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Preface

Today, the world urgently needs alternative sources of environmentally sustainable
energy supply for rapid industrial development and for consumption, such as in
China. Indeed, it has become crucial for the future of humanity to find clean and
safe methodologies to produce alternative energy for avoiding the growing global
warming effect and urban air pollution. As a consequence, to reach this purpose it
is necessarily to create new materials to build devices for renewable energy. In the
past decade, funding agencies and governmental programs were created worldwide
to give the scientific community support to find and develop new materials and
devices for alternative energy production. In this context, this book tries to give an
overview of the main developments in Brazil and its contribution to produce a
clean and alternative source of energy. This book written by leading experts in
major fields of physics, chemistry, and material sciences in Brazil covers the
fundamental use of semiconductors, organic, and inorganic materials to build
devices that directly convert solar irradiation into hydrogen and electricity, the
latest development of biofuel cell and low temperature fuel cell devices using
nanomaterials, as well as the latest advances on lithium-ion batteries and nickel–
metal hydride batteries. This book consists of seven chapters which address in
detail the fundamental importance of nanomaterials on the device performance and
efficiency. The first three chapters concern an overview of the main contribution of
research in development of a photoelectrochemical device which directly converts
solar irradiation into electricity and hydrogen. This book begins with a chapter by
Nogueira and Freitas summarizing the recent progress on the incorporation of
inorganic semiconductor nanoparticles and metal nanoparticles into organic solar
cells. The improvement caused by nanoparticles insertion on organic solar cell and
its efficiency are discussed. In Chap. 2, Souza and Polo describe the recent
advances in the developments on tris-heteroleptic ruthenium dye-sensitizers and
its impact on dye-sensitized solar cells, efficiency. In addition, this chapter also
gives an overview of natural dyes promptly obtained from several fruits or flowers
in a very simple way which are also being employed as semiconductor sensitizers
to produce these devices at a low cost. Souza and Leite present the recent advances
on chemical synthesis to obtain a very promising semiconductor to be used as
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photoanode in a photoelectrochemical device. This chapter illustrates a general
discussion on solid–liquid interface, photoelectrochemical device performance due
to a variety of nanostructured morphologies prepared by chemical methods and the
main features of molecular oxygen evolution mechanism (OER) from water oxi-
dation under solar light irradiation.

The next two chapters give readers the recent progress and fundamental dis-
cussion on producing an efficient fuel cell working at low temperature based on
nanomaterials and interface of biomolecule immobilized on nanostructure surface.
Olyveira and Crespilho describe in this chapter recent studies using biological
materials immobilized on nanostructured film surface to generate electricity. The
main focus of this chapter is how to build biofuel cells with high power density,
controlling the enzyme immobilization methodologies and stability. Lima and
Cantane present a development of a new class of electrocatalysts for application on
low temperature fuel cells. This chapter discusses the main challenges of oxygen
reduction reaction (ORR), and of the ethanol oxidation reaction (EOR) for proton
and anion exchange membrane electrolytes. Also, the performance and test sta-
bility for some ORR electrocatalysts are included.

Finally, the last two chapters are dedicated to contextualize the readers on the
advances in development of lithium-ion batteries and nickel–metal hydride bat-
teries with the use of nanomaterials. Huguenin and Torresi describe the main
advances resulting from the use of sol–gel route to produce V2O5 xerogel, nano-
composites of V2O5, and polymer cathodes for lithium-ion batteries. This chapter
reviews the importance of structural features for better understanding of lithium-
ion insertion/deinsertion, and their influence on electrochemical properties and
charge capacity. Also, the use of nanomaterial on lithium-ion batteries is dis-
cussed. A chapter focusing on novel hydrogen storage materials and fundamental
aspects for using nickel–metal hydride (Ni–MH) as rechargeable batteries is dis-
cussed by Santos and Ticianelli. The recent progress on developments of anode
materials, with special emphasis on the nanostructured Mg alloys, its challenges,
and perspectives are reviewed.

We are thankful to our current authors for their valuable contribution. We hope
that this book gives an important contribution for understanding the urgency of the
world to develop a new and efficient device for supplying the current necessity of
humanity to have a clean and sustainable source of energy. In addition, our
expectations to aid a wide scientific community to understand the actual progress
was only possible due to consolidation of nanoscience and nanotechnology.

Santo André, Brazil, May 2012 Prof. Dr. Flavio Leandro de Souza
Prof. Dr. Edson Roberto Leite
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Incorporation of Inorganic Nanoparticles
into Bulk Heterojunction Organic Solar
Cells

Jilian N. de Freitas and Ana Flávia Nogueira

Abstract Organic solar cells are among the most promising devices for cheap
solar energy conversion. The classical device consists of a bulk heterojunction of a
conjugated polymer/fullerene network. Many research groups have focused on the
replacement of the fullerene derivative with other materials, especially inorganic
nanoparticles, due to their easily tunable properties, such as size/shape, absorption/
emission and charge carrier transport. In this chapter, we highlight recent progress
on the incorporation of inorganic semiconductor nanoparticles and metal
nanoparticles into organic solar cells. The role of these nanoparticles in the
improvement of photocurrent, voltage and efficiency is discussed.

1 Introduction

There is a continuously growing demand for clean and renewable energy, impelled
by the need of bringing electricity to remote areas and due to an increase in
world’s population, which requires more (and safer) energy, at the same time
minimizing the impacts on Earth and nature. Solar energy is considered a
promising alternative to fulfill these aims.

For many decades the photovoltaic industry has been dominated by solid-state
devices based mainly on silicon [1]. The energy conversion efficiency of the best
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monocrystalline Si photovoltaic cells is *25 % [2, 3], which is very close to its
theoretical limit of 31 % [4]. However, the manufacturing of Si-based devices is
very expensive due to the requirements for high purity crystalline semiconductor
substrates [5]. Such drawbacks results in the high cost associated with solar energy
exploration [6]. In order to increase the share of photovoltaic technology, espe-
cially considering the application of devices in low-scale consumer goods, such as
cells phones, laptops, energetic bags and clothes, etc., the development of low-cost
devices is extremely necessary.

In this scenario, organic solar cells (OSC) appear as very interesting candidates.
Since these devices are usually assembled with organic semiconductors, either
small molecules or polymers, they show great promise due to the synthetic vari-
ability of organic materials, their low-temperature of processing (similar to that
applied to common plastics), and the possibility of producing lightweight, flexible,
easily manufactured and inexpensive solar cells. Moreover, the high optical
absorption coefficients of conducting polymers, in comparison to silicon, provide
the possibility of preparation very thin (100–200 nm) solar cells.

Recent progress in the field of OSC has led to a device with the maximum
efficiency of 7.4 % [7]. In order to further enhance the competitiveness of OSC
with other technologies, efficiency and long term stability remain crucial issues.
The photocurrent in these solar cells is limited by the light-harvesting capability of
the individual molecules or polymers in the device. The synthesis of new low band
gap polymers has been intensively studied for the purpose of overcoming this
drawback [8], but it is a complicated matter since changing the band gap energy
usually changes the energetic value of the highest occupied molecular orbital
(HOMO), which have unfavourable implications on the open circuit voltage.
Morphology is also important in this context since it impacts directly on charge
transport, and an intimate contact between donor and acceptor materials on a
nanoscale range is difficult to achieve due to phase separation. A better under-
standing of the processes at the nanoscale level, particularly those in layer-to-layer
interfaces, is needed, and the exact role of phase separation remains the subject of
active research.

To overcome some of these drawbacks, different types of acceptor materials
have been applied in the photoactive layer of OSC, such as carbon nanotubes and
inorganic semiconductor nanoparticles. When at least one component is replaced
by an inorganic counterpart, these devices are referred to as hybrid solar cells
(HSC). Figure 1 shows the structure and dimensions of nanomaterials typically
used in OSC and HSC.

The use of inorganic nanoparticles in optoelectronic devices has some advan-
tages, mainly related to the versatility of these materials, which often can be easily
synthesized in a great variety of sizes and shapes, according to the desired prop-
erties. Usually, the so-called inorganic ‘‘nanoparticles’’ are structures that present
at least one dimension between 1 and 100 nm. Since these materials are very
small, their properties such as absorption, emission, electron affinity, etc, depend
on the size (diameter) of the nanoparticle. For example, as the nanoparticle’s
diameter decreases, the absorption maximum is blue-shifted, as a result of a
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change in the band gap level due to the quantum confinement effect. Besides the
quantum size effect, inorganic nanoparticles have the advantage that they can be
easily synthesized in a great variety of shapes, such as spheres, prisms, rods, wires,
and even larger and more complex structures, such as tetrapods or hyperbranched
nanocrystals. For these materials, not only the optical properties but also the
solubility can be controlled by varying size or shape of the nanostructures. Fig-
ure 2 shows examples of metal nanoparticles with various shapes and sizes, and
the absorption characteristics of colloidal solutions of these nanoparticles [9].

Fig. 1 Structural depictions and approximate dimensions of nanomaterials used in polymer
photovoltaic cells. The structures shown in (a) are for CdSe nanoparticles. The structures shown
in (b) are for carbon-based nanomaterials used in OSC. The size ranges shown in (c) are estimates
based on literature reports for these materials. Reprinted with permission from Ref [23]
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In this chapter, recent progress on the application of inorganic nanoparticles in
OSC is discussed. The chapter is divided into three sections: the first contains basic
concepts of the assembly and principle of operation of classical OSC; the second
and third parts review recent results on OSC containing inorganic semiconductor
nanoparticles and metal nanoparticles, respectively. Reviews on the synthesis and
properties of semiconductor nanoparticles [10–15], and metal nanoparticles
[16–21], as well as other reviews on the application of inorganic nanoparticles in
optoelectronic devices [22–24] can be found elsewhere.

Fig. 2 (Left) Transmission electron micrographs of Au nanospheres and nanorods (a, b) and
Ag nanoprisms (c). (Right) Photographs of colloidal dispersions of AuAg alloy nanoparticles with
increasing Au concentration (d), Au nanorods of increasing aspect ratio (e) and Ag nanoprisms
with increasing lateral side (f). Reprinted with permission from Ref [9]
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2 Organic Solar Cells

The first OSC was developed by Tang [25] in 1986. This device consisted of a thin,
two-layer film fabricated from copper phthalocyanine and a perylene tetracarb-
oxylic derivative deposited between two electrodes, and presented *1 % effi-
ciency. Since then, different types of organic materials have been applied in OSC,
such as anthracene, perylene, porphyrins, phthalocyanines, fullerenes, carbon
nanotubes, graphene, oligomers, conducting polymers and mixtures of materials.

Organic semiconductors differ from inorganic semiconductors in many aspects.
The charge carriers generated in a photoactive organic material are not spontane-
ously dissociated but form a bound electron–hole pair (exciton) due to relatively
high-binding energies (of the order 400 meV [26]), in comparison to a few meV
observed for inorganic semiconductors. This is a consequence of the low electric
permittivity and localized electron and hole wave functions in organic semicon-
ductors, enhancing the Coulomb attraction between electron and hole [27]. The
noncovalent electronic interactions between organic molecules are weak compared
to the strong interatomic electronic interactions of covalently bonded inorganic
semiconductor materials like silicon, so the electron’s wave function is spatially
restricted, allowing it to be localized in the potential well of its conjugate hole (and
vice versa). The result is that a tightly bound electron–hole pair (Frenkel exciton or
mobile excited state) is the usual product of light absorption in organic semicon-
ductors [28]. Therefore, in conjugated polymers at room temperature only approx-
imately 10 % of the photoexcitations are spontaneously dissociated into free charge
carriers [29]. The typical lifetime of excitons is hundreds of picoseconds [30], after
which they recombine radiatively or non-radiatively. In consequence, the energy
conversion efficiency (g) of pure conjugated polymer-based solar cells is typically
1–2 % [31]. In order to enhance this efficiency one should combine polymers with a
suitable electron acceptor material, to provide an efficient dissociation of excitons
and separation of the charge carriers. This also allows the transport of the electrons
and holes in the separate materials with a low probability of recombination.

Classical OSC are based on the combination of an electron donor/hole trans-
porting material, usually conducting polymers or small organic molecules, and an
electron acceptor/electron transporting material, usually fullerene (C60) and its
derivatives. Since light absorption results in the formation of excitons, these
devices are also known as excitonic solar cells [32]. The small exciton diffusion
length observed in organic semiconductors (i.e., 10–20 nm [33]), leads to the fact
that only the excitons generated near the interface can effectively split. The
energetic differences in the electron affinity and ionization potential of the two
organic materials give rise to the driving force for exciton splitting at the interface.
On the other hand, films of the order of *100–200 nm are required to absorb a
significant fraction of the incident light. The overall processes occurring in
polymer/fullerene OSC are represented in Fig. 3, and may be described as follows:

• Absorption of photons.
• Generation of exciton pairs in the photoactive material.

Incorporation of Inorganic Nanoparticles 5



• Diffusion of excitons in the photoactive material towards the donor/acceptor
interface.

• Dissociation of excitons and separation of the charge carriers at the boundary
between donor and acceptor materials.

• Transport of the holes and electrons to the electrodes.
• Collection of the holes and electrons by the electrodes.

Due to the excitonic nature of these devices, bilayer OSC, where two layers of
different materials are co-deposited on top of each other, usually show lower
efficiency due to the small interface for exciton dissociation [34]. Bulk hetero-
junction (BHJ) OSC, where the two materials are organized in an interpenetrated
network, present an elegant form of minimizing the problems of exciton dissoci-
ation. In 1995 it was shown that using this approach, the performance of
OSC could be significantly improved [35, 36]. The nanoscale mixtures of two
components allow the interface formation throughout all the film extension, thus
the photogenerated excitons rapidly split before recombination.

The development of BHJ architecture and the discovery of photoinduced
electron transfer from polymers to C60 [37] were the breakthrough for the
development of more efficient OSC. The photoinduced charge transfer in these
materials is irreversible and very fast (*45 fs), with efficiencies of *100 % [38],
while the recombination process is very slow (on the order of ls–ms) [39].

Figure 4a shows the scheme of a classical BHJ OSC device. Indium tin oxide
(ITO) coated glass is used as conductive, transparent substrate. ITO is perhaps the
most suitable electrode to be in contact with the conducting polymer due to its high
work function and optical transparency. This substrate is usually covered with a

Fig. 3 Simplified energy diagram and the main steps of the photovoltaic process in a typical OSC.
The incident photon creates an electron–hole pair (exciton). The exciton diffuses to the interface
between the donor and acceptor materials, where it is separated into free charges. These charges
need to be transported and collected on the respective electrodes to produce a photocurrent
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layer of a commercially available highly conducting polymer blend of poly(3,4-
ethylene-dioxy)-thiophene:polystyrene-sulfonic acid (PDEOT:PSS). This material
is known to increase the work function of the electrode (the work functions are
*4.7 eV [40] and *5 eV [41] for ITO and PEDOT:PSS, respectively). In con-
trast, the top electrode should be a metal of low work function, such as Al, Mg or
Ca, to allow transport of electrons and injection into the metal. A thin layer of LiF
is usually employed to improve the electron injecting process [42]. The selected
metal should also provide an ohmic contact with the semiconductor.

A crucial parameter for charge separation is the alignment of the energy levels of
the materials. A schematic band diagram for the polymer/fullerene system, placed
between two collecting electrodes is shown in Fig. 4b, c. It is energetically favorable
when the energies of the HOMO and the lowest unoccupied molecular orbital
(LUMO) of the conducting polymer lie at higher values than the HOMO and LUMO
of fullerene, respectively. This ensures that electrons from the polymer are accepted
by the fullerene, whereas holes remain in the polymer. An appropriate alignment of
the energy levels is also important at the interfaces between conducting polymer and
the hole collecting electrode, and between fullerene and the metal electrode.

The driving force for selective transport of electrons and holes to the opposite
electrodes is attributed to a built-in potential [44]. As in the metal-insulator-metal
model described by Parker [45], the difference between the work functions of the
collecting electrodes induces the formation of an electric field, responsible for a
selective charge transport. The diffusion concept was also used to explain selective
charge transport. This concept considers that charge carrier transport is induced by
concentration gradients, associated with the use of selective electrodes [46]. Both

Fig. 4 Formation of a bulk heterojunction and subsequent photo-induced electron transfer inside
such a composite formed from the interpenetrating donor/acceptor network plotted with the
device structure for such a kind of junction (a). The diagrams with the energy levels of a MDMO-
PPV/C60 bulk heterojunction system (as an example) under flat band conditions (b) and under
short circuit conditions (c) do not take into account possible interfacial layers at the metal/
semiconductor interface. Reprinted with permission from Ref. [43]
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concepts have in common the fact that charge transport is directed by the asym-
metry of the electrodes. Gregg and Hanna [47] proposed a model where charge
transport is assigned to the chemical potential gradient, formed by charge gener-
ation at the interface.

Morphology also plays a crucial role in BHJ OSC [48–52]. An efficient
generation of charges depends on the formation of an uniform interface in the
exciton diffusion length, which is favored by a homogenous mixture of the
components, while efficient charge transport to the electrodes depends on
the formation of percolation pathways from the interface to the respective elec-
trode, favored by a certain degree of phase separation. Also, to achieve efficient
charge transport, the concentration of the acceptor material (i.e., fullerene deriv-
ative) must be high in most cases.

Since both charge carriers exist in the heterojunction, there is a possibility that
they might recombine before reaching the electrodes. There are two possible paths
for recombination: (i) bimolecular recombination, where the electron and hole
originated from the dissociation of a singlet exciton recombine with each other;
and (ii) the recombination of electrons or holes deriving from the dissociation of
different excitons. Although a large interface is good for exciton splitting, it also
enhances the recombination of charges. Recombination is also strongly influenced
by unbalanced hole and electrons mobilities. For the materials routinely employed
in OSC, the electron mobility exceeds hole mobility by two or more orders of
magnitude. Therefore, the improvement of hole transport mobility in polymers is
an important parameter to improve the photovoltaic performance [53]. The
recombination is also enhanced if the charge transport towards the electrodes is
hindered by the domain boundaries between the electron donating and accepting
materials [54], leading to a strongly morphology-dependent behavior.

In excitonic solar cells, the dark current is usually governed by a mechanism
different from the photocurrent. The dark current is limited by charge carrier
injection at the electrodes, while the photocurrent derives from interfacial exciton
dissociation. In organic semiconductors with low degrees of impurities, the dark
current can be many orders of magnitude lower than the photocurrent under for-
ward bias [47].

Photocurrent (or short-circuit current, Jsc) is considered to be proportional to
light-harvesting, since broader light absorption should give rise to increased
exciton generation. Most materials used in OSC strongly absorb light in the
spectral range below 600 nm. Thus, a way to improve the photocurrent and, in
consequence, the efficiency, is to develop new materials with improved light-
harvesting. Photocurrent also depends on film nanomorphology (a balance
between charge separation, transport and recombination), as discussed before.

The open circuit voltage (Voc) in OSC is directly related to the energy
difference of the HOMO level of the donor and the LUMO level of the acceptor
components [55–57]. Sharber et al. [58] proposed a relationship between Voc and
the values of the HOMO (EHOMO) energy level of the conducting polymer and the
LUMO (ELUMO) energy level of the fullerene derivative (Eq. 1, where e is the
elemental charge).

8 J. N. de Freitas and A. F. Nogueira



Voc ¼ 1=eð Þ EHOMO polymerð Þ � ELUMO fullereneð Þð Þ � 0:3 V ð1Þ

Gadisa et al. [59] observed a linear relation of Voc with the HOMO energy
level of the conducting polymer employed in the heterojunction. On the other
hand, Yamanari et al. [60] did not observe any direct relation of Voc and HOMO
values. These reports suggest that Voc in OSC is mainly related to the electronic
structure of the acceptor, which may be tuned by molecular engineering. The value
of Voc is also influenced by an interfacial factor associated with different mor-
phologies of composite films [61].

The influence of the metal electrode on Voc and on overall device performance
has been investigated by many authors [62–65]. The insensitivity of voltage
behavior on the electrode characteristics reported by some authors was ascribed to
the Fermi level pinning between metal electrodes and fullerenes via charged
interfacial states [55]. However, other authors have shown that Voc depends on the
work function of the electrodes for the cases where a Schottky junction is formed,
and is independent of this parameter when an ohmic contact is established [62].
Ramsdale et al. [63] reported a linear relation of Voc with the metal electrode
work function in bilayer devices. The dependency of Voc on the work function of
a PEDOT:PSS based electrode was also shown, where the voltage values could be
manipulated by different doping of the electrode at different levels [66].

In 2001, Shaheen et al. [67] reported, for the first time, a 2.5 % efficiency for a
BHJ OSC assembled with [6,6]-phenyl C61-butyric acid methyl ester (PCBM) and
poly[2-methoxy-5-(3,7-dimethyloctyloxy)]-1,4-phenylenevinylene (MDMO-
PPV). By changing the film deposition conditions and the concentration of PCBM
the efficiency was increased to 2.9 % [68]. When MDMO-PPV was substituted
with poly(3-hexylthiophene) (P3HT), over 3 % efficiency was obtained [69, 70].
This further increase in efficiency when using P3HT is related to the improved
light-harvesting and charge transport of this material in comparison to MDMO-
PPV and other poly(p-phenylene vinylene) derivatives used before [53, 71–73]. A
better control of the nanomorphology of the P3HT/PCBM film obtained by
changing the solvent and the introduction of post-production treatment (annealing)
further improved the efficiency of such devices [74, 75]. Annealing is considered
to contribute to increase photocurrent in the following ways: (i) crystallization of
PCBM and P3HT [76–80], which improves the light absorption and charge
transport, and (ii) increase in the yield of dissociated charges, correlated with a
decrease in P3HT’s ionization potential [81].

The addition of small alkyl thiol molecules or other additives [82, 83], the use
of low band gap conjugated polymers [8, 84] in combination with PC71BM, and
optimization of device design (i.e., Tandem solar cells) [85, 86] further improved
the power conversion efficiency of these devices, that recently reached *7 % of
efficiency [7, 74, 87, 88]. However, some factors still need to be improved, such as
nanoscale control of morphology and phase separation, mismatches with the solar
spectrum, adjustments of the HOMO energies of the semiconducting polymers,
and stability issues.

Incorporation of Inorganic Nanoparticles 9



3 Semiconductor Nanoparticles in Organic Solar Cells

Considering the specific application in solar cells, inorganic semiconductor
nanoparticles have interesting characteristics: (i) easily tunable optical properties;
(ii) high extinction coefficients; (iii) high intrinsic dipole moments, which may
contribute to the separation of charges; and (iv) multiple exciton generation, i.e.,
the absorption of one single photon may generate more than one exciton [89–94].
Films of inorganic semiconductor nanoparticles also present very high charge
transport characteristics [95]. On the other hand, some difficulties are often
observed when trying to use inorganic materials in photovoltaics, such as poor
interaction with polymers and phase separation, which keep the efficiencies of
such devices below 3 %.

Hybrid solar cells assembled with the substitution of fullerenes by a vast variety
of inorganic semiconductor nanoparticles, such as CuInS2 [96–98], PbS [99, 100],
PbSe [101, 102], Ge [103], InP [104] and even Si [105], have been investigated as
promising alternatives. Probably, the most used materials in these hybrid solar
cells are the CdE nanostructures (E = S, Se, Te). Therefore, this section will focus
on the use of these materials in solar cells.

In 2002, Huynh et al. [106] combined CdSe spherical nanoparticles of 7 nm and
CdSe nanorods (7 nm 9 60 nm) with P3HT and observed that the maximum
incident photon-to-current efficiency (IPCE) value was increased from *20 to
*55 % when nanospheres were substituted by nanorods. The best device pre-
sented Jsc of 5.7 mA cm-2, Voc of 0.7 V and FF of 40 %, with power conversion
efficiency of 1.7 %. Later, it was found that by optimizing the solvent mixture used
during film deposition, even higher IPCE values could be obtained [107, 108].
Other CdSe structures, such as tetrapods [109, 110] and hyperbranched nano-
crystals [111] have also been used in combination with P3HT or MDMO-PPV,
resulting in devices with efficiencies around 1–2 %. Sun et al. [110] compared the
performance of solar cells assembled with CdSe nanorods or tetrapods and
observed that the branched nanoparticles lead to more efficient devices. The
elongated and branched nanoparticles provide more extended electric pathways,
resulting in more efficient devices. In 2005, Sun et al. [112] used CdSe tetrapods in
combination with P3HT and films spin-cast from 1,2,4-trichlorobenzene solutions
resulted in devices with efficiencies of 2.8 %, which is among the highest values
reported for this kind of device. Recently, the record efficiency of 3.2 % was
reported by Dayal et al. [113] for a bulk heterojunction solar cell assembled with
CdSe tetrapods and a low band gap polymer.

Some attempts to make hybrid solar cells using spherical CdSe nanoparticles
resulted in low efficiency devices (\1 %). In 2006, Choi et al. [114] reported
hybrid solar cells based on a mixture of CdSe nanoparticles of 5 nm with P3HT or
poly(1-methoxy-4-(2-ethylhexyloxy-2,5-phenylenevinylene)) (MEH-PPV) and
obtained Jsc of 2.16 lA cm-2, Voc of 1.0 V, FF of 20 % and g of 0.05 % for the
best case. In 2007, Tang et al. [115] used spherical nanoparticles covered with 2-
mercaptoacetic acid in solar cells in combination with MEH-PPV. The devices

10 J. N. de Freitas and A. F. Nogueira



delivered Jsc of only 2.6 lA cm-2, Voc of 0.58 V and FF of 28 %. Han et al.
[116] used spherical CdSe nanoparticles crystallized in zinc blend structure, with
4.5 nm of diameter, covered with 1-octadecene and oleic acid and combined with
the polymer MEH-PPV in solar cells. After annealing (thermal treatment), the
devices delivered Jsc of 2.0 mA cm-2, Voc of 0.90 V, FF of 47 % and g of
0.85 %. Recently, a record efficiency of 2 % obtained by using the combination of
spherical CdSe nanoparticles with P3HT, was reported by Zhou et al. [117]. These
authors achieved this efficiency by treating the nanoparticles with hexanoic acid,
which removed the excess of surfactants accumulated around the quantum dot
surfaces.

Table 1 summarizes the data reported for hybrid BHJ solar cells by different
authors. As a general trend, the reported photocurrent and efficiency values vary
significantly in quantum dots-based BHJ solar cells. This arises from problems
inherent to the nanoparticle/polymer systems, such as poor dispersion properties of
nanoparticles in solution and the phase separation frequently observed when films
are formed. The presence of capping molecules on the nanoparticle surface, used
to prevent aggregation during the synthesis, usually increases the solubility of
these nanoparticles and their physical interaction with the polymer matrix, but also
hinders charge transfer and the charge transport processes. All these parameters
are crucial because they affect both the operation and the reproducibility of the
solar cells.

Figure 5 shows the structures of P3HT, MDMO-PPV, a conducting polymer
containing fluorene and thiophene units (PFT) and CdSe nanoparticles with 4.0 nm
of preferential diameter, covered with trioctylphosphine oxide (TOPO). The
absorption characteristics of films of these materials and solutions of CdSe
nanoparticles with different sizes are shown in Fig. 6. It can be seen that the
absorption of MDMO-PPV or PFT and CdSe are complementary. Thus, it would
be expected that, for hybrid cells assembled with the combination of these
materials, both the polymer and the inorganic nanoparticles would contribute to
increase light-harvesting.

Solar cells assembled with the mixture of TOPO-capped CdSe nanoparticles and
PFT delivered low values of photocurrent and fill factor (Jsc * 150 lA cm-2,
FF * 0.25) [122]. The low Jsc and FF indicated poor diode behavior for these
systems, probably caused by poor electrical contacts at the interfaces and losses by
recombination during charge transport. All these effects were possibly caused by a
poor interaction between the polymer and CdSe, with the formation of phase sepa-
ration or heterogeneous morphologies, or by a poor charge transfer process and/or
poor charge transport. On the other hand, the devices showed very high open circuit
voltage values (Voc * 0.6–0.8 V). As discussed in the previous section, for this
kind of device Voc depends directly on the energetic difference between the HOMO
of the polymer (-5.4 eV for PFT) and the LUMO of the electron acceptor material.
Therefore, the high Voc observed in devices assembled with CdSe were attributed to
a more favorable energy of the LUMO level of CdSe in comparison to the LUMO of
PCBM [122]. Also, Huynh et al. [123] found that, similar to the OSC cells, for hybrid
solar cells Voc is not directly dependent on the difference of the work functions of the
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collecting electrodes because of the Fermi level pinning of metal electrode to the
surface states close to the lowest unoccupied energy level of the semiconductor.

Generally, it is accepted that the presence of TOPO hinders efficient charge
transfer and may also prevent charge transport through hopping in the nanoparticle
phase (inter-particle charge transport) [124, 125], leading to devices with low Jsc, FF
and efficiency. However, a few papers have shown the quenching of polymer
emission by interaction with CdSe nanoparticles, and this may be considered as a first
indication of the existence of charge transfer between these materials, either by the
injection of electrons (from the polymer to CdSe) or by injection of holes (from CdSe
to the polymer) [126–130]. Some authors used transient spectroscopy to prove that
efficient charge injection processes occur between inorganic nanoparticles and
conjugated polymers [126, 127]. The polymer structure (especially concerning the
presence of bulky ramifications) and the nature of the surfactant molecules on the
nanoparticle surfaces seem to play a major role in the effectiveness of the photoin-
duced charge transfer processes in these hybrid systems [129].

Phase separation is another phenomenon frequently observed in polymer-
nanoparticle hybrid systems, and may lead to the formation of nanomorphologies
where the nanoparticles are organized in ‘‘islands’’, dispersed in a polymer ‘‘sea’’.
This also causes poor charge transport in the CdSe phase. For polymer/CdSe
mixtures, the best photovoltaic responses are obtained when 60–90 wt % of

O

O
n

S

n

S n

MDMO-PPVP3HT PFT

TOPO-capped CdSe nanoparticles

Fig. 5 Structures of the polymers P3HT. MDMO-PPV and PFT, and high-resolution transmis-
sion electron microscopy image (scale bar = 50 nm) of CdSe nanoparticles covered with
trioctylphosphine oxide (TOPO). More information about PFT characteristics can be found
elsewhere [121]
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nanoparticles are incorporated into the polymer matrix [111, 131]. For the same
concentration of CdSe nanoparticles dispersed in a polymer matrix, a percolation
network is more easily formed in the case of larger nanoparticles [124]. Thus, the
morphological effects influence the charge transport, also affecting the photocur-
rent of these devices.

Considering these factors, many authors have focused on modifications of the
nanoparticles surface, in order to obtain better dispersions in the composites with
polymers. Ligand exchange is a routinely used process, and is a powerful tool to
change the properties of the nanoparticles. For example, the exchange of TOPO/
dodecylamine with 3-mercaptopropionic acid quenches the band edge emission
and enhances the deep trap emission [132], while ligand exchange with 1,2-eth-
anedithiol or 1,2-ethanediamine significantly improved the exciton dissociation
yield and/or charge carrier mobility [133].

Generally, the use of pyridine as capping ligand is widely accepted. These mole-
cules have great affinity for the CdSe surface, and therefore easily replace the bulky
surfactants usually employed in the synthesis, such as phosphonic acid and phosphine
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Fig. 6 Absorption spectra of
a toluene solutions of CdSe
nanoparticles with different
sizes and b CdSe
nanoparticles with 4.0 nm of
preferential diameter and
P3HT, MDMO-PPV or PFT
films. More information
about PFT characteristics can
be found elsewhere [121]
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oxide derivatives. The advantage of pyridine is that the smaller radius of these
molecules allows a better interaction between nanoparticles and polymers, therefore
facilitating charge transfer, leading to devices with higher efficiencies [22, 128]. On the
other hand, some authors reported that the use of pyridine has led to the formation of
agglomerates of CdSe, which might damage film morphology [114]. Recently,
Lokteva et al. [134] reported the impact of single and multiple pyridine treatments on
oleic acid-capped CdSe nanoparticles properties. Interestingly, repeated pyridine
treatment was found to lead to more complete ligand exchange, which in turn enabled
more efficient charge transfer, but at the same time the performance of the solar cells
was found to be reduced. The authors correlated that fact with the increased aggre-
gation tendency of repeatedly pyridine-treated particles, which negatively influenced
the morphology, as well as with a larger amount of surface defects in particles stabi-
lized by the weak pyridine ligand shell.

Two elegant approaches have been used in pursuit of high quality CdSe-polymer
composites. The first consists in modification of the nanoparticle surface via ligand
exchange with oligomers [135–137]. Sih et al. [138] synthesized a series of
oligothiophenes containing thiol, which were used to functionalize the surface of
CdSe nanorods previously functionalized with tetradecylphosphonic acid via ligand
exchange. The authors observed that the emission characteristics of the nanorods
depended on the number of oligothiophenes attached to the surface. Oligothiophene
molecules containing aniline also have been used to passivate CdSe nanoparticles
previously capped with thiol or carbonyl groups via ligand exchange [139].

The second approach consists of directly grafting conducting polymers to the
nanoparticle, or grafting of a monomer followed by polymerization [140–143]. To
this end, Zhang et al. [144] passivated CdSe nanorods with molecules containing
thiol groups and aryl bromides. Afterwards, P3HT derivatives containing vinylic
groups in the chains were reacted with the aryl bromides via Heck coupling. The
nanocomposite obtained was compared to the one obtained by a simple physical
mixture of P3HT and CdSe, revealing a better dispersion of the inorganic nano-
particles in the grafted materials, as well as an improved charge transfer behavior.
Xu et al. [145] performed a similar approach, attaching P3HT to CdSe nanopar-
ticles via Heck coupling and observed similar improvements in the composite
morphology and charge transfer processes. Recently, poly(N-vinylcarbazole)
(PVK) was grafted onto CdSe nanoparticles (CdSe-PVK) via the atom transfer
radical polymerization of N-vinylcarbazole with OH-capped-CdSe previously
reacted with 2-bromoisobutyryl bromide [146]. The photovoltaic properties of
devices assembled with P3HT were improved by using PVK-CdSe in comparison
to OH-capped CdSe, due to enhanced compatibility between P3HT and
PKV-CdSe, as seen with atomic force microscopy (AFM) images.

All-inorganic nanocrystals composed of CdSe/ZnS and PbS capped with metal
chalcogenide complexes, such as Sn2S6

4-, have been prepared recently [147].
These types of ligands can be used to increase the solubility of semiconductor
nanoparticles in polar media, such as water, formamide and dimethylsulfoxide.

Besides the combination of CdSe with polymers, this material has also been
widely used as sensitizer [148–154] or co-sensitizer [155, 156] for TiO2 in
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dye-sensitized solar cells (DSSC). The charge injection from CdSe into the con-
duction band of TiO2 is a fast, efficient process. Similar behavior has been reported
for CdSe (or PbSe) and ZnO [157, 158]. Efficient charge (or energy) transfer from
CdSe to a series of organic dyes has also been shown [159–161]. The same
approach has been shown for other materials, such as CuInS2 [162], Ag2S [163]
and Sb2S3 [164]. The highest efficiency of 5 % was reported for a solid-state DSSC
assembled with TiO2/ Sb2S3 /P3HT [164]. The combination of CdSe with other
nanoparticles, such as CdS [165–167], CdTe [168], ZnS [169] and SiO2 [170], as
sensitizers for DSSC has also been shown.

Charge transfers from CdSe to multi-walled carbon nanotubes [171, 172], and
from CdTe to single-walled carbon nanotubes [173] have also been reported.
Recently, energy transfer from CdSe/ZnS nanocrystals to graphene sheets was
reported [174]. The ability of TOPO-capped CdSe nanoparticles to absorb light and
inject electrons in C60 has also been shown by Biebersdorf et al. [175]. Advantage
might be taken from these types of interaction. In a recent work, our group proposed
the combination of CdSe nanoparticles with both PFT and PCBM, originating a
ternary-component-based system. In these ternary systems, it is expected that, upon
the incidence of light, both PFT and CdSe might absorb photons and generate ex-
citons, which might result in electron transfer from the polymer to CdSe or PCBM,
and from CdSe to PCBM, or hole injections from CdSe to the polymer. Hole transport
is accomplished by the polymer, while the electrons are transported in the PCBM
phase. Despite the fact that such systems are very interesting, there are only a few
studies of ternary systems including polymer, PCBM and inorganic nanoparticles
mixed as bulk heterojunctions [122, 176].

