s). The arrows represent the movement of electrons between

orbitals.
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delocalization determines the size of the energy gap and hence

the conductivity of the CP (i.e. metallic, semiconducting or

insulating, Fig. 4).27 This conjugation and alternation of bonds

provide a continuous overlap of p-orbitals to form p–p* hybrid

orbitals that allows charge carriers (e.g. electrons, holes) to

move freely along the polymer structure in a process that

mimics the movement of electrons in metals.28 Table 1 shows

the conductivities of some popular CPs.29

However, most CPs lack intrinsic charge carriers, and thus

require partial oxidation with electron acceptors (i.e. anions) or

partial reduction with electron donors (i.e. cations).28 Both

partial oxidation and reduction are referred to as p-doping and

n-doping respectively.20 Charged defects, such as polarons,

bipolarons and solitons, are introduced into the polymer struc-

ture as a result of the doping process.28 These defects then play

the role of charge carriers. This is analogous to the p and n

doping of Si.

The mechanism by which these charged defects are formed

is shown in Fig. 5. At rst, the addition/removal of electrons to

the bottom of the conduction band, or from the top of the

valence band, makes the conduction/valence band partially l-

led, and hence facilitates the creation of a radical anion/cation

(i.e. polaron).33 Injection of states into the band gap from the

bottom of the conduction band or the top of the valance band

results from the creation of the polarons. Further addition/

removal of another electron results in the formation of a

dianion/dication (i.e. bipolaron) with a lower total energy.33

Solitons are a special type of charged defect that are unique to

CPs with a degenerate ground state (e.g. trans-polyacetylene)

and are not present in CPs like polyaniline (PANi), poly-

thiophene, poly(3,4-ethylenedioxythiophene) (PEDOT) and

polypyrrole.28,33 They are formed when bipolarons further lower

their energy state by dissociating into two solitons at half of the

energy gap.33

Synthesis

Essentially, there are two main methods of synthesising a CP

namely; electrochemical oxidation and chemical oxidation of

a monomer.34,35 However, other exotic methods such as

enzyme-catalysed and photochemical polymerisation can

also be used.36,37 Typically, polymerisation starts with the

monomers as the starting material that results in low

molecular weight oligomers. These oligomers undergo

further oxidation to form polymers at potentials lower than

the monomer's oxidation potential.34 This review will discuss

mainly the chemical and electrochemical polymerisation

methods. In the case of chemical polymerisation, chemical

oxidants such as ammonium persulfate [(NH4)2S2O8], ferric

nitrate [Fe(NO3)3] and ferric chloride (FeCl3) are used to

Fig. 4 Energy band diagram demonstrating different band gap

energies.

Table 1 List of conductivity and band gap values for some CPs

Polymer Band gap (eV) Conductivity (S cm�1)

Polyacetylene 1.5 103 to 1.7 � 105

Poly(p-phenylene-vinylene) 2.5 3 to 5 � 103

Polyaniline 3.2 30–200
Polypyrrole 3.1 102 to 7.5 � 103

Polythiophene 2.0 10 to 103

Poly(3,4-ethylene-dioxythiophene)a 1.4–2.5 (ref. 30) 103 (ref. 31 and 32)

a Conductivity and band gap values are from different references.

Fig. 3 Diagram of the molecular orbitals of the hydrogen molecule.

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 11611–11626 | 11613
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polymerise the monomers so that the polymer precipitates

out of solution.17,32,34,38 On the other hand, in the case of

electrochemical polymerisation, a potential is applied at an

electrode immersed in a monomer solution in order to oxi-

dise the monomers so that the polymer electrodeposits onto

the electrode.4,39

Chemical polymerisation

Polymerisation occurs when monomers are oxidised by oxidis-

ing agents which initiate the polymerisation reaction. Typical

oxidising agents are ammonium persulfate and ferric chloride

which have oxidation potentials of E0 ¼ 1.94 V and 0.77 V

respectively.40 Although, ferric chloride has the lowest oxidation

potential compared to the other oxidizing agents, it is still a very

useful oxidant which has been reported to yield up to a 200 000

molecular weight polyaniline chain.41 Some CPs, such as

aniline-based CPs, require excess protons and therefore rela-

tively acidic pH conditions (pH < 3) are used for polymerisa-

tion.42 The use of excess protons is related to the mechanism of

polymerisation as well as minimising the formation of unde-

sired branched products.17,43–45

Electrochemical polymerisation

Typically, three techniques are used in electrochemical poly-

merisation; namely potentiostatic (the application of a constant

voltage), potentiodynamic (a variable current and voltage), or

galvanostatic (a constant current) at an electrode in a solution of

the relevant monomer.19,36,46 Electrochemical polymerisation is

typically achieved by using a three electrode conguration (i.e.

