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Abstract The field of hybrids has boomed since its initial
conception with silicones as structural materials to the
wealth of different types of hybrid materials studied
nowadays as functional materials. Hybrids based on
conducting polymers and a great variety of inorganic
species constitute a growing area of this field. We present
a brief review of the intersection between conducting
polymer hybrids and electrochemical applications to energy
storage and conversion. But beyond examples of hybrids
active in batteries, supercapacitors, solar or fuel cells, we
have tried to convey the standing challenges concerning the
design of chemically (and electrochemically) complex
hybrid systems with components and building blocks
ranging from extended oxides or nanoparticles to carbon
or oxide nanotubes, to clusters and to molecules and the
opportunities arising from their integration with conducting
polymers.
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Introduction

The intersection between the field of hybrid materials and
that of electrochemistry is a quickly expanding area with
strategic applications ranging from sensors to energy
storage and conversion [1, 2].

The original thrust for hybrid formulations came from
the quest of materials with the best properties of glass and
plastics and led to the discovery and optimization of
polysiloxanes or silicones, among which, silly putty has
served as an American favourite modelling paste for child’s
play since the 1950s.

But hybrids span much further than organically substi-
tuted –Si–O–Si–O– backbones typically prepared by sol–
gel chemistry. And every year more so. A glimpse of this
variety, including intercalates [3–6], grafting [3], sol–gel
[7, 8], electrodeposition [9] or polymer-based hybrids
[2, 10], among others, can be found in the chapters of the
book “Functional Hybrid Materials” [1] and in a continuous
series of reviews steadily updating information on this
expanding field. Indeed, just reviewing recent reviews on
different applications of hybrid materials is an extraordinary
exercise. One can find reviews on functional hybrid materials
[2], on general applications [11] or reviews with emphasis
on electrochemical properties [12], reviews and papers on
luminescent hybrid materials [13–15], on photochromism
[16], on catalysis [15], on sensors [17, 18], on actuators, on
opto-electronic devices [19], on hybrid solar cells [20] or
fuel cells [21–24]

This paper, based on an expanded version of an invited
contribution at WEEM2009 aims at providing an appealing
overview of the many research targets lying at the intersection
between the field of hybrid materials and the vast and
multifaceted field of energy storage and conversion.
Several of the case examples included in this review
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were originated in our laboratory, but we have intended
to include also other inspiring examples of how to put
hybrids to work for energy applications directly related
to electrochemical devices. The result is by no means
exhaustive. This is not a comprehensive review, but tries
to be an inspiring one.

In order to focus this review, we will concentrate our
discussions on hybrid materials based on conducting
polymers. In combination with them, a myriad of inorganic
compounds can be used to design and prepare hybrid
materials: from extended phases or metals, nanoparticles,
clusters to molecular species. This variety leads in turn to a
wealth of different possible interactions, and structures at
different length scales, between the polymers and the
inorganic components, as shown in Fig. 1 for just a few
representative examples.

The complex nanostructure shown on the left (Fig. 1a)
corresponds to crooked core–shell silver “nanosnakes”
coated with a layer of polypyrrole [25]. The structure
shown features approx. 50-nm-wide cores and many
microns long lengths, but there are other of these nano-
structures composed of different materials, such as Cu2O/
PPy [26] or Cu/PPy nanowires of varying thicknesses and
lengths. Figure 1b shows silver nanoparticles (approx.
12 nm) grown in a biopolymer matrix (agar) [27]. There
are also many recent studies on the synthesis and
properties of metal nanoparticles/conducting polymer
nanocomposites [28–34] which would belong to this
category of domain size. Figure 1c represents the
(anisotropic) growth of conducting polymers, in particular
polypyrrole (PPy), within the channels of a mesoporous
silica matrix. The synthesis [35, 36] and electrochemical

properties [37] of this type of hybrids have been recently
reported. In this case, the “host” is inorganic and the
“guest” polymeric, and thus, this is described as an
inorganic–organic hybrid (I–O) [2]. Other examples of I–
O hybrids with smaller domain size of the polymer (at
least in one dimension) is given by the intercalate hybrid
compound presented in Fig. 1d. Xerogels of V2O5

intercalated with PPy or PAni were prepared [38] and
their application as cathodes in lithium batteries demon-
strated [39]. Not only oxides but also extended coordina-
tion compounds of the Prussian Blue type have been
extensively studied in hybrids [40–43]. The final example
of hybrids based on conducting polymers in Fig. 1e shows
the material prepared by anchoring polyoxometalate
(heteropolyanions) within the framework of conducting
polymers either PPy [44], PAni [45, 46] or PEDOT [47,
48]. These represent examples of I–O hybrids in which the
matrix is polymeric and the inorganic species are clusters
[44] or even smaller molecules [49, 50]. Our work showed
that the large molecular weight and charge of these anions
are enough to keep them anchored within the framework
of p-doped polymers, although work has also been
conducted on the covalent linking of this type of clusters
in polymers [51]. As it will be detailed below, these
materials were successfully shown to act as efficient
electrodes for electrochemical supercapacitors [52].