Figure 7 shows the current–voltage (J–V) characteristics and IPCE curves
obtained for solar cells assembled with ternary mixtures of PFT/CdSe/PCBM,
using nanoparticles with different sizes (2.0, 3.0 or 4.0 nm), keeping the
CdSe:PCBM ratio constant at 1:1 wt %. The results obtained for devices assem-
bled with the binary mixtures PFT/PCBM and PFT/CdSe (4.0 nm) are also
presented for comparison. The overall FF values observed for the ternary systems,
although higher than that observed for the two-component based solar cells, are
still low (*30 %). This might be related to poor light-absorption and limited
charge transport observed for the polymer used in this work (absorption maximum
at 430 nm, and hole mobility *10-6 cm2 V-1 s-1 for PFT [121]).

In general it was observed that Voc increases when CdSe nanoparticles are
incorporated into the PFT/PCBM system, as a result of the more favorable energy
of the LUMO level of CdSe in comparison to the LUMO of PCBM. In a previous
work we observed that the concentration of CdSe in the ternary mixtures also
affects Voc: the higher the concentration of CdSe, the higher is Voc [122]. The fact
that Voc is sensitive to the presence of CdSe nanoparticles indicates that the new
interface created after addition of this material is effective, and probably con-
tributes somehow to charge generation processes.

The photocurrent is also dependent on the concentration of CdSe. There seems to
be an optimum condition (CdSe:PCBM 1:1 wt % ratio) at which Jsc is much higher
[122]. Considering that the TOPO-capped CdSe used has poor charge transport
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ability, the improvement in Jsc for a specific condition/concentration of materials
could be explained by the following: the increase in CdSe content leads to an increase
in light-absorption (more excitons are generated and split, since CdSe is expected to
inject charges into PCBM); on the other hand, the decrease in PCBM concentration
damages the electron transport to the aluminum electrode. Therefore, there is a

Fig. 7 J–V curves at 100 mW cm-2 (a) and IPCE spectra (b) of solar cells (active
area * 0.1 cm2) assembled with (h) PFT/PCBM, (d) PFT/CdSe (size = 4.0 nm), or ternary
mixtures PFT/PCBM/CdSe containing nanoparticles with preferential diameters (*) 2.0 nm, (m)
3.0 nm, or (—) 4.0 nm: For the ternary mixtures, the CdSe:PCBM ratio was kept constant at
1:1 wt %. For all samples the total amount of PCBM and/or CdSe was kept constant at 80 wt %
(20 wt % of polymer). Reprinted with permission from Ref. [177]
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compromise between the generation of more charges and their effective transport,
reflected by the optimum concentration of CdSe and PCBM in the active layer.

Photocurrent is strongly dependent on the CdSe size, as shown in Fig. 7a. A
decrease in Jsc is observed when smaller nanoparticles are used (preferential diameters
of 2.0 or 3.0 nm). When larger nanoparticles are used (preferential diameter of 4.0 nm)
an increase in Jsc was observed compared to the device assembled with PFT/PCBM
only, leading to a significant enhancement of efficiency from 0.5 to 0.8 %.

In these ternary systems, CdSe nanoparticles may contribute to current gener-
ation in two different ways: (i) increasing light-harvesting, since this material
strongly absorbs visible light; or (ii) changing film morphology. The contribution
of CdSe in light-harvesting can be seen in the IPCE curves (Fig. 7b). It is evident
that the addition of CdSe increases the IPCE values and also changes the curve
profile in the low wavelength region (below 450 nm). However, if this contribu-
tion in light-harvesting was the main effect, the addition of CdSe would lead to an
increase in the Jsc of the device in all cases, even for smaller nanoparticles. The
results suggest that a morphologic effect is more likely to have caused changes in
Jsc and efficiency.

The morphologic effect can be seen in Fig. 8, where the AFM images obtained
for films of PFT/PCBM, PFT/CdSe, and ternary mixtures PFT/CdSe/PCBM
(1:1 wt % CdSe:PCBM ratio) with nanoparticles of different sizes are displayed.

Fig. 8 AFM images obtained in the tapping mode for films of PFT containing 80 wt % of
a PCBM, b PCBM:CdSe (2.0 nm), c PCBM:CdSe (3.0 nm), d PCBM:CdSe (4.0 nm), e CdSe
(4.0 nm) and films of f pure CdSe film (4.0 nm), deposited onto PEDOT:PSS covered ITO-glass
substrates. For the ternary component mixtures, the PCBM:CdSe ratio was kept constant at
1:1 wt %. The scan area is (2.5 lm 9 2.5 lm). The scale indicates (a) 5 nm, (b–e) 30 nm, or
(f) 10 nm. Reprinted with permission from Ref. [177]
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The polymer concentration was kept constant in all samples. These images show
that the morphology of the PFT/PCBM film is very smooth, while for the sample
composed of PFT/CdSe it is much rougher. Also, for each different nanoparticle
size the morphology changes drastically despite the fact that the same material
concentrations are used. The surface becomes rougher when the size of CdSe
nanoparticles increases. In principle, rougher surfaces could be related to the
formation of larger aggregates of CdSe, or phase separation with the formation of
a CdSe layer in the surface. The AFM image obtained for films of pure CdSe
(4.0 nm of preferential diameter, for example) show that the nanoparticle
aggregates are smaller and the surface roughness is lower compared to the
characteristics of the film of PFT/PCBM/CdSe (4.0 nm), suggesting that the
surface of the ternary system is not mainly composed of pure CdSe. This is an
indication that the nanoparticles might be distributed throughout the polymer/
PCBM phase and do not suffer extended phase separation at the surface in the
ternary systems.

The morphologic effect could also be observed in high-resolution transmission
electron microscopy (HRTEM) images and optical microscopy images, as shown
in previous works [122, 177]. Both the increases in CdSe nanoparticle concen-
tration or size increase the agglomeration of CdSe, at the same time decreasing the
agglomeration and the crystallite sizes of PCBM. The morphology changes
observed are clearly related to the improvement in efficiency after the incorpo-
ration of CdSe nanoparticles in the PFT/PCBM mixture, especially when larger
nanoparticles are used.

The effects of CdSe incorporation on the morphology of ‘‘standard’’ P3HT/
PCBM mixtures were also investigated. Figure 9 displays AFM images for films
of P3HT/PCBM (50 wt % of PCBM) and P3HT/PCBM/CdSe (size = 4.0 nm,
PCBM:CdSe 1:1 wt %, total amount of 50 wt %) with and without post-produc-
tion treatment: annealing was carried out in air, for 10 min at 110 �C.

After annealing, the root mean square (RMS) surface roughness of P3HT/
PCBM film increases from 1.6 to 4.4 nm. Most reports show that surface rough-
ness of P3HT/PCBM films increase after annealing, due to demixing and forma-
tion of P3HT crystalline regions and PCBM aggregates [80, 178, 179]. On the
other hand, a few papers observed the opposite trend [180, 181]. These differences
are attributed to different conditions of film preparation (solvent used, concen-
tration of PCBM, fast or slow cooling/drying, time and temperature of annealing,
etc.) [74, 180, 182]. After introduction of CdSe the RMS surface roughness is
considerably increased to 10.6 nm. Annealing of the ternary system leads to the
formation of larger agglomerates (RMS * 15.9 nm), probably related to phase
separation of CdSe [176].

The absorption characteristics of these films were also investigated. As
expected, annealing induces the reorganization and crystallization of P3HT,
resulting in a redshift of the absorption maxima and in the appearance of shoulders
related to vibronic transitions. The addition of CdSe causes a similar effect in the
absorption characteristics, probably related to the change in morphology induced
by the presence of these nanoparticles. The annealing of the P3HT/PCBM/CdSe
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film does not lead to further significant changes in the absorption characteristics of
the polymer in this system.

Interestingly, in most cases the incorporation of CdSe into P3HT/PCBM
devices causes loss of performance. This behavior is different from that observed
for PFT/PCBM/CdSe systems. Photophysical measurements revealed that the
difference observed for the devices with polymers P3HT and PFT could be
associated with different polymer-nanoparticle interactions [183]. The higher
content of thiophene units in the P3HT polymer contributes significantly to the
formation of a complex between this polymer and CdSe and to the deactivation of
electron transfer process between the polymer and PCBM. In this type of complex,
electrons can be transferred from P3HT to the CdSe and, since the TOPO-capped
CdSe nanoparticles are poor charge carriers, electrons can be trapped on their
surface, not being collected by the electrodes. From this perspective, only the
P3HT segments not complexed with CdSe would be free to perform an effective
electron transfer to PCBM, as the CdSe acts as a trap for most of electrons from
P3HT. For PFT systems, since this polymer has fluorene units in its segments, the
possibility of formation of a complex with CdSe is reduced. In other words, in
PFT/PCBM/CdSe devices both the polymer and CdSe nanoparticles are more
available to interact with PCBM, which is responsible for the transport of

Fig. 9 AFM images obtained in the tapping mode for films of (a, b) P3HT/PCBM and (c,
d) P3HT/PCBM/CdSe (4.0 nm), deposited onto PEDOT:PSS covered ITO-glass substrates, (a,
c) before and (b, d) after annealing. The scan area is (2.5 lm 9 2.5 lm)
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electrons. In P3HT/PCBM/CdSe devices, the main interaction is between the
polymer and CdSe, and PCBM remains isolated, not being able to carry on the
electron transport [183].

These results show that these kinds of systems are very promising and also very
complex. Advantage should be taken of the versatility of inorganic nanoparticles
and their interactions with different materials, such as fullerenes, polymers and
metal oxides, in order to improve even further the efficiency of hybrid devices.

4 Metal Nanoparticles in Organic Solar Cells

Similar to the case of inorganic semiconductor nanoparticles, metal nanoparticles
also show optical properties strongly dependent on size and shape. For example,
bulk gold looks yellow in reflected light, while thin Au films look blue in trans-
mission, and this color changes as the nanoparticle sizes are decreased. These
characteristics of metal nanoparticles can be used to change the properties of their
surrounding media. An interesting example is the Lycurgus Cup [184], which
possesses the unique feature of changing color depending upon the light in which it
is viewed: it looks green in reflected light and looks red when a light is shone from
inside and is transmitted through the glass. This effect is attributed to the presence
of Au and Ag nanoparticles in the glass.

The optical properties of small metal nanoparticles are actually dominated by
collective oscillation of the conduction electrons, resulting from interaction with
the electromagnetic field. A restoring force in the nanoparticles tries to compensate
for this, resulting in a unique resonance wavelength [185]. These effects are called
surface plasmon resonance [186], and correspond to the frequency of oscillation of
conduction electrons in response to the alternating electric field of incident elec-
tromagnetic radiation. Figure 10 illustrates this phenomenon. The oscillation
wavelength depends on many factors, including the particle size and shape, and the
local dielectric environment [187–190]. In addition, when nanoparticles are
sufficiently close together, interactions between neighboring particles arise. For
elongated particles (1D systems), the resonance wavelength depends on the
orientation of the electric field, giving two oscillations, transverse and longitudi-
nal, as illustrated in Fig. 10. The longitudinal oscillation is very sensitive to the
aspect ratio of the particles [191], leading to color changes.

Metal nanoparticles can exhibit strong surface plasmon resonances localized at
UV, visible and near infrared wavelengths. However, only a few metals, such as
Au, Ag and Cu, possess plasmon resonances in the visible spectrum, which give
rise to intense colors [186, 192, 193].

Surface plasmons decay radiatively or non-radiatively, giving rise to scattering
or absorption of light. Light scattering from metal nanoparticles near their local
surface plasmon excitation is a promising way to increase light absorption in solar
cells. The strong interaction of photons with metal nanoparticles induces the
formation of an electromagnetic field in the regions near these particles.
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If a semiconductor is located in the surroundings, for example, the absorption of
light by this material may be increased, resulting in increased exciton generation.
Besides, the excitons may split at the interface semiconductor-metal nanoparticle
due to the electromagnetic field. These effects are expected to improve the pho-
tocurrent in solar cells.

In recent years, metal nanoparticles have been shown to improve the perfor-
mance of silicon-based solar cells [194–204], GaAs solar cells [205], and quantum
well solar cells [206]. For these inorganic devices, the principal method of
enhancement is scattering of incident light, which increases light-trapping and can
potentially reduce reflection. For metal nanoparticles situated on the front surface
of a device, the nanoparticles must scatter light into the device (i.e., in the forward
direction) to reduce reflection, and must scatter at oblique angles to improve light-
trapping. Any light absorbed by the nanoparticle is lost as heat, so absorption
should be minimized. If the nanoparticles are strongly absorbing and/or back-
scattering they will decrease the device efficiency.

The incorporation of Au or Ag nanoparticles in TiO2 [207–214] or ZnO [215–
217] nanostructures, particularly aiming at the application in DSSC, has also been
demonstrated. The contact between bulk gold and bulk TiO2 can form a Schottky
barrier of *1.0 eV [194, 218], which can be difficult for electrons to overcome,
thus making interfacial charge separation unfavorable. However, electron transfer
from Au nanoparticles to the conduction band of TiO2 was observed by transient
absorption spectroscopy [209, 219]. Photoexcited electrons can be also transferred
from Au nanoparticles to the ZnO conduction band. The Schottky barrier at the
ZnO/Au interface blocks the electron transfer back from ZnO to the dye and
electrolyte, and thus increases the electron density of the ZnO conduction band
[216]. For TiO2 based DSSC, there are a few different mechanisms, which may be

Fig. 10 (Top) Schematic drawing of the interaction of the electromagnetic radiation with a metal
nanosphere. A dipole is induced, which oscillates in phase with the electric field of the incoming
light. (Bottom) Transverse and longitudinal oscillation of electrons in a metal nanorod. Reprinted
from Ref. [9]
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considered as candidates for the plasmonic contribution to short circuit current
[207]:

• Internal plasmon decay into energetic electron–hole pairs in the metal nano-
structure, followed by subsequent charge carrier injection over, or tunneling
through, the Schottky barrier between the metal and semiconductor substrate.

• Direct near-field coupling to electronic transitions in the dye molecules.
• Near-field coupling to TiO2 band gap transitions.
• Far-field scattering leading to prolonged optical path and, in particular, coupling

to wave guided modes in thin TiO2 film.

The interactions of Ag and Au metal nanoparticles with many different mole-
cules and materials have been observed, which may account for the development
of new types of plasmonic solar cells. For example, Schottky diode junctions were
formed between CdS nanowires and Au nanowires and delivered 0.92 mA cm-2

Fig. 11 a J–V
characteristics, recorded
under 100 mW cm-2, of
devices incorporating
PEDOT:PSS doped with
various concentrations of Au
nanoparticles solutions:
without doping (s); 10 %
(j); 20 % (u) and 30 % Au
nanoparticles solution doping
(m); b corresponding IPCE
curves of these devices. Inset
Schematic representation of
the device assembly.
Reprinted with permission
from Ref. [236]
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of current under one sun illumination [220]. The incorporation of Au nanowires
within nanocrystalline CdSe increases the extraction of photogenerated carriers,
and the photoresponse of CdSe/Au hybrid materials can be controlled by changing
the conductivity of the Au nanowires [221]. Electron-transfer was also observed
for Au-CdS core-shell nanocrystals. The as-synthesized Au-CdS nanocrystals
exhibited superior photocatalytic performance under visible light illumination
compared to other relevant commercial materials, demonstrating their potential as
an effective visible-light-driven photocatalysts [222].

Remarkable enhancement in the photocurrent action and fluorescence excita-
tion spectra was observed for porphyrin and phthalocyanine when considerable
amounts of Ag nanoparticles were deposited onto the ITO electrode. Raman
scattering measurements suggested the effects of enhanced electric fields resulting
from localized surface plasmon resonance and light scattering on the photocurrent
enhancement [223].

The addition of Au nanoclusters to P3HT resulted in an increased photolumi-
nescence, explained by polymer chain separation induced by the presence of the
nanoparticles [224]. Addition of Au to a blue light emitting polymer also resulted
in enhanced luminescent stability [225]. Parfenov et al. [226] reported that Ag
nanoparticles increase photoluminescence efficiency through increasing the exci-
ton decay time of the surrounded fluorophore. Saranthy et al. [227] observed
fluorescence enhancement of poly(3-octylthiophene) (P3OT) that is near the Ag
nanoparticles by means of a near-field scanning optical microscope experiment.
The fluorescence of Au/MEH-PPV nanocomposites was changed by over an order
of magnitude by controlling the Au particle size, the spatial distribution of
nanoparticles throughout the MEH-PPV host, and the ligand chain layer thickness.
Smaller particles were more efficient at quenching. As the ligand chain length
increased, the quenching became less efficient [228].

Considering the application in OSC specifically, metal nanoparticles have been
explored in different approaches: (i) in the metal electrode for collection of electrons
(i) as a buffer layer, (ii) as an interfacial layer, or (iii) in the bulk heterojunction.

Au and Ag evaporated films have been widely used as metal-electrodes for
charge collection in OSC [229, 230]. Usually, the use of these metals is associated
with decreased Voc in comparison to Al cathodes. However, Au/LiF/Al layered
cathodes showed 20–30 % improved Jsc and g over devices without Au. The
introduction of a nanotextured Au thin film was observed to increase the
absorption of a P3HT/PCBM thin film through plasmon-assisted localization of the
electromagnetic field of the incident light [231].

Electron transfer from metal to C60 was reported [232–234] and the interaction
between Ag and C60 is considered stronger than that between Au and C60. On the one
hand, this interaction allows strategies such as the use of a Ag or Au layer before the
metal cathode [231]. On the other hand, in BHJ OSC some authors consider that this
effect may be responsible for a Voc drop observed when large amounts of nano-
particles are used, since they might reduce the electron affinity of C60 [247].

The incorporation of metal nanoparticles as buffer layer in OSC is perhaps the
most used approach [235–239]. Chen et al. [236] demonstrated improvement in
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device performance after adding various concentrations of Au nanoparticles into
the PEDOT:PSS layer, as shown in Fig. 11. The average Au particle size estimated
from scanning electron microscopy was *30–40 nm. The buffer layer was
prepared by spin-coating a mixture of a Au nanoparticles solution with the
PEDOT:PSS solution on top of the ITO substrate. The reference device prepared
with pristine PEDOT:PSS exhibited a Voc of 0.59 V, Jsc of 8.95 mA cm-2, a FF
of 65.9 % and efficiency of 3.48 %. After the addition of Au nanoparticles to the
buffer layer, the values of Voc remained unchanged, but FF was improved. The
maximum efficiency of 4.19 % was obtained using 20 % Au (Jsc = 10.18 mA
cm-2, FF = 69.8). Further increases in the concentration of the metal nanoparti-
cles to 30 % led to a decrease in the value of Jsc, due to enhanced backward
scattering and/or increased resistivity of the buffer layer. The trends in IPCE
follow those for the values of Jsc, as can be seen in Fig. 11b. The authors sug-
gested that the surface plasmon resonance increased not only the rate of exciton
generation, but also the probability of exciton dissociation [236].

In a similar way, Au nanostructures were fabricated through the layer-by-layer
deposition of Au nanorods onto the ITO substrates and transformed into nanodots
through a thermally-induced shape transition. The incorporation of plasmonic Au
nanodots on the ITO surface was found to result in an increase in the power
conversion efficiency of P3HT/PCBM devices from 3.04 to 3.65 %. The strong
coupling between the organic excitons and plasmons of the Au nanostructures
results in more efficient charge transfer in the BHJ system [237].

Ag nanoparticles of *13 nm were electrodeposited onto the ITO and covered
with PEDOT:PSS as buffer layer in a P3HT/PCBM device. The overall power
conversion efficiency was increased from 3.05 to 3.69 %, mainly because of the
improved photocurrent density, as a result of enhanced absorption of the photo-
active conjugated polymer due to the high electromagnetic field strength in the
vicinity of the excited surface plasmons. Improved IPCE was also observed at
wavelength regions longer than 400 nm, related to the surface plasmon resonance
band of electrodeposited Ag nanoparticles [238].

Ag nanoparticle layers were fabricated using vapor-phase deposition on ITO
electrodes and the influence of the Ag film thickness in P3HT/PCBM solar cells
was investigated. The highest increase in Jsc was observed for devices incorpo-
rating 2 nm of Ag, and, as the film thickness was increased, a downward trend in
Jsc was observed. The efficiency was found to improve by a factor of 1.7 (from 1.3
to 2.2 %). The Voc decreased slightly with increasing Ag layer, related to a
decrease in the work function of the transparent electrode [239].

Tvingstedt et al. [240] demonstrated the effects of a metal grating in an inverted
BHJ OSC assembled with polyfluorene derivatives and PCBM. An increase of
photocurrent was observed at the resonant position of the surface plasmon when
this band has higher energy than the band gap of the absorbing polymer.

The beneficial effects in photocurrent and device efficiency from the plasmon
resonance of Au, Ag or Cu nanoparticles as buffer layers have been shown for
OSC assembled with Cu-based phthalocyanines [241–243] and Zn-based phthal-
ocyanines [244]. The exploration of these metals as interfacial layers in tandem
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OSC devices assembled with small organic molecules [245, 246] was also shown
to be successful. Yakimov et al. [245] reported significant enhancement in pho-
tovoltaic efficiency of a tandem device containing Ag nanoparticles in the middle
of two photoactive layers. The optical intensity near the Ag nanoparticle was
significantly enhanced due to scattering [246].

The incorporation of Au or Ag nanoparticles in the BHJ active layer, on the
other hand, has been much less explored. In fact, only a few papers can be found
reporting this approach [247–252] and there has been some controversy about the
effect of these nanoparticles in BHJ OSC.

In 2005, Kim and Carroll [247] reported the incorporation of Au (size *6 nm)
or Ag (size *5 nm) nanoparticles stabilized with dodecylamine in the P3OT/C60

active layer. The BHJ was prepared from a chlorobenzene co-solution of all the
materials. The authors showed an increase in the electrical conductivity of the
films upon the incorporation of the nanoparticles, observed from J–V character-
istics in the dark (Fig. 12). They proposed that hole transfer occurs from P3OT to
Ag or Au, attributed to the ‘‘dopant’’ states introduced by the metal nanoparticles
in the band gap of the polymer. These authors also showed that the contribution to
light absorption enhancement was minimal, less than 10 %. Despite the different
plasmon absorption of the two nanoparticles (443 nm for Ag and 523 nm for Au),
they did not observe significant changes in the absorption spectra. The best effi-
ciency was obtained using Ag nanoparticles.

In 2008, Park et al. [248] added small amounts of Au nanoparticles (size
*3–6 nm) to the BHJ of P3HT/PCBM. The films were prepared by adding dif-
ferent amounts of a toluene solution containing the nanoparticles to a

Fig. 12 J–V characteristics
in the dark of P3OT/C60 solar
cells containing: a Ag and
b Au nanoparticles. Reprinted
from Ref. [247]
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chlorobenzene solution of P3HT/PCBM, and then annealed at 120 �C for 30 min
under nitrogen. As opposed to the work of Carroll and Kim [247], the authors did
not observe enhanced dark conductivity for this system. Under illumination,
increased efficiency was observed at small Au contents, which was mainly related
to an improvement in photocurrent. Voc and FF remained almost the same. At a
weight fraction of 6.25 9 10-8 Au nanoparticles/P3HT, about 50 % enhancement
was shown in efficiency (from 1.43 to 2.17 %). They attributed the increase in Jsc
to improved light-harvesting, although only a smooth change was observed in the
absorption spectra.

As illustrated in Fig. 13, there is a small barrier for hole injection at the
PEDOT:PSS contact [248]. Thus, one might consider that the Au nanoparticles
might assist such injection (and therefore, charge collection) at the electrode in
these systems, especially in cases where the concentration of these particles is
large.

In 2009, Shen et al. [249] and Duche et al. [250] investigated the influence of
Ag nanoparticles on the light-absorption characteristics of OSC by theoretical
simulations. Shen et al. [249] found that near field enhancement is the main reason for
absorption enhancement in the active layer, and that the optimum conditions are
dependent both on the film thickness and the nanoparticle size. For a thin film
(33 nm) of P3HT/PCBM, nanoparticles with diameters of*24 nm are necessary for
optimum absorption enhancement. These conditions would lead to an enhancement
factor of 1.56, which should compensate and bring the performance close to that
expected for a much thicker device prepared without metal nanoparticles. Duche
et al. [250] compared the modeling results with experimental results for MEH-PPV/
PCBM BHJ OSC. Enhanced absorption of light up to 50 % was experimentally
obtained in a 50 nm-thick layer including silver nanospheres with a diameter of
40 nm, in agreement with the high values expected from calculations.

In 2010, Topp et al. [251] investigated the incorporation of different amounts of
P3HT-capped, dodecyl amine-(DDA)-capped, or pyridine-capped Au nanoparticles
into P3HT/PCBM mixtures. The use of Au directly stabilized with P3HT seems to be
a promising approach to incorporate these materials in OSC without further addition
of organic components. Besides, one could expect that P3HT ligands strongly bound
to Au nanoparticles might lead to direct electron transfer from the polymer to Au.

Fig. 13 Energy levels of
HOMO and LUMO of P3HT
and PCBM, and work
function of Au, PEDOT:PSS
and Al. Reprinted with
permission from Ref. [248]
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However, the authors reported a slightly decrease in performance (see Table 2) after
addition of 3 wt % of P3HT-capped Au nanoparticles, and a strong decrease of
performance after addition of 16 wt % of this material. No significant changes were
observed in the absorption spectra, suggesting that the absorption was dominated by
the polymer (even at 16 wt % of Au), and there was no disruption in the crystalline
order of P3HT. The field effect mobility of holes was estimated to be the same
(*1 9 10-4 cm2 V-1 s-1) before and after Au incorporation. Photoinduced
absorption spectroscopy was used to investigate charge transfer between P3HT and
Au nanoparticles. The authors found no indications for Au-enhanced formation of
long-lived polarons in P3HT, although these results are very noisy and therefore
should be interpreted carefully. Since other effects were ruled out, the authors

Fig. 14 HRTEM images obtained for the P3HT/PCBM/Au nanoparticles system, containing
1 wt % of Au. (Left) White circle indicates the PCBM region, while red arrows indicate Au
nanoparticles dispersed in the P3HT matrix and in the PCBM domain. (Right) The high resolution
image shows PCBM crystallites oriented in distinct directions, as indicated by the white lines
(regions 1, 2 and 3) (Color figure online)

Fig. 15 AFM images in the tapping-mode for (left) P3HT/PCBM and (right) P3HT/PCBM/Au
nanoparticle films
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suggested that the loss of performance in these devices may be explained by a
quenching of the excited state of the polymer in the presence of Au. Phase segre-
gation was not excluded, although the authors consider this unlikely due to the strong
interaction between the S-containing polymer and Au. OSC assembled with 3 or
*50 wt % of dodecyl amine-stabilized Au nanoparticles also showed decreased
performance, attributed to the ligand shell which is an insulating barrier for charge
transport, as evidenced in J–V characteristics in the dark (the current under forward
bias was reduced after introduction of Au). Interestingly, the cells containing DDA-
capped Au nanoparticles seemed to be better than those containing P3HT-capped Au
nanoparticles. This is in agreement with the proposed mechanism, where the
quenching of the excited state in the polymer was the main cause for performance
loss in the P3HT-capped Au nanoparticle system, while the presence of the DDA
shell reduces the quenching probability. In a third approach, the authors used pyri-
dine-capped Au nanoparticles, following strategies typically used for BHJ OSC
containing CdSe nanoparticles. This approach did not improve the efficiency of
devices after incorporation of Au nanoparticles, probably related to the quenching of
the excited state and to Au segregation phenomena.

In 2011, Wang et al. [252] demonstrated positive effects arising from addition
of 5 wt % of larger Au nanoparticles (size *70 nm) into BHJ OSC composed of
mixtures of polymer/PC71BM. The improvement in Jsc, FF and IPCE resulted
from a combination of enhanced light absorption caused by the light scattering of
Au nanoparticles and improved charge transport. The authors also found that the
increase in device efficiency depend in detail on the size of the metal nanoparticles
and the weight ratio of these materials in the BHJ film.

Table 2 summarizes the results obtained by different authors for BHJ OSC
before and after incorporation of Au or Ag nanoparticles into the active layer.

From Table 2 it is evident that there is some controversy between the results
involving metal nanoparticle incorporation into BHJ OSC reported by different
authors. Interestingly, none of these papers investigated systematically a possible
morphological effect introduced by the presence of metal nanoparticles. As
observed in polymer/PCBM/CdSe BHJ OSC (Sect. 3), morphology can be
expected to play a crucial role in BHJ OSC containing metal nanoparticles as well.

In an earlier work, Conturbia showed that in fact the morphology of the P3HT/
PCBM system is significantly changed upon incorporation of Au nanoparticles
[253]. Figure 14 shows HRTEM images of a P3HT/PCBM/Au system containing
1 wt % of Au nanoparticles. In Fig. 14a it can be seen that the Au nanoparticles
are distributed both in the polymer and in the PCBM domains, while Fig. 14b
shows in higher magnification the presence of large PCBM domains/crystallites in
the sample. The PCBM domain shown is estimated to have *40 nm. The d-
spacing of the nanocrystals at different orientations shown in regions 1, 2 and 3
correspond to 0.26, 0.28 and 0.19 nm. These results are similar to those found by
Reyes-Reyes et al. [254] for P3HT/PCBM unannealed films containing high
concentrations of PCBM, or films containing low concentrations of PCBM,
annealed for short times. These authors correlated the aspect of the PCBM crys-
tallites with device efficiency. The size and shape of PCBM crystallites seem to be
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affected by annealing time and temperature [254] and also by the solvent and
solvent evaporation ratio during film deposition [255]. We suggest that incorpo-
ration of Au nanoparticles may also affect somehow the crystallization of PCBM.

AFM images in the tapping mode are shown in Fig. 15. The RMS surface
roughness is estimated to be 21 and 26 nm for P3HT/PCBM and P3HT/PCBM/Au
films, respectively, deposited from 1,2,4-trichlorobenzene. Some authors have
associated an observed increase in roughness in AFM images with a higher
organization of P3HT chains [74, 80, 181]. Figure 16 shows AFM images of the
same regions obtained in the phase mode. These figures show the different mor-
phological aspects between the samples with and without Au nanoparticles. For
example, in Fig. 16a the presence of large agglomerates can be seen, possibly
attributed to the amorphous phase of P3HT. In some points it is possible to see
fibrillar structures, attributed to crystalline regions of P3HT. In Fig. 16b (P3HT/
PCBM/Au sample) the presence of fibrillar structures is more evident, and there
are highly ordered regions, with anisotropy, suggesting that this sample is richer in
P3HT crystallites [256]. In this image, well defined regions with *50 nm
dimensions can be seen, which are associated to PCBM crystallites/domains, in
agreement with the PCBM phases observed in HRTEM. These results suggest that
the morphologic changes induced by incorporation of Au nanoparticles may act
both in the way of organization/crystallization of PCBM and of P3HT, and this
parameter could be responsible for improving or decreasing the device efficiency.

An interesting aspect of these systems, as observed by Conturbia [253], is that the
incorporation of Au nanoparticles does not seem to disrupt the crystalline structure of
P3HT (the alpha-axis orientation signal of the polymer in X-ray diffractograms was
the same before and after Au incorporation). Also, the absorption characteristics of

Fig. 16 AFM images in the phase-mode for (left) P3HT/PCBM and (right) P3HT/PCBM/Au
nanoparticles films. (Left) The red arrows indicate large P3HT aggregates (mainly amorphous
phase), while the blue rectangle indicates an area with fibrillar structures (associated with P3HT
crystalline phase). (Right) Red circles indicate possible PCBM domains, while blue rectangles
indicate areas with fibrillar structures (P3HT crystallites)

34 J. N. de Freitas and A. F. Nogueira



the film are dominated by the characteristics of P3HT, and remain almost unchanged
after addition of Au [253]. These data are in agreement with the observations
reported by Park et al. [248] for X-ray patterns and absorption characteristics of
P3HT/PCBM containing small amounts of Au nanoparticles.

From all the data discussed, we suggest that the performance of BHJ OSC
containing Au nanoparticles depends strongly on the morphology of the film.
Although a careful analysis was not carried out considering the effects of the
nanoparticle concentration and size, one could expect these parameters to affect
morphology and, therefore, solar cell performance.

5 Conclusions and Perspectives

In this review, recent results on the incorporation of inorganic nanoparticles into
organic solar cells were highlighted. Such materials are not only easily synthesized
in a great variety of sizes and shapes, but also possess important optical features
that can be explored in improving the photocurrent and efficiency of solar cells. In
this sense, semiconductor quantum dots, such as CdSe, may act as electron
acceptors, at the same time contributing to increase light-harvesting, generating
more charge carriers in the active layer. Metal nanoparticles, especially Au and
Ag, are more suitable to act as light scattering structures in the buffer layer.

One of the main drawbacks associated with the use of inorganic nanoparticles
in organic solar cells is the presence of bulky organic molecules (surfactants) on
the surface of the nanoparticles, which prevent their aggregation but also hinder
the charge transfer and charge transport processes. Much work still needs to be
done to change the nanoparticles surface in order to improve their dispersion in
polymer matrices. An interesting and elegant approach shown recently is to use
quantum dots as sensitizers in polymer/fullerene mixtures, where they may con-
tribute to the generation of free charge carriers and, at the same time, extend the
phase separation in the active layer, leading to a more favorable morphology
between the polymer and fullerene derivative. Such systems have been shown to
be very promising and also very complex, and might be the future of highly
efficient hybrid polymer solar cells.

Considering metal nanoparticles, the effects of the incorporation of these
materials into polymer/fullerene mixtures is still controversial. Some authors have
shown an improvement of device efficiency when adding small amounts of Au or
Ag nanoparticles into the bulk heterojunction, attributed to an enhancement of
charge carrier transport. On the other hand, other authors found that the
incorporation of these materials decreased device efficiency. Interestingly, the
morphology effect induced in the solar cell active layer by these nanoparticles has
not yet been systematically investigated. This is an important parameter, which
should be further explored, since it may clarify the reasons for different perfor-
mances found in such devices. Meanwhile, the use of metal nanoparticles as buffer
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layers under the active layer has been shown to be a promising way of exploring
the optical and electronic properties of these materials in organic solar cells.
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Nanomaterials for Solar Energy
Conversion: Dye-Sensitized Solar Cells
Based on Ruthenium (II) Tris-Heteroleptic
Compounds or Natural Dyes

Juliana dos Santos de Souza, Leilane Oliveira Martins de Andrade
and André Sarto Polo

Abstract The worldwide energy demand is growing and the development of sus-
tainable power generation is a critical issue. Among several possibilities, dye-sensi-
tized solar cells, DSSCs, have emerged as a promising device to meet the energy
needs as an environmentally friendly alternative and investigation for academic and
technological improvement of DSSCs are being carried out. One of the most
important components of this device is the dye-sensitizer, since it is responsible for the
sunlight harvesting and electron injection, the first steps of energy conversion. Herein,
we review the developments on tris-heteroleptic ruthenium dye-sensitizers, which
have been gaining much attention on the last years due to the possibility of modulating
their photochemical and photophysical properties of the complex by using different
ligands. Besides synthetic compounds, natural dyes have also been employed as
semiconductor sensitizers for these devices and are also reviewed. These dyes can
lower the device production costs since they can be promptly obtained from fruits or
flowers in a very simple way. Among numerous classes of natural dyes, anthocyanins
have been the most investigated ones and gained special attention in this work.

