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Preface

The worldwide energy demand has been currently addressed by hundreds of sci-
entific published articles, books, newspapers, symposiums, scientific and techno-
logical conferences in the field. Accordingly, to these sources considerable
enhancement on the worldwide energy consumption was projected for reaching the
double and triple in 2050 and 2100 compared with 13 TW (Terawatts) needed
nowadays. The increased global energy consumption with an uncontrollable CO2

emission from fossil energy resource that supply the carbon-based technology is the
challenge facing the humanity in this century. Free-carbon technology is an alter-
native way to produce clean and sustainable source of energy to prevent the urban air
pollution and provide an environmental friendly. To reach this scenario a scalable
and cost-effective methods to design new materials for engineering highly efficiency
free-carbon technologies and fuels must be developed. In this sense, the future
energy demand and CO2 emission control has been part of the governmental pro-
gram worldwide with huge financial support to the academy and industrial to create
and developing technologies to store and produce free-carbon fuels. Early of 2012,
several books on energy topic addressing the main achievements in Europa, USA,
Asia by the leading experts were published. In the year after (2013), the first edition
of the Nanoenergy book edited by springer was launched given an overview of the
main developments in Brazil by leading experts on the energy field. In this context,
motivated by the great interest of the scientific community this second edition of the
Nanoenergy book brings new contributions and updated version of the first edition
chapters regarding of recent progress in renewable, sustainable and clean energy
production and storage. Indeed, the second edition of Nanoenergy book summarizes
the latest advances in material, scalable-cost-effective manufacturing methods and
technology applications by researcher’s experts in major fields of physical, chem-
istry and material science in Brazil related to the energy production with a special
chapter contribution on clean energy storage from a group in France. This second
edition consists in 10 chapters, which six from the first edition were revised or
completely changed to cover the current state-of-art in the area with three additional
new contribution on the hot topic in energy field related to the solar fuel production,
hydrogen fuel storage and wastewater conversion into chemical fuel. The fourth
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initial chapter is focused on the solar energy conversion into electricity via
organic-inorganic or dye sensitizer cells; or hydrogen solar fuel via photo-chemical
and electrochemical process. The followed chapters will address achievements in
materials and devices application on biofuels, development of electrocatysts in
nanoscale for oxygen reduction and ethanol oxidation reactions, lithium-ion,
metal-hydrated and neutralization battery and hydrogen storage using metal-alloys.
The books begin with an exciting critical overview of the classical bulk hetero-
junction device focused on the replacement of the traditional use of fullerene
derivative by inorganic and metal nanoparticles incorporation. The following con-
tribution is focused on the latest achievements on dye-sensitizers which have
allowed to modulate their photochemical and photophysical properties to rise the
solar devices efficiency. The fundamental characteristics, synthetic process, charge
transfer and other aspects are also reviewed. The next two chapter will address the
state-of the-art on direct solar conversion into oxygen and hydrogen gas by using
Earth abundant elements in electrode and suspended form. The experimental
advances, chemical surface and defects, water oxidation reaction (OER) mechanism,
charge transfer models, optical properties, structural effects and morphology design
will be highlighted given an overview of the last decades followed by a critical view
of remaining material and device drawbacks. To keep the multidisciplinary focus of
this book, the next chapter gives an exciting overview of the biocatalytic phenomena
when the enzymes are attached onto a solid platform describing the influence of this
interface on charger transfer, which is the main drawback in this field that need to be
overcome for improve the device efficiency. It will be also reviewed the funda-
mentals of thermodynamic and kinetics of this bioelectrodes till the most important
challenges in miniaturizing this biodevices and developing bio-inspired technolog-
ical systems. The development of electrocatalysts designed in nanoscale will be
discussed in Chap. Developments in Electrocatalystsfor Oxygen Reduction and
Ethanol Oxidation focusing on the main challenges and progress on oxygen
reduction reaction (ORR) and ethanol oxidation reaction for low-temperature fuel
cell application. The recent achievements on performance, charge capacity, most
of the fundamental aspect such as charge transport models, electro-to-chemical
reaction and mechanism on lithium-ion, metal-hydride and neutralization battery
will also be covered on this second edition by followed chaps. Nanocomposites from
V2O5 and Lithium-Ion Batteries to Neutralization Batteries. Assuring that most
of the aspects on energy field will be addressed, the last chapter brings the latest
advances on hydrogen fuel storage by using new ternary intermetallic based mag-
nesium materials introducing the fishing approach, as powerful tool to discover new
magnesium-rich phases materials. This ternary class of material crystalizes within a
new 2D structure leading an original physical property, which are discussed in this
chapter in terms of mechanical, electrical, magnetic and hydrogen sorption.

The editors truly appreciate the efforts and commitment of the current and new
authors to provide revised and extended manuscripts to this second edition of
Nanoenegy book. We hope that this book provides information and guidance to the
students, scientists, engineering, governments and companies interested in devel-
oping zero-emission coal technologies. In other words, all the contributions
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summarize an exciting overview and understanding on nanoscience and nan-
otechnology leading an essential comprehension about the urgency to consolidate
both knowledges to reach the desired technology.

Santo André, Brazil Prof. Dr. Flavio L Souza
May 2017 Prof. Dr. Edson R Leite
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Hybrid Solar Cells: Effects
of the Incorporation of Inorganic
Nanoparticles into Bulk Heterojunction
Organic Solar Cells

Jilian Nei de Freitas, João Paulo de Carvalho Alves
and Ana Flávia Nogueira

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 of the
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
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 costs associated with solar energy
exploration [6]. In order to increase the market share of photovoltaic technology,
considering, for example, the application 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 processing (similar to that
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applied to common plastics), and the possibility of producing lightweight, flexible,
easily manufactured, and inexpensive solar cells. Moreover, the high optical ab-
sorption 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 polymer-based OSC has led to devices with PCE
of *10% [7, 8]. To further enhance the competitiveness of polymeric OSC, the
efficiency and long-term stability remain crucial issues. The photocurrent in these
solar cells is limited by the light-harvesting capability of the polymers used in the
active layer of the device. The synthesis of new small band gap polymers has been
intensively investigated for the purpose of overcoming such drawback [9].
Nevertheless, it remains a complicated matter, since changing the band gap energy
usually changes the energetic value of the highest occupied molecular orbital
(HOMO), which have unfavorable implications on the open-circuit voltage of the
cells. Morphology is also important in this context since it directly affects the
charge transport, and an intimate contact between donor and acceptor materials on a
nanoscale range may be difficult to achieve due to phase separation. A better
understanding of the processes at the nanoscale level, in layer-to-layer interfaces, is
necessary and the exact role of phase separation remains subject of active research.

To overcome some of the drawbacks, different types of acceptor materials have
been applied in the photoactive layer of OSC. When one of the components of the
device is replaced by an inorganic counterpart, these devices are referred to as
hybrid solar cells (HSC). Figure 1 shows the structure and dimensions of nano-
materials 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 can be synthesized
in a great variety of sizes and shapes, according to the desired properties. Usually,
the so-called inorganic “nanoparticles” are structures that present at least one
dimension with size 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 diameter decreases, the
absorption maximum is blue-shifted, as a result of a change in the band gap level
due to the quantum confinement effect. Besides the quantum size effect, inorganic
nanoparticles offer advantage because they can be can be 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. Figure 2 shows examples of metal
nanoparticles with various shapes and sizes, and the absorption characteristics of
colloidal nanoparticle solutions [10].

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
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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 [11–16] and metal nanoparticles [17–22],
as well as other reviews on the application of inorganic nanoparticles in opto-
electronic devices [23–25] can be found elsewhere.

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 from Ref. [24]. Copyright 2008, with permission
from Elsevier
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2 Organic Solar Cells

The first OSC was developed by Tang [26] in 1986. The device consisted of a thin,
two-layer film fabricated from copper phthalocyanine and a perylene tetracar-
boxylic derivative deposited between two electrodes and presented *1% effi-
ciency. Since then, different types of organic materials have been applied in OSC,
such as antracene, perylene, porphyrins, phthalocyanines, fullerenes, carbon nan-
otubes, graphene, oligomers, and conjugated polymers.

