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Functional Hybrid materials based on conducting polymers and inorganic
photo-electroactive species provide a wealth of opportunities for the development of novel
materials with improved properties. Polyoxometalates are one type of well-known
inorganic species with most interesting photo-electrochemical activity. They are perfect
models for nanometer-sized oxide quantum-dots both concerning structure, topology and
electrochemical and photochemical properties. Yet, they have not been applied as materials
because of their molecular nature (i.e., soluble in most solvents or electrolytes). In our
group we have recently developed a research line dealing with the integration of these
fascinating clusters in conducting polymer matrices to yield functional hybrid materials.
Our past emphasis was on electroactivity for energy-storage applications but these
materials can also be used, as it is shown here, for photoelectrochemical applications.
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1. Introduction

Polyoxometalates are a large family of clusters with dif-
ferent but very well defined sizes and topologies formed
by a predominant transition metal framework (usually
W or Mo) and oxide anions to which a large variety
of other elements can be incorporated. Several excel-
lent reviews have been published on these remarkable
cluster species [1-4].

With sizes just one order of magnitude smaller than
the smallest of living biological structures such as the
Rhinovirus (approx. 20 nm) polyoxometalates are not
colloids but soluble polynuclear species (Fig. 1). In-
deed, one of the main reasons why polyoxometalates
have not been considered in the past for the design of
functional materials is precisely because their molec-
ular nature makes them soluble in water and common
organic solvents. Yet, they not only share structural and
topological features with related transition metal ox-
ides [1] but also resemble them concerning their redox,
electron transfer or ion transport behavior. In all these
respects, polyoxometalates can be generically consid-
ered as the perfect models for quantum-sized transi-
tion metal oxide nanoparticles [5, 6]. For example, the
electrochemical or photochemical injection of electrons
in heteropolyanions (HPA) with the concomitant in-
duction of thermally activated delocalization between
metal centers and IVCT (Intervalence Charge Trans-
fer Bands) leading to change in color, closely paral-
lel the corresponding electrochromic properties of the
corresponding oxides upon doping. On the other hand,
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POMs are ultimately dispersed species where all the
metal centers that conform the cluster are not part of
a bulk extended structure but are effectively located at
surface sites, with all the implications this has concern-
ing interfacial chemistry/electrochemistry and surface
properties.

Contrary to ever-smaller nanostructures and quantum
dots designed by means of physical methods follow-
ing a top-down approach, polyoxometalates represent
a very significant example of the bottom-up approach
to nanomaterials used by chemists to build polynuclear
and supramolecular structures with collective proper-
ties.

The intrinsic properties of polyoxometalates are of
interest in themselves not only from a fundamental
point of view [7-9] but also to make of them materials
of interest in various applications. Beyond their tradi-
tional interest as catalysts, polyoxometalates constitute
potentially active materials for electrochromics, energy
storage and conversion devices (batteries, supercapac-
itors, fuel cells), sensors, or biomedical applications.
Also of interest are the recent studies on the mediated
charge transfer in TiO, photochemical cells [10] and
their use as electrolytes in acid fuel cells [11]. Previ-
ously reported uses and tests are extensively reviewed
in reference [12].

On the other hand, many of the applications of poly-
oxometalate clusters as materials require their use in
the form of membranes or electrodes, that is, in the
form of solid, insoluble materials or coatings. There is
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Figure 1 Polyhedral representation of (a) decavanadate [Vloozg](”, (b)
Keggin anion [PMo012049]°~, and (c) Dawson structure [PoW30g21°.

therefore a main strategic line of work that has centered
on the inclusion or integration of polyoxometalates in
all sorts of substrates, polymeric, inorganic or mineral,
and their combination with surfactants or organic car-
riers.

We will discuss here the basis for the applications
of polyoxometalates in their own as photoelectroactive
materials as well as the design of more complex mate-
rials and composites integrating them, with the recent
development of hybrid organic-inorganic materials as a
general approach for the harnessing of polyoxometalate
properties in solid polymeric functional materials.

2. Polyoxometalates as materials

Historically the use of polyoxometalate as materials on
their own has been limited to applications in which they
could be dissolved or show specific changes after dis-
solution. The isolation of these clusters in their solid
state forms has been more of a necessary step in their
synthesis and purification. In many instances, the so-
lution is not clear to have contained dissolved anions
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or colloidal oxide particles (i.e., H3W 2049 vs. WOs3-
nH,0). In any case, the applications are based on two
main properties; the rich acid —base chemistry that leads
to condensed anions, and the redox chemistry that those
anions undergo with very small structural distortion.