counter, reference, and working electrodes). The polymer is

then deposited onto the working electrode during the poly-

merisation process. Usually, the working electrode is made out

of platinum, glassy carbon or indium tin oxide (ITO). Recently, a

novel sandwich cell setup has been developed by Abdelhamid

et al. where a exible carbon fabric was placed between two ITO

electrodes upon which PEDOT was electropolymerised.4 Elec-

trolytes such as inorganic acids or protic ionic liquids (PILs) are

typically required for the polymerisation of PANi however, they

are not essential for the polymerisation of PEDOT and poly-

pyrrole.43 As in the case of chemical polymerisation, the pres-

ence of protons plays many roles such as providing a sufficiently

acidic pH thus avoiding excessive branching of undesired

products as well as generating doped forms of the CP.17,43,44

Polymerisation mechanism

The mechanism of polymerisation of PANi and PEDOT will be

discussed in this article as examples of CP polymerisation. In

general, the overall polymerisation reaction can be classied

into two major steps (Fig. 6). First, the monomers are poly-

merised through oxidative polymerisation to give an undoped

polymer (Fig. 6a–e). Then the neutral polymer is doped as a

result of the excess acid or oxidant in the case of PANi or PEDOT

respectively (Fig. 6f).47

The oxidative polymerisation process can be broken down

into three sub-steps;

(a) monomer oxidation into a radical cation (Fig. 6a and

b).47,48

(b) Radical coupling and re-aromatisation yielding a dimer

species (Fig. 6b and c).49

(c) Chain propagation (Fig. 6c–e).

Tailoring the polymer nanostructure

Producing conducting polymer nanostructures has been

extensively researched due to improved properties over their

bulk counterparts and their potential applications.50,51 On the

contrary to bulk CPs, generally, nano-structured CPs exhibit

higher electrical conductivity, larger surface area, shorter path

length for ion transport and improved electrochemical

activity.52 Because of these superb properties they show promise

in energy applications as well as sensing.53–55 Nano-structuring

CPs can be achieved through many different methods. These

can be categorised under two main approaches, namely

template-based and template free methods. Both methods will

be discussed briey in this article.

Fig. 5 Schematic showing the steps of formation of a polaron, bipo-

laron and soliton in trans-polyacetylene.
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Template-based synthesis

Template-based nano-structuring is utilised because it is an

efficient and easy method to produce a highly controlled CP

nano-structure. In template-based methods, a template is used

to direct the polymer to grow into certain shapes and sizes.

These templates vary from hard to so templates where the

hard templates rely on physically moulding the CPs into shapes,

while the so templates mainly rely on self-assembly of the

polymer.

Hard templates. In the hard template method, a physical

template serves as a mould or scaffold for directing the growth

of CPs. These moulds are typically composed of colloidal

nanoparticles and nano-sized channels (e.g. anodized alumina

oxide (AAO) and mesoporous silica–carbon templates).56 In the

case of using the colloidal nanoparticles as templates, the

monomer is polymerised onto the nanoparticles' surface, thus

resulting in a core–shell structure.57 This is followed by the

removal of the core template leaving hollow nanostructures of

CPs (Fig. 7).58 However, the structural integrity and the nal

shape of these hollow nanostructures are oen affected by the

removal of the core template. A good example of the use of

nanoparticles as hard templates is the development of PANi

hollow nanostructures by Wan et al.59 The PANi nanostructure

was achieved by using octahedral cuprous oxide as a template

that was then removed by spontaneous reaction with an

oxidative initiator.59

In the case of the nano-sized channelled templates, Lee et al.

were able to electropolymerise PEDOT with MnO2 into nano-

wires via deposition into an AAO template.60 The composite

nanowire had a coaxial structure with PEDOT as the shell and

MnO2 as the core. Fig. 8 shows the mechanism and steps of

forming nanowires from CPs.

So templates. In the so template synthesis, self-

assembling surfactants form micelles that conne the poly-

merization of the CPs into specic shapes and sizes to produce

nanomaterials (Fig. 9). Usually, micro-emulsion and reversed

micro-emulsion polymerization are used to produce such

materials.61

Micro-emulsion (i.e. oil-in-water) polymerization has the

advantage of controlling the size of the CP nanoparticles.

Fig. 6 Schematic of the proposed polymerisation mechanism of PANi

and PEDOT.

Fig. 7 Schematic illustrating the steps of nanoparticle templating. (a) is

the core template, (b) CPs deposition onto the nanoparticles core, (c)

removal of the core, and (d) hollow nanocapsule of CPs.

Fig. 8 Schematic illustrating the steps of CP nanowire formation. (a)

Diffusion of monomers and starting materials into the nano-chan-

nelled template, (b) electropolymerisation and deposition of the CPs

within the nano-channels, and (c) removal of the AAO template leaving

self-standing CP nanowires. Black box is the AAO template, gold box is

the electrode surface, and red lines are the CPs nanowires.

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 11611–11626 | 11615
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Monodispersed polypyrrole nanoparticles were achieved by

Jang et al. via micro-emulsion with alkyltrimethylammonium

bromide cationic surfactants.62 They found that the optimum

carbon chain length of surfactants that is most suitable for

micro-emulsion polymerization should be from C6 to C16. That

is because alkyl chains shorter than C6 exhibit weak hydro-

phobic interactions, while alkyl chains longer than C16 lead to

the failure in forming self-assembled nanostructures due to

their high viscosity. Furthermore, Guo et al. controlled the

morphology of PANi by using sodium dodecyl sulphate (SDS) in

a HCl solution.63 They discovered that the morphology of the

self-assembled nanostructures is pH dependant. By varying the

conditions of polymerisation, such as pH and concentration of

surfactants, they were able to produce different PANi nano-

structures like granules, nanobres, nanosheets, rectangular

nanotubes, and fanlike/owerlike aggregates.