Organic semiconductors differ from inorganic semiconductors in many aspects.
The charge carriers generated in a photoactive organic material are not sponta-
neously dissociated but form a bound electron–hole pair (exciton) due to relatively
high-binding energies (of the order 400 meV [27]), 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

Fig. 2 (Left) Transmission electron micrographs of Au nanospheres and nanorods (a, b) and Ag
nanoprisms (c). (Right) Photographs of colloidal dispersions of Au–Ag alloy nanoparticles with
increasing Au concentration (d), Au nanorods of increasing aspect ratio (e) and Ag nanoprisms
with increasing lateral side (f). Reprinted from Ref. [10]. Copyright 2004, with permission from
Elsevier
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semiconductors, enhancing the Coulombic attraction between electron and hole
[28]. Also 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 wave function of the
electron is spatially restricted, allowing it to be localized in the potential well of its
conjugate hole (and vice versa). As result, a tightly bound electron–hole pair
(Frenkel exciton or mobile excited state) is the usual product of light absorption in
organic semiconductors [29]. Therefore, in conjugated polymers at room temper-
ature only approximately 10% of the photoexcitations are spontaneously dissoci-
ated into free charge carriers [30]. The typical lifetime of excitons is hundreds of
picoseconds [31], after which they recombine radiatively or non-radiatively. In
consequence, the power conversion efficiency (PCE) of pure conjugated
polymer-based solar cells is typically low, ca. 1–2% [32]. It is necessary to combine
polymers with a suitable electron acceptor material, to provide an efficient disso-
ciation of excitons and separation of the charge carriers and, therefore, enhance
PCE. The use of an intermixed layer based on two materials with different electron
affinity also allows the transport of the electrons and holes in the separate materials,
with reduced 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 [33]. The small exciton diffusion length
observed in organic semiconductors (i.e., 10–20 nm [34]), leads to the fact that only
the excitons generated near the interface can effectively split. The energetic dif-
ferences 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,
it is important to consider that organic films of the order of *100–200 nm or more
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;
– Diffusion of excitons in the photoactive material toward the donor/acceptor

interface;
– Dissociation of exciton 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 effi-
ciency due to the small interface for exciton dissociation [35]. Bulk heterojunction
(BHJ) OSC, where the two materials are organized in an interpenetrated network,

Hybrid Solar Cells … 5



present an elegant form of minimizing the problems of exciton dissociation. In
1995, it was shown that using this approach the performance of OSC could be
significantly improved [36, 37]. The nanoscale mixture of two components allows
the formation an interface throughout all the film extension and thus, the photo-
generated excitons rapidly split before recombination.

The development of the BHJ architecture and the discovery of photoinduced
electron transfer from polymers to C60 [38] were the breakthrough for the devel-
opment of more efficient polymer-based OSC. The photoinduced charge transfer in
these materials is irreversible and very fast (*45 fs), with efficiencies of *100%
[39], while the recombination process is very slow (on the order of ls-ms) [40].

In a classical BHJ OSC device, indium tin oxide (ITO)-coated glass is used as
conductive, transparent substrate. ITO has a high work function and optical
transparency. This substrate is usually covered with a layer of a commercially
available highly conducting polymer blend of poly(3,4-ethylene-dioxy)-thiophene:
polystyrene-sulfonic acid (PDEOT:PSS). This material increases the work function
of the electrode (the work functions are *4.7 eV [41] and *5 eV [42] for ITO
and PEDOT:PSS, respectively) and smoothen the surface of the substrate for
deposition of the active layer. In contrast, 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 [43]. The selected metal should also provide an ohmic contact
with the semiconductor.

A crucial point for charge separation is the alignment of the energy levels of the
materials at the polymer/fullerene interface. It is energetically favorable when the
energies of the HOMO and the lowest unoccupied molecular orbital (LUMO) of

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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the conducting polymer lie at higher values than the HOMO and LUMO of full-
erene, respectively. This ensures that electrons from the polymer are accepted by
the fullerene, whereas holes remain in the polymer. 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
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 genera-
tion at the interface.

Morphology also plays a crucial role in BHJ OSC [48–52]. An efficient gen-
eration of charges depends on the formation of an 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 that interface to the respective electrode, which is favored by a
certain degree of phase separation. Furthermore, to achieve efficient charge trans-
port, the concentration of the acceptor material (i.e., fullerene derivative) 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 dif-
ferent excitons. Although a large interface is good for exciton splitting, it also
enhances the probability of recombination of the charges. Recombination is also
strongly influenced by unbalanced hole and electron mobility. 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 strong 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 semicondutors with low degrees of impurities, the dark
current can be many orders of magnitude lower than the photocurrent under forward
bias [48].

Hybrid Solar Cells … 7



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 the film morphology (a balance between charge separation,
transport and recombination), as discussed before.

The open circuit potential (Voc) in OSC is directly related to the energy dif-
ference between the HOMO level of the donor and the LUMO level of the acceptor
[55–57]. Scharber 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).

Voc ¼ 1=eð Þ EHOMOðpolymerÞ � ELUMOðfullereneÞð Þ � 0:3V 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 morphologies 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 [56]. 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 [63].
Ramsdale et al. [64] 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 doping of the electrode at different levels [66].

In 2001, Shaheen et al. [67] reported, for the first time, a PCE of 2.5% 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 PCE
was increased to 2.9% [68]. When MDMO-PPV was substituted with poly
(3-hexylthiophene) (P3HT), over 3% of PCE was obtained [69, 70]. The further
increase in efficiency using P3HT was related to the improved light-harvesting and
charge transport of this material in comparison to MDMO-PPV or other poly
(p-phenylene vinylene) derivatives used before [54, 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
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efficiency of such devices [74, 75]. Annealing is considered to contribute to
increase the 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 of the
ionization potential of P3HT [81].

The addition of small alkyl thiol molecules or other additives [82, 83], the use of
low band gap conjugated polymers [9, 84] in combination with PC71BM, and
optimization of device design (i.e., tandem solar cells) [85, 86] further improved the
PCE of these devices to *7% [75, 87–89]. Table 1 summarizes the record PCEs
achieved in the years between 2010 and 2016. There was an expressive enhance-
ment of PCE in the period, from 7.4 to 10.8%, achieved with the use of a low band
gap polymer and an inverted solar cell architecture, and by a control of the
aggregation and morphology of the bulk heterojunction.

3 Semiconductor Nanoparticles in Organic Solar Cells

Considering the application in solar cells, inorganic semiconductor nanoparticles
have interesting characteristics: (i) tunable optical properties; (ii) high extinction
coefficients; (iii) high intrinsic dipole moments, which may contribute to the

Table 1 Highest PCEs achieved for BHJ OSC in the years between 2010 and 2016

BHJ Device configuration PCE (%) Reference

PTB7:PC71BM ITO/PEDOT:PSS/PTB7:PC71BM/Ca/Al 7.4 [88]

PTB7:PC71BM ITO/PEDOT:PSS/PTB7:PC71BM/PFN/Al 8.39 [90]

PTB7:PC71BM ITO/PFN/PTB7:PC71BM/MoO3/Al 9.2 [91]

PBDTTT-EFT:
PC71BM

ITO/PEDOT:PSS/PBSTTT-EFT:
PC71BM/Ca/Al

9.0 [92]

PffBT4T-2OD:
PC71BM

ITO/ZnO/PffBT4T-2OD:PC71BM/MoO3/
Al

10.8 [7]

PTB7-Th:PC71BM ITO/PFN/PTB7-Th:PC71BM/MoO3/Al 10.61 [8]

PTB7-Th:PC71BM ITO/ZnO/PEOz/PTB7-Th:
PC71BM/MoO3/Ag

9.57 [93]

PTB7 poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-2,6-diyl}{3-fluoro-2-
[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}), PC71BM phenyl-C71-butyric acid methyl
ester, ITO indium tin oxide, PEDOT:PSS poly(3,4-ethylenedioxythiophene):polystyrene sulfonate,
PFN poly[(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9–dioctyl-fluorene)],
PBDTTT-EFT poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b′]dithiophene-2,6-
diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)], PffBT4T-
2OD poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3′′′-di(2-octyldodecyl)-2,2′;5′,2″;5″,
2′′′-quaterthiophen-5,5′′′-diyl)], PTB7-Th poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;
4,5-b′]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-
2-6-diyl)], PEOz poly(2-ethyl-2-oxazoline), PDEPB poly(N-dodecyl-2-ethynylpyridinium bro
mide)
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separation of charges; and (iv) multiple exciton generation, i.e., the absorption of
one single photon may lead to the generation of more than one exciton [94–99].
Compact films of inorganic semiconductor nanoparticles also present very high
charge transport characteristics [100].

Hybrid solar cells assembled with the substitution of fullerenes by a vast variety
of inorganic semiconductor nanoparticles, such as CuInS2 [101–110], CuInSe2
[111], FeS2 [112–114], Sb2S3 [115, 116], Bi2S3 [117] SnS [118], Ge [119], InP
[120] and even Si [121], have been investigated as promising alternatives.
Probably, the most used materials in these hybrid solar cells are the CdE and PbE
nanostructures (where E = S, Se or Te) and, therefore, this section will focus on the
results obtained upon the introduction of these materials in polymer-based OSC.

3.1 Cd-Based Inorganic Nanoparticles

In 2002, Huynh et al. [122] combined CdSe spherical nanoparticles of 7 nm and
CdSe nanorods (7 nm � 60 nm) with P3HT and observed that the maximum
incident photon-to-current efficiency (IPCE) value was increased from *20 to
*55% when the nanospheres were substituted by the nanorods. The best device
presented Jsc of 5.7 mA cm−2, Voc of 0.7 V and FF of 40%, with a PCE of 1.7%.
Later, it was found that, by optimizing the solvent mixture used during film
deposition, even higher IPCE values could be obtained [123, 124]. It was also
shown that the use of nanorods instead of spherical particles allows the formation of
a highly connected network of particles homogeneously distributed through the
polymer film, i.e., nanorod/polymer films were found to be more spatially homo-
geneous than the spherical nanoparticles/polymer films [125].

Other CdSe structures, such as tetrapods [126, 127] and hyperbranched
nanocrystals [128] have also been used in combination with P3HT or MDMO-PPV,
resulting in devices with PCE around 1–2%. Sun et al. [128] compared the per-
formance of solar cells assembled with CdSe nanorods or tetrapods and observed
that the branched nanoparticles lead to more efficient devices, because the elongated
and branched particles provided extended electric pathways. For example, charge
separation was found to be efficient if the exciton is generated in a CdSe branch in
direct contact with P3HT. [129] Furthermore, it has been argued that the use of
tetrapods with longer arms aids in a better spatial connectivity, leading to better
charge transport [130]. Dayal et al. [131] used microwave conductivity measure-
ments to show that the increased aspect ratio from dots to rods to tetrapods provides
conduits for electrons to move away from the dissociation sites, thus improving the
generation of long-lived charge carriers.