1 Aims and Scope

Dye-sensitized solar cells, DSSCs, gained much attention since it is a simple and
cheap device capable of converting the sunlight into electricity through a regen-
erative photoelectrochemical process. DSSCs overall efficiency attained 11 % and
it is estimated to last around 20 years. Besides the economic advantages, these
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devices can be transparent and allows their use for distinct architectonic purposes,
such as facades of buildings. DSSCs are based on a nanocrystalline mesoporous
semiconductor films sensitized by dyes, which are responsible for light harvesting
and electron transfer, these processes, start the energy conversion and are directly
responsible for its overall efficiency.

This chapter aims to review a specific class of synthetic dye, the tris-heteroleptic
ruthenium sensitizers, which have been attracting much attention on the last years
due to the possibility of tune their spectroscopic and electrochemical properties as
well as to improve the stability of the device. The recent advances on the use of
natural dyes as semiconductor sensitizers, from 2003 to 2010, are also reviewed.

2 Introduction

The use of fossil fuel based technologies is the major responsible for the contin-
uous increase in the pollution and in the concentration of greenhouse gases.
Renewable sources must have higher contribution on the energetic matrix in
providing more energy available for the humanity in a short period, having low
environmental impact [1, 2]. The interest on the conversion of environmentally
friendly energy sources led to the development of several devices that took the
advantage of the continuous evolution on several fields of research, which can
result in new materials for already developed devices. For instance, the perfor-
mance of direct methanol fuel cells, a well known technology [3, 4] was improved
due to the development of nanomaterials especially designed for the energy
conversion process [5, 6] and their evolution allows the use of light to boost the
process through a synergic arrangement [7–10].

The use of sunlight has been gaining much attention due to its abundance. For
instance, it is possible to supply human energy needs up to 2050 covering only
0.16 % of the earth surface with 10 % efficiency solar devices [1, 11]. There are
several investigations on the conversion of sunlight in substances with more
chemical energy than the reactants in a process that mimics the photosynthesis;
this approach is known as artificial photosynthesis [12]. Most recently, the
investigation on this research field is being called solar fuels and several papers
were published describing photochemical approaches to produce high energy
content substances, or fuels, from simple reactants such as water or CO2 [13–19].

Great interest is dedicated to an especially attractive, the Dye-sensitized solar
cells, DSSC, since they are capable of converting the sunlight into electricity based
on photoelectrochemical principles. The materials employed for the construction
of these new solar cells are common and cheap and the procedures do not require
controlled environment, thus clean rooms or any other sophisticated control can be
avoided, consequently a very low production cost is estimated (less than 1 € per
Wp) [20]. The use of new nanomaterials allows interesting features of these
devices, such as transparency, possibility to have distinct colors, among others.
These characteristics are very interesting for new applications of solar cells, since
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it can substitute glass windows and promote the co-generation of energy, or for
any other architecture design.

Albeit the possible use of sensitization effect for solar energy conversion is
known for a long time [21], the breakthrough of these solar cells was in 1991 when
B. O’Reagan and M. Grätzel published the use of nanocrystalline and mesoporous
TiO2 film [22]. This film enhanced the light absorption due to its sponge-like
characteristic which increases the surface area. The nanocrystallinity plays an
important role on the electron injection and transport in these devices [23].

Since the paper of 1991, this field has been growing very fast and all the aspects
of these solar cells are investigated [24–27]. In this review, the focus is on the
development of tris-heteroleptic ruthenium (II) dyes as well as the use of natural
extracts as a source of sensitizers. The absorption spectra and photoelectrochem-
ical parameters published for these compounds since 2003 will be reviewed and
discussed.

2.1 Dye-Sensitized Solar Cells: Principles and Operation

Dye-sensitized solar cells are prepared in a sandwich arrangement and are com-
prised by two electrodes, the photoanode and the counter-electrode, Fig. 1. The
photoanode is a conducting glass covered by a mesoporous and nanocrystalline
TiO2 film, sensitized by the dye-sensitizers. The counter electrode is a conducting
glass covered by a thin film of catalyst, such as platinum or graphite. Between
these electrodes is placed a mediator layer, usually a solution of I3

-/I- in nitriles.

In order to promote the energy conversion, the sunlight is harvested by the
dye-sensitizers leading to an excited-state capable of inject an electron into
the semiconductor conducting band. The oxidized dye is immediately regenerated
by the mediator and the injected electron percolates through the semiconductor
film, reaches the conducting glass and flows by the external circuit to the counter-
electrode. The counter electrode is responsible for regenerating the oxidized specie
of the mediator, reducing it by a catalyzed reaction using electrons from the

Fig. 1 Schematic
arrangement of a dye-
sensitized solar cell
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external circuit. Since there is not a permanent chemical change for dye-sensitized
solar cells, the estimated lifetime of these devices is 20 years [23].

2.2 Performance Experiments

Dye-sensitized solar cells are evaluated by several experimental approaches. For
instance, the recombination processes or electron injection dynamics are investi-
gated by time-resolved experiments [27–35], information about electron transport
and electrical characteristics of TiO2 film can be obtained by electrochemical
impedance spectroscopy [36]. Among several experiments used in evaluation of
DSSCs, two experiments play an important role for investigation of dye perfor-
mance, the current–voltage curves and photocurrent action spectra. Due to their
importance, they are detailed in the next sections.

2.2.1 Current–voltage (IxV) Curves

Current–voltage curves allow the access to one of the most important information
about the prepared solar cells, the overall efficiency, g. Other important parameters
such as the short circuit current density, Jsc, open-circuit potential, Voc, and fill
factor, ff, are also determined by this experiment. In most cases, IxV curves
determined experimentally for dye-sensitized solar cells are similar to the sche-
matic one, Fig. 2.

Fig. 2 Schematic current–voltage curve
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Short-circuit current density, JSC, and open-circuit potential, VOC, are the
values determined by the intersection of IxV curve to the current density axis. The
voltage at this axis is zero, the short-circuit condition, thus the current is named for
this condition. Analogous idea is applied for the determination of open-circuit
potential, since the current at voltage axis is zero, open circuit condition.

The maximum power output of a DSSC, Pmax, is the highest value obtained for
the multiplication of current density and voltage for each point of the IxV curve
and can be graphically expressed as the area covered by the orange rectangle in of
Fig. 2. On the other hand, the multiplication of VOC by JSC results in the maximum
power output possible to be achieved for this DSSC and it can also be represented
by the green rectangle of Fig. 2. The fill-factor, ff, is named for the amount of the
green rectangle which is filled by the orange one and. Thus ff express the electrical
losses of DSSCs. Mathematically, ff can be determined by the ratio of Pmax and the
multiplication of JSC by VOC, Eq. 1.

ff ¼ PmaxðmW � cm�2Þ
Jsc mA:cm�2ð Þ � VocðVÞ ð1Þ

Under simulated solar irradiation condition (1 sun = Pirr = 100 mW cm-2),
the overall efficiency, gCell, can be determined by dividing Pmax by the total
incident light power, Pirr, Eq. 2, resulting in the percentage amount of solar light
converted in electrical Output.

g% ¼ Pmax

Pirr
� 100 % ð2Þ

2.2.2 Photocurrent Action Spectra

Photocurrent action spectra exhibit the photoelectrochemical behavior of solar
cells as a function of wavelength. For each wavelength can be determined the
incident photon-to-current conversion efficiency, IPCE, and the spectra are valu-
able to analyze the performance of new dyes prepared. IPCE values can be
determined by a relationship that considers the energy and intensity of the incident
light, the JSC and Planck’s constant, Eq. 3.

IPCEðkÞ ¼ Jsc

Pirr � e
� hc

k
ð3Þ

Jsc Short-circuit photocurrent density (A m-2);
h Planck’s constant (J s);
c Speed of light (m s-1);
k Irradiation wavelength (nm);
Pirr Power of the incident light (W m-2);
e Elementary charge (C).
For practical purposes, this equation can be simplified to Eq. 4.
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IPCE % ðkÞ ¼ 1239:8 � JscðmA � cm�2Þ
PirrðmW � cm�2ÞkðnmÞ

� �
� 100 % ð4Þ

IPCE values are also related to some important parameters for DSSCs, such as
light harvesting efficiency, LHE, electron injection quantum efficiency, UEI, and
the efficiency of collecting electrons in the external circuit, gEC, Eq. 5 [37]. The
simple measurements, such as JSC and Pirr allow the access to important infor-
mation such as the electron injection quantum yield.

IPCEðkÞ ¼ LHEUE1gEC ð5Þ

Photocurrent action spectra are valuable experiments to evaluate new dye-
sensitizers since it is possible to directly associate the absorption response of the
dye with the conversion efficiency. This is valuable information for design new
sensitizers.

2.3 Molecular Engineering

The design of new dye-sensitizers is based on joining in just one specie compo-
nents capable of performing specific tasks. Using different ligands it is possible to
have excellent light harvesting, electron injection on semiconductor conducting
band and fast regeneration by the mediator. A new molecule to be employed in
DSSCs should fulfill some basic requirements such as having an intense absorption
on the visible region, which corresponds to 44 % of the incident sunlight on the
earth’s surface, having an anchoring group capable of promoting the chemical
adsorption onto TiO2 surface, improving the electronic coupling between dye and
semiconductor interface.

The first DSSC that exhibited g[ 10 % employed cis-di(isothiocyanato)bis-
(2,20-bipyridyl-4,40-dicarboxylic acid)ruthenium(II), N3 as dye-sensitizer [38].
after this dye, the complex mer-tri(isothiocyanato)(2,20,20’-terpyridyl-4,40,40’-tri-
carboxylic acid)ruthenium(II), black-dye was prepared and also successfully used
as sensitizer [39], Fig. 3.

Due to the outstanding performance of N3 and black-dye as dye-sensitizers,
they can be used as models for molecular engineering of new dyes. Their chemical
attachment onto TiO2 surface through the carboxylic acid groups of the 2,20-

Fig. 3 Structures of the N3
(a) and black-dye
(b) sensitizers
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bipyridine or of the 2,20,20’-terpyridine ligands. Particularly, the 4,40-dicarboxylic
acid-2,20-bipyridine anchoring ligand is been widely employed among several
other possible groups investigated and it has been considered the best one for
ruthenium(II) sensitizers [40]. This ligand allows intimate electronic coupling
between the dye excited state wavefunction and the semiconductor conducting
band. Its lowest unoccupied orbital, LUMO, is the lowest one of the coordination
compound and facilitates an efficient electronic transfer of excited dye molecules
and Titania nanocrystals [41].

Great influence on the absorption spectra and molar absorptivities of com-
pounds; emission maxima and quantum yields, as well as excited state lifetimes, in
addition to the redox properties was observed as a function of the degree of
protonation of the carboxylic acids of the ligand. These changes are directly
responsible for the increase on photovoltaic performance of solar cells sensitized
by N719, Fig. 4, which is the di-deprotonated N3 specie [42]. As a natural con-
sequence, the use of compounds having one or more deprotonated carboxylic
groups in the dcbH2 has been increasing [32, 41, 43–48].

In the case of N3, consequently of N719, the presence of two dcbH2 ligands
results in absorption spectra which overlaps the visible region of the incident sun-
light. The absorption bands have high molar absorptivity (e * 104 L mol-1 cm-1),
typical of metal-to-ligand charge transfer transitions, MLCTdpRu-p*dcbH2. The high
molar absorptivity improves the light harvesting efficiency, allowing the absorption
of almost all incidents light in a few micrometers of optical length of the TiO2 film.
Besides the bipyridine, the two isothiocyanate ligands in these complexes are
valuable to promote the stabilization of the t2g orbitals and result in a fine tuning of
the energy levels of the complex.

3 Ruthenium Tris-Heteroleptic Complexes

The knowledge acquired understanding the structure of the N3 dye can be used for
the development of several other complexes by using the molecular engineering
[49]. Among several classes of compounds developed, ruthenium tris-heteroleptic
complexes have been gaining attention on the last years due to the possibility to
modulate their properties, just changing one of the polypyridinic ligand. This
approach is very interesting for the development of new sensitizers.

N

N

N

NCS

N

SCN
Ru

O OH

O

O
- O

OH

O

O
-

N(C4H9)4
+

N(C4H9)4
+

Fig. 4 Structure of N719
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There are several classes of ruthenium tris-heteroleptic compounds described
by the general formula cis-[Ru(dcbH2)(L)(NCS)2], Fig. 5, since each new ligand L
and its derivatives can be a new class. In this work, our focus will be on 2,20-
bipyridine derivatives and 1,10-phenanthroline derivatives, even that several other
compounds of this general formula is known [34, 50–52].

3.1 2,20-Bipyridine Derivative Ligands

The search for high-efficiency ruthenium(II) dyes focused on the development of
complexes having high molar absorptivity, mainly in visible and near infra-red
region [53, 54]. A good light harvesting yield and a reduction on the film thick-
ness, which implies in reduction of transport losses in the nanoporous environ-
ment, resulting in higher open-circuit potentials and more efficient devices [55,
56]. Another approach is the development of dye-sensitizers capable of improving
the lifetime performance of a dye-sensitized solar cell.

The first tris-heteroleptic ruthenium compounds investigated as dye sensitizers
are based on 2,20-bipyridine derivatives and it is possible to observe three different
approaches, following the bipyridine substituent. These subclasses are the
amphiphilic, donor-antenna and thiophene compounds.

3.1.1 Amphiphilic Compounds

In 2003, a thermally stable DSSC was disclosed employing the amphiphilic
Z907 sensitizer. Using this dye was possible to prepare stable devices under
prolonged thermal stress at 80�. However, the molar extinction coefficient of this
sensitizer is somewhat lower than that of the standard N719 dye. Meanwhile, a
compromise between efficiency and high temperature stability has been noted for
the Z907 sensitizer [57]. Subsequently, the concept of developing a high molar
extinction coefficient, amphiphilic ruthenium sensitizer, was followed by other
groups, with a motivation to enhance device efficiency [34, 58–61]. The
absorption properties as well as the performance parameters determined for

N

N

N

NCS

N

SCN
Ru

O OH

O

OH

Fig. 5 General structure of
cis-[Ru(dcbH2)(L)(NCS)2]
dyes
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ruthenium tris-heteroleptic complexes having amphiphilic derivatives of 2,20-
bipyridine are listed in Table 1.

The absorption spectra of amphiphilic compounds usually exhibit two MLCT
bands in the visible region, typical of ruthenium bis-bipyridyl compounds. Molar
absorptivity values listed on Table 1 are similar to those determined for the
complexes N3 or N719. This behavior is expected since the aliphatic substituents
do not have significant influence in the chromophoric properties of the complexes.

Amphiphilic ruthenium tris-heteroleptic dye-sensitizers exhibit lower photo-
electrochemical performance than determined for N3. The highest efficiency
achieved by this class of dyes is 8.6 % [59]. The advantage of these compounds is
their long-term stability. These amphiphilic heteroleptic sensitizers have the
ground-state pKa of 4,40-dicarboxy-2,20-bipyridine higher than determined for N3,
enhancing the chemical adsorption of the complex onto the TiO2 surface [60, 62,
63]. The structure of amphiphilic ligands decreases the charge density on the
sensitizer, resulting in less electrostatic repulsion and results in higher amount of
dye adsorbed. The hydrophobic substituent of 2,20-bipyridine does not allow the
presence of water molecules close to TiO2 surface, improving the stabilization of
solar cells toward water-induced desorption of the dye. The redox potentials of
these complexes are shifted toward a more positive electrochemical potential in
comparison to the N3 sensitizer, increasing the reversibility of the ruthenium III/II
couple, leading to higher electrochemical stability [60, 62, 63].

3.1.2 Donor-Antenna Compounds

Complexes prepared with donor-antenna substituents of 2,20-bipyridine are an
approach to improve the light absorption at the same time that the hydrophobic
character is enhanced. The use of aromatic substituents can have this function since
the aromaticity increases the light absorption and the existence of the hydrophobic
chain allows the protection to dye desorption caused by water. The spectral and
photoelectrochemical parameters of this class of dyes are listed in Table 2.

In most cases it is observed higher molar absorptivities values in comparison to
amphiphilic compounds or N3 or N719 dyes which can be ascribed to an extended
p-cloud delocalized in the substituent. The higher light harvesting efficiency
results directly in higher IPCE values as well as overall efficiency of the solar cell,
Tables 2.

There are a few investigations on the use of p-excessive heteroaromatic rings as
end-groups in substituted bpy ligands [43, 44, 64]. The use of conjugated p-
excessive heteroaromatic rings as end-substituents donors directs the electron
injection in the excited state and enhances the oscillator strength resulting in
significant increases in the short circuit photocurrent [54].

The higher molar absorptivity in the visible region can be understood by the
influence of the different delocalised p-systems integrated in the bipyridyl donor-
antenna ligands. The reason for the lower absorption of the standard N719 dye in
this region is the absence of any these groups [56].
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3.1.3 Thiophene Compounds

Ruthenium(II) sensitizers having 2,20-bipyridine with thiophene substituents have
higher molar absorptivity than observed for the previous classes of compounds.
For instance, the compound KW-1 has e515 = 3.56 L mol-1 cm-1 [56], much
higher than the ones determined for N3 or N719 dyes. As it is observed for the
donor-antenna class of compounds, the higher light harvesting efficiency results in
higher IPCE values and consequently improve overall performance of the solar
cell, Table 3.

Ruthenium(II) thiophene compounds gained special attention after C101 dye
has set a new DSSC efficiency record of 11.3–11.5 % and became the first sen-
sitizer to triumph over the well-known N3 dye [44]. In comparison to its analogues
C102 or C105, in which the thiophene is replaced by furan, or selenophene,
respectively, the molar absorptivity increases in the order of Se [ S [ O. This
sequence it is consistent with the electropositivity trend and the size of the het-
eroatoms of five-member conjugated units. The LUMO energy sequence of the
spectator ligand is O [ S [ Se, which explain this behavior [64].

Another important dye employing thiophene derivatives is CYC-B1, which
exhibts a remarkably high light-harvesting capacity of up to
2.12x104 L mol-1 cm-1 [40]. After the development of the CYC-B1 dye, several
ruthenium dyes were synthesized by incorporating thiophene derivatives into the
ancillary ligand and DSSC cells based on these dyes exhibited excellent photo-
voltaic performances [45, 46, 65, 66].

The extensive use of polythiophene is due to its similarity to a cis-polyacetylene
chain bridged with sulfur atoms. The ‘‘bridging sulfur atoms’’ could effectively
provide aromatic stability to the polyacetylene chain while preserving the desir-
able physical properties, such as high charge transport. The facile functionalization
of thiophene groups also offers relatively efficient synthetic solutions to solubility,
polarity, and energetic tuning. Furthermore, sulfur has greater radial extension in
its bonding than the second-row elements, such as carbon. Therefore, thiophene is
a more electron-rich moiety and incorporation of thiophene onto bipyridine ligands
raises the energy levels of the metal center and the LUMO of the ligands [67]. As a
consequence, the band resulting from charge transfer from the metal center to the
anchoring ligand is redshifted, and upon illumination of the sample, the electrons
on the metal center are transferred to the anchoring dcbH2 ligand, where electrons
can move to the outer circuit through the TiO2 particles more efficiently [40].

3.2 1,10-Phenanthroline Derivative Ligands

Besides 2,20-bipyridine derivatives, 1,10-phenanthroline and its derivatives is
gaining attention to be used in cis-[Ru(dcbH2)(L)(NCS)2] sensitizers. Their sim-
ilarity to 2,20-bipyridine and the advantage of having an extended p-conjugated
structure led to a great potential to be employed as ancillary ligands [68]. This
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class of compounds still having few complexes reported in DSSCs, and their
spectral as well as photoelectrochemical parameters are listed in Table 4.

The use of phenanthroline derivatives in ruthenium(II) sensitizers leads to
properties favorable to the energy conversion processes and can increase on the of
DSSCs, which have shown promising results [48, 69, 70].

The comparison on the properties of the complex NOK-1 [70] with N3 indicates
that the substitution of the 2,20-bipyridine derivative by 1,10-phenanthroline does
not exhibit better performance or absorption properties. On the other hand, the
recently reported complex YS5 exhibits a higher absorbance and also had better
performance than the complex N719 under the same condition [48], indicating that
this is a promising class of compounds to be investigated.

4 Natural Dyes

Faster, cheaper, low-energy way alternative for ruthenium sensitizers are natural
dyes and these compounds has been gaining much attention. Natural dyes can be
obtained from fruits, flowers or leaves and are suitable for educational purposes
[71, 72] or are an environmentally friendly alternative for dye production since a
long-term stability of DSSC using these sensitizers have been demonstrated
recently [73].

The absorption properties and photoelectrochemical performance of natural
dye-sensitized solar cells reported since 2003 are listed in Table 5.

The most investigated class of natural dyes is the anthocyanins, commonly
found in red-purplish fruits or flowers, Fig. 6. These, even other sensitizers have
also been investigated [74].

Betalain from raw beet, Red Turnip and Wild silician prickly pear have also
been used as natural sensitizers and they have been presented a good photo-
electrochemical response, however these cells have low VOC, with overall effi-
ciency up to 1.7 % and reasonable stability [75].

Other classes of natural dyes, such as chlorophyll, polyphenol etc. were also
investigated, but the photoelectrochemical parameters were not as good as those
observed for anthocyanins or betalains.

Fig. 6 Structure of
anthocyanidin, a flavinic ion
of anthocyanin (a) and
betanidin (b), a betalain
compound
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5 Conclusion

The energy needs will be supplied by alternative sources and dye-sensitized solar
cells are one of the most promising ones for this application since it is cheap and
environmentally friendly device. The investigation on dye-sensitizers is funda-
mental issue on the development of these devices and one of the most promising
alternatives is the use of ruthenium tris-heteroleptic dyes sensitizers to modulate or
enhance their photoelectrochemical performance. The investigation on natural
extracts to be employed as dye sensitizers has also been attracting much attention
in the last years. They can be an alternative to further reduction of the production
costs of these revolutionary devices.
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Facile Routes to Produce Hematite Film
for Hydrogen Generation
from Photoelectro-Chemical Water
Splitting

Flavio L. de Souza, Allan M. Xavier, Waldemir M. de Carvalho,
Ricardo H. Gonçalves and Edson R. Leite

Abstract In this chapter, we brief review a recent progress in chemical synthesis
used to prepare very promise material to be applied as photoanode in a PEC cell.
We discuss the important parameters such as; the interface solid/liquid showing
the different challenge that needs to be addressed for obtains higher semiconductor
photoanode performance. In addition, we discuss the impact of a variety of
morphology applied in a PEC cell to split water and generate hydrogen and oxygen
molecular. Finally, we have pointed out the progress of molecular oxygen
evolution mechanism from water oxidation under solar light irradiation.

1 Introduction

Energy from the sun can provide sufficient power for all of our energy needs, and a
potentially efficient route to storing this energy is to convert sunlight into chemical
energy in the form of chemical bonds which is a form of an artificial photosyn-
thesis process. Considering the abundance of H2O on the planet, water splitting is a
natural pathway for artificial photosynthesis. Based on the pioneering work of
Fujishima and Honda [1], worldwide research has focused on the conversion of
sunlight into hydrogen as a clean and renewable energy source. In their classical
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work, the authors demonstrated that it is possible to induce water-splitting by light
using a TiO2 semiconductor as a photoanode. As in conventional water electrol-
ysis, O2 evolution occurs at the anode, H2 evolution occurs at the cathode, and an
aqueous electrolyte completes the current loop. One or both of the electrodes can
be a photoactive semiconductor where a space-charge (depletion) layer is formed
at the semiconductor/liquid junction (SCLJ). Under light irradiation a pair of
electron-holes is generated. The photogenerated carriers are separated by the
space-charge field, and the minority carriers (holes for an n-type photoanode)
travel to the SCLJ to perform one half of the water splitting reaction. Figure 1
illustrates the energy diagram of an n-type photoanode and the reactions related to
the water splitting.

However, TiO2 has a wide band gap and hence is photoexcited by UV light only
(which occupies 5 % of the solar spectrum). Nowadays, the main focus of the
present research is to shift the activity of the photoanode into the visible region of
the sunlight to increase the energy conversion efficiency [2–4]. Iron oxide
(a-Fe2O3 or hematite) is a semiconductor material with a narrow band gap
(approximately 2.1 eV) and very good electrochemical stability in water. These
properties make this material especially attractive when used as a photoanode to
split water into oxygen and hydrogen using sunlight. Theoretical calculations [5]
suggest that this semiconductor has a maximum efficiency of 12.9 %; however, the
reported water splitting efficiency for a-Fe2O3 is much lower [6–9]. Actually, there
are several reasons for this discrepancy such as a small optical absorption coef-
ficient, a rapid electron(e-)-hole(h+) recombination resulting in short carrier

Fig. 1 Schematic
representation of the n-type
hematite photoanode energy
diagram and reactions related
to water splitting
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diffusion lengths (in the range of 2–4 [10], 20 nm [11]) and slow surface reaction
kinetics.

One approach to improve the conversion efficiency is the development of
nanostructured a-Fe2O3 thin films [8, 12]. The introduction of the nanometric scale
can improve the surface reaction kinetics by an increased interfacial reaction area
and avoid the electron-hole recombination due to the short diffusion path of the
hole up to the surface in a nanostructured material with a crystal size close to the
diffusion length of the hole. This approach seems to be very attractive; however,
the influence of the nanoscale structure in the optical absorption of a-Fe2O3 is
questionable.

Many research groups worldwide have focused their research on the hematite
photoanode to produce oxygen with a reduced anodic overpotential and to improve
the overall solar-to-hydrogen conversion efficiencies. In general, these researchers
have achieved significant breakthroughs in decreasing the overpotential and
modifying the photoanode surface with the addition of precious metals such as
iridium [13], platinum [14], ruthenium [15] or cobalt [16–19]. These chemical
elements increase the oxygen kinetic evolution that captures the hole currents on
the semiconductor liquid junction [13]. Despite excellent results and advances
which have been reported, we believe that high efficiency depends strongly on the
nanostructure [20], grain boundaries [21], reduction of lattice defects and
crystallographic orientation. In this case, these structural challenges could be
overcome using suitable preparation methods and experimental parameters.

Thus, we will describe in this chapter recent progress regarding the design of a
hematite nanostructure and its impact on the photoelectrochemistry performance
for water splitting. Here we will discuss several chemical approaches to prepare
the hematite photoanode such as: sol–gel, colloidal deposition and hydrothermal
processes.

2 Photoanode Processed by Sol–Gel Process

The sol–gel process is a wet-chemical technique widely used in the fields of
material chemistry and thin films. This method is used primarily for the processing
of materials (typically metal oxides) starting from a solution (sol) that acts as the
precursor for an integrated network (or gel). Typical precursors are metal alkox-
ides, metal salts or even metal-complex compounds such as citrates. In a suitable
solvent, these precursors undergo a series of chemical transformation which results
in a gel. The sol–gel solution offers several advances for thin film deposition such
as good chemical composition control, film thickness and microstructure control
and a low sintering temperature.

A very interesting and suitable sol–gel process for thin film preparation is the
solution deposition of a polymerizable precursor. This method was used by our
research group to process several kinds of metal oxide thin films and facilitated the
attainment of nanostructured films with good stoichiometric and thickness control
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[22–24]. The process is based on the synthesis of a soluble polymeric precursor
with the metals arrested in the polymeric chain. A hydrocarboxylic acid (such as
citric acid) is used to chelate the ions of interest. Following this step, the addition
of a glycol (such as ethylene glycol) leads to the formation of a soluble polyester.
The polymerization processes, which are promoted by heating the mixture result in
a homogeneous polymer where metal ions are uniformly distributed throughout the
organic matrix. Figure 2 is a schematic representation of the solution deposition of
a polymerizable precursor for ceramic thin film processing.

Recently, Souza et al. used this process to obtain a photoanode of undoped and
Si-doped hematite thin films [25, 26]. In a typical synthesis procedure, citric acid
([C6H8O7]) was dissolved in anhydrous ethyl alcohol and heated to a temperature of
60 �C. Then iron (III) nitrate ([Fe(NO3)3.9H2O]) and tetra-ethyl-ortho-silicate
(TEOS-Si(CH2CH2OH)4) was mixed into the citric acid solution under constant
stirring in a molar ratio of 3:1 ([citric acid]/[Fe ? Si]). After homogenization of the
solution containing Fe ? (0.5 % wt) Si, ethylene glycol (C2H6O2) was added to the
mixture in a citric acid/ethylene glycol ratio of 60:40 wt %. The resulting solution
was stirred and heated until it reached citrate polymerization by the polyesterifi-
cation reaction. In this step, a high viscosity liquid was obtained. After the poly-
merization step, the viscosity was adjusted (decreased) by the addition of ethyl
alcohol. The solution was deposited onto a transparent conducting glass substrate
(FTO-Fluorine doped SnO2 RX \ 15X/cm) where spin coating was conducted at a
rotation speed of 7,000 rpm. After deposition, the substrate was heated on a hot
plate at 50 �C for solvent evaporation and heat treated at 500 �C for 2 h for the film

Fig. 2 Schematic illustration of the solution deposition of a polymerizable precursor for ceramic
thin film processing
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crystallization (at a heating and cooling rate of 1 �C/min). To control the film
thickness, the solution viscosity was adjusted as well as the number of deposition
layers. For instance, to obtain a film of 165 nm, four layers were deposited (with
complete deposition cycle; i.e., deposition and heat treatment).

The deposition process produced orange-red transparent films. Figure 3 illus-
trates the scanning electron microscopy characterization of the cross section
(see Fig. 3a) and the top-view analysis (see Fig. 3b) of typical films produced by
this sol–gel process. A thin film with a uniform and continuous morphology is
visible. The top view analysis exhibits the nanostructured nature of the film, with
elongated grains and a diameter ranging from 20–30 nm and a length of
60–100 nm. However, the cross-section analysis suggests that the film is formed
by several grain layers. This cross-section morphology is typical of films prepared

Fig. 3 SEM and XRD characterization of the hematite thin film processed by solution deposition
of a polymerizable precursor: a Cross section SEM analysis; b top-view SEM analysis; c XRD
analysis, using CuKa radiation
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by solution deposition and multiple deposition steps. An X-ray diffraction (XRD)
pattern of the film (see Fig. 3c) exhibits the formation of a hematite phase with
preferential orientation in the [110] axis vertical to the substrate (see inset of
Fig. 1), even for the thinner film. This result indicates that the (001) plane is
oriented vertical to the substrate. It is well know that the hematite presents a strong
anisotropy in electronic conductivity. Actually the conductivity in the basal plane
(001) is up to 4 orders of magnitude higher than the orthogonal planes [8], and this
preferential orientation should facilitate the collection of electrons during the
photooxidation process. A similar orientation was observed by several authors
[6–9] using different deposition methods.

Despite the very nice microstructure and favorable crystallographic structure,
this methodology did not result in a film with a high photocurrent [25, 26]. The
highest photocurrent density observed for this film at 1.23 VRHE was 3.4 9 10-5

A/cm2. At 1.6 VRHE, this film had a photocurrent density of 1.5 9 10-4 A/cm2.
The main reasons for this low performance in terms of the photocurrent are the low
film porosity and the very poor interface between the hematite film and the
transparent conductor oxide film. As shown in the scanning-transmission electron
microscopy (STEM) image in Fig. 4, good contact is visible in only few regions of
the interface which resulted in a low electron collection by the transparent con-
ducting oxide (TCO) film. As consequence, a high recombination rate between
electrons and holes must occur to realize a low photocurrent.

3 Colloidal Deposition

Among several methodologies listed in the literature to produce hematite
photoanodes, colloidal dispersion deposition has shown promising results [27].
This approach demands an analysis of important variables before the deposition

Fig. 4 Scanning-transmission electron microscopy (STEM) image of the hematite thin film
processed by solution deposition of a polymerizable precursor: a Bright field (BF) image; b dark
field (DF) image
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and heat treatment processes; e.g., the surface chemical composition of the
inorganic particle, the amount of organic material in the colloidal dispersion, the
crystallinity and the morphology of nanoparticles. These features have strong
influences on the formation of pure hematite that consequently affects the
performance of water splitting. This process is displayed schematically in Fig. 5.
The first step consists of the attainment of a colloidal solution of the nanocrystal to
be deposited. Then the solution is deposited by traditional techniques such as spin
or dip coating. The final step is film sintering. Recently, Gonçalves et al. [28]
developed an interesting route to prepare a hematite photoanode, by using the
colloidal deposition approach. In that research, the authors used a magnetite
nanocrystal as the precursor for hematite. During the sintering process, the
magnetite (Fe3O4) is transformed into hematite; the Fe3O4 transforms into gamma-
maghemite c-Fe2O3 at 200 �C, and c-Fe2O3 is transformed into a-Fe2O3 (hematite)
at 450 �C. This last reaction is critical because pure hematite is obtained just above
the Neel point (725 �C) with a minimum amount of defects [19]. Thus, a sintering
temperature that assures the complete elimination of the organic layer and
oxidation of magnetite must be selected.

The magnetite colloidal approach produced orange-red transparent hematite
films after sintering at 820 �C. Figure 6 illustrates cross-sectional (see Fig. 6a) and
top-view (see Fig. 6b) analyses of the film morphology characterized by SEM.
Figure 6a shows a film with a thickness of 930 nm and a typical columnar grain
structure. Also, a good interface between the TCO and hematite film is apparent as
well as the presence of an elongated porous which promotes the connection
between the top of the hematite film and the TCO surface. Figure 6b (top-view
analysis) exhibits the nanostructured nature of the film with elongated grains
(a typical size of 50 nm) and open porosity, which characterizes a mesoporous

Fig. 5 Schematic representation of the colloidal deposition approach
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film. The XRD analysis of the film sintered at 820 �C (see Fig. 6c) exhibits the
formation of a hematite phase with preferential orientation in the [110] axis ver-
tical to the substrate. The crystallite size for the thicker film is calculated from
XRD data and Scherrer’s equation and considers the [110] plane at 36 nm which
supports the FE-SEM top-view analysis.

Photoelectrochemical characterization shows that the approach developed by
Gonçalves and co-authors produced a high performance hematite electrode for
water photooxidation with an onset potential as low as 0.8 VRHE. This value is
comparable to the best results reported in the literature for a hematite photoanode
modified with catalytic materials [13]. A high plateau of photocurrent (photo-
current density of 1.1 mA.cm-2 at 1.23 VRHE) is also observed, even for a film
with a grain size in the range of 50 nm. The Mott-Schottky analysis of the hematite
film clearly indicates this material possesses a favorable surface rather than an
improvement of bulk properties. Lower overpotential and high photocurrent values
are attributed to favorable surface properties of the hematite grains obtained by
using a high temperature and an oxygen atmosphere during the sintering process. It
was addressed two origins of unfavorable surface properties that contribute to the
low photocurrent in a hematite photoanode: 1) induced surface reconstruction
(at least partially) for a structure that has electrochemical properties very similar to
Fe3O4 properties [28]. It is well established that Fe3O4 is not a good catalytic

Fig. 6 SEM and XRD analysis of the hematite thin film prepared from the colloidal deposition
of magnetite nanocrystals and sintered at 820 �C: a SEM cross-sectional analysis; b SEM top-
view analysis; c XRD pattern
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material to promote water oxidation; [29, 30] and 2) a small intrinsic faradaic rate
constant for the oxidation of water on Fe2O3 associated with trap levels at or near
the surface. It is clear that the extensive grain growth process promoted by the high
sintering temperature (higher than the Neel point) and oxygen must contribute to
the stabilization of the surface, avoiding any structure similar to Fe3O4. Those
treatments must also decrease the surface state recombination as well as the
recombination in the depletion region. The reason for this modification is not clear
and is under investigation; however, we can propose that the high sintering tem-
perature under oxygen flow leads to a passivation of the surface trapping state due
to the formation of an elongated textured hematite grain with a high fraction of
(001) surface. In general, in relation to other hematite surfaces, it is accepted that
the (001) surface is relatively inert (in water) for the protonation and deprotonation
reactions needed for charge accumulation [31]. This behavior can be favorable in
decreasing the hematite surface trapping state in a water-based electrolyte.
Another important contribution of the Gonçalves works is the morphology of the
photoanode. A columnar grain structure oriented in a favorable crystallographic
orientation for electron collection and a mesoporous structure was obtained which
permits the penetration of the electrolyte up to the TCO interface which must also
contribute to the high photocurrent.