When reduced, polyoxometalates of Mo and W (but
not Vanadium) form mixed valence species (See Cyclic
Voltammogram in Fig. 2) where the electrons are de-
localized in a manner that is the counterpart of the
thermally activated delocalization found in extended
doped oxide lattices. This correlation in itself, which
will be discussed in what follows, is what makes
of polyoxometalates excellent models for quantum-
sized oxide systems and for their application as photo-
electrochemical materials. Furthermore, the existence
of ring-current effects [13] and the correlations and
magnetic interactions between added electrons within
polyoxometalates [14, 15] add a great fundamental in-
terest.

It is indeed well known that many polyoxometa-
lates can be reduced reversibly to yield mixed-valent
species usually known as blues or browns. This pro-
cess can be accomplished either electrochemically or
photochemically leading to characteristic broad Inter-
valence Charge Transfer bands centered in the near IR
(see Fig. 3). The first stages of such reductions usually
are one-electron processes that involve the existence of
adelocalized electron throughout the structure (or most
of it), associated to the detection of an ESR signal corre-
sponding to an unpaired spin with a g value near 2 [16].
The thermal dependence of that ESR signal, and the
appearance of hyperfine splitting at low temperatures
show that electron localization occurs at low tempera-
tures (60 K for molybdates, 10 K for tungstates). Bulk
magnetic measurements on tungstates show a magnetic
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Figure 2 Cyclic voltammogram showing successive (and reversible) reduction processes for SiW12 polyoxometalate.
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Figure 3 Intervalence Charge-Transfer Bands resulting from photo-
chemical reduction of the clusters indicated in each case upon UV ir-
radiation. These near-IR broad absorption bands are responsible of the
darkening of polyoxometalates upon reduction.

moment of 1.4 ug, typical of one W (V') ion with consid-
erable spin-orbit coupling as expected from its location
on the third row of the periodic table. No significant
difference should be expected in this case with respect
to a localized W(V) ion.

Fig. 1 shows some of the better know polyoxomet-
alate structures, but the field is in continuous evolu-
tion and for instance, many new mixed-valent vana-
dium polyoxometalates with unusual structures, some
of them giant, have been obtained in the last few years
[3, 7, 8]. Even metastructures formed by those giant
polyoxometalates in forms that resemble vesicles have
been reported very recently. All are based on vanadium
and although they contain this metal in mixed-valent
state, there is no electron delocalization in the structure
as detected and discussed above for “blues” of molyb-
denum and tungsten.

Polyoxometalates have been used as soluble molec-
ular species in catalysis and biomedicine, in the form
of coatings on metals such as aluminum or silver. Also,
modified carbon electrodes have been prepared by coat-
ing the surface with polyoxometalates resulting in a
marked decrease in the hydrogen overpotential for elec-
trochemical water splitting. Also related to the use of
polyoxometalates as nanomaterials we should mention
a very significant emerging trend related to the recent
progress in techniques such as STM and AFM which
have allowed the stochastic manipulation of this type
of large cluster anions instead of the statistical manip-
ulation conventionally used in chemistry [3].

But polyoxometalates can also be crystallized or
precipitated with inorganic or organic positive species

that counterbalance their negative charges leading to
solid molecular materials which can be purely inorganic
adducts or hybrid inorganic-organic combinations. One
of the most successful approaches in this sense has been
the modification of conducting polymers with polyox-
ometalates to act as supported catalysts or the complete
integration of the inorganic clusters within the frame-
work of the polymers to form hybrid materials able to
store energy in batteries or electrochemical supercapac-
itors. In the following section this application and novel
photoelectrochemical applications will be discussed.