One advantage of the micro-emulsion polymerization

process is that with little modication, nanocapsules, nano-

composite, and mesoporous structures can be produced. Jang

et al. exploited this and produced polypyrrole nanocapsules by

synthesising a soluble polypyrrole core then introducing

different initiators with different oxidation potentials in order

to cross-link the polypyrrole into a shell (Fig. 10).64 At rst, a

polypyrrole core that is soluble in alcohol (due to its linear

structure) was generated by using cupric chloride (CuCl2) which

has a relatively low oxidation potential (E0 ¼ +0.16 V). This was

followed by the generation of an insoluble cross-linked poly-

pyrrole shell by using ferric chloride (FeCl3) which has a higher

oxidation potential (E0 ¼ +0.77 V). Finally, by adding an excess

amount of methanol to etch the polypyrrole core as well as the

surfactants, polypyrrole cross-linked nanocapsules were

obtained. In this work the nanocapsules were then carbonised

to produce carbon nanocapsules. In a different approach, Jang

et al. was able to produce PEDOT nanocapsules via surfactant-

mediated interfacial polymerization (SMIP).65 In the SMIP

process, the initiator couples with the surfactant micelles due to

electrostatic interactions with the cations of the initiator, thus

permitting the initiator to react with the monomer at the

micelle/water interface to produce hollow PEDOT

nanocapsules.

On the other hand, reversed micro-emulsion (i.e. water-in-oil)

polymerisation has been reported to produce CP nanostructures

such as monodispersed nanoparticles, nanotubes and nanorods.

The morphology is controlled via manipulating the ion–surfac-

tant interaction. Using this method, polypyrrole nanotubes were

produced through chemical polymerisation in a reversed emul-

sion of sodium bis(2-ethylhexyl) sulfosuccinate (AOT) in a non-

polar solvent (Fig. 11).66,67 At rst, the AOT reverse micelles

were formed through the interaction between aqueous FeCl3
solution and the AOT. Then, pyrrole was introduced into the

reverse cylindrical micelle phase, thus rapidly polymerising due

to the presence of iron cations within the reverse cylindrical

micelles. This resulted in the formation of polypyrrole nano-

tubes. Finally, the AOT and the unreacted reactants were

removed by rinsing in an excessive amount of ethanol. A similar

method was used by Zhang et al. to produce PEDOT nanotubes,68

as well as Jang et al. to generate PEDOT nanorods via chemical

polymerisation directly onto the micelle.67

Template-free synthesis

The template-free method is considered to be the simplest and

cheapest of methods as it requires no template and no post

treatment to remove the template.69 It was discovered that PANi

could be polymerised into nanotubes without the use of

Fig. 9 Schematic illustrating the steps by which the soft template

method produces CP nanoparticles.

Fig. 10 (a) Schematic illustrating the fabrication of polypyrrole

nanoparticles, hollow nanocapsules and their carbon derivatives. (b)

SEM and TEM micrographs of (i) polypyrrole nanoparticles, (ii) linear

polypyrrole/cross-linked polypyrrole core–shell nanoparticles, (iii)

polypyrrole nanocapsules, and (iv) carbon nanocapsules. Reproduced

from ref. 64 with permission from The Royal Society of Chemistry.
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templates but instead by conventional chemical polymerisation

techniques in the presence of b-naphthalene sulfonic acid

(b-NSA) as the dopant.70 Despite the fact that control over the

morphology of the CP nanostructures is poor in comparison to

template-based methods, the morphology of template-free

produced CPs are found to be strongly dependant on the

monomer's structure, dopant, oxidant, and the polymerisation

conditions.51,69

Furthermore, CP nanobres were produced and morpho-

logically controlled via an electrochemical approach. Kalantar-

zadeh et al. developed template-free PANi nanobrils via a

multi-potential electropolymerisation technique.53 Fig. 12

shows SEM micrographs of the PANi nanobril mat generated

via this method. At rst, nucleation sites were generated onto

the electrode (e.g. ITO glass electrode) by biasing the potential at

0.76 V for 90 s followed by stepping down the potential to 0.73 V

for 600 s. Finally, the potential was lowered further to 0.68 V for

another 1800 s to continue the growth of the brils. They found

that the nanobrils exhibited a tapered shape from the bottom

to the top.

Polypyrrole nanowires were produced via cathodic electro-

polymerisation by Kwon et al.71 by biasing the potential at 0.6 V

(vs. SCE) and stirring the reaction solution via a magnetic stirrer

at�700 rpm during the electropolymerisation. They studied the

effect of time, monomer concentration and dopant concentra-

tion on the morphology of the polypyrrole nanostructures

(Fig. 13). Their method utilised an electrochemically generated

oxidant (NO+), via reduction of nitrate anion, in order to oxidise

pyrrole monomer at the electrode surface.

Fig. 11 (a) Schematic illustrating the fabrication of polypyrrole hollow

nanotubes via reversed micelle polymerisation. (b) (i) SEM micrograph

of polypyrrole nanotubes, and (ii) TEM micrograph of a polypyrrole

nanotube. Reproduced from ref. 67 with permission from The Royal

Society of Chemistry.