4 Hydrothermal Synthesis

As discussed in the previous sections, one of the most promising materials used as
a photoanode in a photoelectrochemical cell to split water is iron oxide (a- Fe2O3)
which has photocatalytic efficiency, high photocorrosion stability and electronic
conductivity directly linked to crystal facets. Based on this argument, strategies to
produce materials with oriented morphology onto substrates at the (001) crystal-
lography facet are required to obtain better catalytic activity and electronic con-
ductivity of hematite photoanodes. In the last two decades, significant progress has
been achieved in hierarchical nanoarchitecture based on aqueous solution under
hydrothermal conditions in a highly basic or acidic medium which is attractive to
many research groups worldwide [32]. Particularly from this process, a one-
dimensional (1D) nanostructure vertically oriented onto a substrate has been used
as a great alternative to enhance photocatalytic properties of several metal oxides
used as photoanodes [33–38]. To better illustrate the morphological advantages of
a 1D nanostructure to overcome hematite limitations, an interesting schematic
comparison between hematite films grown parallel and perpendicular onto the
substrate, are depicted in the Fig. 7.

Usually, the nanostructured film composed of interconnected nanoparticles
shows low photocatalytic efficiency due its high recombination rate between a
photogenerate electron and a hole favorable for grain boundaries presence (see
Fig. 7, left side). A 1D nanorod vertically oriented to the substrate is an alternative
to overcome the short hole diffusion and/or inefficient electron collection scheme
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(see Fig. 7, right side). A zoom-in in Fig. 7 illustrates the desired morphology with
a low number of structural defects leading to a very low recombination rate due its
fast electron collection by a substrate and an efficient contact semiconductor/liquid
favoring water oxidation (hole/liquid contact). This strategy may enhance the
hematite performance and aid in overcoming its limitations.

Vayssieres and co-workers have created a very promising route based on a
controllable aqueous chemical solution under hydrothermal conditions which is
able to produce (in a single step) a wide gamut of metal oxide vertically oriented
crystalline nanorod arrays onto a substrate [36]. Using the route called purpose
built materials (PBM), Vayssieres et al. [36] produced hematite films and inves-
tigated the performance of this new materials product as a photoanode in a pho-
toelectrochemical cell which shows the advantage of a 1D nanostructure as
compared with an interconnected nanoparticle film. As expected, they verified that
PBM films provide a more efficient transport and collection of photogenerated
electrons through a designed path as compared with films constituted of sintered
spherical particles. Their experiments involved a three configuration electrode cell,
and their results and discussion take into account the effect of morphology, ori-
entation, film thickness, electrolyte composition and dye sensitization. They
demonstrated an improvement in the IPCE (incident photon-to-current conversion
efficiency) of 100 and 7 times, respectively as compared with research conducted
earlier on thin films with spherical particles [37, 38] with 0.1 M KI in water (pH
6.8) as the electrolyte which was illuminated either through the electrolyte/
electrode interface or through the substrate (F:SnO2)/electrode interface. In addi-
tion, they using the electrolyte with different pH from 6.8 to 12.0 also increased the
IPCE by a factor of two. Since the first report using this promising PBM synthetic
route [36–38], research effort has been dedicated to a better understanding and
improvement of hematite-oriented nanorod performance in PEC systems.

Fig. 7 Schematic representation of electron transport through hematite morphology grown
parallel and orthogonal onto a conductor substrate. (Figure adapted from Ref. [37])
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Recently, Carvalho et al. [35] reported a significant improvement in photo-
current response using the PBM method by employing the fundamental strategy to
prepare better undoped hematite films and also to address and overcome real
challenges. The photocurrent generated under the front side illumination using the
developed photoanode was found to be three orders of magnitude higher as
compared with the seminal work by Vayssieres [36–38] in the same applied
condition: three electrode configuration cell, platinum foil as counter electrode,
Ag/AgCl as a reference and NaOH, pH 13.6 as the electrolyte. In that research, the
commercial substrate surface was cleaned several times before and after subjection
to a thermal treatment at 390 �C for a few hours. Figure 8 illustrates the top-view
and cross-section SEM image analysis of film morphology sintered at 390 �C for
1 h.

As expected, a high homogeneous film with a large nanorod distribution (see
Fig. 8a and c) was obtained with a modified substrate as compared with the
material reproduced from the original strategy [36] (see Fig. 8b and d). From the
cross-section SEM images of films synthesized for 24 h (see Fig. 8d) and 6 h
under hydrothermal conditions (Fig. 8c), the film thickness was estimated to be
450 nm. In addition, the distance between each rod given an open structure

Fig. 8 SEM images of a hematite film: a and b Top-view: synthesized during 6 and 24 h under
hydrothermal conditions and sintered at 390 �C, respectively; c and d cross-section of a
corresponding film obtained after 6 and 24 h. A zoom-in of d illustrates the interface FTO-
hematite
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provides a good interface between FTO-hematite films and was more efficiently
achieved after 6 h of hydrothermal processing (see Fig. 8a and c).

Here the as-prepared film shows the oxy-hydroxide (b-FeOOH) crystallo-
graphic arrangement (details discussed in Ref. [35]). To obtain a pure hematite
phase, all films are submitted to an additional thermal treatment at 390 �C for 1 h.
The films acquire a typical red color from the hematite phase (see film aspect in
Fig. 9). The XRD analysis of the film sintered at 390 �C for 1 h, (see Fig. 9)
exhibits the typical indexed planes related to the formation of hematite (a-Fe2O3).
The peaks identified in Fig. 9 assigned to SnO2 (the cassiterite phase) is from the
fluorine-doped SnO2 (FTO) substrate. As extensively discussed in the literature
[7, 8, 25, 28, 35, 39], an important requirement to extract better electronic interface
FTO-hematite layers (to facilitate electron collection) is the preferential structure
grown in the perpendicular plane of the (001) substrate. The inset in Fig. 9
illustrates that the hematite nanorod prepared by using the hydrothermal process
exhibits preferential orientation in the [110] plane perpendicular to FTO as
required.

Another requirement for any semiconductor to be employed in PEC systems is
a high absorption of a solar irradiation spectrum. Carvalho showed that the film
with red colored a-Fe2O3 nanorods exhibits strong absorption in the visible region
which reaches the maximum value (see Fig. 10). The inset in Fig. 10 illustrates the
comparison between the substrate before and after modification with 450 nm of
deposited hematite film. As expected, the FTO substrate has very low absorption in
the visible range; i.e., it does not significantly participate in the global photocurrent
response during application in the PEC cell. Basically, hydrogen and oxygen are
generated by an illuminated hematite film/liquid interface. Furthermore, from
these data, indirect and direct electronic band gaps were calculated by considering
the following equation: (ahm) = Ao(hm - Eg)m where hm is the photon energy (in
eV), Eg is the optical band gap energy (in eV) and Ao and m are constants which
depend on the kind of electronic transition where m is equal to 1/2 for a direct

Fig. 9 XRD diffraction data
of a hematite film under 6 h
of hydrothermal condition
and sintered at 390 �C for
1 h. Left side: Photo of
obtained hematite film
studied
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allowed and 2 for an indirect forbidden transition. The values estimated were 1.95
and 2.1 eV, respectively, which is in good agreement with the literature [35–53].

Additionally, based on the excellent performance of the films prepared after 6 h
under hydrothermal conditions and sintered at 390 �C, Carvalho et al. [35]
reported a detailed study dedicated to the semiconductor/liquid interface using
cyclic voltammetry (an electrochemical technique). As observed in SEM images,
hematite films have a high surface area due to vertically oriented rods on a sub-
strate which promotes excellent hole transport to the semiconductor surface.
Hematite is an n-type semiconductor with Fermi energy closer to the conduction
band than to the valence band.

Molecular oxygen evolution at the hematite surface is still an important chal-
lenge for the scientific community to overcome [54–61]. To better understand the
formation of molecular oxygen on the hematite surface, cyclic voltammetric
experiments of the pure and modified FTO substrate were conducted. FTO mod-
ified with a hematite layer was cycled several times (more than 100 cycles; see
inset in Fig. 11a) through a basic medium (pH 13.6) with a potential window
ranging from 0.8 to 0.8 V in dark conditions (Fig. 11). In this potential range,
clearly there is an irreversible reduction peak at -0.5 V (see Fig. 11a). As
expected, by varying the scan rate (m), the electrochemical reaction is limited by a
charge-transfer [62–64] up to 500 mV.s-1 which confirms that the electrochemical
process originates from adsorbed groups at the nanorod surface. Surprisingly, this
process appears only if the electrochemistry follows an anodic pathway (see inset
in Fig. 11b); otherwise, it slowly disappears, and reveals the consumption of these
species at the surface. Similar to a cathodic peak found here, this process has
appeared in TiO2 an electrode (in the context of dye-sensitized solar cells) which is
attributed to the charging of surface states when there is also chemical capacitance
in the semiconductor and space charge capacitance [65–81].

Several effects in the cathodic region were reported for nanostructured TiO2

films [65–81] exhibiting several characteristic features; the dominant features are
related to exponential densities of states (DOS) at negative potentials approaching

Fig. 10 Absorption versus
wavelength spectra of FTO
modified with hematite layer
produced after 6 h under
hydrothermal condition and
sintered at 390 �C for 1 h.
Inset: Curve of transmittance
versus wavelength of FTO
conductor substrate (520 nm)
and FTO modified with
hematite layer (450 nm)
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the conduction band potential. Bisquert et al. [80] reported that the symmetric and
much less intense peak appears at less negative potentials (similar to the hematite
at the -0.8 V region). These features are highly symmetric with respect to the
voltage axis in good quality electrodes, although they sometimes appear as a
distortion due to the IR drop. Also, it was reported that for a very negative
potential scan where the electrochemical potential is close to the conduction band
edge, the capacitance is controlled by both the Helmholtz capacitance at the inner
surface and the film entrance into band unpinning [80, 82]. Furthermore, an
additional peak at a more positive potential can appear (in our case, for hematite at
-0.5 V) which was well established experimentally in 1995 by Gratzel et al. for
nanostructured TiO2 films [69].

However, in their research with hematite nanorods, Carvalho et al. [35] has
assumed that the adoption of OH- groups on the hematite surface shows an elec-
trochemical behavior governed by a Nernstian equilibrium which is similar to the
Nernstian H+/OH- equilibrium reported for nanostructured TiO2 films [83–85].
This result is a strong indication that the electrocatalytic anodic process for
molecular oxygen evolution is also undergoing a structural rearrangement step
where some species of Fe(III) in the hematite crystalline structure have different
energies from the energies in bulk nanorods. For the latter assumption, this effect
should only occur in basic media when the OH- ions are directly associated with
the reaction mechanism. Carvalho et al. [35] proposed a simply way to verify the
dependence of this reaction on OH- ion concentration. They carried out the same
electrochemical experiment at neutral KCl with a 0.1 mol.L-1 electrolyte. As
expected, no changes in the voltammetry profile were observed; only a decrease in
the capacitive currents was observed in this case. Based on the experimental
investigation, the authors suggested an intermediate slow step where Fe(III) forms
an oxide/hydroxide intermediate before the molecular oxygen evolution. A com-
plete mechanism proposed by them for oxygen evolution on a hematite nanorod
film is shown in Eqs 3.1 and 3.2.

Fig. 11 Cyclic voltammograms under dark conditions at pH 13.6 (NaOH) of: a Pure FTO (black
line (—)) and FTO-hematite (red line (-)). Inset: FTO-hematite performance during more than
100 cycles of stability; b FTO-hematite (black line) measured at a negative potential and FTO-
hematite at a positive potential (red line). Inset: Zoomed-in image of the FTO-hematite in the
negative region. All measurements were performed at 50 mV.s-1 (23 �C ± 0.1 �C)
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Step1: OH- adsorption (slow)

4a� Fe2O3 þ 4OH� ! 4a� Fe2O3 OHð Þ�ads ð3:1Þ

Step2: molecular oxygen evolution (E = 0.38 V)

4a� Fe2O3 OHð Þ�adsþ 4hv! 4a� Fe2O3þ " O2 þ 2Hþ þ 2H2O þ 2e� ð3:2Þ

In summary, this additional step considers a slow intermediate reaction (for-
mation of oxide/hydroxide) before the molecular oxygen evolution; other ele-
mentary steps in the detailed mechanism are unknown. Thus the OER mechanism
proposed by Carvalho et al. [35] is an important contribution as one of several
other mechanisms for different materials found in literature [86–94]. An excellent
example is based on Tafel slopes as suggested by Trasatti et al. [91] where the
molecular oxygen is liberated from two highly oxidized sites and deposited onto
the semiconductor surface. Therefore, the latter proposed mechanism does not
make any distinction between the intermediate oxygen that arises from the oxide
lattice and from the water species. Finally for hematite nanorods developed by
Carvalho et al. [35], both effects appear to be evident where the OH- arising from
the solution and the formation of oxide/hydroxide play important roles in water
splitting.
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Biofuel Cells: Bioelectrochemistry
Applied to the Generation of Green
Electricity

Gabriel M. Olyveira, Rodrigo M. Iost, Roberto A. S. Luz
and Frank N. Crespilho

Abstract Several studies published in the last decade have pointed to the use of
enzymes and microorganisms in biocatalytic reactions to generate electricity.
Enzymes and living organisms can be used in modified electrodes to build the so-
called biofuel cells (BFCs). However, a deep understanding of the structure and
biocatalytic properties after enzyme immobilization is still lacking because they
are immobilized in the solid state and outside of their natural environment. Thus,
based on biological molecules and nanostructure materials applied to BFCs, these
current topics shall be reviewed here, and prospects for future development in
these areas will be presented as well. Moreover, immobilization methodologies
and enzyme stability systems that result in BFCs will also be presented. Finally,
BFC power density and catalyst support will be widely discussed in this book
chapter.

1 Introduction

The modern concept of clean energy generation continues from the last century,
with much interest being placed on the search for alternative sources of energy.
The continuous use of the combustion of natural gases or nonrenewable fossil fuels
like petroleum for energy production is the biggest challenge towards the
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development of new, sustainable, and pollutant-free technologies with which to
meet the global energy demand [1, 2]. The electrochemical energy produced by
redox reactions has been extensively studied during the last few decades as an
alternative and more environmentally favorable energy resource [3]. These redox
systems are included in batteries, fuel cells, electrochemical capacitors, and bio-
fuel cells, which use different principles of energy storage and energy conversion
[4–9]. Although batteries are capable of storing and converting chemical energy
into electrical energy, fuel cells have made remarkable progress in many appli-
cations and provide a portable, clean, and more efficient energy generation without
the combustion of fuels [9]. A fuel cell consists of two electrodes, called the anode
and cathode, which are immersed in an electrolyte solution whose electrons are
removed from an input fuel on the anode to generate electrical energy. Generally,
for the majority of organic fuel compounds, the products generated are H2O and
CO2, and chemical energy storage is significantly higher as compared to common
batteries. In addition, the development of electrochemical devices has resulted in
increased energy production by chemical reactions in fuel cells relative to con-
ventional batteries [4, 8–9]. However, the operation of fuel cells requires non-
selective and expensive metals as catalysts for the necessary chemical reactions.

The study of bioelectrochemical reactions originated from biological organisms
gained attention in the 1780s when Galvani first demonstrated nerves contracting
in a frog0s leg upon application of external energy produced by a static electricity
generator [10]. The possibility to use microorganisms to generate energy was also
consider a possible technology for use at 50s decade [6]. This so-called biological
fuel cell, or biofuel cell (BFC), is a particular kind of biodevice that utilizes
biological components, such as enzymes or microorganisms, as selective recog-
nition elements for a specific molecule capable of producing electrical energy by
electrochemical redox processes [11–19]. The BFC system is similar to traditional
fuel cells and consists of an anode and cathode modified with biological molecules
that are commonly separated by a semi-permeable membrane at two separate
compartments in an electrolyte solution. When a specific fuel is introduced into the
anodic compartment, the oxidation reaction takes place and the electrons produced
at the anode are used to reduce other chemical species, like oxygen, at the cathode.
However, the amount of electrical energy obtained from biological molecules is
very low, which generates an inefficient current characteristic of BFCs.

Recent research on BFCs have expanded on the utilization of the first microbial
fuel cell in 1912 by Potter and co-workers [20]. This study provided a simple
example of energy generation by fermentation of microorganisms like bacteria in
glucose media. These electrochemical biodevices based on biological components
offer many advantages over traditional chemical fuel cells, such as their use of
renewable [21, 22] and non-pollutant [23] fuels, and their ability to operate at low
temperatures [24]. Despite these advantages, the performance of BFCs in terms of
power energy density generated by biochemical reactions, their lifetimes as
compared to conventional fuel cells, and their stability during operational mea-
surement are all responsible for the intense research in this area over the last years.
Moreover, the main focus is to utilize biological components, as opposed to metal
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catalysts, to catalyze biochemical reactions and generate energy with implantable
biodevices in live organisms, like the human body [22]. Since the first such
experiment reported by Yahiro in 1964 [25], which used the enzyme glucose
oxidase (GOx) as the biological component for the anode in devices operating with
glucose as fuel [25–36], many advances have been made which focus on their
various applications, such as portable power biochips, implantable biodevices, etc.
[22]. In addition to their use of renewable fuels, the favorable and mild temper-
ature operation conditions make BFCs an interesting route for future energy
production.

In this chapter, we present an overview of enzyme- and microbial-based BFCs
for power energy production, and we explore their main operation characteristics,
enzymatic immobilization on electrodes, and nanostructured materials for BFC
applications. The focus of this chapter is to establish the correlation between
enzymatic kinetic processes and nanostructured materials, and to briefly describe
their utilization in modified electrodes for BFC power energy generation. Finally,
the main applications and perspectives are detailed.

2 BFCs for Power Energy Production

The development of biomolecules-based electrochemical devices has arisen due to
wide interest in their potential application in many areas, such as amperometric
biosensors [37, 38] and, in particular, implantable biodevices for energy generation
or BFCs [22]. The basic principle behind the energy generation of BFCs is similar
to that of conventional fuel cells. However, BFCs use a recognition element in
conjunction with biomolecules such as enzymes or microorganisms to produce
electrical current, whereas traditional fuel cells use metallic electrodes [5–7].
BFCs consist of two electrodes that can be separated or not by a semi-permeable
membrane [39–47], as can be seen in Fig. 1. Firstly, species are oxidized on the
anode surface, and the electrons produced are driven throughout an external circuit
and finally reach the cathode electrode [48]. Generally, water is produced when
electrons are combined with an oxidizing agent, such as oxygen, present in the
environment [41].

Several approaches have been published, revealing a large number of electrode
configurations that involve the utilization of organic/inorganic hybrid molecules
[43, 49–53] in BFCs. As an example, Scodeller and co-workers [52] reported the
use of purified Trametes trogii laccase as a biocatalyst for an oxygen redox
reaction on biocathodes composed of layer-by-layer self-assembled laccase and
osmium complexes on mercaptopropane-sulfonate modified gold electrodes. This
work shows a relevant operating system based on the detection of H2O2 as a result
of O2 electroreduction and generated by laccase biocatalysis mediated by an
osmium complex. On the other hand, Raitman and co-workers [53] electropoly-
merized polyaniline (PAni) and polyacrylic acid (PAA) on electrode surfaces
resulting in PAni/PAA films. Then, an amino-FAD cofactor was covalently linked
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to the PAA functional group chains, and apo-glucose oxidase was reconstituted on
the FAD cofactor. The bioelectrocatalytic activation of the reconstituted enzyme
was attributed to the appropriate alignment of the enzyme with respect to the
electroactive PAni/PAA films, which in turn facilitated the electro-transfer
between the cofactor site embedded in the enzyme and the electrode surface [53].

In addition to the use of enzymes, microorganisms like bacteria have also been
extensively study as a new form of green and renewable energy generation [13–15,
54–62]. They posses several advantages over enzymes, such as complete oxidation
of sugar components [19] and a decreased susceptibility to interfering agents [63]
[69]. On the other hand, it is more difficult to access the energy produced inside
these cell during the metabolic process. Conventional microbial-based BFCs are
similar to other cell types and posses two electrodes (anode and cathode) separated

Fig. 1 Scheme of a general representation of two BFC configurations a with a semi-permeable
membrane, and b in the absence of a membrane. The fuel is oxidized on the anode by a biological
component, and the electrons released are transferred throughout an external circuit, which is
associated with an oxidant element (usually O2), to generate H2O

104 G. M. Olyveira et al.



by a proton exchange membrane [39, 43, 46, 64, 65]. The oxidation of redox-
active microorganisms occurs at the anode, while the cathode can be composed of
a simple metal electrode. The functional activity of microorganisms facilitates the
oxidation of organic compounds, which produces electrical energy that travels
throughout an external circuit and generates water from the reduction of oxygen,
while the proton exchange occurs via a semi-permeable membrane. A schematic
configuration of a microbial BFC is presented in Fig. 2.

Many operational difficulties associated with BFCs, such as poor lifetime, low
operation time, and poor stability, present big challenges associated with the large-
scale application of this type of bioelectrochemical system [5, 7, 16, 18, 66].
Moreover, the main challenge today is to improve the biorecognition elements; to
achieve this goal, much focus has been placed on searching for different electrode
configurations based on nanostructured elements, which have provided several
advances in BFC development. The next section examines these two kinds of
BFCs in detail and summarizes some of the most important works reported in
regards to the utilization of nanostructured materials for BFC applications.

3 Power Energy and Thermodynamics in BFCs

The electrical energy from biological cells can be generated by anodic/cathodic
reactions from enzymatic biocatalytic processes or energetically favorable meta-
bolic reactions on microorganisms [5, 6, 12–14, 16–18]. The evaluation of an
electrochemical system’s power density, which is commonly measured as the
power generated per area or volume of electrochemical cell, is very important.
Another crucial assessment is the evaluation of the energy generated by enzymatic
and microbial BFCs to show the performance of many different kinds of electrode

Fig. 2 A general schematic
of a microbial-based BFC.
The principle of power
energy generation is similar
to an enzymatic-based BFC
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configurations [5–7]. The cell voltage can be obtained by any electrochemical
system, and is given by Eq. 1 [6].

ECell ¼ EC � EA � RIRe ð1Þ

where ECell represents the liquid potential generated by the biological cell and EC

and EA represent the cathodic and anodic potential, respectively. The term
RIRe represents the sum of the internal potential losses of the electrochemical cell.
The standard potential for a biological fuel cell can be represented by semi-
reduction reactions in a semi-electrochemical cell, given by the Nernst Eq. (2) [67].

ECell ¼ E0
e þ

RT

nF
log

½Ox�
½Red�

� �
ð2Þ

The liquid potential generated by an electrochemical cell can be calculated
from the current generated by the electrochemical reactions. In this case, these
residual potential generated (ECell ¼ EC � EA � RIRe) is given by Eq. 3.

g ¼ E � Ee ð3Þ

where Ee corresponds to the equilibrium potential of the electrode. The optimi-
zation of the current density generated in an electrochemical cell can be obtained
when the ohmic resistance (RIRe) is at a minimum value. The configuration of
electrodes on an electrochemical cell and their operation at low current densities
are examples of how power generation can be optimized in BFCs. For several
kinds of fuel cells, the power density generation is calculated from the residual
potential of the cell and the current generated by electrochemical reactions per
electrode area, according to Eq. 4 and 5.

PCell ¼ ECell

Z
IdI ð4Þ

Power Density ¼ PCell

A
ð5Þ

The power density of BFC is dependent of the electrochemical parameters that
can be obtained by polarization curves. The polarization properties of polarization
curves for electrochemical cells is described by Butler-Volmer kinetics [68].
Generally, the Coulomb efficiency (ec) is used to evaluate the power generated in a
microbial BFC and correlates the theoretical coulombs generated from the substrate
and the maximum electron transfer to the electrode, as represented by Eq. 6 [14].

ec ¼
M
Rt
0

Idt

FbvAnDCOD
ð6Þ
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where M represents the molar mass for oxygen (M = 32 g mol-1),
Rt
0

Idt is the

charge generated over the time period (t), F is the Faraday constant (96,485
C mol-1), b is the number of electrons generated per mol of oxygen, vAn is the
volume of the anode, and DCOD is the variation of oxygen demand for current
density generated on microbial BFCs.

Several factors are responsible for power energy generation, and many efforts
have been made in recent years to improve the performance of many kinds of
BFCs. Nanostructures have been reported as interesting electrochemical approa-
ches in conjunction with electron mediators to improve power performance in
BFCs [70, 71]. Moreover, several of the nanostructured architectures investigated
have provided successful advances on BFC development.

4 Nanostructured Materials Applied to Modified Electrodes
and BFCs

Recent advances in nanostructured materials applied to electrochemistry have been
responsible for an increase in developments in the field of bionanoelectrochemistry
[7]. The development of nanostructures brings with it the possibility to control
many material properties at the molecular level and, also, some interesting studies
reports their impact in the environment [72,73]. Materials on the nanometer scale
are characterized by their large surface area, which greatly influences their elec-
trochemical properties; that is, electrochemical potential increases with reduction
of the size of the material [74]. Several nanostructure materials have been applied
to modified electrodes, such as metallic nanoparticles, carbon nanostructures,
oxide nanoparticles, and many others. Carbon nanotubes represent one of the
allotropic forms of carbon, and several works have reported their use in modified
electrodes. Since their discovery in 1991 by Iijima and co-workers [75], carbon
nanotubes have received great attention due to their unique electronic, electro-
chemical, and mechanic properties, as well as their potential application in many
areas [76–78]. The electrochemical properties of carbon nanotubes have been
extensively investigated in the last decade by Compton and co-workers [79–83],
who have confirmed their high electrocatalytic activity. In general, their electro-
activity was initially associated with their unique tubular structure; but recent
studies have provided information about other iron impurities that improve their
catalytic properties [80]. Britto and co-workers [84] reported a significant
improvement in the electrochemical detection of dopamine by using carbon
nanotubes prepared with bromoform. Another important approach was reported by
Zhang and co-workers [85], which utilized carbon nanotubes for the amperometric
detection of glucose. The carbon nanotubes provided an improvement in the
current density response when GOx was immobilized on the electrode surface; the
results were observed by direct electron transfer (DET) of the prosthetic group
FAD by the enzyme GOx.
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The use of carbon nanotubes in modified electrodes has also gained a lot of
consideration for their application as recognition elements in BFCs [29, 31, 76, 78,
85–89]. Gao and co-workers [86] developed an electrode composite material based
on carbon fibers (CFs) and oriented carbon nanotube (CNT) microwires for the
electroreduction of oxygen. These results show that non-porous CFs have a rela-
tively nonporous structure good for the diffusion of oxygen, whereas CNT mi-
crowires have a large porous surface which allows for the permeation of both
electrolyte solutions and oxygen. In addition, the resistance of mass transfer along
the porous materials can be reduced, generating a current density of 750 lA cm-2

and only a 20 % loss of their power density. Figure 3 show SEM images and a
schematic of the diffusion of oxygen throughout porous microelectrodes.

Graphene-based nanomaterials are another important form of carbon materials,
which are formed by a monolayer of carbon atoms and were first isolated in 2004
[90]. These nanomaterials present very interesting electronic and electrochemical
properties, which depend strongly on their structure, orientation and properties
associated with the presence of defects [91–94]. Usually, graphene-oxide is
converted to the graphene form and utilized in modified electrodes for

Fig. 3 SEM images of a CF and b CNT fiber. Schematic representation of oxygen reduction on
c CF and d CNT fiber (the green shade represents the redox polymer and the blue color represents
the enzymes). Reproduced from Ref. [86] with kind permission of Macmillan Publishers Limited
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electrochemical devices and biodevices, and plays an important role in heteroge-
neous electron transfer (HET). Recent studies demonstrate that the basal-plane of
graphene sheets increases considerably the heterogeneous electron kinetic constant
k (–0.01 cm s-1) [95]. For this purpose, several studies have reported the preparation
of modified electrode-based graphene. Moreover, the electrochemical properties of
graphene allow for their inclusion in interesting applications such as biosensing
[96–98], sensing [99, 100], and BFC development [42, 101].

Recently, Liu and co-workers [42] reported the use of the sol–gel method for
immobilization of graphene nanosheets; they compared their results to carbon
nanotubes which were used toward the development of a bioanode and biocathode
for application in an enzymatic BFC. The electrochemical responses of graphene
and carbon nanotubes demonstrate that the catalytic efficiency of graphene is twice
that of carbon nanotubes, with a maximum power density of 24.3 lA cm-2 and a
lifetime of 7 days.

5 Enzyme-Based Modified Electrodes Applied to BFCs

Biological redox reactions are known to be specific and occur in live organisms to
accelerate several biochemical processes associated with metabolism [16, 18, 19].
Such biochemical reactions, or catalyzed enzymatic reactions, take place with
specific enzymes of a particular nature that makes this biomolecules especially
suitable for the determined application. Particularly, these enzymatic processes can
be utilized to produce energy by coupled redox reactions that can be utilized in
specific applications [17–19, 22, 28, 102–109]. For this purpose, enzymes with a
metallic redox center are very interesting due to the possibility of participating in
redox couple reactions as cofactors by a charge transfer with the electrode surface.
Cofactors are, in most cases, organic molecules that transfer electrical charge
between enzymes and the electrode surface, thereby allowing the charge to create a
flow of current in the electrochemical system. However, biocatalysts present
several advantages over metal catalysts, such environmentally-friendly conditions
(e.g., mild temperature and pH) and advanced operation life time [110]. From
another point of view, such biological systems allow energy generation from more
complex fuels [12–14, 16, 18, 19]. Figure 4 shows a conventional configuration of
an enzyme-based BFC operating with the oxidation of glucose on the anode by the
enzyme glucose oxidase (GOx).

There are two types of BFCs according to this classification. The first is based
on the type of product generated by the enzymatic reactions. In this type of BFCs,
enzymes do not directly produce the energy originated by the biological processes.
The products catalyzed by such enzymes are used as fuel for fuel cells, such as the
generation of hydrogen as fuel by hydrogenase enzymes [23]. In the second type of
BFCs, biological components are directly involved in energy production, which
originates from biochemical reactions. The enzymes present on the anodic elec-
trodes catalyze the oxidation of an organic species to generate a current that
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depends directly on the enzymatic performance [50, 111, 112]. The key to this type
of cell is to establish better communication between the enzymes and electrodes
for an efficient electron transfer and a higher-than-usual current generated by the
biocatalytic processes [50, 111, 112]. Enzymes are large biological molecules with
redox properties that can be divided into three groups based on the localization of
the enzymatic cofactors in the protein structure[17]. The first group is classified by
the presence of nicotinamide adenine nucleotide (NADH/NAD+) or nicotinamide
adenine dinucleotide phosphate (NADPH/NADP+) redox centers, which are
weakly bound to the proteic structure of the enzyme that actuate directly on
cellular electron transfer reactions. The second group of enzymes is classified as
having redox centers at or near the periphery of their protein shell structure.
Peroxidases and other copper enzymes belong to this group. Enzymes of the third
group have redox centers that are strongly bound to the proteic structure and are
located deep inside the enzyme or glycoprotein structure.

The major difficulty with these enzymatic redox catalysts is immobilizing the
enzymes on solid electrodes and accessing the redox center localized deep inside
the protein structure without the loss of their bioactivity properties. The use of
these specific enzymes on electrode surfaces began many decades ago, when the
first biodevices were studied to develop a biosensor with high selectivity and
specificity [25]. The development of such devices brings about the possibility of
studying electrochemical processes when biomolecules actuate out of their natural
environments [18, 19, 113]. Although the redox enzymatic reactions can occur
when enzymes are in contact with the solid electrode surfaces, they partly lose
some of their bioactivity properties due to denaturation by the immobilization
processes [18, 19, 113]. In fact, the main interest associated with the use of
immobilization methods and developing biodevices that maximize the enzymatic
biocatalysis is to better maintain the integrity of the enzyme structures by opti-
mization of the electrode materials and immobilization methods. Biomolecules

Fig. 4 Schematic
representation of an enzyme-
based BFC configuration. As
an example of operation,
glucose is oxidized with the
enzyme GOx immobilized on
the anode to generate H2O on
the cathode
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such as enzymes can be immobilized on a substrate surface by physical or
chemical adsorption [114–117]. Physical adsorption occurs as a result of a residual
charge present on certain chemical groups of the enzymes, which causes sponta-
neous adsorption onto a substrate or molecule with the opposite residual structural
charge. On the other hand, chemical adsorption is caused by the cross-linking of
chemical groups on an enzyme’s structure with other molecules on the substrate,
or by the presence of bifunctional groups [38]. Although immobilization tech-
niques are crucial in terms of providing better communication between the enzyme
and electrode surface, many biological species undergo very slow heterogeneous
electron transfer due to energy barriers associated with their proteic structure. One
pathway to intensifying the charge transfer originated by bioelectrochemical
reactions is to use mediated electron transfer [44, 46, 111, 118–121]. Electro-
chemical mediators are molecules that can easily and reversibly switch between
oxidation states used to facilitate electron transfer processes between redox centers
on enzymes and electrodes [44, 46, 111, 118–121]. This results in a better per-
formance of the current generated in modified electrodes that can be applied to
biosensors [118–120] and BFCs [44, 46, 111, 121]. Electrode preparation with
most kinds of redox mediators, such as ferrocene [118, 122], Prussian blue [123,
124], 1,4-benzoquinone [26, 125], hexacyanoferrates (Co, Fe, Ni, Cu), etc., can
improve current transport on the electrode surface by several orders of magnitude.
Since their discovery in 1951 [126], ferrocene, along with its derivatives, is one of
the most popular redox mediators used for amperometric [71, 127], potentiometric
[128, 129], and immunosensor [130, 131] development. Several works have
reported about the use of redox mediators to enhance charge transport in bio-
electrochemical devices [44, 46, 71, 111, 118, 121, 122]. However, the redox
mediator should be chosen such that its redox potential is as close as possible to
that of the cofactor enzymes [16].

Several approaches have reported the utilization of nanostructured metallic
materials, such as noble metal nanoparticles with redox mediators, to intensify the
electrochemical response on modified electrodes [98, 131–134]. The synthesis of gold
nanoparticles by organic molecules produces hybrids with very interesting electro-
chemical properties [131, 133, 134]. This involves the utilization of PAMAM den-
drimers as gold nanoparticle stabilizing agents for the development of electroactive
nanostructured membranes (ENMs) [70, 135, 136]. This system is based on the use of
polyelectrolytes with opposite charges for the fabrication of self-assembled multilayer
thin films of PSS and PAMAM-AuNPs with a cobalt hexacyanoferrate (CoHCF)
mediator electrodeposited around the AuNPs to intensify the electron transfer on the
electrode surfaces [70, 135, 136]. In other words, this concept can be extended to many
other redox mediators. In addition, this electrochemical approach was successfully
applied to a glucose amperometric biosensor, as reproduced in Fig. 5.

Another important approach was described by Katz and co-workers [137], with
the use of the enzyme glucose oxidase (GOx) by the reconstitution of apo-GOx on
charge-transporting wires consisting of a relay unit as the charge carrying element,
and a flavin adenine dinucleotide cofactor (FAD) as a reconstitution site. In one
configuration, pyrroloquinoline quinone (PQQ) was assembled on a gold electrode,
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and N6-(2-aminoethyl-flavinadenine dinucleotide) (amino-FAD) was covalently
linked to the PQQ [137]. The reconstitution of apo-glucose oxidase on the surface-
bound FAD site led to a structurally aligned enzyme monolayer immobilized on a
gold electrode. This electrode configuration provided an efficient electrical com-
munication between the redox enzyme center and the electrode, leading to an
oxygen-insensitive amperometric glucose sensing. Figure 6 shows the preparation
of the bioanode, applicable as a recognition element for glucose sensing.