In 2005, Sun et al. [132] used CdSe tetrapods in combination with P3HT and
films spin-cast from 1,2,4-trichlorobenzene solutions resulted in devices with PCE
of 2.8%, a much higher value than that obtained using films spin-cast from chlo-
roform. The solvent used during film deposition significantly affects the morphol-
ogy, and its manipulation is a key parameter in hybrid systems. In 2003, Huynh
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et al. [124] had already demonstrated that binary solvent mixtures, such as
pyridine/chloroform, could be used to control the dispersion of the nanoparticles in
the polymer matrix. By varying the ratio between the solvents in the mixture, where
pyridine act as a ligand for the nanoparticles, the phase separation could be tuned
from the micrometer scale to the nanometer scale.

In 2010, a PCE of 3.2% was reported by Dayal et al. [133] for a bulk hetero-
junction solar cell assembled with CdSe tetrapods and a low band gap polymer.
The success of this device was attributed to a combination of the advantages of
tetrapods with the improved light-harvesting properties of the polymer PCPDTBT
(poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b0]dithiophene)-alt-4,7-
(2,1,3-benzothiadiazole)]). In 2011, Kuo et al. [134] investigated mixtures of CdSe
tetrapods and the low band gap polymer PDTTTPD, comprising 2,5-di
(thiophen-2-yl)thieno[3,2-b]thiophene and thieno[3,4-c]pyrrole4,6-dione units.
Upon annealing at 130 °C for 20 min, the PCE increased from 1 to 2.9%. The
removal of surface pyridine molecules led to a reduction in the inter-particle dis-
tance, increasing the CdSe packing density, which was presumed to be the
responsible for improving the electron transport. Other authors reported similar
effects using thermal annealing [135–137].

In 2012, an even higher PCE of 3.42% was reported by Celik et al. [138] for a
combination of the polymer PCPDTBT with CdSe nanorods, instead of the tetra-
pods. The improvement was achieved by performing a series of washing steps with
methanol and n-hexane, followed by ligand exchange with pyridine. This procedure
led to the removal of excess free ligands from the surface of the nanoparticles.

Chemical vapor annealing is another post-film deposition treatment that have
been used to tune the surface of the nanoparticles and the film morphology. Wu
et al. [139] used 1,3-benzenedithiol (BDT) to treat CdSe nanorods/P3HT hybrid
films and the devices achieved a PCE of 2.65%. The BDT molecules diffuse into
the film and react with the CdSe surface, replacing bulky alkylphosphonic acid
residual molecules, thus changing the aggregation of CdSe nanorods in the film.

Despite the several reports showing reasonable PCE for devices containing
elongated or branched nanoparticles, there are several attempts to make hybrid solar
cells using spherical CdSe nanoparticles that resulted in low efficiency devices
(PCE < 1%). In 2006, Choi et al. [140] reported hybrid solar cells based on
a mixture of CdSe nanoparticles of 5 nm with P3HT or MEH-PPV (poly
(1-methoxy-4-(2-ethylhexyloxy-2,5-phenylenevinylene)) and obtained Jsc of
2.16 lA cm−2, Voc of 1.0 V, FF of 20% and PCE of 0.05% for the best sample. In
2007, Tang et al. [141] used spherical nanoparticles covered with 2-mercaptoacetic
acid in solar cells in combination with MEH-PPV. The devices delivered Jsc of
only 2.6 lA cm−2, Voc of 0.58 V and FF of 28%. Han et al. [142] used spherical
CdSe nanoparticles crystallized in zinc blend structure, with 4.5 nm of diameter,
covered with 1-octadecene and oleic acid (OA), and combined with the polymer
MEH-PPV in solar cells. After annealing (post-production thermal treatment), the
devices delivered Jsc of 2.0 mA cm−2, Voc of 0.90 V, FF of 47% and PCE of
0.85%. In 2010, Jiang et al. reported a PCE of 0.25% with hybrid films of CdS/
P3HT by the addition of an aromatic acid interface modifier [143]. In 2011, a PCE
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of 0.34% was reported by Chen et al. [144] for a device containing CdS nanoarrays
and MEH-PPV. In 2015, Mohamed et al. [145] reported a device containing 30 wt
% of CdS nanoparticles capped with thiophenol and MEH-PPV, that delivered Jsc
of 0.053 mA cm−2, Voc of 0.34 V, FF of 28% and PCE of 0.01% under
50 mW cm−2 of irradiation. It was considered that the capping agents may not
passivate completely the surface of nanoparticles during the synthesis and, there-
fore, a tendency for aggregation may occur in the films (the surface roughness
increased from 1 nm for a MEH-PPV film, to 27 nm for the composite material).

An expressive PCE of 2% was reached using spherical CdSe nanoparticles in
combination with P3HT in 2010, as reported by Zhou et al. [146]. The authors
achieved that efficiency by treating the nanoparticles with hexanoic acid, which
removed the excess of surfactants accumulated around the quantum dot surfaces.
The acid-treated nanoparticles are expected to exhibit higher efficiencies than
non-treated nanoparticles because the connectivity of the interpenetrating
nanoparticle network is possibly improved by partial elimination of the insulating
ligand shell.

In 2011, Zhou et al. [147] applied the acid-assisted washing procedure to
spherical CdSe nanoparticles (mean diameter of 4.7 nm) capped with different
ligands, in combination with the low band gap polymer PCPDTBT. A PCE of 2.7%
was obtained after optimization of the nanoparticle:polymer ratio, film thickness,
thermal annealing and use of different cathode materials. The same group reported
optimized devices using hexanoic acid-treated CdSe nanoparticles (mean diameter
of 7.1 nm) and PCPDTBT, exhibiting a further improvement of the PCE up to 3.1%
[148]. The size of the nanoparticles affected the efficiency because the larger
nanoparticles might improve the connectivity of the inorganic network. The authors
also showed that mixing spherical nanoparticles with nanorods could be beneficial
for device performance, because the spherical particles reduce the nanorod–nanorod
horizontal aggregation, improving the electron transport in the vertical direction
[149]. In 2012, Fu et al. [149] reported a similar value of PCE (3.09%) for P3HT:
CdSe devices, that was achieved by using n-butanethiol to remove the OA chains
on the surface of CdSe nanoparticles. In 2013, the same group used acetic acid
instead of n-butanethiol for the post-deposition treatment of P3HT:CdSe films, but
found that higher efficiencies were obtained using the previously reported treatment
(with n-butanethiol), because the acetic acid is not strong enough to replace all of
the original ligands [150].

Ren et al. [151] reported a record PCE of 4.1% in 2011, for a hybrid device
using spherical CdS nanoparticles with 4.0 nm of diameter, capped with
n-butylamine, and combined with P3HT nanowires. In what was called grafting
process, polymeric nanowire structures were formed by first dissolving P3HT and
CdS in 1,2-dichlorobenzene and octane, respectively, and then mixing the two
solutions together. The best device fabricated using this method, followed by a
post-production ligand exchange processes using 1,2-ethanedithiol, delivered Jsc of
10.9 mA cm−2, Voc of 1.1 V, FF of 0.35, and PCE of 4.1%. It was argued that,
with this method, phase segregation could be minimized, while the P3HT/CdS
interface is maximized. The formation of bicontinuous donor–acceptor phases and a
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well-defined interface in the hybrid photoactive layer could enhance the efficiency
of charge separation and transport.

A different approach to control the interface and intermixing between the
polymer and the nanoparticles was reported by Dixit et al. [152] in 2012. The
authors obtained BHJ devices by combining P3HT with CdSe(ZnS) core–shell
nanoparticles, starting from a bilayer structure and induced the mixing with thermal
inter diffusion. The optimized device was thermally treated for at 120 °C for 7 min,
delivering Jsc of 1.48 mA cm−2, Voc of 0.62 V, FF of 0.45 and PCE of 5.1% under
8.2 mW cm−2 of irradiation.

A comparison between the reports from different authors reveal that other
parameters, rather than the shape of the nanoparticles (i.e., dot, rod, tetrapod,
hyperbranched, etc.), might be more determinant to the achievement of hybrid
devices with higher efficiencies. Amongst these factors, the surface chemistry of the
nanoparticle, film morphology and the control of the interface between the polymer
and the inorganic material at a molecular level possibly play a more fundamental
rule in these hybrid cells.

Figure 4 shows the structures of P3HT, MDMO-PPV, a conjugated 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

O

O
n

S

n

S n
MDMO-PPVP3HT PFT

TOPO-capped CdSe nanoparticles

Fig. 4 Structures of the polymers P3HT. MDMO-PPV and PFT, and high-resolution transmission
electron microscopy image (scale bar = 50 nm) of CdSe nanoparticles covered with trioctylphos-
phine oxide (TOPO). More information about PFT characteristics can be found elsewhere [153]
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nanoparticles with different sizes are shown in Fig. 5. 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 might 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) [154]. The low Jsc and FF indicated a poor diode behavior for these
systems, probably caused by poor electrical contacts at the interfaces and losses by
recombination during charge transport. Such condition could be caused by a poor
interaction between the polymer and CdSe, with the formation of phase separation
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 [155]. Furthermore, Huynh et al. [155] found that, similar to OSC
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Fig. 5 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 [154]
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cells, the Voc of hybrid solar cells is not directly dependent on the difference of the
work functions of the 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.