3. Polyoxometalates in hybrid
nanocomposite materials
Some of the earliest applications of polyoxometalates in
general and heteroplyanions in particular were all those
related to their catalytic activity, and they have indeed
been used extensively as homogeneous oxidation cata-
lysts. But in order to take advantage of some of the best
characteristics of heterogeneous catalysts, there have
been numerous works on supported polyoxometalates,
in which the active molecule would adsorb and decorate
a particular substrate or supporting material. These sub-
strate materials have ranged from conventional organic
polymers to inorganic mineral phases and the result-
ing POM-containing solids could be considered as an
early stage in the development of materials integrating
polyoxometalates as active species, albeit with a strong
focus on their use as catalyst rather than as materials.
On the other hand, a more recent line of work has
centered on the design of true materials to be used as
solid electrolytes or even electrodes that could harness
the characteristic activities of POMs. In these cases,
the particular combination of active molecule and sup-
porting matrix should be carefully chosen with each
particular application in mind. For instance, when con-
sidering the design of polyoxometalate-based electrode
materials, a particular kind of substrate polymer comes
to mind, namely the large family of conducting organic
polymers (COPs). Indeed, as we will see in the next
pages, COPs provide an ideal network were polyoxoan-
ions can be integrated, providing at the same time the
electron (or hole) mobility necessary for electrodic ma-
terials where both electronic and ionic conductivity are
needed for a wide range of applications. On the other
hand, the integration of POMs in polymeric matrices
that are electrical insulators but which can provide or
enhance the transport of ions or protons can lead to the
natural design of electrolyte materials for a variety of
solid state cells.

4. Electroactive hybrids based on POMs
and conducting organic polymers

Like POMs, Conducting Organic Polymers (COPs)
constitute another large family of compounds poorly
known for more than a century, which were eventually
understood and controlled only after the late 1970’s and
which are beginning to find commercial applications
with the turn of the century. In addition to their peculiar
conductivity, COPs feature reversible redox chemistry
and ionic transport. Their electrochemically tunable
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doping states and their electrochromic and electroopti-
cal properties, added to their low cost, light weight and
processability, have made of COPs central materials in
many different fields and applications.

But in addition to this development on their own,
COPs are also an excellent basis for the design of the
type of hybrid materials we are discussing here. They
represent ideal constituents for the development of mul-
tifunctional hybrid organic-inorganic materials [17] in
which either of the characteristic properties of COPs or
their combinations can be exploited to enhance or com-
bine with those of polyoxometalates, providing at the
same time a polymeric base for a solid material. In this
way, a large variety of functional hybrid materials can
be designed and fabricated in which multifunctional-
ity can be easily built to address specific technological
needs [17-19].

We could find examples of hybrids with POMs and
different types of conducting organic polymers, al-
though most research work has focused on hybrids
with polypyrrole (PPy), polyaniline (PAni) or poly-
thiophene (PT) and their derivatives This category of
hybrids spans a large number of materials and appli-
cations, including sensors or ion-selective membranes.
Yet, our discussion will focus on the possible applica-
tion of these hybrids in energy storage and conversion
devices.

The introduction of molecular inorganic species into
a COP network can be conveniently accomplished by
taking advantage of the doping process of the poly-
mer leading to the incorporation of charge-balancing
species into the structure. This is the case for hybrid
organic-inorganic materials with COPs and polyoxoan-
ions.

From a synthetic point of view, the preparation
of Organic-Inorganic polyoxometalate-COP hybrids
meets all necessary conditions for success. Namely,
the strong oxidizing potential and acidic character of
most polyoxometalates in their acidic form (i.e., het-
eropolyacids) are precisely the conditions required for
the polymerization of monomers such as aniline, pyr-
role or thiophene to yield the corresponding p-doped
polymers. In this way, hybrid materials can be syn-
thesized in which the bulky anions from heteropoly-
acids get trapped within the framework of the polymer
formed (see Fig. 4), leading to a material with all the
unique properties of the conducting polymer plus the
added activity of the entrapped inorganic cluster [17,
20, 21] which remains effectively anchored within the
polymer.

The retention of large active anions in these hybrid
materials has important consequences regarding their
redox insertion mechanism. The permanence of the an-
ions in the polymer matrix upon reduction forces the
insertion of cations for the needed charge balance, with
the inverse process of cation expulsion taking place
upon reoxidation, thus converting p-doped polymers
into cation-inserting redox materials [17, 21].