Fig. 12 (a) SEM micrograph of a PANi nanofibril mat on an ITO glass

electrode, and (b) higher magnification of picture (a). Reprinted from

ref. 53 with permission from Elsevier.

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 11611–11626 | 11617
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This study showed that the polypyrrole started to deposit on

the electrode as nanospheres and then changed gradually into

nanowires (Fig. 13a). Also, the monomer/dopant concentration

study showed that the polymerisation kinetics, that determine

the morphology of the nanostructures, is affected by the activity

of the radical cations (Fig. 13b and c).71

Applications

Due to the outstanding chemical, physical and economic

advantages of CPs, such as wide ranging electrical conductivity,

mechanical exibility, self-healing, facile production, easy

nano-structuring, high surface area to weight ratio, and low

cost, they have been incorporated in many applications.34,72 For

each different application, the method of polymerisation, the

morphology and properties of the CPs can be tailored to meet

the requirement of the specied application.73 Therefore, CPs

are employed in a wide range of applications (Fig. 14), such as

the semiconductor industry, corrosion protection, photovoltaic

devices, or electrocatalysis to name a few.74,75 Nevertheless, their

applications in the eld of energy will be the focus of the rest of

this review.

Energy storage devices

Nanostructured CPs are utilised as materials for electro-

chemical energy storage devices, such as electrolytic capacitors

“supercapacitors” and batteries (e.g. Li-ion batteries) due to

many reasons.55,76 Firstly, their high surface area in contact with

the electrolyte, allows for high charge/discharge rates. Secondly,

their short path lengths for ionic transport allows for faster

ionic diffusion within the CP network. Lastly, they exhibit a high

tolerance towards the strain of an electrochemical reaction,

hence improving the cycle life of the device.50 However, CPs

expand during the doping process and shrink when de-doped.

This repetitive expansion/shrinkage behaviour, due to cycling,

leads to structural breakdown in the longer term. Nevertheless,

the facile micro- and nano-structuring of CPs granted scientists

many exible and efficient routes to design the most efficient

Fig. 13 SEM micrographs of polypyrrole nanostructures electro-

polymerised under different conditions; (a) polymerisation time

(i) 1 min, (ii) 2 min, (iii) 3 min, and (iv) 4 min, (b) pyrrole concentration

(i) 0.025 M, (ii) 0.05 M, (iii) 0.10 M, and (iv) 0.20 M, and (c) dopant

concentration (i) 0.20 M, (ii) 0.40 M, (iii) 0.60 M, and (iv) 0.80 M.

Reproduced from ref. 71 with permission from The Royal Society of

Chemistry.

Fig. 14 Double logarithmic plot outlines the applications of CPs as a

function of ionic (y-axis) and electronic resistances (x-axis). Reprinted

from ref. 74 with permission from Elsevier.
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conducting polymer structures and to improve their electro-

chemical energy storage ability.77 The following is a discussion

on the application of CPs in supercapacitors and battery

technologies.

Supercapacitors. Supercapacitors (supercaps) are devices

which are designed to traverse the gap between batteries and

capacitors in order to achieve fast charging devices for energy

storage with an intermediate specic energy. Fig. 15 illustrates

the gap traversing or “bridging the gap” concept between

capacitors and batteries. Such devices are regarded as the

future of the next generation of energy storage devices which

are used in electric vehicles. Specically, they could be used to

harness more regenerative breaking energy and deliver rapid

acceleration due to their ability to charge and discharge

quickly.78 An extensive review has been published by Snook

et al. covering the background of CPs as supercapacitor elec-

trode materials.78 Traditional capacitors are made of two

conductive plates separated by a dielectric medium. They

operate by accumulating charge with different signs on the

conductive plates as a result of a potential difference between

them. The capacitance of these traditional capacitors usually

ranges from mF to mF.78,79

In this rapidly evolving research eld, capacitors were

fabricated to provide muchmore capacitance (102 to 103 F) and

for that reason they were called supercapacitors. Such super-

caps typically utilised high surface area carbon based elec-

trodes.80 Basically, these are composed of two electrodes

connected in series with a conducting liquid media in

between. The supercaps operate by utilising the double-layer

capacitance and hence are oen known as electrochemical

double-layer capacitors (EDLC). The capacitance is stored as

accumulated charge in the electrical double-layer at the

electrode/solution interface.

Pseudocapacitors are another type of supercapacitor, in

which the capacitance is stored as accumulated charge in the

bulk of a redox material as a result of a redox reaction. This

redox reaction is rapid and behaves like a capacitive charge.19,81

In a pseudocapacitor, the bulk of the material is exposed to the

redox reaction on the contrary to the EDLC where just the

surface layer participates in the process. This enables pseudo-

capacitors to hold a greater amount of capacitance per weight in

comparison with an EDLC. However, the EDLC has faster

kinetics because only the surface is involved. CPs are a good

example of materials that are being used as pseudocapacitors.

Fig. 16 illustrates the difference between EDLCs and CP-

based supercaps. Due to their structure that aids fast ionic

sorption/desorption, carbon-based supercaps (i.e. EDLCs)

exhibit high power capabilities.82 CPs are expected to improve

the energy storage devices as a result of the redox reaction

which they undergo in order to store charge in the bulk of the

material and hence increasing the energy stored. However, the

slow diffusion of ions within the bulk of the CP electrode leads

to relatively low power (i.e. low rate of charge/discharge).