Fig. 5 (A) Schematic fabrication of layer-by-layer (LbL) films comprising PVS and PAMAM-
Au. The sequential deposition of LbL multilayers was carried out by immersing the substrates
alternately into a PVS and b PAMAM-Au solutions for 5 min per step. After deposition of three
layers, an ITO-(PVS/PAMAM-Au)3@CoHCF electrode was prepared by potential cycling c. The
enzyme immobilization to produce ITO-(PVS/PAMAM-Au)3@CoHCF-GOx d was carried out in
a solution containing BSA, glutaraldehyde and GOx. (B) Schematic representation of the reaction
of glucose at the ITO-(PVS/PAMAM-Au)3@CoHCF-GOx electrode. Reproduced from Ref. [70]
with kind permission of Elsevier
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6 Microbial-Based Modified Electrodes Applied to BFCs

The present potential application of bacteria and other microorganisms in energy
storage originates from living cultures [54, 59, 60, 138, 139]. These living
organisms, such as Saccharomyces cerevisiae or Escherichia coli, for example,

Fig. 6 a Schematic representation of the biocatalytic current generation of a BFC. b Stepwise
covalent binding of PQQ (1) and N6-(2-aminoethyl)-flavin adenine dinucleotide (2) to the
polymer functionalized electrode, followed by the reconstitution of apo-glucose oxidase and the
reversible activation and deactivation of the biocatalytic activity anode by the electrochemical
reduction of the Cu+-polymer film and the oxidation of the Cu0-polymer film, respectively.
Reproduced from Ref. [137]. Copyright@1999 American Chemical Society
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actuate on disintegration processes of organic molecules by biochemical reactions
during metabolism to absorb necessary sources of energy [140]. The dependence
of electrical energy generation on changes in temperature has also been evaluated.
For this purpose, the utilization of environment culture provides for the micro-
organisms’ growth and generates energy by the oxidation of organic fuels.

Microbial BFCs are basically composed of an anode, which facilitates oxidation
processes by a microorganism, and a cathode, which facilitates the reduction of O2

and generation of water [54, 55, 57, 61, 101, 141]. The two electrodes are sepa-
rated by a semi-permeable membrane for the proton exchange that permits the
flow of ions through the circuit. However, the major challenge is to establish better
communication between electron transport inside the microorganism and the
electrode surface [13, 15, 56, 59, 142]; the transfer of electrons across the
microorganism membrane leads to a slow flux of ions and, consequently, generates
low levels of energy at long times. The problem of current generation was partially
resolved by utilization of redox mediators that are able to diffuse along the
microbial membrane and transfer electrons to the anode electrode [111, 121].
Typically, a microbial fuel cell utilizing glucose as the organic fuel and a redox
mediator operate according to the following reactions.

Anodic reaction: C6H12O6 þ H2O! CO2 þ 14e� þ 14Hþ ð7Þ

Cathodic reaction: 1=2O2 þ 2Hþ þ 2e� ! H2O ð8Þ

MediatorOx þ e� ! MediatorRed ð9Þ

On the other hand, several works have reported the utilization of microbial fuel
cells without the use of redox mediators [58]. For example, Chaudhuri and co-
workers [58] reported a new microorganism Rhodoferax ferrireducens capable of
glucose oxidation, generating CO2 without a redox mediator, and utilizing a
graphite cathode to generate energy. The semi-electrochemical reactions took
place with current energy generation in a microbial BFC. Many different config-
urations have been reported which vary according to the fuel or type of catalyst
utilized. Fishilevich and co-workers [143] reported the use of GOx as the redox
enzyme displayed on the surface of Saccharomyces cerevisiae (YSD-GOx fuel
cells) in the anode compartment with methylene blue as the redox mediator. The
reduction of oxygen was performed by the enzyme laccase at the cathode with
2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as a redox media-
tor. This configuration demonstrated that GOx immobilized on a microorganism’s
surface can be used as another important approach in the development of BFCs
(Fig. 7).
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7 Development of Biomimetic Electrodes Applied to BFCs

The search for novel BFC materials within the last decade has focused on the
development of cells with components more suitable for producing energy with
maximum performance. The concept of biomimetic systems has been reported as a
new and interesting tool for the development of modified electrodes applied to
BFCs [144, 145]. Enzymes are known to catalyze biochemical reactions with high
specificity to a determined substance; the modern concept of biomimetic catalysts
allows for the possible use of inorganic materials, as an example, as catalysts for
specific chemical reactions and, at the same time, to be favorable for use as a
biorecognition element applied to electrochemical devices. These kinds of systems
are capable of being specific to certain chemical species due to their high affinity,
and behave in a similar fashion to natural bimolecular receptors [144, 145]. These
artificial receptors bring new possibilities and can be obtained by several methods
that include obtaining biomolecule ligands [145] and the synthesis of nanostruc-
tures for application to a specific function [144]. As an example, the development
of biomimetic cathodes for application in BFCs has been developed [144] by the
synthesis of iron (III) nanoparticles stabilized on poly (diallyldimethylammonium)
(PDAC) as a biomimetic nanostructured material for the reduction of H2O2. A
metastable phase of iron oxide and iron hydroxide nanoparticles (PDAC-FeOOH/
Fe2O3-NPs) has a quasi-reversible anodic/cathodic electrochemical process
attributed to Fe3+/Fe2+, which produces high electrochemical catalytic activity for
H2O2 at -0.29 to 0.39 V with a potential range of DE = 0.68 V (Fig. 8).

The future behind biomimetic materials is very important for biomimetic
electrochemical devices in which catalytic reactions can be performed without the
use of enzymes. In addition, nanostructured biomimetic materials can be achieved
by simple synthetic methods and bring new tools for the next generation of
modified electrodes applicable to BFCs.

Fig. 7 Principle of operation
of the YSD-GOx fuel cells.
Reprinted with kind
permission of Ref. [143].
Copyright@2009 American
Chemical Society
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8 Perspectives on Green Energy Generation and Future
Applications

The modern and recent advances in BFC development for practical technological
applications are still in an early stage, with barriers to overcome. However, their
potential applications utilizing live organisms and implantable devices for energy
generation are unquestionable. Enzymatic BFCs can be a promising tool for the
development of new implantable devices; they also possess challenges for
developing suitable and more efficient biodevices capable of producing power
energy for many applications. An efficient method of enzymatic immobilization

Fig. 8 a Cyclic voltammograms of ITO (black line) (0.1 mol L-1 H2SO4 ? 11.6 lmol L-1

H2O2) in the presence (red line) and absence (blue line) of PDAC–FeOOH/Fe2O3-NPs.
b Solution phase voltammetry of PDAC–Fe2O3-FeOOH-NPs at different concentrations of H2O2

(a = 0.0, b = 1.16, c = 2.32, d = 3.48, e = 5.80, f = 9.12 and g = 11.67 mol L-1). c Proposed
electrochemical mechanism for H2O2 reduction and schematic representation of the electrode
process involving PDAC–FeOOH/Fe2O3-NPs. Reproduced from Ref. [144] with kind permission
of Elsevier
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and a more suitable modified electrode must be applied. Nanostructured materials
applied to modified electrodes are an important strategy for bioanode develop-
ment; metal nanoparticles, carbon nanotubes, and graphene are very interesting
materials reported by several authors to provide better performance in the field of
biological fuel cell development and a more suitable and biocompatible route for
enzyme immobilization. Much attention is concentrated on the improvement of
communication between the enzyme’s redox center and the electrode surface. The
use of redox mediators provides a key for the development of more suitable
communication on modified electrodes. In addition, microbial fuel cells offer the
possibility of using biological processes of microorganisms like bacteria to pro-
duce energy density at long times of operation and using organic molecules as fuel.
One important approach has been developed which uses microbial BFCs utilizing
glucose as a renewable fuel for power energy generation. On the other hand,
biomimetic materials, such as metal oxide nanoparticles, have been used as an
alternative for bioelectrode development.

Some applications for biological fuel cells are implantable biodevices and
industrial reactors that use rejects, such as wastewaters, which depend on the
concentration of biodegradable organic matter originating from some industries, as
fuels for energy production. Thus, the biggest challenge is to develop such systems
with a long lifetime of operation, high stability, and with sufficient power density to
be used in technological applications. Moreover, the continuing research on bio-
logical systems conjugated with nanostructured materials, and studies on biological
areas and electrochemical characteristics of biomolecules, need to be improved to a
more rapid expansion of this new and clean generation of power energy.
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Recent Advances on Nanostructured
Electrocatalysts for Oxygen Electro-
Reduction and Ethanol Electro-Oxidation

Fabio H. B. Lima and Daniel A. Cantane

Abstract In this chapter, we review the development of electrocatalysts for
electrochemical reactions that take place in low temperature fuel cells. It is
focused on the oxygen reduction reaction (ORR), and on the ethanol oxidation
reaction (EOR) for proton and anion exchange membrane electrolytes. For the
ORR, which takes place at the fuel cell cathode, the major problem is the low
platinum mass-activity, and its low long-term stability. In this manuscript, it is
reviewed the activity of a new class electrocatalysts that are composed by platinum
sub-monolayer deposited on metal nanoparticles, including the correlation of their
activity with the center of the Pt d-band. Finally, it is presented stability tests for
some ORR electrocatalysts. For the ethanol electro-oxidatation (EOR), on plati-
num-based electrocatalysts, in required conditions of ethanol concentration and
temperature for practical applications, the reaction undergoes parallel reactions,
producing acetaldehyde, and acetic acid as major products, instead of CO2,
reducing drastically the fuel cell efficiency. So, the central challenge for the EOR
is the development of more efficient nanostructured electrocatalysts. The recent
achievements for the EOR, catalyzed by different nanostructured materials, are
presented for acid and alkaline media.
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1 Introduction

1.1 Initial Considerations

Fuel Cells are electrochemical energy conversion devices that transform the
chemical energy of a fuel into electrical energy. These devices work as a regular
galvanic cell, with the exception that the fuel is supplied externally. Low tem-
perature fuel cells, as proton exchange membrane fuel cells (PEMFCs), can be
used in a large range of power applications. For the particular case of portable
applications, methanol is widely proposed as possible fuel. The direct oxidation of
methanol in fuel cells has been widely investigated, where the usage of carbon-
supported Pt-Ru bimetallic nanoparticles have been presented high activity, and
high faradaic conversion efficiency to CO2. However, methanol is toxic, possesses
large miscibility with water, and it is not a renewable fuel, which bring serious
disadvantages for application on commercial devices. On the other hand, ethanol is
an attractive fuel for direct alcohol fuel cell (DAFC), since it can be produced by
fermentation of sugar-containing raw materials from agriculture. This is particu-
larly interesting for countries like Brazil, where ethanol is already produced in
large scale, and distributed by gas station networks, in order to fuel internal
combustion engines of regular cars.

Despite several advances in recent years, the existing fuel cell technology still
has two main drawbacks: the inadequate efficiency of energy conversion and the
high Pt content of the electrocatalysts. The last one is the main problem associated
with the cathode, where the oxygen reduction, generally, from the air, takes place.
In order to overcome these problems, intensity research has been conducted. So, in
this text, we will review, briefly, some published works that aimed at developing
more active and efficient electrocatalysts for the ethanol electro-oxidation, and
oxygen electro-reduction reaction for low temperature fuel cells, operating in acid
and alkaline electrolyte.

2 Oxygen Reduction Electrocatalysis

The oxygen reduction reaction (ORR) can be represented as follows in acidic and
alkaline electrolyte [1]:

A. ‘‘Direct’’ four-electron pathway:
Alkaline Electrolyte:

O2 þ 2 H2Oþ 4 e� ! 4 OH� E0 ¼ 0:401V ð1Þ

Acid Electrolyte:

O2 þ 4 Hþ þ 4 e� ! 2 H2O E0 ¼ 1:229V ð2Þ
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B. ‘‘Series’’ pathway:
Alkaline Electrolyte:

O2 þ H2Oþ 2 e� ! HO�2 þ OH� E0 ¼ �0:065V ð3Þ

Followed by the peroxide electroreduction:

HO�2 þ H2Oþ 2 e� ! 3 OH� E0 ¼ 0:867V ð4Þ

Or by a decomposition reaction:

2 HO�2 ! 2 OH� þ O2 ð5Þ

Acid Electrolyte:

O2 þ 2 Hþ þ 2 e� ! H2O2 E0 ¼ 0:67V ð6Þ

Followed by:

H2O2 þ 2 Hþ þ 2 e� ! 2 H2O E0 ¼ 1:77V ð7Þ

Or by:

2 H2O2 ! 2 H2Oþ O2 ð8Þ

On Pt-based electrocatalysts, some evidences suggest that the first electron
transfer or the O2 adsorption with the simultaneous electron transfer and the proton
addition is the rate determining step [2, 3].

O2 þ Pt! Pt - - - O2 ð9Þ

Followed by and electrochemical step:

Pt - - - O2 þ Hþ þ e� ! products ð10Þ

(the difference to the alkaline electrolyte is that the hydrogen atom for the O–H
bond formation comes from the water molecules of the electrolyte, instead of
H3O+ species).

From the kinetic point of view, the other steps are less important, since they take
place after the rate determining step. The transfer of the second electron, with the
addition of a second proton, generates OH or hydrogen peroxide species. The per-
oxide can diffuse to the bulk of the solution electrolyte and the reaction terminates
with a process of 2 electrons. One additional transfer of 2 electrons and 2 protons
involving OH or H2O2 completes the reduction via 4 electrons, resulting in H2O (for
the case of acidic media). So, the reaction via 4 electrons, wherein it is of major
interest since it involves higher number of electrons per O2 molecule, has to deal with
the O–O bond breaking and the O–H bond formation, as represented below [4, 5]:

O2 ! Oþ O ð11Þ

Oþ H! OH ð12Þ
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Thus, electrocatalysts for the ORR have to present electronic structures that result
in adsorption forces that strike these two competing steps: while strong adsorption
lead a facilitated O–O bond breaking, weak adsorption tend to facilitate the O–H
bond formation (hydrogen addition). This produces the so-called ‘‘volcano’’ plot of
the activity as a function of the adsorption strength on the catalyst surface [4, 5].

Nørskov et al. [6, 7] introduced the d-band model. This model correlates the d-
band density of electronic states of a metal with its ability to form chemisorption
bonds, which better rationalizes the catalytic activity of the metal catalysts.
According to this model, as the d-band center shifts up, a distinctive anti-bonding
state appears above the Fermi level. The anti-bonding states above the Fermi level
are empty, and the bond becomes increasingly stronger as their number increase.
Thus, strong bonding occurs if the anti-bonding states are shifted up though the
Fermi level (and become empty), and weak bonding occurs if anti-bonding states
are shifted down through the Fermi level (and become filled). Since an adsorption
step is involved in the mechanism of O2 reduction, the d-band structure of a metal
catalyst is considered an important parameter determining the kinetic of a particular
reaction. So, this evidences that it can be expected some correlation between the
electrocatalyst d-band center and its electrocatalytic activity for the ORR.

A particularly difficult problem of the ORR electrocatalysis is the high loss in
potential, which is a substantial source of the decline in the efficiency of fuel cells.
Another drawback is the high Pt loading in cathode or the low mass-activity
(current per mass of active metal) in the regular Pt-based electrocatalysts [8, 9].
Thus, the research in the ORR electrocatalysis aims at developing better electro-
catalysts in order to reduce the cathode overpotential and the total mass of Pt.

2.1 Singlecrystals and bulk alloys

In a recent work, Lima et al. [5] studied the kinetics of the ORR in alkaline
electrolyte in well-ordered single-crystal surfaces of Au(111), Ag(111), Pd(111),
Rh(111), Ir(111), and Ru(0001), and on nanoparticles of these metals supported on
high-surface-area XC-72 Vulcan carbon. Figure 1a shows the volcano curves
obtained for Au(111), Ag(111), Pd(111), Rh(111), Ir(111), and Ru(0001) single-
crystals surfaces, and Fig. 1b shows the curves obtained for carbon-supported
nanoparticles of these same metals. As can be observed, the nature of the metal has
a pronounced effect on the kinetics of the ORR. The results show that Pt has the
higher electrocatalytic activity, both as a single-crystal and carbon-supported
metal nanoparticle. The limiting current densities (not shown) for Pt, Pd, Rh, and,
at lower potentials, for Ir and Ru, have similar values, signifying that the ORR is
dominated mainly by a four-electron reduction process in that potential region [2].
With Au, the limiting current for the ORR is half of that for the other metals,
which indicates that the O2 reduction on Au occurs via 2 electrons (the reaction
stops at the peroxide stage), in accordance to a previous work [3, 4].

The activity of Pt monolayers, deposited on five different single-crystal surfaces
using the Cu UPD technique [10], were investigated in acid and in alkaline
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electrolyte [5, 11, 12], and the ORR polarization curves are presented in Fig. 2a, b.
As it can be seen, the Pt monolayer electrocatalysts exhibited support-induced
tunable activity by properly selecting the substrate, in which the activity of a Pt
monolayer can be enhanced through structural and electronic effects. It can be
observed that the most active of all surfaces is PtML/Pd(111), and the least active is
PtML/Ru(0001). The plots of the kinetic current on the platinum monolayers on
various substrates at 0.8 V as a function of the calculated d-band center, ed, gen-
erated a volcano-like curve, with PtML/Pd(111) showing the maximum activity
(Fig. 3).

The modification of the electronic and chemical properties of Pt(111) surfaces
by subsurface 3d transition metals was studied using density-functional theory
[13]. In each case investigated, the Pt surface d-band was broadened and lowered
in energy by interactions with the subsurface 3d metals, resulting in weaker dis-
sociative adsorption energies of hydrogen and oxygen on these surfaces. The
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magnitude of the decrease in adsorption energy was largest for the early 3d tran-
sition metals and smallest for the late 3d transition metals.

The O2 reduction reaction were carried out on platinum monolayers deposited
on polycrystalline alloy films of the type Pt3M (M = Ni, Co, Fe, and Ti) [14]. The
Pt3M alloys showed in (Fig 4a), were annealed to 1000 K under ultrahigh-vacuum
(UHV) conditions; analysis of the low-energy ion-scattering spectra indicated that
pure Pt constitutes the first surface layer. The surface enrichment of Pt atoms
results from a surface segregation phenomenon, whereby one of the alloy’s
components (in this case Pt) enriches the surface region [15]. UHV experimental
analyses and theory revealed that the strong enrichment of Pt in Pt3M alloy sys-
tems is counterbalanced by the depletion of Pt in the first two or three layers
beneath the surface, giving a concentration profile that oscillates around the bulk
value [16]. The d-band center of these alloy films was measured by synchrotron-
based high-resolution photoemission spectroscopy, a methodology described in a
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previous publication [17]. Figure 4b plots the obtained results of the electrocata-
lytic activity for the ORR (A/eV) versus the position of the d-band center at 0.9 V
[14]. It exhibits a classical volcano-shaped dependence, agreeing very well with
the activity predicted from DFT calculations (black curve), and with the results for
Pt monolayer deposited on different single-crystal substrates, as discussed above.

According to the Sabatier’s principle, a good catalyst has to strike a balance
between two competing influences [19–21]. The competing influences in the ORR
mechanism [22–24] seems to be the first charge-transfer step, or O2 adsorption
with simultaneous charge and proton transference, which is the rate-determining
step on pure platinum. The exchange of a second electron with the addition of
another proton forms two OH species or hydrogen peroxide (H2O2) (in acid
media). The latter can escape into the solution phase and terminate the reaction in
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Fig. 4 (a) The background-
subtracted VB (valence band)
spectra of each Pt3M
polycrystalline alloy versus
the pure Pt reference after ion
sputtering and thermal
annealing, respectively
(b) activity versus the
experimentally measured d-
band center relative to
platinum. The activity
predicted from DFT
simulations is shown in black,
and the measured activity is
in gray. (Published with
permission of the Publishers
[14, 17])
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a two-electron process. An additional exchange of two electrons and two protons
in reactions with OH or H2O2 completes the four-electron reduction of O2 to H2O.
The O2 reduction reaction via 4 electrons must involve the breaking of the O–O
bond (whether in O2, HO2, or H2O2) and the formation of an O–H bond. As it
discussed above, a more reactive surface, such as one characterized by a higher
lying ed, tends to bind adsorbates more strongly [13], thus enhancing the kinetics
of the dissociation reactions. On the other hand, a surface with a lower lying ed

tends to bind adsorbates more weakly, facilitating the formation of bonds in the
reaction adsorbates. So, it is expected that the ed of the most active platinum
monolayer should have an intermediate value.

Regarding the Geometric Effect, compressive strain tends to down-shift ed in
energy, whereas tensile strain has the opposite effect, as revealed by DFT studies
[6, 7, 13]. The platinum monolayers on Ru(0001), Rh(111), and Ir(111) are
compressed compared to Pt(111), whereas PtML/Au(111) is stretched by more than
4 %. However, the position of the ed depends also on the Electronic Effect, in
which the magnitude of the ed shift depends on the intensity of the electronic
interaction between the platinum monolayer and its substrate [25]. This indicates
that PtML/Ru(0001), PtML/Ir(111), and PtML/Rh(111) are less active for O2

reduction than platinum because of breaking the O–O bond is more difficult on
their surfaces than on Pt(111), while the kinetics of hydrogenation of the oxygen
atoms may be hindered on PtML/Au(111) due to its stronger binding of oxygen
atoms or oxygen-containing fragments and, therefore, it is less active than Pt(111).
These properties of Pt monolayer on different substrates result in the volcano
dependence of kinetic currents as a function of ed [4, 5].

In addition, slow rates of O or OH hydrogenation cause an increased in the O or
OH surface coverage. This results in a block of the active sites for the O2

adsorption, dissociation, or hydrogenation.
Therefore, the results evidence that PtML/Pd(111) possesses a better balance

between the kinetics of the two opposite steps (Eqs. 11 and 12) compared to that of
Pt(111), suggesting that PtML/Pd(111) is close to the position of an optimum
compromise or an optimum balance. Experimentally, Adzic et al. [3] reported that
the superior ORR catalytic activity of PtML/Pd(111) could be associated with
reduced OH coverage, which was observed by in situ XANES (X-ray Absorption
Near Edge Structure). This result agrees with DFT findings that the binding energy
of OH is weaker on PtML/Pd(111) than on Pt(111) surfaces.

In the case of the Pt3M polycrystalline alloys [14], the activity versus the
position of the metal d states relative to the Fermi level also resulted in a Volcano
plot. Pt3Ni and Pt3Co presented higher activities when compared to Pt3Ti, Pt3Fe or
even pure Pt. It was also evidenced that the increased activity of these alloys in
relation to Pt was due to a reduced Pt-oxygen species interaction, which in turns
accelerates hydrogenation step. Thus, in both cases, it was observed that Pt binds
oxygen a little too strong. So, in order to conduct the Pt-based catalyst closer to the
optimum compromise between the two opposite steps, its reactivity for binding
oxygen should be slightly reduced.
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2.2 Nanoparticle

Pd seems to be the best substrate for Pt electrocatalyst. Therefore, several works
aimed at synthesizing Pt monolayers on carbon-supported Pd nanoparticles. A
suitable and efficient method was developed by the Adzic’group, and involves a
galvanic displacement of a UPD Cu monolayer by a Pt monolayer [10]. The
formation of this core–shell structure/composition can be evidenced and deter-
mined by HRTEM (high resolution transmission electron microscopy) of the
nanoparticle, and using HAADF-STEM (high-angle annular dark-field scanning
transmission electron microscopy), as demonstrated recently [26].

Oxygen reduction polarization curves obtained on Pt monolayer deposited on
carbon-supported Pd nanoparticles in alkaline electrolyte are presented in Fig. 5
[27]. The results for the ORR on Pd/C (2 nm) and thermally treated Pd/C (higher
particle size *10 nm) were included for comparison. It can be noted that the ORR
activity of the PtML/Pd/C is much higher than that of Pd/C, but more importantly, it
is higher than that of Pt/C. The Pt content on the PtML/Pd/C material, calculated
using the charge associated to the deposition of a Cu monolayer by UPD on Pd/C
(after correcting for the double layer charging), revealed that the Pt loading on the
core–shell nanoparticle was seven times lower than that on Pt/C. This higher mass
activity (current for the ORR per mass of Pt) of the PtML/Pd/C material is a
substantial achievement for practical and/or commercial application of such type
of electrocatalysts.

Although this PtML/Pd/C material presents a considerable reduction of the Pt
mass, it still contains large amount of Pd. So, an additional reduction of the total
noble metal mass is advantageous. Using non-noble metals as a core facilitates the
reduction of the noble metal’s content, while maintaining the full activity of a Pt
monolayer by choosing an appropriated core. The choice of the metals constituting
the shell and core can be based on considering the segregation properties of the
two metals, and their electronic- and strain-inducing effects on the Pt monolayer.
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The O2 reduction on Pt monolayer deposited on carbon-supported PdCo core–
shell nanoparticles was studied by Lima and Adzic [27]. These carbon-supported
PdCo/C cores have Pd surface segregated atoms, which was induced by thermal
treatment under a H2 atmosphere at 850 �C. In this work, the Pt monolayer was
prepared by the Cu UPD method [10] onto PdCo/C core–shell surface. Figure 6
presents the polarization curves for the O2 reduction reaction on the Pt monolayer
deposited on PdCo/C presenting different Pd/Co atomic ratios. Although their half-
wave potentials are below those of PtML/Pd/C due to their lower surface area
(higher particle size due to the thermal treatment), an important and surprising fact
is that the half-wave potentials for O2 reduction remain essentially constant for
different Pd/Co atomic ratios (even for the lowest Pd content). This correspon-
dence may reflect surface enrichment by Pd due to the surface segregation of Pd
atoms in the substrate particles [6, 7]. The limiting current densities for all
electrocatalysts are close to that of Pt/C. So, the results presented in the Fig. 6a
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indicate that the behavior of the ORR is very similar on Pt/C and on the inves-
tigated Pt monolayer catalysts [5, 12].

As discussed before, Stamenkovic et al. [14] analyzed the activity towards the
ORR of several Pt-3d-metal alloys, and the plot of activity versus d-band center
showed a ‘‘volcano’’ dependency, with Pt–Co/C situated on the top of this curve.
So, it becomes interesting, considering the practical point of view, to synthesize
carbon-supported Pt–Co nanoparticles, presenting low Pt content, and with a Pt-
enriched surface. This was the focus of a previous published work [28], where Pt–
Co/C nanoparticles were synthesized by reducing the metal ions in H2 atmosphere,
followed by thermal treatment at high temperatures. However, the Pt surface
enrichment is difficult to be achieved for this composition (Pd has a higher ten-
dency to segregate on Co), and so, a large amount of the non-noble metal atoms
was still present on the surface particle alloys. In acid electrolyte, these Co atoms
at the surface may suffer dissolution, resulting in a Pt-enriched surface. However,
on alkaline electrolyte, the non-noble metal may form an oxide or hydroxide phase
at the catalyst surface, introducing a ‘‘screening’’ effect [29] on neighboring Pt
atoms, lowering the number of Pt sites for the oxygen reduction reaction (site
blocking). The screening effect may overcome any electronic effect induced by the
Co atoms, and this can explain the lower or similar activity of the Pt–Co/C cat-
alysts compared to Pt/C obtained on previous works in alkaline media [9].

In order to overcome this problem, after the thermal treatment of the Pt–Co/C
(1:5 atomic ratio) nanoparticles [28], this material was electrochemically cycled in
sulfuric acid electrolyte in order to remove (dissolve) the remaining Co atoms on
the nanoparticle surface. Figure 6b shows the polarization curves for the O2

reduction after cycling the Pt–Co/C material in H2SO4 electrolyte. The ORR curve
on the commercial Pt/C E-TEK (20 wt %) was included for comparison. As it can
be observed, the half-wave potentials of these curves clearly indicate higher
activity for the cycled alloy catalyst. The higher activity obtained for the Pt–Co/C
catalyst, after the Co dissolution from the particle surface, seems to be a conse-
quence of three aspects: (i) increased surface area; (ii) lower ‘‘screening effect’’;
(iii) modification in the 5d-band properties of the surface Pt atoms, mainly caused
by lattice mismatch and by a electronic coupling of the Pt in the shell and Co
atoms in the beneath layer. A lattice mismatch of the Pt atoms on the Pt-rich
surface and the Pt–Co alloy core may exist, caused by the Pt–Pt bond contraction
due to the presence of the Co atoms, which have atomic radii lower than that of Pt.
However, this may conduct to a small compressive strain in the Pt surface layer
and, probably, this effect contributes little to the changes on the Pt 5d-band
properties. On the other hand, the electronic interaction of the Pt and Co atoms
(ligand effect) leads to a significant lowering of the Pt d-band center. This effect
conducts to a faster electro-reduction of oxygenated intermediates (O–H bond
formation) and/or a decrease on the Pt-oxides coverage from water activation
(lower site blocking effect), in both cases inducing an increase of the ORR
kinetics. So, the role of Co atoms is, principally, to promote the increase of the
catalyst surface area, after their leaching from the surface, and to lower the Pt d-
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band center, as a result of the electronic interaction of the Pt atoms at the catalyst
surface, and the Co atoms in the inner layers.

Regardless considerable recent advances have been achieved in the ORR
electrocatalystic activity of nanoparticles, including increased specific activity (A
cm-2—total surface area), and increased mass activity (A g-1—active metal—Pt),
the stability of these electrocatalysts during the fuel cell operation is of vital
importance. One central problem is the substantial loss of the Pt surface area over
time in PEMFC during the stop-and-go, and upon holding at constant potentials for
extended period of time. A important step forward was accomplished demon-
strating that platinum oxygen reduction fuel cell electrocatalysts can be stabilized
against dissolution under potential cycling regimes by modifying Pt nanoparticles
with gold clusters [30]. This was ascribed to the decreased oxidation of Pt
nanoparticles covered by Au in comparison with the oxidation of pure Pt, as it
evidenced by in situ XAS (X-ray Absorption Spectroscopy).

In the particular case of core–shell electrocatalysts, the stability of the core has
to be considered. Recently, it was reported a new design of the core–shell catalyst
consisting of double shells instead of a single one. The two shells were made on a
Pd nanoparticle core, with the outermost shell being a PtML and the one underneath
being an alloy sublayer of (Pd-Au)ML [31]. This core–shell catalyst was obtained
by performing Cu UPD twice on an Pd/C catalyst and the Pd:Au atomic compo-
sition was varied. The ORR curves obtained on the Pt monolayers deposited on
PdAu sublayers with different compositions is presented in Fig. 7a. Analyzing the
half-wave potentials, it can be seem the following order of activity: PtML/
Pd90Au10 [ PtML/Pd95Au5 [ PtML/Pd80Au20 [ PtML/Pd100.

The presence of Pd-Au alloys sublayer may conduct to lateral strain (com-
pressive and tensile) and radial contraction (compressive strain), which result in an
activity improvement for the ORR, and, in that case, the optimal alloy composition
was 10 at.% Au. Furthermore, the interaction of the substrate with PtML could
result in an electronic effect on the ORR activity through charge redistribution.
The formation of PtOH is significantly prohibited for the PtML on Pd nanoparticles
when compared to that of Pt nanoparticles, as observed by in situ XAS and cyclic
voltammetry [12]. Therefore, as hydroxyl formation is considered as a major factor
affecting ORR activity because of site blocking effect by OH, the increased
activity for the O2 reduction has an important contribution from the reduced
coverage by OH on the Pt sites. So, in this case, the Au in the sublayer of the PtML/
PdAu catalysts may have contributed to the reduction of surface oxidation, leading
to improved ORR activity of the catalysts.

The stability of the catalysts was tested using PtML/Pd90Au10, which was the
best electrocatalyst. Its ORR activities are shown in Fig. 7b before and after 5,000
cycles at 1,600 rpm. As can be observed, the catalyst has almost no loss in ORR
activity, demonstrating that the catalyst is practically stable. Surface oxidation
may lead to catalyst dissolution, and so, the stabilization of the catalyst may be due
to the reduction of surface oxidation from Au in the sublayer, due to the fact that
Au may play an important role in protecting low-coordination sites from being
oxidized [32]. Therefore, the Au in the Pd-Au alloy may have improved the
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Fig. 7 (a) ORR activities of
different catalysts obtained
with electrode rotating speed
at 1,600 rpm in 0.1 M
HClO4, showing the best
activity with an alloy
sublayer of Pd90Au10 and the
worst without a sublayer;
(b) Stability of ORR of the
catalyst with Pd90Au10 alloy
sublayer, showing a small
deactivation of the catalyst
after 5,000 cycles. Published
with the permission of the
publisher [31]
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catalysts by affecting the lattice contraction (both lateral and radial) and preventing
some specific sites of PtML from oxidation.

3 Ethanol Electro-Oxidation

Ethanol is an interesting fuel for practical application on direct alcohol/air fuel
cells, mainly for small electronic devices. The advantages of the ethanol are: (i) it
is a liquid fuel available at low cost (this is principally the case of Brazil, where the
production is already well established); (ii) easily handled, transported and stored;
(iii) lower toxicity, (iv) relatively high theoretical density of energy (8.0 kWh
kg-1) when compared to that of gasoline (10–11 kWh kg-1) [33].

3.1 Acid Media

The thermodynamic potential of the total ethanol oxidation reaction (EOR), which
is the reaction that takes place at the anode of Direct Ethanol Fuel Cells (DEFCs),
is:

CH3CH2OH þ 3H2O! 2CO2 þ 12Hþ þ 12 e� E0
1 ¼ 0:084V ð14Þ

Where the reaction at cathode is the oxygen reduction (2):

3O2 þ 12Hþ þ 12 e� ! 6H2O E0
2 ¼ 1:229V ð15Þ

Resulting in a global reaction (3):

CH3CH2OHþ 3O2 ! 2CO2 þ 3H2O E0
eq ¼ E0

2 � E0
1 ¼ 1:145V ð16Þ

Thus, the total or the complete ethanol oxidation, forming CO2 and H2O,
involves the transference of 12 electrons (97.3 kJ mol-1) [34] per ethanol mole-
cule, with Eeq

0 = 1.145 V, where Eeq
0 is the equilibrium standard potential (vs.

SHE—Standard Hydrogen Electrode). For this system, the theoretical thermo-
dynamic efficiency is of 97 %. However, due to the loss by incomplete alcohol
oxidation, the efficiency drops to around 40 % [33].