4.1. Energy-storage applications
Soon after the discovery of conducting organic poly-
mers, their reversible electrochemistry, added to their
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Figure 4 Schematic diagram of the structure of the hybrid Polypyr-
role/PMo12.

light weight and polymeric nature made them very
promising materials for application in thin, plastic
energy storage and conversion devices [22], such as
rechargeable lithium batteries, or, more recently, elec-
trochemical supercapacitors or organic solar cells.
However, conducting polymers were not problem-free.
Their effective capacity to store charge turned out to
be relatively low and some of their characteristic prop-
erties turned into a handicap. For instance, the anion
intercalation-deintercalation taking place during cy-
cling of p-doped COPs (the type used for cathodes)
is detrimental to the energy density of a cell formed
in combination with cation-generating lithium anodes
[17, 22]. These limitations have been some of the ma-
jor obstacles for the application of organic conducting
polymers as lithium insertion cathodes making them to
lose ground in favor of inorganic active materials in the
race for achieving improved performance in recharge-
able plastic Li batteries.

To overcome this problem and revamp the use of
COPs in certain energy storage applications, new hy-
brid organic-inorganic materials were synthesized and
studied. For example, within the group of molecular O-
I hybrids we could highlight those based on COPs and
heteropolyanions [20, 21], and also hexacyanoferrate
hybrids [Fe(CN)s]*3~ [23].

Hybrids can also provide the added activity of the
inorganic clusters in electrochemical supercapacitors.
This option represents a different and complementary)
approach to batteries for the storage of charge, based on
interfacial processes, and allow for higher power den-
sity but lower energy density than batteries. Originally
supercapacitors harnessed double-layer charge storage
on the interface between microporous carbon materi-
als and suitable electrolytes in a purely electrophysical
capacitive mechanism, but more recently electrochem-
ical supercapacitors are leading the way towards higher
specific energy systems. These are based on redox ac-
tive materials able to cycle repeatedly between two ox-
idation states and therefore represent an approximation
between traditional supercapacitors and batteries.

Conducting organic polymers, which can be p- or n-
doped polymers, have also been proposed and studied
as active materials for electrochemical supercapacitors.
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COPs as supercapacitor can deliver high specific power
for a short period of time (10-100 s), though with an
energy density significantly lower than that of batteries
[24].

The most desirable configuration for supercapacitors
based on COPs is when the n-doped polymer is used as
negative electrode and the p-doped polymer is applied
as the positive electrode. This configuration is the most
promising in terms of energy and power [24].

Our hybrids composed of polyoxometalates and con-
ducting polymers also are excellent materials for appli-
cation in energy storage in electrochemical supercapac-
itors. This application makes use of the reversible redox
chemistry of both COPs and polyoxometalates as it can
be seen in the Cyclic Voltammogram in Fig. 5. The lat-
ter are known to suffer reversible reduction processes
with a concomitant protonation, a mechanism which
must be at work during cycling of the supercapacitor
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Figure 5 Cyclic voltammogram of the hybrid formed by Polyaniline and the phosphomolybdate cluster, where the activity of both components can

be detected.
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Figure 6 Charge-discharge cycles of an electrochemical capacitor cell based on the hybrid PAni-PMo12040 (above).
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cells. Contrary to the behavior of these hybrids in non-
aqueous Li™ electrolytes, their use in electrochemical
capacitor cells with acidic electrolyte membranes leads
to aremarkable improvement in their cyclability behav-
ior (see Fig. 6) with preliminary tests including up to
two thousand charge-discharge cycles and 120 F/g [25].

5. Conclusions

The development of hybrid materials based on Con-
ducting Organic Polymers (COPs) represents an oppor-
tunity to improve upon the properties of these unique
conjugated polymers and to develop new materials with
new interesting properties.

The hybrid approach: In the case of energy storage
applications, inorganic species contribute their added
electroactivity to that of the COPs themselves in mate-
rials that keep their polymeric and conducting nature.
In the particular case of OI hybrids, with molecular or
cluster inorganics, the formation and redox cycling of
the materials exemplify a peculiar synergic situation in
which the activity of the molecular inorganic species
can be harnessed in a practical electrode only because
of their integration and anchoring within the polymer
network.

In the same way that these polyoxometalate-
containing hybrids have been used for energy storage
applications, they could also be applied in energy con-
version devices, where the photo-electrochemical activ-
ity of the clusters would be this time at work. Depending
on the type of application it might be necessary to use
dyes in order to absorb light in the visible region of the
spectrum, similarly to the working mechanism of dye
sensitized cells.
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