Some reports have shown a quenching of the polymer emission by interaction
with CdSe nanoparticles that 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)
[156–160]. Nevetheless, it is generally accepted that the presence of TOPO hinders
efficient charge transfer and might also prevent charge transport through hopping in
the nanoparticle phase (inter-particle charge transport) [161, 162], leading to
devices with low Jsc, FF and PCE. Considering that, many authors have focused on
modifications of the nanoparticles surface, in order to obtain more favorable
interactions of the nanoparticles with the polymers, while trying to minimize the
traps and defects in the surface of the nanoparticle and maximize the dispersion of
the inorganic materials in polymeric matrixes.

Ligand exchange, a routinely used process, is a powerful tool to change the
properties of the nanoparticles. For example, the exchange of TOPO/dodecylamine
with 3-mercaptopropionic acid (MPA) quenches the band edge emission and
enhances the deep trap emission [163], while ligand exchange with EDT or
1,2-ethanediamine significantly improved the exciton dissociation yield and/or
charge carrier mobility in CdSe films [164].

Pyridine has been widely used as capping ligand. These molecules have great
affinity for the CdSe surface and, therefore, easily replace the bulky surfactants
usually employed during the synthesis, such as TOPO, OA and others. The
advantage of pyridine is that the smaller radius of these molecules allow a better
interaction between nanoparticles and polymers, therefore facilitating charge
transfer, which has led to devices with higher efficiencies [23, 159]. On the other
hand, some authors reported that the use of pyridine also leads to the formation of
agglomerates of CdSe, which might damage film morphology [141]. Lokteva et al.
[165] reported the impact of a single or multiple pyridine treatments on the prop-
erties of OA-capped CdSe nanoparticles. 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 cell was
found to be reduced. The authors correlated that fact with the increased aggregation
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.

Several surfactant-free strategies have also been investigated, aiming at the
formation of more favorable interfaces for charge transfer.

Dasgupta et al. [166] investigated the incorporation of nanorods containing a
p–n junction (Cu2S|CdS heterostructure) into a P3HT matrix to form hybrid BHJ
devices. The epitaxial attachment between Cu2S and CdS in the nanorods without
any surfactant at the interface was expected to allow the formation of a depletion
region at the junction between p- and n-sections in each nanorod. Thus, upon
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illumination, charge separation or exciton dissociation would occur at the nanorods
themselves in addition to the conventional polymer:nanorod interfaces. It was
observed that the parameters of solar cells depended on the relative length of Cu2S
in the Cu2S|CdS p–n junctions. In these devices, three different interfaces existed
for dissociation of charge carriers: (1) P3HT:Cu2S, (2) P3HT:CdS, and (3) Cu2S|
CdS. While the former two junctions are excitonic in the nature, the p–n junction is
expected to be the most efficient one in separating charge carriers. On the other
hand, the efficiency of carrier transport through Cu2S and CdS depends on the type
of semiconductor: with an increase in the length of p-section in a nanorod, the
moieties for electron transport is reduced, leading to a decrease in Jsc. Therefore, it
was stated that the relative length of Cu2S in Cu2S|CdS p–n junctions affected:
(i) the relative surface area of P3HT:Cu2S and P3HT:CdS interfaces, (ii) carrier
transport through Cu2S and CdS nanorods, and (iii) the width of depletion region at
the Cu2S|CdS junction. An optimized device performance was achieved with the
Cu2S|CdS (40:60) nanorod junction, with a PCE of 3.7%. This value is higher than
the PCE observed for devices based on P3HT:CdS nanorods (2.4%) or P3HT:Cu2S
nanorods (0.3%). In the optimized device, the increased charge separation process
probably superseded the detrimental effect of decreased electron-transporting
pathways, reaching a balance and improved overall performance.

Another explored approach consists in the formation of Cd-chalcogenide
nanoparticles in situ, by promoting the decomposition of a suitable precursor pre-
viously dispersed in the polymer matrix. Cappel et al. [168] used transient
absorption spectroscopy (TAS) to investigate CdS:P3HT films prepared by in situ
decomposition of a xanthate precursor of CdS and found that the charge generation
via hole transfer from CdS to P3HT is more efficient than charge generation from
P3HT to CdS. The polymer structure (especially concerning the presence of bulky
ramifications) and the nature of the surfactant molecules on the nanoparticle sur-
faces seem to play a major role in the effectiveness of the photoinduced charge
transfer processes in these hybrid systems [160]. TAS has been a tool used in
several reports to prove that efficient charge injection processes indeed occur
between inorganic nanoparticles and conjugated polymers [157, 158, 167].

Wood et al. [168] investigated the evolution of the film morphology during
thermal annealing using in situ resonant Raman spectroscopy, aiming at a simul-
taneous monitoring of the formation of CdS nanoparticles via chemical decom-
position of a Cd xanthate precursor and the changes in the molecular order of a
P3HT matrix. The formation of CdS is fast, reaching completion within 2 min of
heating to 160 °C, while the P3HT shows a corresponding disruption in its
molecular order. This behavior is opposed to the increase in molecular order
observed for thermal annealing of neat P3HT. It is considered that the polymer
could act as a capping agent for the CdS nanoparticles and such interaction would
result in disruption of the P3HT molecular order, as the polymer chains conform to
the CdS surface. It would also lead to increased solubility of the inorganic
nanoparticles in the polymer matrix. Alternatively, the decomposition process itself
may cause localized damage, as some volatile products evolve and pass through the
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polymer film. In either case some degree of polymer disorder should be expected,
and was considered intrinsic to the method.

Some authors reported the preparation of surfactant-free nanoparticles and their
application in solar cells by depositing the hybrid photoactive layer by spray
coating methods [169, 170]. Using this approach, Kumar et al. [171] reported that
the inorganic nanoparticles have great tendency to aggregate, i.e., the average
particle size was found to be 30 nm in their work. Such large aggregates affect the
morphology and PCE of 0.6 and 1.02% was obtained for P3HT:CdS and
PCPDTBT:CdS hybrid devices, respectively.

From a morphology perspective, phase separation is a phenomenon frequently
observed in polymer–nanoparticle hybrid systems, and may lead to the formation of
morphologies where the nanoparticles are organized in “islands” dispersed in a
polymer “sea”. This might cause poor charge transport in the inorganic phase. The
crystallization, interchain interaction and phase separation of active layers depend
on the concentration of the composite mixture and its loading amount [104, 105].

For polymer/CdSe mixtures, optimized photovoltaic responses have been
obtained when 60–90 wt% of nanoparticles were incorporated into the polymer
matrix [129, 171, 172, 223]. The need for a high concentration of nanoparticles is
related to the nature of charge transport in the CdSe phase (high loading is a
necessary condition for achieving a percolation network in the inorganic phase for
charge transport through hopping). Furthermore, the extent of phase separation and
aggregation of nanoparticles increase with the amount of CdSe loading [173].
Another aspect to consider is that, keeping the same concentration of CdSe
nanoparticles dispersed in a polymer matrix, a percolation network is more easily
formed when larger nanoparticles are used [162].

Dowland et al. [174] showed that, as the CdS concentration increases, the size of
P3HT domains is reduced, favoring the migration of excitons within the polymer
phase to an interface, thus enhancing the charge generation yield. A higher con-
centration of the nanoparticles may also result in a more crystalline character and a
higher degree of interconnectivity within the CdS domains. On the other hand, the
hole transport is favored by larger and more crystalline P3HT domains. Therefore, it
was inferred that films with higher CdS concentrations having smaller, less crys-
talline P3HT domains, lead to higher charge generation, but lower photocurrent
extraction. It was also shown that charge generation from P3HT excitons is heavily
dependent on the nanomorphology, while charge generation through hole transfer
from CdS was mostly unaffected by the morphology.

Two elegant approaches have been used in pursuit of CdSe-polymer composites
with more controlled morphologies. The first consists in modification of the
nanoparticle surface via ligand exchange with oligomers [175–177], which should
facilitate the dispersion of the nanoparticles into a polymeric matrix. Sih et al. [178]
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 oligothio-
phenes attached to the surface. Oligothiophene molecules containing aniline also
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have been used to passivate CdSe nanoparticles previously capped with thiol or
carbonyl groups via ligand exchange [179].

The second approach consists of directly grafting the polymers to the
nanoparticle, or grafting of a monomer followed by polymerization [180–183]. To
this end, Zhang et al. [184] 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
nanoparticles in the grafted materials, as well as an improved charge transfer
behavior. Xu et al. [185] performed a similar approach, attaching P3HT to CdSe
nanoparticles via Heck coupling and observed similar improvements in the com-
posite morphology and charge transfer processes. In another example, poly(N-
vinylcarbazole) (PVK) was grafted onto CdSe nanoparticles (CdSe-PVK) via the
atom transfer radical polymerization of N-vinylcarbazole with an OH-capped-CdSe
previously reacted with 2-bromoisobutyryl bromide [186]. 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.