The ethanol electro-oxidation reaction has a relative complex mechanism. A
good electrocatalyst for achieving the total ethanol oxidation has to facilitate bond
breakings (C–H, C–O and C–C) and to facilitate bond formations (oxygen addi-
tion). As most of the investigated electrocatalysts do not satisfy these features, the
ethanol electro-oxidation follows parallel reaction pathways forming, mainly,
acetaldehyde, acid acetic and CO2 at much lower extention [35–38], and some
adsorbed reaction intermediates, such as COad and CxHx adsorbed (hydrocarbon
fragments with one or two carbon) [35, 36, 39–41], which will be discussed below.
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In order to investigate the reaction mechanism and to determine the reaction
products, spectroscopic and spectrometric techniques, such as in situ FTIR
(Fourier Transform Infra-red Spectroscopy) [34, 42, 43], and on-line DEMS
(Differential Electrochemistry Mass Spectrometry) [44], correlated with electro-
chemical techniques, such as cyclic voltammetry and chronoamperometry [37],
have been currently utilized. In a previous published work, some researchers have
shown a high dependence on the crystallographic surface orientation of the
electrocatalyst [41, 45], and on the ethanol bulk concentration [46–48]. Leung
et al. [43] investigated the ethanol electro-oxidation pathways on well-ordered
Pt(111) surface versus disordered Pt(111) (higher density of defects), and on
polycrystalline Pt by in situ FTIR. They observed that acetic acid and acetaldehyde
were the main reaction products. Also, there was a little amount of CO2 on ordered
Pt(111) than on disordered Pt(111). In addition, the COad degree of coverage was
higher on disordered and polycrystalline Pt surface than on the Pt(111) surface.
After that, Colmati et al. [41] studied the reaction on stepped Pt single crystal
electrodes by electrochemical methods and by in situ FTIR. For this purpose, two
different series of crystallographic surfaces were investigated: 1-(111) terraces
with (100) monoatomic steps and, 2-(111) terraces with (110) monoatomic steps.
The electrochemical behaviors of the two investigated crystallographic surfaces
were significantly different. As discussed by the authors [41], the surface formed
by (111) terraces with (100) monoatomic steps showed no activity alteration in
relation to Pt(111) single-crystal. On the other hand, the surface formed by (111)
terraces with (110) monoatomic steps presented a two-fold effect on the ethanol
electro-oxidation: 1-it showed that the step catalyzes the C–C bond breaking
followed by the oxidation of the adsorbed intermediates, like COad, formed below
0.7 V (vs. RHE); and 2-the steps also catalyzes the ethanol oxidation to acetic acid
and acetaldehyde at higher potentials (above 0.7 V vs. RHE).

Using in situ FTIR, Camara and Iwasita [48] showed a strong dependence of the
reaction product distribution as a function of the ethanol concentration on poly-
crystalline Pt, and this result is presented in Fig. 8 [48]. It can be noted that, at low
ethanol concentrations (0.01–0.05 mol L-1 of ethanol), the main products were
CO2 and acetic acid. In the case of high ethanol concentrations (above 0.2 mol L-1

of ethanol), acetaldehyde was the dominant product. In addition, the authors
reported that low CO2 and acetic acid formation, at high ethanol concentration,
was probably due to the limited availability of free Pt sites for water adsorption,
which is the oxygen specie-donor in the oxidation process. This increase in the
CO2 formation was also explained by a transport effect, namely an increasing
tendency for re-adsorption and further oxidation of incomplete oxidation products
at lower concentrations. So, higher ethanol concentration leads an overall partial
oxidation reaction, in which the ethanol electro-oxidation follow parallel pathways
forming by-products such as acetaldehyde and acetic acid.

Considering the previous published investigations using on-line DEMS, in situ
FTIR, and electrochemical techniques, it can be proposed a simplified mechanism
for ethanol oxidation on Pt-based electrocatalysts [34, 37, 38, 41, 43, 45, 47–49]:
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C2H5OH þ Pt H2Oð Þ ! Pt C2H5OHadð Þ þ H2O ð17Þ

Pt C2H5OHadð Þ þ Pt! Pt COadð Þ þ Pt CHx�adð Þ þ xHþ þ xe� ð18Þ

Pt C2H5OHadð Þ ! Pt CH3CHOð Þ þ 2Hþ þ 2e� ð19Þ

Pt H2Oð Þ ! Pt OHð Þ þ Hþ þ e� ð20Þ

Pt CH3CHOð Þ þ Pt OHð Þ ! CH3COOHþ Hþ þ e� þ 2Pt ð21Þ

Pt COadð Þ; Pt CHxð Þ þ Pt OHð Þ ! CO2 þ Ptþ xHþ þ xe� ð22Þ

where, Pt-C2H5OHad, Pt-CO and Pt-CHx-ad are adsorbed intermediates on Pt
surface as: ethanol, carbon monoxide and hydrocarbon fragments, respectively.
These steps (17–22) do not necessarily represent the sequential ethanol electro-
oxidation.

In order to obtain an efficient electrochemical conversion of the ethanol mol-
ecules to CO2, experimental variables such as temperature [50], and the nature of
the nanostructured electrocatalyst [51] has been studied. The ethanol electro-
oxidation on carbon-supported Pt/C catalyst was studied by Sun et al. [50] have
determined, quantitatively, the amount of CO2 produced over a wide range of
reaction temperatures using by on-line DEMS with a dual thin layer flow cell [50].
The electrochemical measurements showed that the faradaic current and CO2

formation rate, performed at 3 bar overpressure, revealed significant effects of
temperature, and ethanol concentration on the reaction efficiency. Elevated values
of electrochemical conversion efficiency to CO2 were obtained for high temper-
ature, low concentration and low electrode overpotentials (nearby 90 % current
efficiency for CO2 formation at 100 �C, 0.01 mol L-1, 0.48 V vs. RHE). On the
other hand, at high ethanol concentrations (0.1 mol L-1), high potentials or low
temperatures, the current efficiency for CO2 dropped to values of a few percent.

As discussed by the authors [50], at room temperature, CO2 formation in the
positive-going scan is essentially due to oxidation of COad pre-formed at lower
potentials. In the negative-going scan, the CO2 formation is totally inhibited. With

Fig. 8 Amount (Q) of CO2,
acetic acid and acetaldehyde
after 10 min of polarization at
0.5 V for different
concentrations of ethanol in
0.1 mol L-1 HClO4. CO2

(full circle), acetic acid
(empty circle) and
acetaldehyde (triangle),
respectively. (Published with
permission of Elsevier [48])
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increasing temperature, the pre-formed COad can be oxidized at increasingly lower
potential, allowing subsequent bulk oxidation to CO2 via C–C bond breaking, and
subsequent oxidation of the resulting C1,ad species in the positive-going scan to
CO2. In the negative-going scan, C–C bond breaking can occur at potentials where
subsequent oxidation of the resulting fragments is still possible, and the latter
reaction extends to lower potentials, where C–C bond breaking is increasingly
active, until the surface is saturated with adsorbed C1,ad fragments again.

Aiming at increasing the Pt electrocatalytic activity and the rate of CO2 pro-
duction, Lima et al. [52] and Camara et al. [53] studied the EOR by in situ FTIR on
Pt-Ru bimetallic electrocatalysts. The results showed an increase in the overall
reaction kinetics when compared to that of pure Pt. This fact was associated to the
formation of Ru-OH species (O-donor) at low potentials, conducting the Pt–CO/
Ru-OH and Pt-CHx/Ru-OH coupling. Nevertheless, the efficiency to remove the
adsorbed intermediates (probably Pt–CO and Pt-CHx) was low, resulting in the
formation of acetaldehyde and acetic acid as main reaction products.

On the other hand, electrocatalysts composed by the combination between Pt
and Rh have shown higher formation of CO2 when compared to that for other Pt-
based bimetallic materials [35, 36, 51–54]. The results showed that the addition of
rhodium atoms produces a significant decrease in the acetaldehyde yield, com-
pared to pure platinum electrodes, even at ambient temperature (25 �C). This
behavior was attributed to the higher activity of the Rh atoms in relation to Pt for
the dissociative ethanol adsorption, resulting in a C–C bond breaking [55].
Although few is known about of the rhodium’s role for the ethanol electro-oxi-
dation, one explanation for the decreased acetaldehyde amount could be related to
the existence of more availability of Pt-Rh active sites for the C–C bond breaking
upon ethanol adsorption at lower potential. However, as in the case of Pt, CO2 is
detected only in the positive-going scan. This also means that the CO2 is produced
only due to the oxidation of the reaction adsorbed intermediate species. Further-
more, this change in the reaction route, or in the CO2/acetaldehyde ratio, is still
very low, and does not conducted to an efficient oxidation of bulk ethanol to CO2,
as required for application on fuel cells operating at ambient temperature.

An efficient electrocatalyst for the total electro-oxidation to CO2 must present a
balance between two competitive steps: bond breaking and bond formation (fast
stripping of the adsorbed species) [19]. So, the challenge is to develop nano-
structured electrocatalysts that allow controlling those effects by modifying the
electronic structure or the chemical reactivity of the active metals. In this direction,
the core–shell structure has show to be a promising kind of electrocatalyst. This is
because of two important characteristics of such structure: (1) they allow elec-
tronic ‘‘modulation’’ of the atoms at metal surface, through two major effects: (i)—
Electronic [25]: interaction between the electronic bands of the composing metals,
and (ii)—Geometric [6]: due to the presence of defects and lattice mismatch
between the metals in the shell and in the core of the nanoparticle. So, this
structure allows the change of the adsorption strength of the reacting molecules
[25, 56], thus changing the catalytic activity; (2) they present a relatively higher
mass-activity (Faradaic current per unit of mass of the active metal, A g-1) due to
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the presence of the active noble metal only on the particle surface. Therefore, if the
particle core is a non-noble metal, this kind of electrocatalyst becomes attractive
for commercial application due to its reduced cost.

Notably, this type of nanostructure is recent in the electrocatalysis area, and it
possesses a particularly strong electronic modification of the active metal when
compared to that of bimetalic alloy materials [56, 57]. These nanostructured
materials would provide a change in the behavior of the ethanol electro-oxidation
reaction in relation to the commonly employed nanoparticles such as Pt–Sn [58],
Pt-Ru [52, 53] and Pt–Rh [35, 54] alloys.

Kowal et al. [36] studied the ethanol electro-oxidation on Pt–Rh/SnO2/C
nanoparticles. The ternary Pt–Rh/SnO2/C electrocatalyst was synthesized by
the cation-adsorption-reduction-galvanic-displacement method, resulting in a
core–shell structure [36]. The electrochemical measurements showed that the
current density obtained for the ternary electrocatalyst was more than two orders of
magnitude larger than that of commercial Pt/C. In addition, in situ FTIR experi-
ments showed that the material presents a high activity for the C–C bond breaking.
The authors suggested that, in this material, the C–C bond is broken directly, not
following the acetaldehyde step. In addition, Adzic et al. [51] have investigated the
ethanol electro-oxidation on Pt–Rh-SnO2/C material with different atomic ratios.
The results showed lower onset potential and higher Faradaic current for the
composition of Pt:Rh:Sn = 3:1:4. These ternary-electrocatalysts presented, effec-
tively, a higher rate for CO2, in relation to that of pure Pt/C.

In a recent work [59], Lima et al. have investigated the ethanol oxidation
products on core–shell nanoparticles formed by a carbon-supported Au core, and
with a shell composed by the combination of Pt, Rh, and Ru atoms. The results for
the Faradaic current, and ion current signals for acetaldehyde (m/z = 29), and for
CO2 (m/z = 22) for the different electrocatalysts are presented in Fig. 9. The
curves show similar onset potentials for all investigated nanoparticles. At high
potential values, Pt/C shows higher current densities, which evidences superior
overall reaction rate at high overpotential. Although Pt/C has presented higher
current densities, it shows larger formation of acetaldehyde. Interestingly, for the
Rh/Pt/Au/C material, the curves evidenced some increase of the CO2 production,
and a reduction of the acetaldehyde formation. These results are in agreement with
some other investigations using Pt–Rh alloys [52, 54], where the presence of Rh in
the electrocatalyst surface induces higher CO2/acetaldehyde ratio, when compared
to materials composed of pure Pt or by bimetallic Pt–Ru.

Therefore, it is important to mention that these results showed that core–shell
nanoparticles can be developed containing only a fractional amount of Pt, having
higher mass-specific activity than Pt/C. Also, it was demonstrated that the overall
reaction rate could be hampered by increasing the Pt shell thickness (not shown
here), and the electrocatalyst efficiency could be improved by adjusting the particle
shell composition. However, the activity and efficiency of this type of electro-
catalyst has also to be tested in other reaction conditions of ethanol concentration
and reaction temperature.
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3.2 Alkaline Electrolyte

The investigations of the ethanol electro-oxidation in alkaline electrolyte have
been increased due to the possibility of using less noble, or non-noble metals [56,
60–63]. Indeed, the oxidation of small organic molecules are easier in alkaline
than in acid media [64, 65]. Meanwhile, even in alkaline electrolyte, the bulk
ethanol electro-oxidation is difficult and, so, the main products of the ethanol
electro-oxidation at the ambient temperature are acetic acid/acetate, which results
in Faradaic efficiency of 33 % [64].

Rao et al. [65] studied the ethanol electro-oxidation products in an Alkaline
Membrane Electrode Assembly catalyzed by carbon-supported Pt nanoparticles,
using on-line FC-DEMS (Fuel Cell Differential Electrochemical Mass Spectrom-
etry). The results, presented in Fig 10, showed that the ethanol electro-oxidation
undergoes considerably more CO2 formation than that in acidic electrolyte, using
the same Pt-catalyzed electrode anode in the positive-ongoing scan. For acid media,
the Faradaic efficiency (FE) to CO2 was only 2 %. However, for the alkaline
electrolyte, the same anode and conditions (at 0.8 V vs. RHE, 60 �C and 0.1 mol
L-1 ethanol), the FE was around 55 % (Fig. 10). This was a indirect indication that
the C–C bond breaking and the oxidative removal rates of adsorbed intermediate in
alkaline electrolyte are significantly higher than in acid media. Accordingly, Bayer
et al. [64, 66] have investigated the ethanol electro-oxidation on Pt/C by on-line
DEMS in acid and alkaline electrolyte using a flow cell. The results showed that the
CO2/acetaldehyde ratio is higher in alkaline than in acid media.

Although the mechanism of ethanol electro-oxidation in alkaline media is not
entirely understood, the results evidence that, as observed in acid media, most of
the CO2 comes from the oxidation of adsorbed intermediates produced in the
previous lower potential excursions. So, the CO2 does not come from the bulk
ethanol oxidation, at least in the range of temperatures below 60 �C. Even though
many other experiments are needed in order to comprehend the higher efficiency in
the positive-going scan, this is one very important feature that justifies further
investigations in order to reach higher activity for bulk ethanol electro-oxidation.

Recently, some works have demonstrated that Pd/C has a particular high
electrocatalytic activity for the overall ethanol electro-oxidation in alkaline elec-
trolyte [67, 68]. The EOR presented fast kinetics of dehydrogenation, in which the
reaction adsorbed intermediates were oxidized by the neighboring adsorbed Pt-OH
species, which were formed by the OH-ions from the electrolyte. Liang et al. [67],
based on electrochemical measurements, proposed a simplified mechanistic for
ethanol oxidation on Pd/C, as follow:

b Fig. 9 DEMS experiments for the ethanol electro-oxidation reaction (positive scan) catalyzed by
the different electrocatalysts: (a) faradaic currents; (b) ion currents for the acetaldehyde formation
(m/z = 29, CHO +); and (c) ionic currents for CO2 formation (m/z = 22, CO2

2+), in 0.5 mol L-1

C2H5OH/0.5 mol L-1 HClO4 solution. Scan rate of 10 mV s-1. Published with the permission of
the publisher [59]
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Pd� H2Oþ CH3CH2OH! Pd� CH3CH2OH ð10Þ

Pd� CH3CH2OH þ 3OH� ! Pd� CH3CO þ 3H2Oþ 3e� ð11Þ

Pd� CH3COþ Pd� OH! Pd� CH3COOHþ Pd ð12Þ

Pd� CH3COOHþ OH� ! Pdþ CH3COO� þ H2O ð13Þ

where, the ethoxy formation (Pd-CH3CO) is a strongly adsorbed intermediate, and
its oxidation is the determining step of reaction (12). Importantly, the mechanism
proposed for the oxidation involves the formation of acetic acid as final product.
On the other hand, on Pd/C electrocatalyst, acetaldehyde, and carbon dioxide are
also discussed as reaction products [69, 70].

Zhou et al. [70] studied the ethanol electro-oxidation on polycrystalline Pd
electrocatalyst by in situ FTIR spectroscopy, in alkaline electrolyte. The authors
observed a low conversion of ethanol to CO2 (around 2.5 % at -0.6 to 0.0 V vs.
SCE, 0.1 mol L-1 NaOH ? 0.1 mol L-1 ethanol), and argued that the C–C bond

Fig. 10 Comparation
between the acidic and
alkaline MEAs with Pt as
catalyst for CO2 (FE) at
60 �C. Published with
permission of Elsevier [65]

Fig. 11 Effect of the content
of oxide on Pt/C and Pd/C
catalysts for ethanol electro-
oxidation in 1.0 mol L-1

KOH solution containing
1.0 M ethanol with a sweep
rate of 0.05 V s-1, Pt or Pd
loading: 0.3 mg cm-2.
Published with permission of
the publisher [72]
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breaking is more facile on Pd than on Pt under the same conditions. In fact, bridge-
bonded CO (COB) was observed, suggesting the indirect pathway for CO2 for-
mation (via adsorbed COad).

Preliminary on-line DEMS measurements in alkaline electrolyte for the ethanol
electro-oxidation on Pd/C catalyst, in our laboratory, [71] showed a higher CO2/
acetaldehyde ratio compared to that on Pt/C, in two different alkali concentrations
(0.01–0.5 mol L-1 of ethanol). This was ascribed to the formation of reactive
intermediates such as CH2CHO- anion, in which the C-C bond is less shielded,
resulting in a higher amount of CO2.

The use of non-noble metal oxides in combination with active noble metals has
also been investigated in alkaline electrolyte. Xu et al. [72] have studied the
electrocatalytic activity of materials composed by Pt and Pd nanoparticles sup-
ported on NiO/C and CeO2/C, and the obtained results are presented in Fig. 11.
The results showed that Pd/C has a higher catalytic activity and better steady-state
performance for ethanol electro-oxidation than Pt/C. The activity of the electro-
catalysts decreases in the order: Pd–NiO/C [ Pd–CeO2/C [ Pt–NiO/C [ Pt–
CeO2/C [ commercial E-TEK PtRu/C & Pd/C [ Pt/C. The authors argued that
the higher activities could be ascribed to the OHad species, which can be easier
formed on the oxide surface. This can oxidize CO-like poisoning species on Pt and
Pd to CO2 or other products, releasing active sites on Pt and Pd for further elec-
trochemical reaction.

4 Conclusions

4.1 Oxygen Reduction

The results presented in this text showed that the activity of different single crystal
surfaces, of nanoparticles of the same metals, and of Pt monolayer on single crystal
supports correlates well with the metals’ d-band center for the ORR in acid and
alkaline solutions. The O2 reduction activity of these electrode surfaces showed a
volcano-type dependency on the d-band center of the metal catalyst. In acid and
alkaline solutions, the electrocatalyst surfaces exhibit the optimum balance
between the kinetics of O–O bonding breaking and the electro-reduction of the
oxygenated intermediates or O–H formation. The highest activity was obtained for
Pt monolayer deposited on Pd substrates. Core–shell electrocatalysts have two
main advantages (i) reduce the amount of the total Pt loading; (ii) they offer the
possibility of a significant alteration of the Pt electronic structure, which can
enhance the reactivity of Pt atoms. The studies of long-term stability showed that
the addition of Au, forming a PdAu sublayer showed increased catalyst stability
during potential cycling. This was associated to the role of the Au atoms in
protecting the Pt and/or Pd low-coordination sites from being oxidized.
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4.2 Ethanol Oxidation

The experimental results showed in this chapter indicated that, on Pt, the overall
reaction rate and the rate for CO2 formation increase significantly with increasing
reaction temperature, and with decreasing ethanol concentration. The increase with
temperature seems to be related to the decrease in the activation energy. The
increase of CO2 formation as the ethanol concentration is decreased was ascribed
to the increased amount of water molecules in the ethanol vicinities, which favor
the oxygen addition on the reaction intermediates. However, in order to achieve
practicable current densities for direct ethanol fuel cells, the ethanol concentration
should be increased. In this case, the experimental results indicated a drastic
decrease in the reaction efficiency, with only few percent of CO2 production. The
results also showed that the addition of Rh atoms to the Pt-based electrocatalysts
leaded to a higher electrochemical conversion efficiency or higher CO2/acetalde-
hyde production ratios in relation to pure Pt in the same alcohol concentration.

In the particular case of the ethanol electro-oxidation in alkaline electrolyte,
mass spectrometry measurements indicated higher CO2 formation than in the case
of acidic electrolyte, with the same anode electrocatalyst. However, below 60 �C,
the CO2 comes from the oxidation of adsorbed intermediates formed in pre-
excursions to lower potentials, instead of from the oxidation of bulk ethanol mol-
ecules. Pd-based electrocatalysts presented higher electrocatalytic activity than Pt.
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Nanocomposites from V2O5 and Lithium
Ion Batteries

Fritz Huguenin, Ana Rita Martins and Roberto Manuel Torresi

Abstract In this chapter, V2O5 xerogel and nanocomposites of V2O5 and polymers
as well as the charge storage properties are described and discussed, aiming their
use as cathode for lithium ion batteries. First, the different synthesis methods are
presented, emphasizing the sol–gel methods via vanadates and vanadium alkoxides.
Structural aspects are briefly mentioned to a better comprehension of lithium ion
insertion/deinsertion, which influence on the electrochemical properties, and con-
sequently, on the charge capacity of electrodes formed of V2O5. Nanostructured
materials such as nanorolls, nanobelts, nanowires, and ordered nanorods arrays
have been prepared and studied to increase the specific capacity, energy density,
and power density. Moreover, the intimate contact between the nanocomposite
components can also guarantee the enhancement of these properties so that these
materials can be used in lithium ion batteries. Intermolecular interactions are also
investigated to explain the performance of these positive electrodes. Various
polymers have been used in these nanomaterials to increase the electronic con-
ductivity as well as the ionic diffusion, and/or electrochemical stability.
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1 Introduction

The properties of metallic lithium, such as its equivalent weight (M = 6.94 g mol-1),
specific gravity (q = 0.53 g cm-1), and electropositivity (&-3.04 V versus SHE)
has motivated the development of lithium-ion batteries, which present high energy
densities [1, 2]. Moreover, the discovery of inorganic materials that allow for the
chemically reversible insertion/extraction of lithium ions into their structures,
denominated intercalation materials, has also contributed to this development.

In these batteries, the chemical energy is converted into electrical energy via the
discharge step, followed by conversion of the electrical energy into chemical
energy via the charge step. The anode (negative electrode) is the source of lithium
ions, which migrate and diffuse through the electrolyte toward the cathode
(positive electrode) during the discharge step (Fig. 1).

The first generation of lithium batteries emerged in the 70s, together with the
primary (non-rechargeable) batteries. The positive electrodes usually consisted of
particulate transitions metals oxides (TMO) or chalcogeneous materials of milli-
metric dimension, meanwhile the negative electrodes were composed of metallic
lithium. The half-reactions involved in these electrodes can be represented by the
following reactions:

M + xLiþ + xe�� LixM (positive electrode) ð1Þ

Liþ + e�� Li0 negative electrodeð Þ ð2Þ

where M is a host matrix for lithium ion intercalation/deintercalation during the
discharge/charge step. Electrons are generated due to the oxidation reaction at the
negative electrode, flowing through the external circuit and bringing forth work.
They are injected into the conduction band of the positive electrode, which must
provide an electrical potential far greater than that of the negative electrode. An

Electrolytic

Cathode  

Li+   

Li+  

e-

Anode  

e-

Fig. 1 Schematic representation of lithium-ion batteries during the discharge step
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outer power source is used between the electrodes for the charge step, so that the
reaction is reversed.

According to equation

DG ¼ �nFDE ð3Þ

where DG is the reaction free energy, n is the number of electrons involved per
mol of consumed reactants, F is the Faraday constant, and DE is the potential
difference between the positive (cathode) and negative (anode) electrodes of the
battery and is related to the chemical potential difference between the electrodes.
As this difference becomes larger and a material with lower weight or volume is
employed, the supplied energy density should be greater. Moreover, these devices
are associated with the global reaction rate, especially when they are used in
applications requiring high power densities and current, as in the case of electric
vehicles (EV). Therefore, the intercalation electrodes should offer high ionic and
electronic conductivity to minimize their internal resistance. Another factor lim-
iting the performance of lithium-ion batteries is the inner lithium-ion diffusion
coefficient in solid matrices, which controls the insertion/extraction rates [3].
Depending on the material selected for the cathode, power sources with higher
energy density can be obtained [4–12].

In the beginning, secondary lithium batteries were comprised of TiS2 cathodes
and metallic lithium anodes, which gave an acceptable performance; i.e., high
chemical reversibility that allowed cycling for over 1,100 cycles [13]. However,
the cell curtailment resulting from formation of dendritic lithium could result in
hazardous explosions. From 1977 to 1979 button cells composed of LiAl anodes
and TiS2 cathodes were commercialized by Exxon as part of watches and other
tiny devices [10, 14]. The safety of the cells was improved through the use of a
LiAl anode. However, alloy electrodes held out only a restricted number of cycles
resulting in extreme volume changes during the process. In the meanwhile,
intercalation materials were becoming significantly advanced.

Due to the safety concerns surrounding the use of metallic lithium, researchers
have striven to find optional approaches including modifications within the elec-
trolyte and the negative electrode. A first attempt was to substitute metallic lithium
for a second insertion material. Then, the lithium-ion technology was demon-
strated at the late 1980s and early 1990s. The presence of lithium in its ionic rather
than its metallic state solved the dendritic issue surrounding the use of lithium and,
at least in principle, lithium-ion cells are intrinsically safer than metallic lithium
cells. To compensate the increased potential in the negative electrode, high-
potential insertion compounds can be selected to compose the positive electrode,
and the layered-type transition-metal disulfides are shifted to the three-dimensional
or layered-type transition-metal oxides.

The first lithium-ion batteries were commercialized by Sony� in 1991, after the
discovery of the highly reversible and low voltage Li intercalation/deintercalation
process in carbonaceous material. In these batteries, lithium ions were stored into
graphite anodes (LixC6) that were then intercalated into LiCoO2 electrodes during
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the discharge step [15, 16] with specific energy density around 180 W h Kg-1

under a potential discharge of approximately 3.8 V. High current densities
(10 mA cm-2) can be achieved in this case, thank to the diffusivity of lithium ions
in the LiCoO2 electrodes (diffusion coefficient values close to 5 9 10-9 cm2 s-1)
[17]. Despite the significant increase in energy density per volume unit
(&400 W h l-1) and mass (&170 mA h g-1), new materials have been investi-
gated since they were made commercially available because of the scarcity, cost
and toxicity of cobalt.

To be used as electrodes in batteries, these materials must have some basic
features. For instance, they must be easy to oxidize and reduce, and they must have
high cyclability, high voltage, high capacity of charge storage per mass and volume
units, high ionic and electronic conductivity. Moreover, they must be inexpensive
and exhibit low toxicity. Advances in solid state chemistry and innovations in the
development of new materials have improved battery performance, which is
intrinsically related to the properties of the materials comprising the positive and
negative electrodes. Within this context, nanostructured materials have effectively
contributed to the performance of lithium-ion batteries because of their small size,
which enhances the insertion/extraction rates and thus increases their charge
transfer capacity.

2 Vanadium Pentoxide

Among various TMOs studied as cathodes for use in lithium-ion batteries V2O5

must be mentioned. This oxide displays suitable structural and electrochemical
properties for Li+ insertion/extraction [18–23]. As can be observed below, the
V2O5 xerogel and its nanocomposites are the focus of the present review, although
it is inevitable to mention crystalline V2O5, which was one of the earliest studied
oxides and has been exploited for 30 years [24].

The layered structure of crystalline V2O5 with weak vanadium–oxygen bonds
between its layers is already known as well as its capacity to react by an interca-
lation mechanism. The oxide basic unit is an octahedral VO6 which share the edges
to form a double chain and can be distorted to a square pyramid with a short vanadyl
bond and a very long V–O bond. It is observed an alternation among the apexes of
the VO5 pyramids in an up–up-down–down sequence, with the third rows being
unoccupied as a consequence of the corner sharing of the double chains. Lithium
insertion within the structure of the layered V2O5 is rather complex. Initial lithium
intercalation into the structure results in the formation of the a-phase (x \ 0.01) and
then the e-phase (0.35 \ x \ 0.7), in which the layers are more folded. The d-phase
is obtained at x = 1, where one layer changes rapidly out of two layers.
Nevertheless, significant structural changes can occur if more than one lithium is
discharged, giving rise to the c-phase and enabling cycles in the 0 B x B 2 range.
Figure 2 shows that the VO5 square pyramids in the a-, e-, and d-phases, which
compose V2O5, are set in rows with apexes in an up–up-down arrangement. The
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structural behavior comes to up-down-up-down in the highly folded c-phase and, as
long as more lithium is discharged, a rock-salt architecture is formed and the x-
Li3V2O5 phase arises. This latter phase has a tetragonal structure and becomes a
rock-salt structure with the formula Li0.6V0.4O [10]. In addition, the cycling
capacity of the initial vanadium oxide phase is quickly lost, making it uninteresting
for practical applications.

As a result of the intercalation of 0.5 Li per vanadium, the specific capacity around
147 mA h g-1 is comparable to that of LiCoO2, which is also able to cycle 0.5 Li
with no irreversible phase changes. However, LiCoO2 demonstrates much better
cycling stability and performance at high current densities as compared to V2O5.
Furthermore, a profound discharge results in significantly lower amount of cycled
lithium, a consequence of kinetic limitations due to a rise in current density [25].

In the gel form, vanadium oxides present improved reactivity. The V2O5

xerogel can be produced from inorganic or organometallic precursors and remains
stable for long periods when placed under adequate conditions. It has already been
reported that vanadium alkoxides VO(OR)3 (R = Bu, t-Am) are good precursors
that react through hydrolysis and condensation processes [20]. Also, V2O5 gels can
be prepared outright from the oxide. Crystalline V2O5 reacts vigorously with
hydrogen peroxide, resulting in a red gelatinous product [26]. V2O5 gels can also
be produced by spilling the molten oxide heated at 800 �C into water [27].
Moreover, amorphous V2O5 can be hydrated, resulting in the formation of V2O5

gels [28]. Alternatively, the amorphous oxide can be produced by splat-cooling of
the molten oxide and hydration, which has been described as the thickening of a
polymeric network in a solvent. Pulverization of the amorphous oxide powder with
water results in the formation of gels. Further addition of water yields sols. V2O5

Fig. 2 Structure of
crystalline V2O5. Adapted
with permission from M.
S. Whittingham, Chem Rev
104 (2004) 4271 [10].
Copyright 2011 American
Chemical Society
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films prepared by vapor deposition or even vanadium oxide spheres dissolved in
water displays a similar behavior, resulting in gels or colloidal solutions [29, 30].
As will be subsequently detailed, vanadium pentoxide gels can be prepared by a
most reliable technique based on the hydrolysis and condensation of vanadates or
vanadium alkoxides.

When a metavanadate aqueous solution is passed through a proton exchange
resin, a pale yellow solution of decavanadic acid ([H2V10O28]4-) is obtained. It is
demonstrated in 51VNMR spectra of V5+ solutions that barely two V5+ species,
[H2V10O28]4- and [VO2] +, are observed before gelation occurs, in solution round
pH & 2. Some neutral species form as an intermediate whilst the decavanadate
anion dissociates into the [VO2] + cation and one of these neutral species could be
written as [VO(OH)3(OH2)2]0. This precursor presents octahedral geometry with
the H2O molecules coordinated to vanadium on the axial and equatorial plane, on
opposite direction to vanadyl group (V = O) and hydroxyl group (OH), respec-
tively. The subsequent condensation process occurs only on the equatorial plane
due to the absence of V–OH groups on the axial direction, creating two-dimen-
sional V2O5 bilayers perpendicular to the substrate and soaked into amorphous
regions [31–33]. The condensation reactions (Eqs. 4–6) and the V2O5 xerogel
structure are shown below (Fig. 3). In reason of some H2O molecules coordinate to
vanadium atom on axial position and other establishes hydrogen bonds with
V = O groups, the distance between the oxide planes varies with the intercalated
H2O amount, approximately estimated in 11,55 Å to V2O5 • 1,8H2O [31, 34].

VOH + VOH! VOV + H2O Oxolationð Þ ð4Þ

Fig. 3 Schematic representation of V2O5 xerogel: single (upper) and bilayer (down) structural
models. Adapted with permission from M. Giorgetti, S. Passerini, W. H. Smyrl, Inorg Chem 39
(2000) 1514 [38]. Copyright 2011 American Chemical Society
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VOHþ V ROHð Þ ! VO Hð ÞVþ ROH Olationð Þ ð5Þ

VOHþ V H2Oð Þ ! VO Hð ÞVþ H2O Olationð Þ ð6Þ

Metal alkoxides, VO(OR)3 (R = Et, n-Bu, n-Pr, i-Pr), are versatile precursors
for the synthesis of sol–gel metal oxides under aqueous conditions [34]. In the
presence of excessive water, these alkoxides undergo a hydrolysis process (Eq. 7)
and an expansion of metal coordination (V) by nucleophilic addition of two water
molecules. Afterwards, polymeric chains are obtained via condensation process.

VO ORð Þ3þ3H2O! VO OHð Þ3þ3ROH Hydrolysisð Þ ð7Þ

Electron microscopy shows that the gel is constituted of flat ribbons with
dimensions round 103 Å, 103 Å and 10 Å, length x width x thickness, respectively
[35, 36]. The behavior of the structure bears close similarity with that of the (ab)
plane of crystalline V2O5 and its arrangement; i.e., pyramidal entities of ortho-
rhombic V2O5 with 3.6 Å periodicity along the b axis [20]. In the stacking
direction (c axis), a 2.8 Å amplitude is induced in the ribbon corrugation between
the fibrils. The stacking of the ribbons is illustrated in Fig. 3 and corresponds to the
structure that emerges when the gel is deposited onto a substrate. The ribbon has a
thickness of 8.75 Å. Livage has proposed a model using a single layer. However,
Oka et al. have put forward a different model entailing a bilayer for character-
ization of the ribbon structure in the xerogel [37]. This model can be seen in Fig. 3,
where the V2O5 sheets face each other at a 2.8 Å distance.

The electrical properties of the V2O5 • nH2O xerogels have been extensively
researched due to the conductive nature of these materials. However, the con-
ductivity of these materials varies significantly, approximately from 10-7 to
100 X-1 cm-1, depending on many parameters such as the preparation method,
employed precursors, gel aging time, and thickness of the sample [39–44]. This
conductivity has a mixed character involving electronic and ionic transport that are
respectively proportional to the water concentration and the vanadium oxidation
state [45]. The electrons skipping between the V4+ and V5+ sites are responsible for
the electronic conductivity [46]. However, strong electron–phonon coupling
decreases the mobility of charge carriers, with values in the order of 10-5–10-6

cm2 V-1 s-1 [34]. In the presence of excess water and acidic dissociation of V–OH
groups occurs at the oxide/water interface, generating a significant amount of
charged H3O+ species (pH & 2) [31], as shown in equation (8).

V� OHþ H2O , V� O� þ H3Oþ ð8Þ

Analysis of the electrochemical properties of V2O5 suggests that this oxide is an
excellent candidate for use as cathode in lithium-ion batteries, with a redox
potential greater than 3 V (vs. Li/Li+), specific energy density close to 600 W h
Kg-1, and specific capacity around 250 A h Kg-1 [47, 48]. Lithium insertion/
extraction taking place during the electrochemical process can be described by the
following equation:
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V2O5 þ xLiþ þ xe� $ LixV2O5 ð9Þ

where Li+ compensates the electronic charge involved in the steps of vanadium
reduction and oxidation to form vanadium bronze [49]. Four electrons and 4 Li+

are involved in this process for each V2O5 species in the case of xerogel materials
[48]. However, owing to some limitations such as slow diffusion of the interca-
lating ions into the structure and low electronic conductivity of V2O5, only
reduction of V+5 sites to V+4 is usually observed (Fig. 4).