Energy

If we shift our perspective from the world of materials to
the world of energy, we will find an incredible land of
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Fig. 1 Length scales of interaction and domain sizes between
conducting polymers and inorganic species can vary widely depending
on the type of material considered: from complex core shell

nanostructures or nanoparticles spanning a few hundred nanometers
to mesoporous or intercalation hybrids to molecular species down
to 1 nm
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opportunities. All the pieces of the energy puzzle are
urgently demanding scientific breakthroughs related to the
world of materials or nanoscience [53], and among them,
hybrid nanocomposite materials take a good share of
research [20].

Conversion (generation) of energy Whether you are an
engineer and call it “generation” or you are a scientist and
call it “conversion”, this corner of the energy field is in bad
need of help from materials scientists. Solar energy
conversion could be taken as the paradigm of this need.
Frequently put off as a “not so efficient” technology, solar
conversion is actually a dragon with many heads (thermal,
photovoltaic, photoelectrochemical), for most of which the
main problem is NOT efficiency but price. After all, even
the 10% of free is free, and the real question is how long it
will take for that thing we put on our roof to pay off. Way
too many years so far for solar energy to compete with
cheap and dirty good old oil.

Simpler and less expensive processes for the fabrication
and purification of solar silicon could help therefore turn
the balance towards affordable photovoltaic conversion.
But if 99.999% Si has reached an absolute minimum for
its production costs (does anyone believe it?), materials
scientists have an alternative plan. Actually many alterna-
tive plans, almost as many as scientists working on the
field, because the race is open for the discovery of
alternative materials and the development of novel
conversion devices based on them. They would just need
to be at least as efficient (and durable!) as silicon, but
much cheaper. Hybrid materials have a big role to play in
this game, as shown by several reviews and noted papers
[1, 20, 54]. But solar is not just photovoltaics. Thermal
solar conversion, though a more mature technology, could
also benefit from innovation in materials. This innovation
could involve the design of a wide variety of materials,
such as selective absorbers, refractory materials or self-
cleaning coatings for the panels, as well as novel systems
for thermal energy storage like molten salts or silicones or
latent heat compounds.

Finally, in the photoelectrochemical corner of solar energy,
(photo-) electrochemistry is obviously the reigning tool.

Besides solar cells, other wide field related to energy
conversion is that of fuel cells. Direct conversion of chemical
into electrical energy has not been a big commercial hit in the
past (apart from aerospace applications) due to our high
tolerance of exhaust gases in exchange for the use of cheap
and dirty good old fossil fuels on earth (again, apart from
aerospace applications). Low-temperature fuel cells like
proton-exchange membrane are the technologies with a
potentially higher input from hybrid materials. Indeed,
besides organic polymers conventionally used for the task,

hybrid materials are beginning to show their potential for the
fabrication of high-performance electrolyte membranes in this
type of polymeric fuel cells [21–23].

Energy storage

Notwithstanding the importance of energy conversion,
energy storage is another field of utmost importance for
our upcoming sustainable energy model and a field in
which electrochemistry is traditionally dominant and in
which hybrid materials are beginning to show as
powerful contenders.

Electrochemical energy storage has been traditionally
and conventionally divided into batteries and supercapacitors.
Originally, the distinction was meaningful. Conventional
capacitors used a purely electrophysical mechanism to store
minimal amounts of energy, but with the capability of
providing it fastest, that is, at high current and high power.
The introduction of double-layer supercapacitors was an
ingenious way to harness charge separation at an electrode–
electrolyte interphase and provided a way to store more
energy than with conventional capacitors due to the high
surface area and the minimal charge separation distance
(Angstroms at the double layer). Batteries, on the other hand,
exploited purely electrochemical reactions and provided
high-energy densities but low power densities, the latter a
consequence of the involvement of ions in the redox reactions.
The electro-ionic nature of battery reactions was leading to
slower processes in comparison with faster, purely electronic
processes in conventional capacitors.