Besides the combination of Cd-chalcogenide nanoparticles with polymers, these
materials have also been widely used as sensitizer [187–193] or co-sensitizer [194,
195] for TiO2 in dye-sensitized solar cells (DSSC). The combination of CdSe with
other nanoparticles, such as CdS [196–198], CdTe [199], ZnS [200] and SiO2

[201], as sensitizers for DSSC has also been shown. The charge injection from
CdSe into the conduction band of TiO2 is a fast, efficient process. Similar behavior
has been reported for CdSe (or PbSe) and ZnO [202, 203]. Efficient charge
(or energy) transfer from CdSe to a series of organic dyes has also been shown
[204–206].

Charge transfer from CdSe to multi-walled carbon nanotubes [207, 208] and
from CdTe to single-walled carbon nanotubes [209], and energy transfer from
CdSe/ZnS nanocrystals to graphene sheets [210] have also been reported. The
ability of TOPO-capped CdSe nanoparticles to absorb light and inject electrons in
C60 was shown by Biebersdorf et al. [211]. Advantage might be taken from these
types of interactions, with application of inorganic nanoparticles in ternary systems
containing bulk heterojuctions of polymer, PCBM and CdSe nanoparticles, for
example [155, 212]. In these ternary systems it is expected that, upon the incidence
of light, both the polymer and CdSe nanoparticles absorb photons and generate
excitons, which could then lead to electron transfer from the polymer to the inor-
ganic nanoparticle or PCBM, and from the nanoparticle to PCBM, or hole injection
from CdSe to the polymer. Hole transport is accomplished by the polymer, whereas
the electrons are transported in the PCBM phase.

Figure 6 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 assembled with the
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binary mixtures PFT/PCBM and PFT/CdSe (4.0 nm) are also presented for com-
parison. 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 the poor light absorption and limited charge transport
observed for the polymer used in the cell (absorption maximum at 430 nm, and hole
mobility *10−6 cm2 V−1 s−1 for PFT [154].

In general, it was observed that Voc increases when CdSe nanoparticles are
incorporated into the PFT/PCBM system, because 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 [155]. 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 contributes
somehow to charge generation processes.

The photocurrent is also dependent on the concentration of CdSe. There is an
optimum condition (CdSe:PCBM 1:1 wt% ratio) at which Jsc is much higher [155].
Considering that the TOPO-capped CdSe has a poor charge transport characteristic,
the improvement of Jsc for a specific concentration of materials was explained as
follows: an increase in the CdSe content leads to an increase in light-absorption

Fig. 6 J–V curves at 100
mW cm−2 (a) and IPCE
spectra (b) of solar cells
(active area *0.1 cm2)
assembled with (square)
PFT/PCBM, (bullet) PFT/
CdSe (size = 4.0 nm), or
ternary mixtures
PFT/PCBM/CdSe containing
nanoparticles with preferential
diameters (star) 2.0 nm,
(black triangle) 3.0 nm, or
(thick line) 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 from
Ref. [214]. Copyright 2010,
Society of Photo Optical
Instrumentation Engineers
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(more excitons are generated and split, since CdSe is expected to inject charges into
PCBM); on the other hand, the decrease in PCBM concentration is detrimental the
electron transport to the aluminum electrode. Therefore, there is a 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 well, as shown in
Fig. 6a. A decrease in Jsc is observed when smaller nanoparticles are used (pref-
erential diameters of 2.0 or 3.0 nm). When larger nanoparticles are used (prefer-
ential 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 PCE
from 0.5 to 0.8%.

In these ternary systems, CdSe nanoparticles may contribute to current genera-
tion in two different ways: (i) increasing the light-harvesting, since this material
strongly absorbs visible light; or (ii) changing the film morphology. The contri-
bution of CdSe for light-harvesting can be seen in the IPCE curves (Fig. 6b). It is
evident that the addition of CdSe increases the IPCE values, and also changes the
curve profile in the higher energy region (below 450 nm). However, if this con-
tribution in light-harvesting was the main effect, the addition of CdSe would lead to
an increase in the Jsc for all the devices, even when using the smaller nanoparticles.
Thus, a morphologic effect is more likely to be the crucial parameter determining
the efficiency of these devices.

The morphology can be seen in Fig. 7, 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. The polymer
concentration was kept constant in all samples. The images show that the mor-
phology of the PFT/PCBM film is very smooth, while for the sample composed of
PFT/CdSe it is much rougher. For each different nanoparticle size the morphology
changes drastically despite the fact that the same material concentrations are used.
The surface becomes rougher as 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 bare 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 bare CdSe. This is an indication that the nanoparticles are distributed throughout
the polymer/PCBM phase and do not suffer extended phase separation at the surface
in the ternary systems.

The morphologic effect in these ternary systems was also observed with
high-resolution transmission electron microscopy (HRTEM) images and optical
microscopy images [155, 213]. The increase of CdSe nanoparticle concentration or
size increases 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 of efficiency after the incorporation
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of CdSe nanoparticles in the PFT/PCBM mixture, especially when larger
nanoparticles are used.

The effects of CdSe incorporation on the morphology of P3HT/PCBM mixtures
were also investigated. Figure 8 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-production treatment: annealing was
carried out in air, for 10 min at 110 °C.

After annealing, the RMS surface roughness of P3HT/PCBM film increased
from 1.6 to 4.4 nm. Most reports show that surface roughness of P3HT/PCBM
films increase after annealing, due to demixing and formation of P3HT crystalline
regions and PCBM aggregates [81, 214, 215]. On the other hand, a few papers
observed the opposite trend [216, 217]. These differences are attributed to different
conditions of film preparation (solvent used, concentration of PCBM, fast or slow
cooling/drying, time and temperature of annealing, etc.) [75, 217, 218]. 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 a stronger phase separation of
CdSe [213].

Fig. 7 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 � 2.5 lm). The scale indicates a 5 nm, b, c, d, e 30 nm, or f 10 nm. Reprinted
from Ref. [214]. Copyright 2010, Society of Photo Optical Instrumentation Engineers
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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 the inorganic nanoparticles. The annealing of the P3HT/PCBM/CdSe
film does not lead to further significant changes in the absorption characteristics of
the polymer in this system.

Interestingly, the incorporation of CdSe into P3HT/PCBM deteriorated the
performance of the solar cells, differently from what was observed for the
PFT/PCBM/CdSe system. Photophysical measurements revealed that the difference
observed for the devices with polymers P3HT and PFT could be associated with
different polymer–nanoparticle interactions [219]. The higher content of thiophene
units in the P3HT polymer contributes significantly to the formation of a charge
transfer 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 not good charge carriers, electrons can be trapped on their

Fig. 8 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 � 2.5 lm)
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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 may act as a trap for most of the electrons from
P3HT. For PFT systems, since this polymer has fluorene units in its segments, the
possibility of formation of a charge transfer 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
electrons. In P3HT/PCBM/CdSe devices, the main interaction is between the
polymer and CdSe, and PCBM molecules remains isolated, not being able to carry
on the electron transport [220].

On the other hand, other reports found an enhancement of the photovoltaic
characteristics of P3HT/PCBM solar cells after incorporation of CdS nanocrystals.
The CdS quantum dots were synthesized with nearly monodispersed size, with
mean diameter around *5.0 nm and capped with OA, and were introduced into the
BHJ OSC based on P3HT/PCBM spin-cast from dichlorobenzene, leading to a PCE
increase from 2.03 to 2.52%, due to the enhancements observed in Jsc and FF
[220]. The improvement of Jsc was correlated to a light absorption enhancement in
the range of 350–550 nm, originated from the intrinsic absorption of CdS and the
light scattering at the interfaces between CdS and P3HT:PCBMd. The authors also
found that, by increasing the CdS concentration, the Jsc decreased. This effect was
attributed to fact that, at high concentration, the agglomeration of CdS nanoparticles
is more expressive, increasing the probability of recombination of the electrons by
traps at the nanoparticles surface.

In 2016, Sharma et al. [221] investigated the incorporation of CdS nanoparticles
synthesized with microwave synthesis into a PTB7:PCBM BHJ OSC device with
an inverted architecture (ITO│ZnO│PTB7:PCBM:CdS│MoO3│Ag). The
length and diameter of the nanoparticles ranged from 10 to 20 nm and 6 to10 nm
respectively, characterizing low aspect ratio nanorods, rather than dots. The authors
observed an improvement of the Jsc and PCE of the device at low CdS concen-
tration (2–4 wt%), while at higher concentrations (6.7 or 10 wt%) the Jsc decreased
significantly. The PCE was enhanced from 6.44% (without CdS) to 7.14% upon
addition of 4 wt% of the CdS nanoparticles in the active layer. The trend observed
in Jsc upon incorporation of CdS was similar to the trend observed for the series
resistance. The initial decrease in the series resistance was correlated to a facilitate
charge transfer from PTB7 to PCBM due to the presence of CdS, by a cascade
mechanism. Further photoluminescence quenching was observed for the samples
containing 2 and 4 wt% CdS in comparison to the sample containing only PTB7:
PCBM, and was considered an evidence of a more efficient exciton dissociation in
the presence of CdS. With UV–Vis absorption spectroscopy was confirmed that
CdS has a poorer light absorption in comparison to PCBM and, therefore, it was
ruled out that the contribution of CdS incorporation to Jsc increase could be mainly
related to an increased light-harvesting. It was also considered by the authors that
the CdS nanoparticles could provide additional interfacial area for charge transfer
and/or charge transport. In such scenario, the addition of higher concentrations of
CdS to the BHJ OSC might lead to agglomeration, which decreases the interfacial
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area, thus being detrimental to the device performance. With AFM was demon-
strated that the RMS surface roughness increased with the increasing CdS
concentration.