Other studies [21, 47, 50] have reported that the diffusion coefficient (D) values
can vary between 10-9 and 10-17 cm2 s-1, depending on the amount of inserted
lithium ions. Thus, considerable effort has been made in attempt to raise the rate of
lithium-ion diffusion and electronic conductivity of these cathodes. For example,
Parente et al. have described a substantial increase in the lithium-ion diffusion rate
by synthesizing V2O5 xerogel on synthetic nickel fibers [51]. Dong et al. have used
the sticky carbon method to obtain higher ionic pore accessibility [52]. Other
synthetic routes are being employed in order to obtain new structures and mor-
phologies. For instance, V2O5 thin films obtained by spin-coating allow for
insertion of 3 to 4 equivalents of Li+ ions [48, 53–55]. This optimization has been
attributed to the amorphous nature and low anisotropy of these materials. In many
cases, powdered carbon black is utilized as a conductive agent, to connect metal
oxide particles. Passerini et al. have added carbon black in the early stages of V2O5

gelation, thereby ensuring higher charge capacity, possibly related to loss of long-
range structural ordination [56]. However, carbon black is electrochemically
inactive, limiting the ability of the cathode to store charge. Le et al. have held a
supercritical drying process for V2O5 gels, which produced an amorphous material
with very high porosity, thus reducing the diffusional path length. As a conse-
quence, the overall reaction was no longer limited by diffusional processes [54,

Fig. 4 Potential versus stoichiometric ratio between the amount of lithium ion and V2O5 (x in
LixV2O5) for a V2O5 xerogel and b orthorhombic V2O5. Adapted from Ref. [47]

160 F. Huguenin et al.



57]. These aerogels thus have extremely high charge capacity (560 A h Kg-1) and
energy density (1,700 W h Kg-1) [23, 55, 57].

Vanadium pentoxide may undergo some structural changes in the presence of
organic solvents. One example is the intercalation of propylene carbonate (PC) in
interplanar region by replacing the water molecules and resulting in larger distance
between the 001 layers [58]. In situ X-ray diffraction (XRD) analysis of the
material subjected to Li+ intercalation revealed reversible structural changes [47],
with layer stacking being destroyed during lithium ion insertion and formed during
the detachment process. However, there is a significant decrease in the specific
capacity when the electrode is subjected to several charge/discharge cycles. This
fact is attributed to mechanical stress in the structure and/or dimensional changes
caused by expansion/contraction of the layers due to insertion/extraction of solvent
and ions.

3 Nanomaterials

Several research groups from different areas have shown the importance of min-
iaturization. For instance, it allows for the fast operating speed involving objects
designed on a nanometric scale. In fact, the time required for a given system to
perform a specific function can be minimized by displacement of electrons, ions,
and molecules in a diminished space [59]. Moreover, physical forces that are
negligible in the macroscopic world can become decisive in nanometric materials,
allowing molecular self-ordering [60]. In addition, the conductivity parallel to the
interfaces of a composite can significantly rise when the thickness of the layers
components reach very low values, leading to an overlap of the charge spaces [61].
Thus, the design of nanoscale materials may contribute to the optimization and
emergence of new properties, enabling the use of these systems for various
applications in the fields of optics, electronics, catalysis, biotechnology, and solid
state electrochemistry [62–66].

The development of nanostructured electrodes has led to the better performance
of lithium-ion batteries, since they ensure higher current and energy densities. In
nanostructured systems, the distances which lithium ions must cover are dramat-
ically decreased, thus reducing the free diffusional path, so that lithium ions are
able to enter and exit the structure more rapidly. Considering that the time taken
for ion intercalation is proportional to the square size of the particle, the current
values can significantly increase with the use of nanostructured electrodes.

The intercalation properties can be significantly improved by new develop-
ments in the synthesis and characterization of vanadium oxide nanostructures such
as nanorolls, nanobelts, nanowires, and ordered nanorods arrays [67]. The galva-
nostatic discharge performance of V2O5 nanorods (with 115 mm diameter and
2 mm length) has been compared to that of a thin film electrode with the same
geometric area and equal V2O5 mass [68]. The Li+ storage capacity at low dis-
charge rates (C/20) was equivalent for both the nanostructured and thin film

Nanocomposites from V2O5 and Lithium Ion Batteries 161



electrodes. Nonetheless, at high discharge rate, a higher capacity was demon-
strated for the nanostructured electrode as compared to the thin film one. More
specifically, the capacity was three and four times higher for the nanostructured
electrode at a rate of 200 C and above 500 C, respectively, as compared to the thin
film electrode.

Spahr et al. have synthesized and analyzed V2O5 nanotubes, which represent a
new structure for cathode materials for use in lithium-ion batteries with smaller
diffusion lengths [69]. An initial high capacity of 300 mA h g-1 was demonstrated
for the V2O5 nanotube arrays, almost twice as high as the initial capacity of
140 mA h g-1 observed for the V2O5 film. The large surface area and short dif-
fusion distance of the nanotube array were responsible for this improvement, but in
the second and third cycles the capacity of the nanostructured material decayed to
200 mA h g-1 and 180 mA h g-1 respectively. In further cycles the decrease was
less pronounced and a stable capacity of 160 mA h g-1 was reached after the sixth
cycle, which still was 30 % higher than that of the V2O5 film. The nanotube array
presented a more drastic decay than the film during cycling possibly as a result to
the structural flexibility and fragility [70].

The discharge capacities and cyclic performance of platelet and fibrillar-
structured V2O5 films prepared by solution methods have been compared to those
of the conventional, simple structured film. The behavior of these structured V2O5

films varied depending on the orientation: the platelet film which is comprised of
V2O5 particles with sizes of 20–30 nm, presented a random orientation while the
fibrillar film displayed randomly oriented fibers, most of which protrude from the
substrate surface. Comparing the initial discharge value of the plain V2O5 film
(260 mA h g-1) with the initial discharged capacities of platelet and fibrillar-
structured V2O5 films (1,240 and 720 mA h g-1, respectively) it is clear that the
latter capacities were far higher than the former. As a result of the reduced distance
of Li+ diffusion, which avoids the situation in which lithium ions are concentrated
in the electrode, and of the poor V2O5 interlayer cross-linking, of which promotes
intercalation of larger quantities of lithium ions, high discharge capacity values
were achieved. However, these nanostructured V2O5 films suffered degradation
during the electrochemical tests [71].

Bearing in mind, the importance of interfaces for electrochemistry, researchers
are developing new systems based on nanocomposites, which are characterized by
the nanometric particle size and/or distance between their constituents [72, 73].
Some physical–chemical characteristics of composite materials, which are unique
due to the interactions established between the components’ phases, can be opti-
mized with the aid of nanoscience. Actually, the design of these materials can
maximize short-range interactions between the components, generating synergistic
effects in the properties of the system. Thus, another way to optimize the elec-
trochemical properties of V2O5 is to polymers into its lamellar space.

Some one- and bi- dimensional matrices, consisting of layers, channels, or
tunnels, or which are completely amorphous, represent a class of materials made of
flexible pores whose size can be adapted to other dimensions of the intercalating
species. Given these characteristics, the scientific community has designed and
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investigated new materials obtained by inclusion of organic polymers into inor-
ganic matrices, to form composites with an intimate contact with their constituents
on a scale between the classical molecular and microscopic scales [74–82]. There
are several methods for the preparation of these nanohybrids, including: poly-
merization of monomeric molecules in the inorganic matrix through chemical,
thermal, or photo-induced treatment in situ; of the previously formed polymer
intercalation; use of self-assembly technique; and intercalated redox polymeriza-
tion where the monomers are oxidized by the host matrix, which in turn is reduced
and thus promotes formation of a polymer within its structure [83].

One of the most often investigated inorganic matrices is the V2O5 xerogel. The
interaction between its lamellae is weak enough to allow for the merge of chemical
species with different sizes [20, 34]. Moreover, its facile synthesis by the sol–gel
methodology, allow for their preparation at low temperatures, which has encour-
aged several research groups to develop and analyze nanocomposites based on
V2O5 and organic polymers [19–21, 84]. One reason for the development of these
systems is the optimization of energy storage properties, considering the potential
use of this oxide as cathode for lithium ion batteries. With a view to maximizing
the energy density and specific capacity, electronic conducting polymers (ECPs)
can be interspersed in the xerogel thereby offering an alternative conductive path;
facilitating the access of electrons to the vanadium ions, and uniting electrically
isolated particles. Besides this role, ECPs still participate in the redox process,
directly contributing to increasing the battery capacity, as opposed to the carbon
powder normally employed in the cathodes. Furthermore, the presence of ECPs
can modify the morphology, porosity, and electrostatic interaction between the
lithium ions and the oxygen atoms of the host matrix, thus maximizing ion
mobility and consequently optimizing the performance of the electrochemical
device [85–92].

Kanatzidis et al. were the first researchers to synthesize and characterize
nanocomposites consisting of V2O5 and ECPs [93, 94], which contributed to a
better understanding of the polymerization processes of organic molecules inter-
spersed in a TMO matrix. Polymerization of aniline intercalated in the V2O5

xerogel resulted in interlayer distance expansion from 11.55 to 13.94 Å, due to the
replacement of the H2O molecules with the aniline polymer (PANI) [95]. Equation
(10) shows the overall reaction process, where it is assumed that aniline oxidation
triggers a polymerization process accompanied by reduction of the V+5 ions.
However, molecular oxygen also participates in the reaction, providing an increase
in the length of the polymeric chain and partial re-oxidation of the vanadium ions.

x C6H5NH2ð Þ þ V2O5 þ y=2ð ÞO2 ! C6H4NHð ÞxV2O 2x�2yð Þ�
5 þ yH2O

þ 2x� 2yð ÞHþ ð10Þ

The aniline intercalation/polymerization process was investigated by insertion
of the C6H5NH3I salt into the inorganic matrix under inert atmosphere [96], thus
enabling oxidation of the iodide ions by V2O5 and preventing polymerization of
the anilinium ion monomers (C6H5NH3

+) in the interlayer. Subsequent exposure of
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the material to ambient air resulted in PANI formation in the inorganic host matrix
which was unexpected, since anilinium ion monomers are not oxidized to poly-
aniline in the presence of atmospheric oxygen. This suggests that V2O5 acted as a
catalyst in the polymerization stage, which in turn was associated with electron
transfer to molecular oxygen.

The insertion of a conductive path parallel to the V2O5 chains caused significant
changes in electronic transport, since the charge transport in these materials is
commanded by the spatial charge effects at the interface located between the
conductive phase (PANI) chains and the oxide [97]. Thank to the hydrogen bonds
formed between the oxygen atom of V2O5 and the hydrogen atoms of PANI (NH
_ OV), chains are held together due to a rise in the interfacial area, thereby
leading to an even greater effect on electronic conductivity [96]. The intimate
contact between the components can be observed from the Electron Paramagnetic
Resonance spectra, indicating proximity (\10 Å) between the PANI polaron and
the V4+ paramagnetic centers [96]. Electrostatic interactions between these poly-
mers have been clearly observed in self-assembled hybrids, for which Raman and
UV-visible spectra enable visualization of electronic transfer from PANI to the
oxide during stacking of the monolayers, while the level balance of Fermi was
maintained [98, 99]. Furthermore, X-ray photoelectron spectra have suggested
short-range interactions between PANI and V2O5 through binding between the
nitrogen and oxygen atoms bond (Fig. 5) [97].

Depending on the amount polymer, morphology, and chain length of the poly-
mer, the electronic conductivity of these nanocomposites can be elevated by about 4
degrees of magnitude as compared to that of the V2O5 xerogel. Conductivity in the
order of 0.1 S cm-1 at room temperature can be achieved after an aging period of
18 months [96]. However, despite the high conductivity value, other preparation
methods can be used, in order to ensure faster growth of the macromolecules and
consequent achievement of obtain high electronic conductivity in shorter aging
periods. One example is PANI intercalation into an array of mesoporous V2O5/Mg
in atmospheric air [100], which has also given a nanocomposite with an electrical
conductivity (10-2 S cm-1) of around 4 orders of magnitude higher than that of
xerogel after 2 months of aging, approximately. This relatively short time, is
attributed to the larger size of the pores, which facilitated diffusion of the polymeric
chains into the inorganic solids, and allowed for faster growth of macromelecules.

The first studies involving lithium ion intercalation into these nanocomposites
were carried out by Nazar et al. [101], who demonstrated the potential use of these
materials as cathodes for lithium-ion batteries. After an oxidative treatment based
on O2, seeking re-oxidation of V4+ centers formed during the synthesis stage, a
specific capacity of 165 A h kg-1 was obtained for the nanocomposite
[PANI]0.4V2O5 in 0.5 M LiClO4/PC. This result evidenced that the charging
capacity of the nanohybrid is greater than the sum of the capacities of its com-
ponents, corresponding to a gain of approximately 40 % as compared to the V2O5

xerogel. This optimization of electric charge storage properties is assigned to a
larger ionic transport rate, since the presence of the ECP weakers the interaction
between the V2O5 oxygen atoms and lithium ions, while increasing their mobility
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[101, 102]. In a study on the oxidative treatment of PANI/V2O5 nanohybrids based
on O2 at different temperatures [103], the influence of PANI, molecular oxygen,
and heat treatment capacity was verified. The V2O5 xerogel exhibited a specific
capacity (124 A h kg-1) lower than that of [PANI]0.6V2O5 (161 A h kg-1), which
was maximized when the nanocomposite was exposed to O2 at 30 and 80 �C, with
values of 220 and 302 A h kg-1, respectively.

Although the reaction mechanism was not investigated in these nanocompos-
ites, determination of the chemical species present in the hybrid materials con-
sisting of PANI and V2O5 crystalline particles following the charge/discharge
steps provided good insight into the effect of the interaction between PANI and the
oxide on the charge compensation process. On the basis of elemental analysis of
the composites (V2O5 comprised 85 % of the total mass), quantity of anions was
six times lower (0.07 mol of Cl- and ClO4

- per mole of aniline) than that usually
seen in a PANI film (0.4 mol of Cl- per mole of aniline) [104]. These experi-
mental results were attributed to the presence of negative charges on the V2O5

particles, which acted as counter-anions for the ECP in the oxidized state. How-
ever, these assignments are not conclusive, since participation of the PANI redox
process in the presence of V2O5 has not been confirmed.

Fig. 5 Schematic
representation of PANI/V2O5

nanocomposite
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Huguenin et al. have employed another method for the preparation of nano-
composites from V2O5 xerogel and PANI, namely in situ oxidative polymerization
of aniline in the V2O5 dispersion [105]. Electrochemical impedance was measured
by these authors and a value of 2 9 10-11 cm2 s-1 for the lithium ion diffusion
coefficient was found and compared to the value of 3 9 10-12 cm2 s-1 for V2O5.
The V2O5/PANI nanocomposite exhibited higher lithium ion diffusion coefficient
and larger electronic conductivity as compared to the V2O5 xerogel, a result of the
increased charge capacity (313 A h Kg-1 for [PANI]0.3V2O5 and 234 A h Kg-1

for V2O5), as presented in Fig. 6. These researchers also conducted measurements
using an electrochemical quartz crystal microbalance (EQCM), and they proposed
that a parallel solvent (propylene carbonate) transport occurred during the charge
compensation process in V2O5. In contrast with the expected result, knowing that
PANI charge compensation occurs by anion transport [106], it has been observed
that the charge compensation proceeds with lithium ion and solvent transport in
the V2O5/PANI nanocomposite in an average of 5 % on a molar basis (i.e.
0.05 mol of propylene carbonate per mole of Li+). This can be related to mingling
of the PANI and V2O5 chains at molecular level which enables PANI to be
oxidatively doped. Nevertheless, only anionic vanadium oxide chains are present
as anions during formation of the nanocomposite, so it is possible that the elec-
troneutrality condition for the p-doped PANI is achieved by charge compensation
from the firm anionic sites on the vanadium oxide lattice when the nanocomposite
microstructure is initially established. In accordance with the observed results,
charge compensation for PANI should occur via lithium ion transport, since the
anionic sites on the vanadium oxide lattice should have no mobility.
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Fig. 6 a Chronopotentiometric curves for V2O5 (———) and [PANI]0.3V2O5 (—�—�—) in
0.5 M LiClO4, j = 10 lA cm-2. Sample mass: 12 lg. Adapted from Ref. [105]
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In some cases, the ionic transport during redox exchange can be significantly
improved by manipulation of the ionic transport, so that charge compensation is
predominantly achieved by lithium ion movement. This happens when PANI is
employed as a cathode material in lithium ion batteries. This improvement in the
properties of PANI results in reduction of the demand for excess supporting
electrolyte and increased in energy density for the cathode. Moreover, it is known
that solvent transport, and therefore volumetric changes within the thin film
systems, biases the film life cycle. For instance, in the case that LiClO4/PC was
utilized as supporting electrolyte, V2O5/PANI nanocomposites demonstrated
higher electrochemical stability as well as greater charge capacity than the V2O5

xerogel after several charge/discharge cycles [105, 107].
Raman spectroscopy measurements carried out in situ on the poly(N-propane

sulfonic acid aniline) PSPAN/V2O5 nanohybrid have attested to the oxidation and
reduction of the PSPAN component during its redox cycling, although the elec-
trochemical profile of the PSPAN in the presence of the V2O5 component remains
unknown [108]. In contrast to the V2O5/PANI nanocomposite, only lithium ion
participated in the charge compensation process in the PSPAN/V2O5 nanocom-
posite, hence avoiding anion and solvent contribution and accounting for the lower
specific capacity as compared to that of the V2O5/PANI nanocomposite. In situ
EQCM and cyclic voltammetry measurements have revealed the major partici-
pation of lithium ions. Taking into consideration the mass conservation principles
and the electroneutrality during the redox process, determination of the electron,
cation, anion and solvent flux was feasible. Thus, once there was no significant
modification in the composition in the presence of small volume of the electrolyte,
which served as a path for lithium ion transport, these cathodes can be utilized in
high energy secondary batteries. Moreover, the minimum insertion/extraction of
solvent minimized expansion/contraction of the structure, resulting in enhanced
electrode cycling [108, 109]. Nevertheless, the lithium ion diffusion coefficient
values are virtually the same for PSPAN/V2O5 and V2O5 [108].

The reasons for subtle difference among the diffusion coefficients of the
PSPAN/V2O5, V2O5/PANI, and V2O5 host matrices were elucidated by ultravio-
let–visible (UV–VIS), Fourier transform infrared (FTIR), and nuclear magnetic
resonance (NMR) experiments. Several previously published works have proposed
that the Li+ _ O = V is more shielded interaction in the PANI/V2O5 material,
which would explain higher lithium ion diffusion rate observed for the PANI/V2O5

nanocomposite as compared to the V2O5 and the PSPAN/V2O5 nanocomposites.
The band-gap energies related to the electronic transition from O 2p to V 3d

was detected in the UV–VIS absorption spectra of both the oxidized and reduced
states (E = 0.4 V and E = -1.0 V, respectively) of the V2O5 xerogel and the
[PANI]0.3V2O5 nanocomposite. This corresponds to a shift from 2.40 to 2.75 eV
for the V2O5 xerogel and from 2.15 to 2.20 eV for the [PANI]0.3V2O5 nano-
composite. The shift in the band-gap energy is lower for the [PANI]0.3V2O5

nanocomposite as compared to the V2O5 xerogel because PANI induces a partial
shield between the lithium ions and the oxygen atoms of V2O5, thus resulting in a
tiny reduction in the O 2p band as compared to the V 3d band [105, 110].
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Huguenin et al. have carried out a characterization of the V2O5 xerogel and V2O5/
PANI by Fourier transform infrared (FTIR) analyses, which elucidated another
aspect surrounding the molecular level interaction. Figure 7 brings the FTIR
spectra for the V2O5 xerogel, Li1.3V2O5 xerogel, [PANI]0.3V2O5, and Li1.3[PA-
NI]0.3V2O5 [111]. The doublet wavenumbers at 1,022 and 1,011 cm-1 corresponds
to the V = O vibrations for the V2O5, and it shifts to about 978 cm-1 for
Li1.3V2O5. Moreover, when [PANI]0.3V2O5 is reduced, the doublet shifts from
1,016–1,006 to 995 cm-1. The shift is smaller for Li1.3[PANI]0.3V2O5 as com-
pared to Li1.3V2O5 because of a partial blinding prompted by PANI in the Li+ _
O = V interactions, which is due to an innermost contact between the organic and
inorganic components. These data corroborated with literature reports describing
that the NH _ O = V hydrogen bonds and the electrostatic interactions between
PANI and V2O5 are responsible for hindering the interactions between the lithium
ions and the vanadyl groups [96, 98, 99].
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Solid-state nuclear magnetic resonance (NMR), particularly magic angle
spinning (MAS), better elucidated the Li+ _ O interaction for the LixV2O5,
Lix[PANI]0.3V2O5, and Lix[PSPAN]0.3V2O5 nanocomposites at the molecular
level [112]. The 7Li MAS NMR spectra displayed a wide peak for LixV2O5 as a
consequence of the presence of lithium ions in bulk sites. This peak shifted upfield
as more lithium ions were intercalated, indicating that the oxygen atoms shielded
the lithium ions from the magnetic field as a result of a more difficult access to the
inner bulk sites [112, 113]. In contrast, for the Lix[PANI]0.3V2O5 nanocomposite
the wide peak was shifted downfield, a consequence of less effective shielding
from the magnetic field due to the smaller amount of lithium. These results con-
firmed the partial blinding effect of PANI on the interactions between the lithium
ions and the oxygen atoms of V2O5. The 7Li MAS NMR spectra for the poly(N-
propane sulfonic acid) (PSPAN)/V2O5 nanocomposite was also analyzed, so that
the influence of oxygen atoms on shielding of lithium ions from the magnetic field
could be understood [112]. As the amount of intercalated lithium ions increased
the wide peak due to Lix[PSPAN]0.3V2O5 slightly shifted upfield. This change
occurred in the same direction as that observed for the LixV2O5. It is noteworthy
that the difference between PSPAN and PANI lies on the presence of the sulfonic
propane group in the former, so the intercalated lithium ions can interact with the
oxygen atoms, which allows for a partial blinding effect on the interaction between
the lithium ions and the oxygen atoms of V2O5. Finally, the difference between the
shifts detected for the nanostructures consisting of PSPAN, PANI, and V2O5 as
well as the difference in the lithium diffusion coefficient values were analyzed
(Fig. 8).

Ppy/V2O5 nanocomposites are also good candidates for use as cathodes in
batteries of high energy density. However, depending on the preparation method,
these materials may exhibit high coulombic irreversibility [115]. One way to
facilitate extraction of ions from the host matrix and enhance the charge capacity is
to employ a supercritical drying process based on CO2 and organic solvents, which
raises the porosity of the nanocomposite [116]. Depending on the utilized
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conditions, it is possible to reversibly merge up to 3.5 mol of Li+ to a mole of
material in these hybrid aerogels, which represents a 40 % increase as compared to
V2O5 aerogels. Another approach that can be used to optimize the electrochemical
performance is to employ thin films, which give rise to high specific capacity and
coulombic reversibility under application of a high current/mass ratio [117].

Distribution of the ECP in the inorganic matrix interferes with the structural,
electrical and electrochemical properties of these electrodes which can be con-
trolled depending on the preparation method [118]. When the V2O5 gel was
exposed to Ppy dispersion, microcomposites were formed. The short-range inter-
actions between components of these microcomposites were restricted, thereby
minimizing the synergistic effects on the energy storage properties. When pyrrole
was polymerized in the presence of the V2O5 xerogel, nanohybrid materials were
formed, and the amount of Ppy necessary to produce percolation of a conductive
path was much smaller than in the case of the microcomposite. However, there
were Ppy aggregates in the films, which diminished the homogeneity of the
conductive phase in the inorganic matrix. When the organic and inorganic pre-
cursors were polymerized simultaneously, homogeneous nanocomposites with
higher specific capacities were generated, attesting to the influence of intimate
contact between the ECP and V2O5 on these hybrid materials. Effects between the
components caused by the interfaces have also been observed by Demets et al.,
who analyzed modified electrodes deposited on V2O5, Ppy/V2O5 nanocomposites,
and V2O5 deposited on Ppy [119]. These authors commented on the different
electrical and electrochemical behaviors of these materials and showed the
importance of the nature, composition, and architecture of the film regarding the
materials’ properties.

A two-component nanocomposite constituted of conducting polymers (poly-
aniline, polypyrrole, and polythiophene) and vanadium oxide has been prepared by
a mechanochemical method developed by Posudievsky et al. [120]. The nano-
composite based on polypyrrole exhibited the greatest capacity. The structure
stability of this nanocomposite was demonstrated by cycling at a current
of &0.2 A g-1, and its capacity was retrieved at lower current cycling. As a result
of the higher lithium ion diffusion rate and the default of film passivation on the
surface of the nanoparticles, lithium ion intercalation in the nanocomposites was
more effective than its intercalation into the V2O5 xerogel. The stacking of the
conducting polymer and the inorganic compound in the nanocomposite material
can be related to the stability during extended charge/discharge cycles, higher
discharge capacity, and enhanced diffusion coefficient of the lithium ions.

The morphology of the host matrix also interfered in lithium ion intercalation.
In fact, during the copolymerization process, the Ppy chains inhibited the growth
of V2O5 chains, resulting in a low planning degree and larger pore size (160 Å) as
compared to the xerogel (80 Å), which facilitated ion intercalation [103]. Addition
of surfactants (nonylphenol EON2) to the V2O5 xerogel also elicited an increase in
structural disorder, resulting in elevated charge capacity and allowing for the
merge of 2.7 mol of Li+ per mole of V2O5 in the nanocomposite against 1.6 mol of
Li+ in the xerogel [50]. The increase in the flatness of the nanocomposites
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consisting of poly(3,4-ethylenedioxythiophene) (PEDOT)/V2O5, which is due to
larger interlayer spacing, was considered one of the reasons for higher specific
capacity as well as elevated electronic conductivity [121, 122].

Depending on the medium, the high oxidation potential of V2O5 can cause
undesired reactions with the electrolyte, culminating in the passivation of the
electrode surface. Because Ppy has a lower oxidation potential, the polymer can
cover the metal oxide particles and thus prevent degradation reactions from taking
place in the electrolyte solution. As noted by Kuwabata et al., coating of crystalline
V2O5 particles with Ppy assured a high cyclability of the composite, and avoided
the possible reactions between V2O5 and poly(methyl methacrylate) (PMMA)
[123].

The reverse micelle method has been applied for preparation of V2O5 and
V2O5/PANI nanofibers. The cycling behavior of the V2O5/PANI nanofibers was
greater as compared to the V2O5. Moreover, there was higher capacity impairment
for V2O5 nanofibers during cycling. It was found that V2O5/PANI nanofibers with
a 30 % PANI molar ratio exhibited a stable capacity of about 300 mA h g-1. The
morphology of V2O5 and V2O5/PANI nanofibers during charge/discharge cycles
was examined by scanning electron microscopy (SEM), and it was found that the
morphology of the V2O5 nanofibers changed after 10 charge/discharge cycles,
whilst morphology of the V2O5/PANI nanofibers was preserved after the elec-
trochemical cycling. Thus, the presence of the polymer within the nanohybrid
material may have stabilized the capacity via homogeneous distribution during
cycling [124].

Another method for obtaining nanofibers is to react the V2O5/PANI nano-
composite and hexadecylamine after the hydrothermal treatment, which usually
gives V2O5/PANI nanofibers with dimensions varying from 1 to 10 lm length and
15–300 nm width. Electrochemical measurements evidenced a specific capacity of
about 150 A h k/g during the 10 initial cycles. Moreover, electrochemical
impedance spectroscopy estimated the apparent diffusion coefficient in about
1 9 10-12 cm2/s-1. In contrast, replacing hexadecylamine with sodium cations by
submitting the nanofibers through a reflux treatment led to an apparent diffusion
coefficient that was at least three orders magnitude higher as compared to the
vanadium oxide template [125].

Searching for a better performance, ECPs and other redox polymers have been
used in the preparation of new nanocomposites based on V2O5. An example is the
use of functionalized polymers such as poly(aniline-co-N-(4-sulfophenylacetic)
aniline (PAPS), whose solubility in H2O renders homogeneous nanocomposites
with better defined stoichiometry as compared to PANI/V2O5. However, despite
the increase in conductivity promoted by this polymer, the electrochemical sta-
bility was lower as compared to the xerogel. Indeed, this electrode became elec-
troinactive after 30 voltammetry cycles in 0.1 M LiClO4/acetonitrile [126]. The
synthesis and characterization of other nanocomposites consisting of poly(3-de-
cylpyrrole) (P3DP) or poly(hexadecylpyrrole) (P3HDP) and V2O5 has been
described by F. Huguenin et al. [127]. Compared to the Ppy/V2O5 nanocomposite,
the P3DP/V2O5 and P3HDP/V2O5 nanocomposites demonstrated greater
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electrochemical stability. Possibly, this was a result of the side-chain of the P3DP
and P3HDP polymers, which guaranteed higher specific capacity for the P3DP/
V2O5 and P3HDP/V2O5 nanocomposites (115 Ah/Kg and 106 Ah/Kg, respec-
tively), as compared to the Ppy/V2O5 nanocomposite (50 Ah/Kg), after 50 elec-
trochemical cycles. Wang G et al. have described intercalation of poly(N-[5-(8-
hydroxyquinoline)methyl]aniline) into the V2O5 xerogel (PNQA/V2O5), a hybrid
that was synthesized by the in situ intercalative polymerization method [128]. The
authors found that aging in air atmosphere facilitated PNQA chain growth between
the V2O5 lamellae, resulting in increased electrical conductivity: 1.9 9 10-4 S
cm-1 for the PNQA/V2O5 hybrid versus 4.2 9 10-6 S cm-1 for the V2O5 xerogel.

The slow redox coupling of thiol-disulfide makes poly[2,5-dimercapto(1,3,4-
thiadiazole)] (PDTT) unfeasible for application in batteries [129]. Meanwhile,
hybrid systems formed from the polymerization of the dimer 2,5-dimercapto1,3,4-
thiadiazole (diDMcT) inserted into the V2O5 structure exhibited increased charge
in relation to the oxide [130], which was attributed to the reduction and oxidation
of the organic polymer PDTT, for which the reductive cleavage of S–S bond was
facilitated in the inorganic matrix. Nevertheless, after several voltammetry cycles
the charge capacity resemble that of V2O5, while molecules of dimercapto-1,3,4-
thiadiazole (DMcT) produced during reduction of the oligomers diffused out of the
host matrix. Considering the good performance of PANI/V2O5 nanocomposites,
Park et al. intercalated PDMcT and PANI into the inorganic matrix [131].
Although the specific capacity of this ternary material (220 A h kg-1) was lightly
higher than that of the xerogel (205 A h kg-1), the binary materials are still
considered a better alternative as energy source.

Poly(ethylene oxide) (PEO) is another interesting polymer because of its ion
conductivity, a result of its alkali-metal ions complexes, and the PEO/V2O5

nanocomposite has been demonstrated to lead to interesting lithium ion interca-
lation and display relevant photochemical and electrical properties [132–135].
Investigations into electrochromic processes and electrical conductivity have
shown enhanced charge capacity and reversibility due to lithium ion insertion/
extraction. The inserted (Qc) and extracted (Qa) charge densities of PEO/V2O5 film
for the 10th cycle as measured in the study of Jin A et al. [136] were 18.1 and
17.9 m C cm-2, respectively, which are about two orders of magnitude higher
than those of the V2O5 xerogel film (9.6 and 9.8 m C cm-2, respectively).
Reversibility was calculated by the ratio between the inserted and extracted charge
densities (Qa/Qc), and revealed a greater reversibility value (98.9 %) was achieved
for PEO/V2O5 as compared to the V2O5 xerogel (98 %).

The layer-by-layer technique has already been described in the literature and
can be applied to the manufacture of these nanocomposites [137, 138]. This
method can result in the spontaneous formation of nanoarchitectures thank to the
ionic attraction between oppositely charged materials. Furthermore, some physi-
cal–chemical properties of the film can be tailored by controlling film thickness,
uniformity and composition. Additionally, an improvement of the ionic mobility
and the diffusion rate can be achieved by generation of an electrostatic shield
between the chemical species involved in the diffusion bounce. The highest
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negative charge sites bounce into the host matrices as a result of innermost contact
between the polymer chains and the metal oxide [114]. Although the interaction
vanadyl group and the lithium ion led to a diminished ionic mobility and energy
dissipation during the electro-insertion process, the layer-by-layer technique
allowed for organic polymer adsorption onto strategic sites of the V2O5, promoting
shielding of the ion–dipole interaction [139, 140].

The layer-by-layer (LbL) technique can improve the charge storage capacity,
giving rise to new electrochromic effects and even control of the ionic conduc-
tivity. Therefore, several works on the manipulation of V2O5/PANI nanocom-
posites at molecular level using this technique have been developed. The amount
of PANI participating in the redox processes can be controlled by shifting the film
structure at the molecular level, so that the chromogenic properties of PANI on the
nanometric scale can be obtained, whilst the intrinsic electrochemical properties of
the V2O5 xerogel are retained. By controlling the absorption of V2O5/PANI LbL
films onto a cast PANI film, the properties of the nanoarchitectures are achieved. A
study involving immersion of the PANI-V2O5/PANI system into a LiClO4/pro-
pylene carbonate (PC) solution has been conducted by varying the immersion
time. The EQCM technique enabled monitoring of the mass gain/loss (Dm) as a
function of the charge as well as control of the insertion/extraction species. Thus,
the charge compensation process as a consequence of the shift from anionic to
cationic contributions resulted in mass reduction and enhancement of the specific
capacity of secondary lithium batteries.

In addition, Huguenin F. et al. have studied nanoarchitectures of V2O5/chitosan/
PEO (V2O5/blend) obtained by addition of 1 % chitosan to the PEO dispersion. It
was found that chitosan was only effective regarding assistance in the manufac-
turing of the films [140]. Indeed, the V2O5/blend performed better in comparison
to V2O5/chitosan (8.03 m C cm-2 and 3.41 m C cm-2, respectively), which was
attributed to a larger number of electrochemically active sites and an increase in
the diffusion rate of lithium ions within the host matrix, as determined from
electrochemical and spectroelectrochemical measurements [141]. The enhanced
diffusion process arose from the complexation of lithium ions with the oxygen
atoms of PEO, guaranteeing higher charge capacity during the charge/discharge
steps.

4 Conclusions

When it is employed positive electrode in lithium ion batteries, the V2O5 xerogel
poses some limitations, which made it uninteresting for workable applications.
Nanocomposites constituted of conducting polymers and V2O5 have been dem-
onstrated to be an alternative to the V2O5 xerogel for electrochemical energy
storage. The preparation and investigation of novel manufacture nanoarchitectured
systems from these components can overcome these restrictions, improving some
features that are essential for lithium ion batteries, such as stability, charge
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transport, energy density, specific capacity, and control of solvent insertion. Fur-
thermore, studies on lithium ion insertion can significantly contribute to further
applications such as electrochromic devices and sensors.
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Magnesium Alloys as Anode Materials
for Ni-MH Batteries: Challenges
and Opportunities for Nanotechnology

Sydney Ferreira Santos, Flavio Ryoichi Nikkuni
and Edson Antonio Ticianelli

Abstract New developments on portable electronics, electrical vehicles, and
hybrid electrical vehicles have been creating a demand for secondary batteries with
larger energy densities than those commercially available. In this scenarios the
development of nickel-metal hydride (Ni-MH) rechargeable batteries with
improved energy densities is mandatory to achieve the present needs and also to face
the tough competition with other technologies such as Li-ion batteries and low
temperature fuel cells. The production of such batteries is closely related to the
development of novel hydrogen storage materials which can be successfully
achieved through the incorporation of new finds of nanotechnology. In this chapter,
some fundamental aspects concerning Ni-MH cells and their component materials
are introduced. Moreover, recent developments on anode materials, its challenges
and perspectives are overviewed. On this subject, special emphasis is given for the
nanostructured Mg alloys which are promising candidates for this application.

1 Introduction

The commercialization of Ni-MH batteries started at late eighties. Presently, these
cells are largely used in portable electronics such as digital cameras and their
annual production is over one billion of units. These batteries have also been used
in hybrid electrical vehicles and electrical vehicles [1].
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Concerning the market of secondary cells, Ni-MH batteries have Ni-Cd and
Li-ion cells as main competitors. Comparing to Ni-Cd batteries, Ni-MH-type
cells have larger volumetric and gravimetric energy densities. Furthermore, the
absence of cadmium in Ni-MH cells is advantageous from the environmental
point of view due to the high toxicity of this element. Due to the aforesaid,
Ni-MH batteries replaced Ni-Cd cells in large extent.