Nevertheless, CPs have many advantages which counteracts

such a drawback and they are still proposed to be able to bridge

Fig. 15 Ragone plot illustrates different types of energy-storage

devices as a function of specific power and energy. Reprinted from ref.

78 with permission from Elsevier.

Fig. 16 Illustration of the mechanism of charging of (a) EDLCs

(carbon), and (b) pseudo-capacitor (CPs). Reprinted from ref. 78 with

permission from Elsevier.
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the gap between batteries and EDLCs as CP electrodes exhibit

faster electron transfer kinetics than other materials, such as

metal oxides.82 As well as their previously discussed properties,

they have the potential to be specically engineered into specic

nanostructures in order to optimise CP electrodes for maximum

capacity uptake. Such optimisation can be achieved by manip-

ulating the morphology and surface area per weight of the CP

electrodes, as the capacitance of any given capacitor is propor-

tional to the surface area of the electrode (eqn (1)),

C ¼ 303g

A

d
(1)

where 30 is the permittivity of a vacuum (8.85 pF m�1), 3g is the

relative permittivity of the dielectric material, A is the surface

area of the electrode, and d is the thickness of the dielectric

material. It is essential for the electrode material to have a high

surface area,72 which can be achieved by the use of CPs.

CPs-based supercaps can be organised under three different

categories depending on their setup conguration:83,84

� Type I (symmetric) in which both electrodes are the same p-

dopable CP (e.g. PEDOTp|PEDOTp).

� Type II (asymmetric) in which two different p-dopable CPs

are used for each electrode (e.g. PEDOTp|PANip).

� Type III (symmetric) in which the same CP is used for both

electrodes where the p-doped form is for the positive electrode

and the n-doped form is for the negative electrode (e.g.

PEDOTp|PEDOTn).

The most attractive category is the type III-based device

where it is composed entirely of the same CP with different

doping states. In theory, both electrodes would be doped (i.e. n-

doped and p-doped for each electrode) in the charged state,

hence the electrodes should be highly conductive.85 As a

result, the potentials required to release the charge is very high

(i.e. $3 V) compared with the other two types.86 This high dis-

charging potential should lead to high specic energy and

power according to eqn (2).87 However, the practical perfor-

mance of these types of CP supercaps is not as good as theorised

due to the difficulty of the n-doping process. The high imped-

ance at the highly negative potential, at which the n-doping

takes place, leads to chemical instabilities and hence the diffi-

culty of n-doping such CPs.

E ¼

1

2
CV

2 (2)

The three CPs mainly used as supercaps electrode mate-

rials, are PANi, PEDOT, and polypyrrole. In the case of PANi,

extensive studies have been undertaken to test it as a

supercapacitor material.83,88 Wu et al. fabricated PANi elec-

trodes electrochemically for supercaps via dissolving aniline

into acidic suspensions of negatively charged multi-walled

carbon nano-tubes (MWNTs).42 Then, the MWNT–PANi

composite lms were polymerised into a nanoporous

structure via galvanostatic polymerisation (Fig. 17). In

comparison to PANi lms, the MWNT–PANi composite lms

exhibited similar electrochemical response rate. Signi-

cantly, however, the MWNTs–PANi composite were more

electrically conducting and mechanically stable. Further-

more, the composite material's capacitance per surface area

was found to be 3.5 F cm�2 which surpassed the non-

composite material's capacitance (i.e. 2.3 F cm�2).42

PEDOT was also explored as a supercapacitor electrode

material by Snook et al.89 The CP was electropolymerised via

potentiostatic oxidation of the monomer at 1.0 V vs. Ag/AgCl

(3 mol L�1 KCl). At this potential, and a deposition charge of

60C cm�2, PEDOT grew as a coherent and porous lm on a Pt

electrode with high current efficiency whereas polypyrrole grew

into a dense lm under the same conditions. The PEDOT lm

was allowed to grow up to 0.5 mm thickness. These lms showed

a linear increment in capacitance and a practical capacitance of

5 F cm�2, as measured by both cyclic voltammetry (CV) and

electrochemical impedance spectroscopy (EIS). The specic

(areal) capacitance of PEDOT was found to be much higher than

PANi's (�2.0 F cm�2) and polypyrrole's (#1.0 F cm�2). Fig. 18

shows the SEM image of the electropolymerised PEDOT plus a

Fig. 17 SEM micrographs of (a) the surface of a MWNT–PANi poly-

merised via galvanostatic polymerisation at 1 mA for 5 min, and (b)

higher magnification of the rectangle in (a), showing the nanoporous

network of MWNTs–PANi composite. Reproduced from ref. 42 with

permission from The Royal Society of Chemistry.
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plot of the electrode specic capacitance as a function of poly-

merisation charge.

Li-ion battery electrodes. Rechargeable Li-ion batteries are a

potential solution for high-density energy storage and they have

rapidly become integrated in a wide range of technological

applications such as, portable electronic devices, electric vehi-

cles, and grid-scale energy storage.90 Li-ion batteries have the

highest specic energy of all rechargeable batteries. However,

they still have some difficulties to overcome in order to meet the

requirements for many applications such as, grid storage and

electric cars.91 This is because of some limitations in the main

components of the battery, namely, the cathode and the anode.