Table 2 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 deposited. The presence of bulky capping molecules on the nanoparticle sur-
face, used to prevent aggregation during the synthesis, usually increases the solu-
bility 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.

3.2 Pb-Based Inorganic Nanoparticles

PbS and PbSe nanoparticles have shown great prominence in the development of
photovoltaic devices. As is the case for the Cd-chalcogenide nanoparticles, the
quantum confinement effect in Pb-chalcogenide nanoparticles allows the band gap
energy values to be tuned with nanoparticle size modification, allowing adjustments
in the positions of the valence and conduction bands of the semiconductor. In bulk
PbS, the Bohr radius for the exciton is 20 nm, while for PbSe it is 46 nm, and the
confinement effect begins to appear in nanoparticles with radii smaller than those
values. When the radius of the nanoparticle is significantly smaller than the Bohr
radius, the quantum confinement effect is intense, so that the energy value of the
band gap becomes highly susceptible to the size of the nanoparticle [225–227]. For
example, the band gap of PbS nanoparticles can be tuned over all near-infrared
spectral range due to their large exciton Borh radius, and a bulk band gap of
0.41 eV [228]. Because of these features, PbS and PbSe show the possibility to
extend light-harvesting in photovoltaic devices, and these materials have been used
in hybrid and all-inorganic devices. The use of PbS and PbSe nanoparticles is also
facilitated by the fact that the synthesis processes are often reproducible, with a
fairly efficient size control. Another aspect is the possibility of obtaining
nanoparticles dispersions with high stability. Classical synthesis methods to prepare
Pb-chalcogenide nanoparticles generally use OA as organic stabilizer [229].
However, these oleate ligands are bulky and limit the charge transport and transfer
processes when the inorganic nanoparticles are applied in solar cells.

In 2005, Watt et al. [230] reported the combination between the polymer
MEH-PPV and PbS nanoparticles, obtaining devices with 0.7% of PCE under white
light. In 2006, Cui et al. [231] demonstrated that the absorption of PbSe
nanoparticles in the infrared region could contribute significantly to the photocur-
rent generation. In that work, PbSe nanoparticles with 6 nm of diameter, stabilized
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with oleate ligands, were associated with P3HT and the hybrid solar cells delivered
a PCE of 0.14%. In 2007, other works investigated P3HT:PbSe and MEH-PPV:
PbSe devices, but these hybrid solar cells still presented low efficiencies [232, 233].
Other works reported the use of amines as capping ligands for PbS, but the hybrid
devices also showed low efficiencies [234, 235].

In 2009, Seo et al. [236] developed a ligand exchange method with acetic acid, a
short-chain ligand, for treatment of P3HT:PbS films. OA-capped PbS nanoparticles
were mixed with P3HT for film deposition and then the film was immersed into a
acetic acid solution. FTIR spectroscopy was used to demonstrate that the OA
molecules were replaced with acetic acid. Despite the low efficiencies obtained
(0.01%), a two orders of magnitude enhancement of Jsc was observed for the
devices treated with acetic, in comparison to the untreated devices.

It is noted that, for some time, the hybrid devices based on polymer:Pb-chalcogenide
mixtures presentedmuch lower efficiencies that the hybrid devices containing polymer:
Cd-chalcogenide mixtures. Both type of nanoparticles show light-harvesting features
that could contribute to the photocurrent generation when applied in the active layer of
the solar cells. In fact, the PbS and PbSe nanoparticles show an even more extended
harvesting of the spectrum. Nevertheless, the performance of devices containing these
nanoparticles was significantly lower, revealing that other crucial factors had to be
considered when designing hybrid cells with such materials.

The energy levels are one of the primordial factors for the development of
efficient hybrid devices and are even more sensitive in the case of PbS and PbSe
structures, because of the smaller band gap of these materials. The alignment of the
energy levels at the interface between polymers and inorganic nanoparticles can
facilitate or hinder the electron and hole injection processes. The combination of
conjugated polymers and nanoparticles can form type I or type II heterojunction
structures (Fig. 9) at the hybrid interface, depending on the optical characteristics of
the polymer and composition and size of inorganic materials [237].

Fig. 9 Illustration of the donor–acceptor energy-level alignment in hybrid interfaces: HOMO and
LUMO of polymer donor materials and valence band (VB) and conduction band (CB) of inorganic
nanoparticle acceptors, forming type I or type II heterojunction structures
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Better results in hybrid devices containing PbS or PbSe nanoparticles were
obtained when these materials were combined with low band gap polymers, due to
the formation of favorable type II structures, which promotes more efficient charge
separation and transport processes. The combination between Pb-chalcogenide
nanoparticles and low band gap polymers has provided a better energy-level
alignment, a suitable morphology and a better electron–hole transport balance due
to the high electron and hole mobilities of the materials.

Noone et al. [238] reported hybrid polymer-PbS devices based on three newdonor–
acceptor conjugated polymers combined with butyl amine-capped PbS nanoparticles
with 3 nm of diameter. The polymers used were PDTPQx (poly(2,3- didecyl-
quinoxaline-5,8-diyl-alt-N-octyldithieno[3,2-b:20,30-d]pyrrole)), PDTPPPz (poly
(2,3-didecyl-pyrido[3,4-b]pyrazine-5,8- diyl-alt-N-dodecyldithieno[3,2-b:20,30-d]
pyrrole)), and PDTPBT (poly(2,6-bis(3-n-dodecylthiophen-2-yl)-alt-N-dodecyldith
ieno[3,2-b:20,30-d]pyrrole)). Photoinduced absorption spectroscopy (PIA) indicated
the formation of long-lived polarons in the PDTPQx/PbS films and the external
quantum efficiency (EQE) of the PDTPQx/PbS device was approximately two orders
of magnitude larger than the devices containing the other two polymers. Nevertheless,
a modest PCE of 0.55% was obtained when the PDTPQx:PbS ratio was 1:9.

The development of photovoltaic devices based on inorganic nanoparticles with
higher efficiencies occurred when ligand exchange treatments using thiol molecules
as linkers were carried out after the deposition of the all-inorganic films
(post-deposition treatments) [239, 240]. Inorganic nanoparticles dispersed in a
solvent may easily form aggregates when treated with thiols molecules, and
post-deposition exchange processes can solve this problem, while also promoting
the removal of the bulky original ligands and morphology reorganization. Ligand
exchange processes might enhance polymer–nanoparticle and nanoparticle–
nanoparticle interfacial coupling and improve surface passivation [241].

It is interesting to note that, not only the use of low band gap polymers, but also
a change of the surface characteristics of the inorganic nanoparticles were necessary
to reach appreciable photovoltaic responses in the hybrid devices.

In 2011, Seo et al. [242] used a post-deposition ligand exchange process by
casting EDT on top of hybrid films based on mixtures of PDTPBT with OA-capped
PbS nanoparticles. The device with PDTPBT:PbS delivered a PCE of 2.07%. An
even higher performance was obtained with the insertion of a TiO2 layer on top of
the hybrid film, to promote a more efficient electron transfer and extraction process,
and using PbS nanoparticles with first excitonic peak at 795 nm, reaching a PCE of
3.78%.

In 2012, Zhang et al. [243] investigated a planar junction configuration in an
inverted device structure (ITO/ZnO/PbS/polymer/MoOx/Ag) and demonstrated, for
the first time, that the quenching of the PbS photoluminescence could be attributed
to hole transfer from PbS to polymers. PbS nanoparticles with first excitonic peaks
at 810 or 1020 nm were used and the original oleate ligands were replaced with
BDT by a post-deposition process. PCDTBT and PCPDTTBTT (poly[2,6-(4,4-bis
(2-ethylhexyl)-4H-cyclopenta-[2,1-b:3,4-b′]dithiophene-alt-4,7-bis(thiophen-2-yl)
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benzo-2,1,3-thiadiazole]) were combined with the PbS nanoparticles, forming a
type I heterojunction for PCDTBT:PbS and a type II for PCPDTTBTT-PbS.
Devices without polymer layer presented an average PCE of 1.89%, while the
insertion of a 15 nm-thick PCPDTTBTT layer increased the PCE to 4.22%. In
contrast to PCPDTTBTT, a 21 nm-thick PCDTBT layer reduced significantly the
efficiency values due to a formation of type I heterojunction, which blocked the
hole transport to the electrodes.

Piliego et al. [244] combined PbS nanocrystals and the low band gap polymer
PDPPTPT, poly[{2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]
pyrrole-1,4-diyl}-alt-{[2,20-(1,4-phenylene)bis-thiophene]-5,50-diyl}]. The opti-
mized device (PDPPTPT:PbS ratio 1:9, with post-deposition exchange process with
1,4-benzenedithiol) delivered a PCE of 2.9%.

In 2013, Liu et al. [245] fabricated hybrid solar cells based on the low band gap
polymer PDTPBT and PbSxSe1−x nanoparticles and high efficiencies were obtained.
A donor–(donor:acceptor)–acceptor structure (D-D:A-A) was used and an extra
pure nanoparticle layer was deposited on top of the hybrid film. This strategy can
significantly reduce charge recombination, promoting efficient charge separation,
and transport processes. The best devices delivered a Jsc of 14.66 mA cm−2 and
PCE of 5.50%, the highest efficiency achieved for solution-processed hybrid
polymer–nanoparticle devices. These results were attributed to the high perfor-
mance of the materials, optimization of the polymer:nanoparticle ratio, and mainly
to the vertical D-D:A-A structure.