Conversely, Ni-MH batteries have been experiencing a hard competition with
Li-ion batteries which quickly increased their share market and nowadays are
predominant for several applications such as cell phones, notebooks, portable
players among others. These batteries have larger energy densities (volumetric and
gravimetric) than Ni-HM ones.

Table 1 compares some key features of Ni-MH, Ni-Cd, and Li-ion cells [2]. In
terms of price, Ni-MH cells are situated between Ni-Cd (less expensive) and Li-ion
(more expensive) counterparts.

In the market of portable energy sources, Ni-MH batteries have to compete not
only with other types of batteries, as aforementioned, but also with emerging
technologies such as low temperature fuel cells and super-capacitors. Another
driving force for improvements in Ni-MH cells is the continuous development in
portable electronics (longer operating times, color screens, Wi-Fi technology, etc.)
which generates an increasing demand for energy sources with larger energy
densities. In the case of Ni-MH batteries, the development of cells with larger
energy densities is mainly related to the development of novel anode materials
with larger hydrogen storage capacities. In addition to this property, anode
materials need to be stable over repeated cycles of electrochemical charge and
discharge of hydrogen in a strong alkaline electrolyte. This aggressive environ-
ment is very restrictive concerning the material which can be used for this
application.

In the following sections, the main concepts on Ni-MH cells are introduced.
Moreover, the anode materials used in commercial Ni-MH cells and those which
are currently under investigation are reviewed.

Table 1 Comparison between Ni-MH, Ni-Cd, and Li-ion sealed cells

Property Ni-Cd Ni-MH Li-ion

Energy density Fair Good Excellent
Power density Excellent Very good Very good
Low temperature operation Excellent Very good Very good
Charge retention Fair Fair Very good
Charge acceptance Very good Very good Excellent
Efficiency Good Good Excellent
Life Good Good Excellent
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2 Principles of Nickel-Metal Hydride Batteries

A Ni-MH cell is an electrochemical device for energy storage. These cells are
classified as secondary cells since they can be charged again after the complete
exhaustion of the cell (i.e., after all the reactants have been converted in product
species, the electrochemical reaction can be reverted). These cells are composed
by three main parts: a positive electrode (cathode), a negative electrode (anode),
and an electrolyte. The cathode is the NiOOH compound, the anode is a hydrogen
storage alloy, and the electrolyte is a concentrated solution of KOH. A Ni-MH cell
is schematically represented in Fig. 1 [3–6].

The electrochemical reactions that take place during the Ni-MH cell operation
are shown bellow. The reactions are reversible and the direction from left to right
indicates charging, whereas the opposite direction indicates discharging [3–6].

In the cathode side, the reaction that takes place is:

Ni OHð Þ2þOH� $ NiOOH þ H2Oþ e� E ¼ 0:52 V ð1Þ

while the reaction in anode side is:

M þ H2Oþ e� $ MH þ OH� E ¼ 0:83V ð2Þ

Then, the overall cell reaction is:

Ni OHð Þ2þM $ NiOOH þMH E ¼ 1:35 V ð3Þ

In a Ni-MH cell, the upper limit of the theoretical discharge capacity is controlled
by the reversible hydrogen storage capacity of the alloy electrode. Therefore, the
development of novel hydrogen storage materials with larger storage capacities is
fundamental for attaining cells with higher energy densities.

The hydrogen storage materials used in Ni-MH cells are typically intermetallic
compounds. Further information on these materials such as their composition and
crystal structures are giving in the following section.

In hydride forming materials, hydrogen is up taken into their crystal structures,
firstly forming an interstitial solid solution (a phase) for low concentration of
hydrogen. In this phase, hydrogen is randomly distributed in available interstitial
sites throughout the crystal structure. When the limit of solubility is exceed a new
phase started to nucleate into the microstructure. This phase is a metal hydride
(b phase). In this phase hydrogen occupy periodically the available interstitial sites
in crystal structure. These two phases are represented schematically in Fig. 2.

Due to its small atomic size, hydrogen exhibits large limits of solubility in
metals to form interstitial solid solutions when compared to other light elements
(N, C, O, B). Conversely, even the limits of solubility of hydrogen in metals are
small when compared to the solubility observed in substitutional solid solutions
with extensive solubility (i.e., those solid solutions which follows the so called
‘‘Hume-Rothery rules’’ [7]). The limited solubility of interstitial elements in
metals arises from the high elastic strain imposed by solute atoms to the host
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lattice. Even hydrogen (the smallest interstitial atom) is much larger then the
interstitial spaces in host lattice. This difference in volume size is the origin of the
elastic strain. In extensive substitutional solid solutions the elastic strain fields
around the solute atoms are much lower.

When a metal with positive heat of mixing with hydrogen is submitted to a
hydrogen atmosphere, it absorbs the atoms of this element until reaching the
equilibrium with the gaseous atmosphere. If the pressure is increased, more
hydrogen will be absorbed until reaching a new equilibrium condition. Thus, for
each pressure (p) there is a certain amount of hydrogen which can be absorbed in
equilibrium condition (c). This behavior is known as Sievert’s law and it can be
mathematically represented by the following expression:

c ¼ k:
ffiffiffi
p
p ð4Þ

Fig. 2 Schematic representation of the atomic arrangement for (a) interstitial solid solution
(a-phase) and (b) metal hydride (b-phase)

Fig. 1 Schematic representation of a Ni-MH cell. Full line represents the electrical circuit during
charging while the doted line represents the circuit during discharging [3, 4]
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Where c means the hydrogen concentration in the metal, p is the equilibrium
pressure of H2, and k is a constant which depends on temperature (Sievert’s constant).

When the material is hydrogenated under a gas phase atmosphere at constant
temperature, pressure—composition isotherms (PCI) can be determined for this
material. These isotherms can be measured for different temperatures, as illustrated
in Fig. 3a [3].

As aforementioned, in solid solution composition range, hydrogen metal
interaction follows the Sievert’s Law and the hydrogen content is function of the
pressure. When the maximum solubility at a given temperature is attained further
hydrogen absorption results on the formation of a new phase named metal hydride.

In equilibrium condition, the transformation from interstitial solid solution
(usually denominated a-phase) to hydride (b-phase) takes place under constant
pressure. This pressure is the equilibrium pressure of hydride formation (or
equilibrium pressure of absorption) and corresponds to the plateaus of pressure
observed for the pressure-composition isotherms in Fig. 3a for different temper-
atures. As represented in this Fig. 3a, increasing the temperature a higher equi-
librium pressure is attained. Under desorption, the same reaction takes place but
the equilibrium pressure of desorption is lower than that of absorption. Ideally, the
plateau pressure of hydride formation/decomposition is flat. This behavior is
assumed to the occupation of energetically equivalent interstitial sites by hydrogen
atoms. But, in several cases, a slopping plateau is observed during (de)hydriding.
This behavior can by ascribed to a few reasons. On of these reasons is the presence
of internal stresses developed from dislocation pile-ups. This accumulation of
defects is generated from the sudden volume change associated to the hydride
formation/decomposition. Slopping plateau can also be caused by internal oxide
precipitates. In the case of alloys and intermetallic compounds, the slopping pla-
teau can be originated from chemical inhomogeneities [8].

Fig. 3 Schematic representation of some PCI curves (a) and the corresponding van’t Hoff plot
(b) [3]
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From a set of PCI curves, it is possible to obtain the thermodynamic properties
of the hydride, through the van’t Hoff equation, expressed as:

ln Peq ¼
DH

R � T �
DS

R
ð5Þ

From the linearization of this equation (Fig. 3b), one can obtain the values of
enthalpy (DH) and entropy (DS) of a ? b reaction. The DS term mostly corre-
sponds to the change from molecular hydrogen to dissolved solid hydrogen, i.e. it
is nearly the standard entropy of hydrogen and does not depend on the nature of
the metal. The term DH depends on the metal hydrogen bond [3, 9, 10]. These
values can be obtained from a set of PCI curves of absorption or desorption. Peq, R,
and T are the equilibrium pressure of absorption or desorption (plateau pressure),
the ideal gas constant and the absolute temperature, respectively [3, 9].

The equilibrium pressure for gaseous hydrogenation can be correlated to the
electrochemical potential (Ev) of the hydride electrode through the equation

Ev ¼ �
1
2
� RT

F
ln PH2 � dEref ð6Þ

Where F is the Faraday constant (F = 9.6487 9 104 C/mol), PH2 is the hydride
dissociation pressure, and T the absolute temperature. Ev is measured with refer-
ence to the standard reference electrode. Thus, if other reference electrode is used,
dEref is added to the value of Ev (for instance, -0.926 for Hg/HgO reference
electrode) [3, 4].

2.1 Conventional Alloy Electrodes

There are many alloys that form metal hydrides. For hydrogen storage purposes,
the metal hydrides should have large reversible hydrogen storage capacities and
adequate thermodynamic properties. But, in the case of anode application, the
hydride—forming alloy should have additionally:

(i) Adequate corrosion resistance in concentrated alkaline electrolyte;
(ii) Stability over repeated cycles of electrochemical charge/discharge;
(iii) High electro catalytic activity and reversibility of the electrode reaction;
(iv) Easy activation.

Development of materials suitable to fulfill completely this set of requirements
is a challenging task. Presently, there are two different types of alloys used as
anode materials in commercial Ni-MH batteries: AB5 and AB2 alloys.

The AB5 alloys are based on the LaNi5 intermetallic compound which have
CaCu5 compound as prototype structure and space group P6/mmm. A detailed
description of the crystallography of these alloys is beyond the scope of this

184 S. F. Santos et al.



chapter and further useful information on this subject can be obtained from
Wronsky [6] and references therein.

The investigations on the use of intermetallic compounds as anode materials
started in early seventies but only in late eights the minimum requirements for
practical application were achieved [11]. Few years latter, the commercial
production of Ni-MH batteries started having a LaNi5-based alloy as anode
material. These alloys have been used up to the present days in commercial Ni-MH
cells.

In this alloys both elements La and Ni are partially replaced by other metals in
order to improve the electrode performance.

In commercial alloys, La is usually replaced by mischmetal, a commercial
mixture of rare earths (La, Ce, Nd, and Pr), aiming to decrease the cost of raw
material. The hydrogen storage properties of mischmetal-containing AB5 alloys
are strongly affected by the mischmetal composition. For example, mischmetal
with high content of Ce causes an increase in plateau pressure and hysteresis in
pressure-composition isotherm loops [6]. This later means that the difference
between the plateau pressure of absorption and plateau pressure of desorption
increased. This is usually an undesired feature for metal hydrides designed for
technological applications but it is a more serious problem for those hydrides
aimed for hydrogen storage tanks.

Partial substitution of Ni is also performed with the purpose of improving the
reaction kinetics, increase the corrosion resistance, and adjust the plateau pressures
of hydrogen absorption and desorption of the alloys.

The substitution of Ni by elements such as Sn and mainly Co can improve the
kinetic properties and increase both cycle life and discharge capacity [12, 13].
These beneficial effects have been attributed to the increase in the unit cell
parameter and reduction in cell volume expansion during hydriding. Both features
lead to the decrease in pulverization of the alloy under galvanostatic cycling. This
pulverization process takes place due to successive volume expansion and
contraction caused by hydride formation and decomposition resulting on the
generation and accumulation of defects and, consequently, fractures of the parti-
cles and formation of fresh surfaces which are more sensitive to corrosion when
exposed to electrolyte. This process results in continuous loss of active material by
corrosion.

In spite of these positive effects of Co addition, alternatives to this element have
been searched due to its high cost.

Replacement of Al for Ni increases the cycle-life performance of the electrodes
through the formation of a protective passive film. Other common substitute for Ni
is Mn which decreases the plateau pressures of hydride formation and decompo-
sition maintaining the same hydrogen storage capacity [6, 12–14].

The commercial Ni-MH cells make use of multi-component alloys as anode
materials, with several substitutes for both A and B elements. As a common feature,
the commercial alloys need relatively large amounts of cobalt to present satisfac-
tory electrode performances, despite the inconvenience of its high cost. A typical
example of composition of AB5 alloy electrode is MmNi3.55Mn0.4Al0.3Co0.75 (in at
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%), where Mm means mischmetal. This alloy contains over 10 % of Co which
ensure good durability for the electrode. Conversely, Co is an expensive alloying
element been responsible by approximately 40 % of the cost of raw material [15,
16].

Concerning the AB5 alloys, the main constraint is related to the low discharge
capacity displayed by these alloys, which absorb nearly 1.2–1.4 wt % of H,
depending on composition. These hydrogen storage capacities can lead to discharge
capacities nearly 370 mA.h/g. The experimental results indicate capacities nearly
300 mA.h/g. This discrepancy has been attributed to the pulverization.

The AB2 alloys used in electrode applications are multi-element pseudo-binary
alloys, having ZrV2 and ZrMn2 compounds as prototypes for hydrogen storage.
The ZrV2 compound has structure C14 hexagonal while the ZrMn2 compound has
structure C15 cubic. These two phases present high hydrogen storage capacities.
Other phases that typically appear in such alloys are the C36 hexagonal, with poor
hydrogen storage capacity, and a BCC solid solution with high hydrogen storage
capacity [6]. The C14, C15, and C36 structures are members of a group of
intermetallic compounds denoted Laves phases. Some useful crystallographic
information can be obtained in Wronsky [6] and references therein.

The discharge capacity of AB2 alloys is typically larger than those of the AB5

counterparts, reaching values around 390 mA.h/g. Conversely, AB2 alloys exhibit
lower electrocatalytic activity, poorer activation behavior, and higher costs than
AB5 counterparts, limiting their utilization [1, 6, 17].

Concerning the synthesis of AB2 and AB5 alloys, they are typically produced by
melting under controlled atmosphere. The preferential processing routes are arc-
melting and induction melting. In the first one, chunks of pure elements are place
into the furnace chamber which is repeatedly evacuated and filled with an inert gas
(argon, in general) to ensure a low partial pressure of oxygen. Thus an electrical
arc between the metal chunks and a non-consumable tip of tungsten is produced
and it allows to reach high temperatures (over 2000 oC) promoting the fusion and
intermixing of pure elements. The obtained ingots are usually turned up-side down
and re-melted few times to achieve homogenization of the chemical composition.
This arc-melting furnaces usually have a water cooled copper base were the raw
material is places and melted avoiding the necessity of crucibles, a potential source
of contamination. On the other hand, dendritic segregation is usually observed for
arc-melted alloys and in some cases subsequent high temperature annealing is
necessary to achieve the desired microstructure. In the case of induction melting,
similar procedures for cleaning the atmosphere are employed. In this case, the
melting is usually carried out in crucibles and the selection of the crucible material
is an important task in order to avoid or minimize the contamination of the cast
ingot. Conversely, the magnetic agitation promoted by the magnetic field gener-
ated by the induction coil can promote a refining of the microstructure and
homogenization at some extent.
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2.2 Mg Alloy Electrodes

Magnesium-based materials (alloys and composites) are very attractive for
hydrogen storage applications due to a set of promising properties of Mg, such as:

(i) High volumetric and gravimetric hydrogen storage capacities;
(ii) Low density;
(iii) Availability;
(iv) Relative low cost.

For instance, Mg and Mg2Ni when fully hydrided (i.e. converted to MgH2 and
Mg2NiH4, respectively) can reach gravimetric hydrogen storage capacities of 7.6
and 3.6 wt %, respectively. As mentioned in previous section, the commercially
used AB5-type alloys can only reach up to 1.4 wt % of hydrogen.

Not withstanding the abovementioned encouraging properties, the slow kinetics
of hydrogen absorption/desorption has been a major drawback to apply Mg—based
materials in hydrogen storage applications. Moreover, the poor corrosion resistance
of magnesium in alkaline solution is a major problem for electrochemical
applications.

Polycrystalline magnesium and magnesium alloys can only absorb and release
hydrogen at high temperatures and usually with slow kinetics. In pure Mg and
Mg-Ni alloys, for example, the room temperature electrochemical (de)hydroge-
nation is negligible. For this reason, only after the development of highly meta-
stable magnesium alloys (i.e., alloys with amorphous or nanocrystalline structures)
these materials started to be considered for anode applications. The main inves-
tigated Mg alloys for anode application are those of the Mg-Ni system. Alloys of
this system are mostly synthesized by mechanical alloying even though other
routes are also possible. For Mg alloys, routes involving fusion introduce a con-
siderable degree of complexity because Mg easily evaporates and it is very
reactive with oxygen and moisture, especially in liquid state. In mechanical
alloying, powders of pure Mg and Ni are placed together, in appropriate stoichi-
ometry, in a milling vial with a certain number of balls and milled by a pre-defined
period of time. Before milling, the vial is evacuated and filled with argon in order
to prevent the oxidation during processing. The impact of the balls against small
powder agglomerates during milling promotes repeated events of cold welding and
fracture. After certain time, the particles become mixtures of deformed Mg and Ni
regions with lamellar-like microstructures. The large amount of Mg/Ni interfaces
and structural defects (vacancies, dislocations, staking faults, etc.) generated by
plastic deformation create short-circuits for inter-diffusion, promoting atomic
mixture of the metallic elements through a solid state reaction. This is the typical
behavior observed for mechanical alloying of soft elements [3, 18].

Depending on the type of mill, material to be processed, and its application, a
number of other processing variables need to be settled, such as: (i) ball-to-powder
weight ration (ii) number of balls (iii) diameter of the balls (iv) in some cases, the
milling speed, etc. A deeper description of the mechanical alloying process is far
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beyond the scope of the present chapter and there is a vast literature for consulting
on this subject [18–20]. One of the most interesting and complete source of
information is the classical review article of Suryanarayana [18] which deals with
all relevant aspects of mechanical alloying and correlated techniques.

The mechanical alloying of Mg-Ni binary system can generate a variety of
different microstructures, depending on the selected stoichiometry, processing
parameters, etc. This process is mainly indicated to obtain alloys with metastable
microstructures such as: extended solid solutions (i.e. solid solutions into which
the limit of solubility in equilibrium is exceed), fully amorphous alloys, nano-
crystalline alloys (single or multi-phase), and mixtures of amorphous and nano-
crystalline phases. The processing parameters adopted during mechanical alloying
will define all the microstructural and morphological features of the synthesized
alloys and therefore will greatly affect the electrochemical properties of the final
product.

Liu et al. [21] investigated the MgxNi100-x alloy series, with x ranging from 10
to 90 at %. These authors reported that fully amorphous alloys were obtained
between 30 and 70 at % of Mg and yielded the best electrochemical properties
among this series. The highest value of discharge capacity was achieved by the
Mg50Ni50 alloy (387 mAh/g), but its cycle—life performance was very poor. After
nine cycles the discharge capacity was only 35 % of the initial one. Similar
behavior has been reported for MgNi binary alloys by other authors [22, 23].

Investigations on the surface chemical composition of Mg-Ni alloys have been
performed trying to understand their electrochemical performances. Surface and
subsurface analysis of the Mg50Ni50 alloy, by combining X-ray photoelectron
spectroscopy (XPS), Auger electron spectroscopy (AES), and Ar+ sputtering,
indicated that at top surface Mg prevail in oxidized state and Ni in metallic state
[22]. Penetrating the subsurface, there was observed an enrichment of Ni up to
about 60 at %. The good electrocatalytic activity of this alloy was ascribed to this
Ni-rich subsurface layer which could act as a catalyst for the electrochemical
reactions [22].

In a study of Zhang et. al. [23] three different compositions of Mg-Ni amor-
phous alloys were investigated. The larger value for the maximum discharge
capacity was 490 mAh/g for the Mg50Ni50 alloy. The maximum discharge capacity
decreased for larger amounts of Ni (370 mAh/g for Mg40Ni60 and 200 mAh/g for
Mg33Ni67). Conversely, the increase in Ni content improved the cycling perfor-
mance of the electrodes. Surface analyses indicated that Mg prevails in oxidized
state on top surface for all three compositions while Ni remains mostly in metallic
state for the Mg50Ni50 composition. Increasing Ni content resulted in a higher Ni
oxidized/Ni metallic ratio which can be related to the decrease of the maximum
discharge capacity. Moreover, subsurface analyses indicate an increase of the
thickness of Ni subsurface layer for the alloys with larger Ni content.

The aforementioned experimental results on Mg-Ni alloys highlights the necessity
of improving their electrochemical properties, mainly their cycling performances in
order to obtain alloys suitable for practical applications. There are several strategies
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that have been investigated aiming to optimize the electrochemical properties of
Mg-Ni alloys. These strategies can be sub-divided in two main groups:

(i) Modification of surface chemical composition,
(ii) Modification of bulk chemical composition.

The former group comprises all routes where only the surface is modified and
the center of the particle remains unchanged. These routes include all types of
coatings, lixiviation and etching of Mg-Ni particle surfaces.

The second group of strategies comprises modification of chemical composition
in full particles’ volume. This is typically the case of addition of alloying elements
which takes place during the synthesis of the alloy.

Concerning the modification of the surface chemical composition, the modified
surface (usually coated with some type of protective layer) must prevent or
minimize the corrosion of the alloy electrode but can not hinder the absorption and
release of hydrogen. Moreover, the modified surface should present high electro-
catalytic activity and mechanical stability. One of the most investigated methods
of modifying the chemical composition of alloy electrodes is the electroless
deposition which allows the particles of the hydrogen-absorbing alloy to be
completely covered with a metal or compound with good corrosion resistance.
In this technique the coating is performed by immersing the active material
(hydrogen absorbing alloy) or the working electrode in a Becker with a chemical
solution containing the coating precursor (usually salts of the element to be
deposited). Thus the reaction takes place on the surface of the hydrogen storage
alloy in the presence of a reducing agent. For instance, a bath containing CuSO4

(0.16 g/ml) and H2SO4 (pH = 4–5) has been employed for Cu electroless
deposition on hydrogen-absorbing alloy electrodes [24]. The electroless deposition
usually presents improvements on the high rate dischargeability, decreasing of
cyclic degradation, lowering the charge transfer resistance, and lowering the
charge/discharge overpotential in AB5-type alloys [24–27]. But, in the case of
Mg-Ni alloys, the experimental results have not been so promising like those
obtained for the AB5 counterparts. Rongeat et al. [28] performed the electroless
coating of the Mg50Ni50 alloy with a fine and dense chromate coating and observed
a constant discharge capacity of the coated electrode for the first two cycles. After
that, a decay of the discharge capacity similar to that observed for the uncoated
one was reported. This behavior was attributed to the rupture of the coating layer
caused by the huge mechanical stresses on this layer due to the large volume
expansion promoted by hydriding. These explanation is not complete satisfactory
since AB5 alloys also experience pronounced volume expansion due to hydride
formation and their electrochemical performance is improved in a larger extent by
electroless deposition. This highlights that further investigation is still necessary to
understand the different performances attained by electroless coated AB5 and Mg-
Ni alloys.

Another technique for modifying the surface chemical composition of the alloy
electrodes is mechanical coating which consists of dispersing a coating element by
short milling times in a parent Mg-Ni alloy to promote the improvement on its
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corrosion resistance [28, 29]. Differently of electroless deposition, mechanical
coating does not form a compact and continuous layer on the particle surface of the
Mg-Ni alloy. This feature probably makes the coating obtained by this technique
less sensitive to the expansion caused by hydride formation. Conversely, the
particles are not fully protected against the contact with the electrolyte and
protected from corrosion. Figure 4 shows the scanning electron microscopy (SEM)
images of the coating materials used for mechanical coating of a Mg-Ni alloy, the
uncoated (bare) Mg-Ni alloy and Mg-Ni coated alloys [29]. Figure 4a shows the
morphology of the ball-milled bare alloy. This alloy has a relatively equiaxial
particle shape with sizes ranging from 1 to 5 lm. In Fig. 4b and c the micro-
structures of the coating materials can be observed. There is a clear morphological
difference between the coating materials and bare alloy. For the coating materials,
two types of morphologies can be observed: (i) small agglomerates of fine and
rounded particles, in small amount; and (ii) a large amount of flattened particles.
The morphology of Mg-Ni bare alloy is probably due to a equilibrium between
cold welding and fracture events during ball-milling while the morphology of
coating materials suggest a predominance of deformation and cold welding.
Figure 4d and e show the microstructures of the Mg-Ni alloy coated by Ni and
Ni-5 % Al, respectively. The resulting nano composites have similar morpholo-
gies, composed by fine spherical particles. Flattened particles are no longer
observed. This feature can be ascribed to the low fraction of coating materials
(5 wt %) and to an effective coating of the Mg-Ni particles.

Fig. 4 SEM images of (a) ball-milled and uncoated Mg-Ni alloy; (b) Ni coating, prepared by
ball-milling pure Ni granulates; (c) Ni-5 % Al coating, prepared by ball-milling Ni and Al
powders in appropriate stoichiometry; (d) Mg-Ni coated with Ni by mechanical coating; and
(e) Mg-Ni coated with Ni-5 %Al by mechanical coating [29]
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The X-ray diffraction patterns for the coating materials (not shown here)
indicate that Al was only partially solubilized in Ni-Al coating material. The
amount of solubilized Al was estimated to about 2.2 at % [29].

Figure 5 shows curves of discharge capacity as a function of the number of
cycles of bare nanostructured Mg50Ni50 and two coated Mg50Ni50 alloys (one
coated with 5 wt % of Ni and the other with 5 wt % of Ni-Al alloy) [29]. The
coating materials were dispersed by 1 h of further milling in a planetary ball-mill. It
is possible to see that mechanical coating improved both the maximum discharge
capacity and the cycle-life performance of the electrodes, but in a limited extent.
The results indicate that more extensive investigations on processing/coating
parameters are still necessary in order to optimize the electrode performances.

As aforementioned, modifications of the surface chemical composition can lead
to improvements of the electrode performance of Mg-Ni alloys but until now the
best electrochemical results were reported for modifications of the bulk chemical
composition of the alloy electrodes, i.e. addition of alloying elements to the binary
Mg-Ni system. Thus, a number of ternary and quaternary alloys have been
investigated and some of than have showed remarkable improvements on the
electrochemical properties when compared to the binary counterparts. Some of
these metallic elements improve the cycle-life performance of the electrodes while
reducing their maximum discharge capacities. This behavior is observed for
instance for Co, Al, Si, Cu, W, Ti, Mn, among others [28–31]. In a previous report
[31] we investigated the effect of Cr, Co, Nb, Ti, and V additions on the elec-
trochemical properties of the nanostructured Mg50Ni50 alloy. It was observed
increases in maximum discharge capacities for the additions of Zr, Nb, and Cr

Fig. 5 Discharge capacity versus number of cycles of bare, Ni coated, and Ni-5 %Al coated
Mg50Ni50 alloys [29]
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metals, given rise to the ternary Mg45Ni45M10 alloys (where M is the added metal).
Additions of Zr and Nb decreased the cycle-life performance when compared to
the binary alloy while Cr slightly increased this property. These results of
discharge capacity vs. cycling number are shown is Figs. 6 and 7.

Some promising results have been reported for amorphous alloys of the Mg-Ni-
Ti and Mg-Ni-Al systems, which presented a limited decrease of the maximum
discharge capacity and improvements of cycle-life performance [28]. Mg-Ni-V
system also presented interesting electrode performances [32]. In alloys of this
system the same capacity of Mg50Ni50 alloy and improved cycle-life performance
were achieved [32]. In the case of Ti addition, it was observed by surface analysis
the formation TiO2 on top surface of the alloy particles and also decrease in
Mg(OH)2 formation rate [33]. These results indicate a preferential oxidation of Ti
on the surface of the particles creating a thin layer of TiO2. This passive film might
protect the bulk particle against corrosion improving the cycle-life performance of
the electrodes.
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Rare earths have been investigated too as alloying elements for Mg-Ni alloy
electrodes. Huang et al. [34] investigated the effect of Nd addition and reported
that the maximum discharge capacity increased for the alloys with larger contents
of this element. When the amount of Nd was in the range of 10–15 mol %, the
maximum discharge capacity was close to 580 mAh/g. Moreover, the maximum
discharge capacity after 20 cycles of charge/discharge was 80 % of the initial one.
This retained capacity is larger than those observed for Mg-Ni binary alloys. The
effect of La addition on the structure and electrode performance of the Mg2Ni alloy
synthesized by melting-spinning technique (i.e. a technique of rapid solidification
which allows obtaining thin metallic ribbons, in the range of tens of micrometers
of thickness, with metastable microstructures) was reported by Ren et al. [35].
Using the same processing parameters, these authors observed that Mg2Ni alloy
presented a nanocrystalline structure and the addition of La favored the formation
of amorphous phase. This behavior indicates that La addition increased the glass—
forming ability of the Mg-Ni alloy. It was also observed that the increase in La
content improved the maximum discharge capacity and cycle—life performance of
the electrodes.

Noble metals also have attracting attention as alloying elements for the Mg-Ni
alloys. The most investigated of these metals is Pd [36–38]. As a general trend, it
has been reported that Pd additions promoted increase in cycle—life perfor-
mances. To avoid a decay of the maximum discharge capacity, the amount of Pd in
the alloy should be low. As an example, Ma et al. [37] reported improvement in
cycle—life performance by ball-milling (Mg50Ni50) ? 6 mol % of Pd. The
maximum discharge capacities reported for both unalloyed and Pd—added alloys
was almost the same. Similar results were reported by Souza et al. [39] for the
Mg49.5Ni49.5Pt1 (in at %) ball-milled alloy.

Recently, Mg-Ni-based quaternary alloys have been investigated. Depending on
the alloying elements, further improvements can be obtained by these quaternary
systems when compared with the ternary ones. Figure 8 shows the curves of
discharge capacity versus number of cycles for some quaternary Mg51Ti4Ni43M2

alloys (in at %) where M is the alloying element [40]. From these results, it is
possible to observe that the best electrode performances were attained by Pd and Pt
additions. The elaboration of multi-element alloys (i.e., at least four components in
the system) for electrode applications open a wide range of possibilities con-
cerning the designing of microstructures in order to obtain a material with opti-
mized electrochemical properties.

In Fig. 9 the effects of Ti and Pt on the electrochemical properties of the
Mg55Ni45 alloy can be observed [41]. The addition of Pt significantly increased the
maximum discharge capacity and improved the cycle-life of the alloy. A partial
replacement of Ti for Mg resulted in further improvements of these electro-
chemical properties. From these results, one can see that the addition of both Ti
and Pt simultaneous resulted the best electrode performance. Concerning the
cycling stability, the major target of this investigation, the decrease in degradation
rate for these quaternary alloys can be ascribed to different protection mechanisms
acting simultaneously. As abovementioned, Ti decreases the corrosion rate of Mg
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through the formation of a protective layer of TiO2 on the particle’s surface. In the
case of Pt, the protective behavior can be ascribed to a displacement of the
corrosion potential reinforcing the cathodic character of the alloy in a similar way
of that reported for Ti-Pd and Ti-Pt alloys [42, 43].

In other investigation of our group, the effect of partial substitution of noble
metals for Ni in the Mg49Ti6Ni45 was carried out [40]. The alloys were synthesized
by mechanical alloying with nominal composition of Mg49Ti6Ni45-XNMX, where
NM means Pd or Pt and assume values of 2 and 4 at %. The structure of the alloys
was characterized by X-ray diffraction (XRD) and transmission electron micros-
copy (TEM).

Figure 10 shows the XRD patterns of the abovementioned alloys [40]. It is
possible to observe the presence of broadened peaks in all samples due to reduced
crystallite sizes and strain generated by ball-milling. The Mg2Ni and MgNi2
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intermediate phases were identified in all samples while there is evidence of Pt
phase in the alloys containing this element.

Figures 11, 12, 13, 14 show the results of transmission electron microscopy
(TEM) for Mg49Ti6Ni45-xMNx alloys [40]. It can be observed that all alloys
presented microstructures composed of nanocrystalline phases dispersed on an
amorphous matrix. The average crystallite size is bellow 10 nm. In the case of
Pt-containing alloys, the fraction of amorphous phase is apparently larger than that
of Pd-containing alloys.

There was not observed the presence of Pt and Pd—based intermediate phases,
however evidences of these elements in unalloyed state were indicated by XRD
and selected area electron diffraction (SAED).

The curves of discharge capacity versus cycling number for the Mg49Ti6Ni45-

xNMx alloys are presented in Fig. 15 [40]. From these results, it is noticeable the
improvements on the electrode performance of the alloys due to the addition Ti
and Pd/Pt. There are some differences between the electrochemical behavior of the
alloys containing Pd and Pt. In the case of Pd, the increase of this element from 2
to 4 at % resulted in substantial improvement in cycle-life performance but only a
slight decrease of the maximum discharge capacity. In the case of Pt, the
improvement of cycling stability was less pronounced when the amount of this
metal increase from 2 to 4 at %. Moreover, the decrease of the maximum discharge
capacity was more pronounced. These results indicated a better electrode perfor-
mance for the alloys containing Pd, specially the Mg49Ti6Ni41Pd4 one.

Fig. 10 XRD patterns of Mg55Ni45, Mg49Ti6Ni45-xMNx alloys [40]
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Fig. 11 Bright field image (a), dark field image (b), and selected area electron diffraction pattern
(c) of the Mg49Ti6Ni43Pt2 alloy [40]

Fig. 12 Bright field image (a), dark field image (b), and selected area electron diffraction pattern
(c) of the Mg49Ti6Ni41Pt4 alloy [40]

Fig. 13 Bright field image (a), dark field image (b), and selected area electron diffraction pattern
(c) of the Mg49Ti6Ni43Pd2 alloy [40]

Fig. 14 Bright field image (a), dark field image (b), and selected area electron diffraction pattern
(c) of the Mg49Ti6Ni41Pd4 alloy [40]
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3 Concluding Remarks

In the last 10 years the search for new anode materials for Ni-MH batteries was
intensified. The results obtained by quaternary systems having a transition metal
and a noble metal as alloying elements for Mg-Ni—based nanostructured alloys
can be considered very promising but further improvements are necessary to allow
the technological use of such materials. Until now, the number of quaternary alloys
investigated is very small. Moreover, a more detailed understanding of the cor-
relation between the electrochemical properties and microstructures is necessary to
obtain alloys with optimized electrode performances. This goal can be accom-
plished only with systematic investigation of these multi-element alloys and their
mechanisms of degradation. Moreover in quaternary alloys other transition metals
different of Ti need to be investigated, such as Al, Cr and V, among others. One
approach to drive the directions of the investigations in quaternary alloys is to
select alloying elements from those which presented interesting results in ternary
alloys. Furthermore, the study of quaternary alloys with rare earths as alloying
elements instead of transition metals was not explored so far.

There is also a lack of investigations concerning the processing routes of
hydrogen storage alloys for anode applications. The investigated alloys are mostly
synthesized by mechanical alloying and the processing parameters of this route
have not been sufficiently investigated. Moreover, other processing techniques
almost have not been investigated. Only few manuscripts on Mg—based ternary
alloys synthesized by melt-spinning (a technique of rapid solidification for
obtaining amorphous/nanostrutured alloys in form of thin ribbons) have been
reported. Furthermore, new processing techniques of severe plastic deformation
started to be investigated for hydrogen storage alloys applied in solid state
hydrogen storage but almost nothing have been done for electrode applications.
An interesting feature of the techniques of severe plastic deformation is to produce
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alloys with refined grain sizes (nanostructure, in general) but with lower surface
areas than those synthesized by mechanical alloying. Theoretically, this feature
could produce alloys with fast hydrogen diffusion coefficients (due to the large
volume of nano-grain boundaries) and lower corrosion rates than mechanical
alloying counterparts (due to their smaller surface areas).

The abovementioned issues are only few examples on the potentiality of
nanotechnology to create new hydrogen storage materials suitable for anode
applications.
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