Firstly, one of the most widely proposed materials for Li-ion

battery cathodes is sulphur due to its high theoretical specic

capacity (1672 mA h g�1), while the energy density of the Li-ion/

S battery is 2600 W h kg�1.92 Two major drawbacks are associ-

ated with the use of sulphur as a cathode material. The rst one

is low specic capacitance of the sulphur due to its high elec-

trical resistivity. The second obstacle is the shuttle effect where

polysulde intermediates form during the charging/

discharging process which can dissolve into the electrolyte

and diffuse to the anode. When the polysulde species reach

the anode, they react with lithium and form insoluble Li2S and

Li2S2 at the anode, thus leading to fast capacity fading.93 Many

attempts to overcome these challenges have been undertaken

such as loading the sulphur into porous carbon materials via

ball milling and high temperature inltration.94 These porous

carbon materials, developed by Nazar et al., serve as conducting

networks for electron transport as well as an encapsulation

matrix for the polysulde intermediates.95 Nevertheless, these

types of composites are not efficient in keeping the soluble

polysulde species out of the electrolyte for long giving a poor

cycle life.

Therefore there is a need for a material that can improve the

entrapment of polysuldes while at the same time, is conduc-

tive, and hence CPs rise as a suitable candidate. The utilisation

of CPs to help encapsulate the sulphur was explored by Cui

et al.96 These authors used encapsulated carbon/sulphur parti-

cles with PEDOT:PSS† (Fig. 19).

This resulted in the reduction of polysulde dissolution, and

hence improvement in the battery performance. They reported

Fig. 18 (a) SEM micrograph of PEDOT electropolymerised via

potentiostatic polymerisation (deposition charge: 30C cm�2). Inset:

photograph of a PEDOT film (60C cm�2) on a Pt disc electrode). (b)

Plot of the electrode specific capacitance as a function of polymeri-

sation charge. Values measured by electrochemical impedance

spectroscopy (EIS) and cyclic voltammetry (CV) are both presented.

Reprinted from ref. 89 with permission from Elsevier.

Fig. 19 Illustration of the encapsulation of carbon/sulphur particles

with PEDOT:PSS for improving polysulfides encapsulation. (a) Carbon/

sulphur particles without PEDOT:PSS coating (grey: carbon, yellow:

sulphur, and green: polysulfides) and the polysulphides leak out of the

carbon matrix during charge/discharge process. (b) With a PEDOT:PSS

coating (blue colour) where the polysulfides are encapsulated within

the composite and therefore lithium ions and electrons can move in

and out. Reprinted with permission from ref. 96 Copyright (2011)

American Chemical Society.

† PSS: polystyrene sulfonate.
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an increase of �10% in the initial discharge capacity

(1140 mA h g�1) compared with the non-coated carbon/sulphur

particles. Furthermore, capacity retention was notionally

improved from�60% per 100 cycles to�85% per 100 cycles and

the coulombic efficiency increased from 93% to 97%.

Recently, Chen et al. utilised CPs in sulphur cathodes with a

different approach. They generated sulphur-coated PEDOT

core/shell nanoparticles (10–20 nm) via a membrane assisted

precipitation technique (Fig. 20).97 The nanosize of the sulphur

particles led to a high specic surface area and the PEDOT

provided the conductive matrix for electron transport. The

PEDOT also served as an effective encapsulation shell to entrap

the polysuldes and prevent dissolution into the electrolyte. As

a result, the sulphur cathode composite exhibited excellent

cyclic durability and performance with an initial discharge

capacity of 1117mA h g�1 and a capacity retention of 83% per 50

cycles.97

Furthermore, the anode in the Li-ion battery is usually made

out of graphite but it has a very low specic capacity of �370

mA h g�1 that does not meet the high energy supplied from the

lithium cathode. As a result, silicon has been proposed to

replace graphite as an anode material because of its high

theoretical specic capacity of�4200 mA h g�1, its relatively low

discharge potential (�0.5 V vs. Li/Li+), and its environmental

safety.98 Nevertheless, silicon has some limitations due to

volume expansion that reaches up to �400% during the lith-

iation process.99 This massive volume expansion results in

structural fracture, and hence loss of electrical contact as well as

breaking and re-formation of an unstable solid electrolyte

interface (SEI) in the subsequent cycles which consumes the

electrolyte.3

In order to overcome such limitations, nanostructured

silicon materials were explored as a replacement for macro- and

microstructured silicon100,101 and the use of such nanomaterials

led to longer cycling life.101 Moreover, anodes, in slurry form,

were fabricated from Si nanoparticles and various polymeric

binders such as, polyacrylic acid (PAA), polyvinylidene diuor-

ide (PVdF), and carboxyl-methyl cellulose (CMC) were used in

order to improve the cycle life.102,103 The Si/PAA and Si/CMC

composites exhibited an improved cycle life due to the

binding between the functional groups on the polymers and the

oxide layer on the silicon particles.

In the last few years, many attempts to utilise CPs with Si

anodes were undertaken. A special variant of CPs was tested by

Liu et al. in order to overcome some of the Si anode draw-

backs.103 Their polyuorene-type polymers served as a conduc-

tive binder to overcome the volume expansion problem.