Nam et al. [246] investigated hybrid devices containing mixtures of PSBTBT
(poly[2,6-4,4′-bis(2-ethylhexyl)dithienol[3,2-b:2′,3′-d]silole)-alt-4,7(2,1,3-benzothi
adiazole)]) with PbSxSe1−x nanoparticles and nanorods. The spherical nanoparticles
were synthesized with *4 nm of diameter and the nanorods with diameters of
4 nm and length of 30–40 nm. A PCE of 3.4% was obtained and was related to the
broad-range absorption of light and to the efficient transport of electrons via aligned
pathways within nanorods interconnected by nanoparticles.

Colbert et al. [247] prepared devices based on a mixture between PbS and the
polymer PDTPQx-HD (poly(2,3-bis(2-hexyldecyl)quinoxaline-5,8-diyl-alt-N-
(2-hexyldecyl)dithieno[3,2-b:20,30-d]pyrrole)) and showed a spectroscopic evi-
dence that the hole transfer produces long-lived charges in hybrid films. At first,
PbS nanoparticles were treated by tetrabutylammonium iodide, and then the
PDTPQx-HD:PbS films were treated with a solution of MPA. The devices deliv-
ered an EQE of 15%. It was observed that both polymer and nanoparticles could
contribute to light-harvesting. However, the contribution of absorbed photons with
energy in the visible region is higher than those with energy in the infrared region.

In 2014, Nam et al. [248] reported hybrid solar cells based on a mixture of
PSBTBT and PbS nanoparticles and obtained values of efficiency of 3.48%. This
photovoltaic performance was correlated with the diameter of the PbS nanoparti-
cles, which allowed the formation of favorable type II heterojunction with donor
material.

In 2015, a PCE of 4.23% was obtained for polymer-PbS devices with
post-deposition treatment with thiol ligands, as reported by Yuan et al. [249].
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The authors investigated a series of new organic donor–acceptor polymers with
varying optical band gap and treated the hybrid films with BDT. For the cell
assembly, a thin layer of PbS nanoparticles was deposited on top of the
polymer/PbS hybrid film, which can act as electron transport layer, reducing charge
recombination, and cover defects on the film surface. The best results were obtained
with the polymer PDBT (poly(dibenzothiophene)) (optical gap of 1.44 eV) and the
polymer:PbS ratio was 1:19 w/w. This work showed the importance of the archi-
tecture optimization for improvement of the device performance.

P3HT is one of the most used polymers in polymer/fullerene and polymer/
Cd-chalcogenide solar cells. However, for some time, appreciable values of effi-
ciency reported for polymer-PbS based photovoltaic devices were obtained when
PbS nanoparticles were combined with low band gap polymers, whereas wide band
gap polymers commonly showed low efficiencies when combined with
Pb-chalcogenide nanoparticles. In 2014, Firdaus et al. [250] investigated
solution-phase and post-deposition ligand exchange methods for surface modifi-
cation of PbS nanoparticles and their application in P3HT:PbS (2.4 nm of diameter)
heterojunctions. The best performance (PCE of 1%) was obtained for
post-deposition ligand exchange using 1,4-benzenedithiol and small-sized PbS
nanoparticles. In 2015, by optimization of the architecture of the device, the average
efficiency was increased to 2.17% [251]. In the same year, Borrielo et al. [252]
applied a post-deposition treatment with EDT on P3HT:PbS (2 nm of diameter)
films and obtained devices with 0.75% of efficiency. An increase of Jsc and PCE
was observed compared to hybrid films containing PbS coated with bulky oleate
ligands. Photoluminescence measurements showed that the incorporation of
nanoparticles promoted a fluorescence quenching of P3HT and, after the EDT
treatment, the quenching was even more intense. The results showed that EDT
treatment promoted a more effective exciton dissociation and transfer to PbS
nanoparticles.

Giansante et al. [253] reported devices based on hybrid films of P3HT-PbS, using
a post-deposition treatment with MPA, reaching PCE values of 3%. The authors
demonstrated that organic ligands influence the interactions between P3HT e PbS,
affecting the morphology of hybrid films prepared from solution. Oleate-capped PbS
showed a uniform distribution in polymer matrix due to the interaction between the
hexyl side chains of P3HT and the aliphatic chains of oleate-capped PbS, whereas
arenethiolate-capped PbS presented a cubic close-packing, resulting from strong
ligand–ligand interactions. Thus, it was concluded that non-covalent interactions
between polymers and nanoparticles influence the morphology of the films and the
efficiency of solution-processed hybrid solar cells. Meanwhile, electron microscopy
images showed that MPA post-deposition treatment did not significantly change the
morphology of P3HT/arenethiolate-capped PbS composites.

Contrasting to that work, it was found that post-deposition treatment with EDT
strongly affects the morphology of hybrid polymer:PbS films, as recently reported
by Alves [254] and illustrated in Fig. 10. The AFM images of hybrid films of
OA-capped PbS combined with the polymers P3HT and PSBTBT, before and after
the application of post-production treatment with EDT, show that the RMS values
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increased significantly after the treatment. The RMS surface roughness values
estimated for P3HT/PbS and PSBTBT/PbS films were 11 and 5 nm, respectively.
After EDT treatment, the RMS increased to 24 and 9 nm, respectively. This fact can
be attributed to a morphological reorganization of hybrid films when the bulky OA
molecules are replaced with EDT, a short-chain ligand, which probably reduces the
inter-particle distance, leading to stronger agglomeration of the PbS nanoparticles.

Besides affecting the morphology, ligand exchange processes also significantly
influence the photoluminescence dynamics of inorganic and hybrid films. Kahmann
et al. [255] observed that the lifetime of PCPDTBT mixed with OA-capped PbS is
similar to that of pristine PCPDTBT, and transient absorption measurements
showed a similar response in the PCPDTBT spectra for both samples. On the other
hand, for PCPDTBT mixed with BDT-capped PbS there was a significant reduction
of photoluminescence lifetime, and a transient absorption signal of long-lived
species was observed. These features were attributed to a more efficient exciton
dissociation at the PCPDTBT/BDT-capped PbS interface and the formation of hole

Fig. 10 AFM images obtained for P3HT/PbS and PSBTBT/PbS films, before and after EDT
post-deposition treatment
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polarons on the polymer and electron transfer to PbS. Choi et al. [256] investigated
the relation between exciton dissociation and inter-nanoparticle coupling in films of
PbS nanoparticles. The ligand exchange process changes the inter-nanoparticle
separation distance, as observed with grazing incident small-angle X-ray scattering
measurements, affecting the exciton dissociation dynamics. OA-capped PbS
nanoparticles films presented an average inter-nanoparticle distance of 4.5 nm and
the resonant energy transfer is the dominant process, whereas in BDT-capped PbS
nanoparticles film the exciton dissociation between neighboring-nanoparticles
occurs via tunneling mechanism.

The role of the polymer is also an important aspect in hybrid devices. Mastria
et al. [257] investigated polymer:PbS devices with the BDT post-deposition treat-
ment, using mixtures of PbS nanoparticles (2.8 nm of diameter) and polymers with
different band gaps: MEH-PPV, P3HT, and TQ1, with absorption spectra spanning
the visible region, and LBPP-4 e PDPP3T, with absorption in near-infrared region.
Despite the fact that the low band gap polymers shows extended light-harvesting
capacities, the best results, with improved photocurrent densities, were obtained
with the wide band gap polymers. The IPCE spectra showed that both materials,
polymer and PbS nanoparticles, could contribute to the photocurrent generation, for
all the hybrid devices studied. Nevertheless, the samples containing wide band gap
polymers presented higher photoluminescence quenching of the polymer signal, as
well as larger PIA signals, suggesting that these polymers could promote more
efficient exciton and charge transfer processes when compared to the low band gap
polymers investigated. For devices based on these low band gap polymers, low
photocurrent densities were obtained due to the less efficient energy and charge
transfer processes, and promotion of the population of midgap trap states.
Therefore, it was demonstrated that the engineering of the polymer energy levels
also has a crucial role in all the process associated to photocurrent generation in
hybrid devices.

The effects of different ligands on the performance of hybrid solar cells was also
investigated, as reported by Colbert et al. [258]. Films of PbS nanoparticles and the
polymer PTB1 (poly[(4,8-bis(octyloxy)benzo(1,2-b:4,5-b′)-dithiophene-2,6-diyl)
(2-((dodecyloxy)carbonyl)thieno(3,4-b)thiophenediyl))) were prepared and sub-
mitted to ligand exchange process with EDT, MPA, malonic acid, or inorganic
halide ions from tetrabutylammonium iodide (TBAI). MPA-treated devices deliv-
ered an average PCE of 2.59%, while the other ligands delivered lower efficiencies
(less than 1.7%). The best results observed for MPA-treated devices were associ-
ated with a substantially higher Voc value delivered by these devices. Transient
photovoltage and charge extraction techniques showed that the ligand exchange
process with MPA promoted longer carrier recombination lifetimes at open-circuit
conditions. These lifetimes were 1–2 orders of magnitude longer than the ones
found for EDT-treated and TBAI-treated devices.