The advent of electrochemical supercapacitors has
recently blurred all those distinctions [55]. These devices
share features from batteries (the electrochemical nature of
the processes involved) and from capacitors (the interfacial
nature of those processes). Thus, following the introduction of
hydrous RuO2 as a prototypical active material for electro-
chemical supercapacitors [55, 56], a wealth of research has
been devoted to the study of many different inorganic phases
with high surface area, such as MnO2 [57], but also to the
study of conducting polymers for the same task [58]. At the
conceptual interface between inorganics and conducting
polymers or carbon nanotubes [59], it has been natural to
find examples of hybrid materials which can harness the
electroactivity and conductivity of the latter and combine it
with the electroactivity of the former.

In our laboratory, we did explore the possibility to
use polyoxometalates in combination with conducting
polymers to be used as hybrid materials for supercapacitors.
Polyoxometalates are inorganic oxide-like clusters typically
formed by Mo or W oxide units which constitute the closest
example of an oxide quantum dot. They are both structural
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and functional models of electroactive oxides reduced to
their minimal size [60, 61] (Fig. 2). Indeed, all 12 MO6

units conforming to the so-called Keggin structure are outer
“surface” moieties. There is no bulk. They are so small and
heavily charged that they are soluble in many solvents and,
therefore in principle, useless as active electrode materials.

The integration of polyoxometalates in conducting poly-
mers led to the development of a new class of electroactive
hybrids which resulted in a new concept material for
application in electrochemical supercapacitors [52, 62].
Figure 3 shows the electrochemical performance of a
solid-state, symmetrical supercapacitor cell based on the
hybrid PMo12O40/PAni as active electrode. The main data
show the evolution of capacitance upon cycling (up to
120 F/g), whereas the inset shows how the electroactivity of
both polymer and cluster are used during cycling. The steady
increase of capacitance during the first 300 cycles should be
commented. This apparent “activation” of the electrode is
due to the progressive impregnation of the electrode with the
electrolyte [52], which reminds us that the final performance
of any supercapacitor material will be optimal only after an
optimization of the microstructure which would lead to
maximal electrode–electrolyte interface. Whether this
optimization was achieved for this particular material is an
open question

In addition to inorganic clusters, extended inorganic
phases have also been used to synthesise hybrid materials
with conducting polymers. The hybrids based on V2O5

xerogels and different intercalated conducting polymers
(Fig. 1d) were early examples of this type which were
studied in detail, with PAni [38, 63, 64], PThi [65] and PPy
[66, 67], and later proposed as cathodes for rechargeable

lithium batteries [39, 66, 68, 69]. Also, other early candidate
oxides for Li batteries, such as MoO3, were studied as
intercalative matrices to form hybrids with PPV [70, 71] and
PAni [72, 73]. Finally, inorganic phases such as LiFePO4,
which are well established as active cathode materials,
can benefit from their integration in hybrid electrodes in
combination with conducting polymers [74].

The path to complexity As a final section to this brief
overview, we would like to mention an emerging contender
in the field of hybrid materials and a trend towards
complexity. Since their discovery, carbon nanotubes
(CNTs) showed great promises with their unique combina-
tion of mechanical, electronic and chemical properties.
They have been the subject of many reviews, including a
recent critical review on their electrochemical properties
[75], and soon they were the subject of prospective research
to develop hybrid materials containing them, in particular
with conducting polymers [76]. With the advent of CNTs as
valuable components, the circle of possible hybrid combi-
nations for energy storage is closed with hybrids made with
conducting polymers and oxides or polyoxometalate clusters
(as described above), with conducting polymers and CNTs
[77, 78] and finally with CNTs and electroactive oxides [79]
as well as CNTs and polyoxometalates [80].

The path to further complexity is also beginning to be
explored. A few examples are electrocatalytic films of
conducting polymer/polyoxometallate/Pt nanoparticles
grown layer by layer [81, 82], triple hybrid materials
integrating conducting polymers, oxides and inorganic
molecules [83] or ternary nanocomposites of multi-walled
CNTs, PAni and noble metal nanoparticles [84].
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Conclusions

We have discussed a few case examples of how to build
hybrid electroactive materials with conducting polymers
and a wide variety of inorganic compounds, with emphasis on
their possible application in energy storage and conversion.
But beyond these applications, this brief review has tried to
show the importance of exploring novel combinations of
dissimilar materials to form more complex systems through
simple chemical methods. Challenges are open concerning
further control of complex composition, structure, microstruc-
ture, as well as fundamental electrochemical properties of
materials with combined electronic conduction, electron
transfer and varied redox chemistries. Many opportunities
remain whilst exploring these fascinating topics or devising
new materials based on new building blocks such as
graphenes. Working to meet these challenges will certainly
not be a child’s play. But it will be as fun.
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