Recently, Cui et al. achieved a high performance Li-ion battery

by incorporating a PANi hydrogel into the silicon anode.1 They

encapsulated the Si nanoparticles within the PANi 3D porous

network via in situ polymerisation, which is highly scalable

(Fig. 21). The CP served as a conductive network for fast electron

and ion transport as well as providing the proper space for the Si

to expand. They reported 5000 cycles with high capacity reten-

tion (�90%). The PANi network was polymerised and doped

with phytic acid which allowed the cross-linking of the polymer

to form a gel which also aided the PANi network to attach to the

silicon surface.

Fuel cells

Typically in fuel cells, noble metal nanoparticles such as

platinum and platinum based composite materials are utilised

via immobilisation on high surface area substrate materials in

order to serve as cathodes. These cathodes are used for the

oxygen reduction reaction (ORR), which is an important half-

cell reaction in fuel cells, because of their high activity and

high current density.5,104 However, the use of such nano-

materials has some drawbacks, thus limiting their application

in fuel cells. Such drawbacks are mainly cost, poor mechanical

attachment in the case of composite electrodes and the

susceptibility to dissolution.6 On the other hand, CPs and,

especially, PEDOT have exhibited good non-metal based

catalytic activity and is regarded as an alternative to Pt for the

ORR which has been demonstrated by many groups.105–108 The

Fig. 20 Illustration of the preparation of sulphur/PEDOT core/shell

nanoparticles and their application as cathode materials. On the left,

the synthesis of sulphur nanoparticles via a membrane-assisted

precipitation method is shown. In the middle, the encapsulation of the

sulphur nanoparticles with a PEDOT shell via oxidation polymerisation.

On the right, sulphur/PEDOT nanoparticles as the cathode material

that allows electron transport and Li ions to diffuse while limiting the

polysulfide dissolution is shown. Reprinted by permission from Mac-

millan Publishers Ltd: Scientific Reports,97 copyright (2013).

Fig. 21 Illustration of the 3D porous Si nanoparticles/conductive

polymer hydrogel composite electrode. PANi hydrogel framework

encapsulate the Si nanoparticles. Si nanoparticles are coated with the

PANi layer either through interactions between surface –OH groups

and the phosphonic acids in the cross-linker phytic acid molecules

(right column), or the electrostatic interaction between negatively

charged –OH groups and positively charge PANi due to phytic acid

doping. Reprinted by permission from Macmillan Publishers Ltd:

Nature Communications,1 copyright (2013).

11622 | RSC Adv., 2015, 5, 11611–11626 This journal is © The Royal Society of Chemistry 2015

RSC Advances Review

P
u
b
li

sh
ed

 o
n
 0

8
 J

an
u
ar

y
 2

0
1
5
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
5
/2

0
2
2
 4

:2
0
:2

1
 P

M
. 

View Article Online

https://doi.org/10.1039/c4ra15947k


idea of replacing the precious and expensive Pt with CPs is

highly attractive.

The ORR follows two different pathways depending on the

nature of the catalyst on which the reaction is taking place. The

rst pathway (eqn (3)) is a 4-electron step where oxygen is

completely reduced into hydroxide in one direct step as

demonstrated by Winther-Jensen et al.105 The second pathway is

two consecutive 2-electron steps where oxygen is reduced to

peroxide then to hydroxide (eqn (4a) and (4b)).

O2 + 4e� + 2H2O/ 4OH� (3)

O2 + 2e� + H2O/ OH� + O2H
� (4a)

O2H
� + 2e� + H2O/ 3OH� (4b)

The rst pathway is the desired one as it is kinetically fast on

the contrary to the second pathway which is sluggish and

inhibits the performance of any fuel cell. Winther-Jensen et al.

were able to fabricate a highly catalytically active PEDOT lm by

vapour deposition,105 where oxygen could be reduced to

hydroxide through the desired direct 4-electron step. Moreover,

they explored the effect of the polymerisation method on the

catalytic activity of PEDOT towards the ORR.106 They found that

the catalytic pathway for the ORR is signicantly dependant on

the polymerization method used to generate the polymer.

Interestingly, for PEDOT prepared via conventional electro-

chemical methods, the ORR only proceeded via the 2-electron

steps pathway and is still not fully understood.

Recently, a novel technique was employed by Abdelhamid

et al. to electropolymerise PEDOT from an ionic liquid onto a

carbon cloth using a sandwich cell setup (Fig. 22).4 The use of

this approach prevented PEDOT from diffusing back into the

reaction solution as observed using a conventional three elec-

trode cell setup in a large volume of electrolyte. The resultant

PEDOT electrode exhibited activity towards the ORR over a wide

range of pH with less generation of the peroxide intermediate

compared with the same material polymerised in acetonitrile

while also being tolerant to the presence of methanol in the

electrolyte. It was found that the cell setup in addition to the

polymerisation solvent affected the morphology of the polymer

deposited onto the substrate and hence the ORR activity of the

produced PEDOT electrode.

Conclusions

The ability of conducting polymers to be structurally engi-

neered in order to meet specic applications has led to their

wide utilisation in many important technological elds, such

as energy storage and generation. Their structures can be

varied from nanoparticles, nanowires, nanotubes, and nano-

hollow capsules by controlling the polymerisation condi-

tions. Also, their excellent chemical and physical properties,

such as high surface area, short path lengths for electronic and

ionic transport, their high tolerance towards the strain of an

electrochemical reaction, has promoted them to be among the

most widely studied materials for energy applications. These

include supercapacitors, lithium-ion batteries and fuel cells.

Given that CPs have the potential to be manufactured on a

large scale and are solution processable makes them particu-

larly attractive for applications that require exibility such as

wearable electronics and structural batteries that can be

employed on the panels of vehicles.
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51 G. Ćirić-Marjanović, in Nanostructured Conductive Polymers,

John Wiley & Sons, Ltd, 2010, pp. 19–98.

52 C. G. Wu and T. Bein, Science, 1994, 264, 1757–1759; Q. Pei

and O. Inganaes, J. Phys. Chem., 1992, 96, 10507–10514.

53 X. Yu, Y. Li and K. Kalantar-zadeh, Sens. Actuators, B, 2009,

136, 1–7.

54 R. Arsat, X. F. Yu, Y. X. Li, W. Wlodarski and K. Kalantar-

zadeh, Sens. Actuators, B, 2009, 137, 529–532; S. Virji,

J. Huang, R. B. Kaner and B. H. Weiller, Nano Lett., 2004,

4, 491–496; A. S. Arico, P. Bruce, B. Scrosati,

J.-M. Tarascon and W. van Schalkwijk, Nat. Mater., 2005,

4, 366–377.

55 P. Simon and Y. Gogotsi, Nat. Mater., 2008, 7, 845–854.

11624 | RSC Adv., 2015, 5, 11611–11626 This journal is © The Royal Society of Chemistry 2015

RSC Advances Review

P
u
b
li

sh
ed

 o
n
 0

8
 J

an
u
ar

y
 2

0
1
5
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
5
/2

0
2
2
 4

:2
0
:2

1
 P

M
. 

View Article Online

https://doi.org/10.1039/c4ra15947k


56 Z. Cai and C. R. Martin, J. Am. Chem. Soc., 1989, 111, 4138–

4139; C. R. Martin, L. S. Van Dyke, Z. Cai and W. Liang, J.

Am. Chem. Soc., 1990, 112, 8976–8977.

57 P. Beadle, S. P. Armes, S. Gottesfeld, C. Mombourquette,

R. Houlton, W. D. Andrews and S. F. Agnew,

Macromolecules, 1992, 25, 2526–2530; Z. Niu, J. Liu,

L. A. Lee, M. A. Bruckman, D. Zhao, G. Koley and

Q. Wang, Nano Lett., 2007, 7, 3729–3733; Z. Niu,

M. A. Bruckman, S. Li, L. A. Lee, B. Lee, S. V. Pingali,

P. Thiyagarajan and Q. Wang, Langmuir, 2007, 23, 6719–

6724.

58 S.-C. Luo, H.-h. Yu, A. C. A. Wan, Y. Han and J. Y. Ying,

Small, 2008, 4, 2051–2058; G. D. Fu, J. P. Zhao, Y. M. Sun,

E. T. Kang and K. G. Neoh, Macromolecules, 2007, 40,

2271–2275.

59 Z. Zhang, J. Sui, L. Zhang, M. Wan, Y. Wei and L. Yu, Adv.

Mater., 2005, 17, 2854–2857.

60 R. Liu and S. B. Lee, J. Am. Chem. Soc., 2008, 130, 2942–2943;

C. R. Martin, Science, 1994, 266, 1961–1966; C. Wang,

Z. Wang, M. Li and H. Li, Chem. Phys. Lett., 2001, 341,

431–434.

61 B. Wessling, Adv. Mater., 1993, 5, 300–305.

62 J. Jang, J. H. Oh and G. D. Stucky, Angew. Chem., Int. Ed.,

2002, 41, 4016–4019.

63 C. Zhou, J. Han and R. Guo, Macromol. Rapid Commun.,

2009, 30, 182–187; C. Zhou, J. Han and R. Guo,

Macromolecules, 2009, 42, 1252–1257; C. Zhou, J. Han and

R. Guo, J. Phys. Chem. B, 2008, 112, 5014–5019.

64 J. Jang, X. L. Li and J. H. Oh, Chem. Commun., 2004, 794–

795.

65 J. Jang, J. Bae and E. Park, Adv. Mater., 2006, 18, 354–358.

66 J. Jang and H. Yoon, Langmuir, 2005, 21, 11484–11489.

67 J. Jang and H. Yoon, Chem. Commun., 2003, 720–721.

68 X. Zhang, J.-S. Lee, G. S. Lee, D.-K. Cha, M. J. Kim, D. J. Yang

and S. K. Manohar, Macromolecules, 2006, 39, 470–472.

69 M. Wan, Adv. Mater., 2008, 20, 2926–2932.

70 M. X. Wang, Y. Q. Shen and J. Huang, China Pat., no.

98109916.5, 1998.

71 D.-H. Nam, M.-J. Kim, S.-J. Lim, I.-S. Song and H.-S. Kwon, J.

Mater. Chem. A, 2013, 1, 8061–8068.

72 A. Elschner, S. Kirchmeyer, W. Lövenich, U. Merker and
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