Although the state of the art for hybrid devices is based on devices with
post-deposition ligand exchange of hybrid films, recently Lu et al. [259] reported
the use of PbI2 as a capping ligand for PbS nanoparticles, by exchanging the ligand
prior to the mixture with the polymer and deposition of the hybrid film.
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These nanoparticles exhibited good stability when dispersed in a mixture of
dichlorobenzene and butylamine, solvents in which the polymer Si-PCPDTBT
(poly[(4,4′-bis(2-ethylhexyl)dithieno[3,2-b:2′,3′-d]silole)-2,6-diyl-alt-
(2,1,3-benzothiadiazole)-4,7-diyl]) was solubilized. The device achieved a PCE of
approximately 4.78%, which is amongst the highest values reported for hybrid
devices. Time-resolved photoluminescence spectroscopy indicated that the energy
or charge transfer processes are efficient when PbI2-capped PbS nanoparticles are
used in combination with Si-PCPDTBT.

Table 3 summarizes the PCE values reported for polymer/Pb-chalcogenide
devices by different authors. The best results are presented by low band gap
polymers as donor specie, due to a more appropriate energy-level alignment at the
interface with the quantum dots, and use of very high nanoparticle concentration,
condition required for the percolation networks formation. The problems associated
with these devices are mainly related to the interfaces between the different organic
and inorganic materials and the limitation of charge transfer and transport processes
involving the inorganic nanoparticles. The crystallinity of donor and acceptor
materials at heterojunction interface and traps on the surface of nanoparticles also
are important factors [260]. Due to poor nanoparticle dispersion and aggregation
process in organic solvents, capping ligands on the nanoparticle surface are
required. Ligand exchange process are used to improve polymer–nanoparticle
interactions and nanoparticles surface passivation. Post-deposition exchange pro-
cesses promote better results in devices than solution-phase process. Generally,
solution-phase exchange processes limit the nanoparticle dispersion in organic
solvents, and agglomeration is favored, whereas post-deposition exchange pro-
cesses improve the charge transfer and charge transport process, with morphology
reorganization. In spite of the improvement of hybrid photovoltaic devices in the
last years, the efficiencies achieved remain much lower than those reported for
all-inorganic devices (highest PCE of 11% approximately [261]). The easier mor-
phology control, lower phase separation and deposition of multilayers of
nanoparticle can explain the best results obtained for all-inorganic devices.

4 Metal Nanoparticles in Organic Solar Cells

Similar to the case of inorganic semiconductor nanoparticles, metal nanoparticles
also have 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 size is decreased. These char-
acteristics of metal nanoparticles can be used to change the properties of their
surrounding media. An interesting example is the Lycurgus Cup [262], 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.
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The optical properties of small metal nanoparticles are actually dominated by
collective oscillation of the conduction electrons, resulting from the interaction with
the electromagnetic field. A restoring force in the nanoparticles tries to compensate
for this, resulting in a unique resonance wavelength [263]. These effects are called
surface plasmon resonance [264], and correspond to the frequency of oscillation of
conduction electrons in response to the alternating electric field of an incident
electromagnetic radiation. Figure 11 illustrates this phenomenon. The oscillation
wavelength depends on many factors, including the particle size and shape, and the
local dielectric environment [265–268]. In addition, when nanoparticles are suffi-
ciently close together, interactions between neighboring particles arise. For elon-
gated particles (1D systems), the resonance wavelength depends on the orientation
of the electric field, giving two oscillations, transverse and longitudinal, as illus-
trated in Fig. 11. The longitudinal oscillation is very sensitive to the aspect ratio of
the particles [269], 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 [265, 270, 271].

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 for-
mation of an electromagnetic field in the regions near these particles. If a semi-
conductor is located in the surroundings, for example, the absorption of light by this

Fig. 11 (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. [10]. Copyright 2004, with permission from Elsevier
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material may be increased, resulting in increased exciton generation. Furthermore,
the excitons may split at the interface semiconductor/metal nanoparticle due to the
electromagnetic field. These effects are expected to improve the photocurrent in
solar cells.

Metal nanoparticles have been shown to improve the performance of silicon-
based solar cells [272–282], GaAs solar cells [283], and quantum well solar cells
[284]. For these inorganic devices, the principal method of enhancement is scat-
tering of incident light, which increases light-trapping and, therefore, might 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 mini-
mized. If the nanoparticles are strongly absorbing and/or backscattering, they will
decrease the device efficiency.

The incorporation of Au or Ag nanoparticles in TiO2 [285–292] or ZnO
[293–295] 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 [273, 296], which can be difficult for electrons to
overcome, thus making interfacial charge separation unfavorable. Nevertheless,
electron transfer from Au nanoparticles to the conduction band of TiO2 has been
observed with transient absorption spectroscopy [288, 297]. Photoexcited electrons
can also be 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 [295]. For TiO2 based DSSC, there are a few different mecha-
nisms, which may be considered as candidates for the plasmonic contribution to the
photocurrent [286]:

– Internal plasmon decay into energetic electron–hole pairs in the metal nanos-
tructure, 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 the TiO2 film.

The interactions of Ag and Au metal nanoparticles with many different mole-
cules and materials have been observed, which could 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 of
current under one sun illumination [298]. 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 [299]. Electron transfer was also observed in
Au–CdS core-shell nanocrystals. The as-synthesized Au–CdS nanocrystals
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exhibited superior photocatalytic performance under visible-light illumination
compared to other relevant commercial materials, demonstrating their potential as
an effective visible-light-driven photocatalysts [300].

Remarkable enhancements in the photocurrent action and fluorescence excitation
spectra were observed for porphyrin and phthalocyanine when considerable
amounts of Ag nanoparticles were deposited onto the ITO electrode. Raman scat-
tering measurements suggested the effects of enhanced electric fields resulting from
localized surface plasmon resonance and light scattering on the photocurrent
enhancement [301].

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 [302]. Addition of Au to a blue light emitting polymer also resulted in
enhanced luminescent stability [303]. Parfennov et al. [304] reported that Ag
nanoparticles increased the photoluminescence efficiency by increasing the exciton
decay time of the surrounded fluorophore, while Sarathy et al. [305] observed
fluorescence enhancement of poly(3-octylthiophene) (P3OT) that was 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 nanopar-
ticles 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 [306].

Considering the application in OSC, 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 BHJ active layer.

Au and Ag evaporated films have been widely used as metal-electrodes for
charge collection in OSC [307, 308]. 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 η 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 electro-
magnetic field of the incident light [309].

Electron transfer from metal to C60 was reported [310–312] 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 [310]. On the other hand, some authors consider that this
effect may be responsible for a Voc drop observed when large amounts of
nanoparticles are used, since they might reduce the electron affinity of C60 [328].

The incorporation of metal nanoparticles as buffer layer in OSC is perhaps the
most used approach [313–320]. Chen et al. [315] reported an improvement in
device performance after the addition of various concentrations of Au nanoparticles
into the PEDOT:PSS layer, as shown in Fig. 12. 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 Au nanoparticles solution with the
PEDOT:PSS solution on top of the ITO substrate. The reference device prepared
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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
PCE of 4.19% was obtained using 20% of Au (Jsc = 10.18 mA cm−2,
FF = 69.8%). Further increases in the concentration of the metal nanoparticles 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 followed the
trends of Jsc, as displayed in Fig. 12b. The authors suggested that the surface
plasmon resonance increased not only the rate of exciton generation, but also the
probability of exciton dissociation [315].

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 PCE 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 [316].

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 PCE

Fig. 12 Color online
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 (circle); 10%
(black square); 20% and
(black diamond) 30% Au
nanoparticles solution doping
(black triangle).
b Corresponding IPCE curves
of these devices. Inset
schematic representation of
the device assembly.
Reprinted from Ref. [315],
with the permission of AIP
Publishing
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increased from 3.05 to 3.69%, mainly because of the improved photocurrent den-
sity, as a result of enhanced absorption of the photoactive conjugate polymer due to
the high electromagnetic field strength in the vicinity of the excited surface plas-
mons. Improved IPCE was also observed at wavelength regions longer than
400 nm, related to the surface plasmon resonance band of electrodeposited Ag
nanoparticles [317].

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 a layer of 2 nm of Ag, and, as the film thickness was increased, a downward
trend in Jsc was observed. The PCE was improved from 1.3 to 2.2%. The Voc
decreased slightly with increasing the Ag layer thickness, which was related to a
decrease in the work function of the transparent electrode [318].

Chuang et al. [321] synthesized nanocomposites of Au nanoparticles and gra-
phene oxide, which were applied as buffer layers in BHJ OSC based on P3HT:
PCBM or P3HT:ICBA mixtures. The incorporation of Au nanoparticles into gra-
phene oxide in the buffer layer increased the PCE from 3.26 to 3.98% for P3HT:
PCBM devices, and from 4.02 to 5.05% for P3HT:ICBA devices. The authors
attributed the improved device performance to local field enhancement induced by
the localized surface plasmon resonance as Au nanoparticles with optimized
characteristics (control of agglomeration and concentration) were added to the
buffer layer.

The beneficial effects in photocurrent and device efficiency from the plasmon
resonance of Au, Ag or Cu nanoparticles as buffer layers have also been shown for
OSC assembled with Cu-based phtalocyanines [321–323] and Zn-based phthalo-
cyanines [324]. The exploration of these metals as interfacial layers in tandem OSC
devices assembled with small organic molecules [325, 326] was also shown to be
successful. Yakimov et al. [326] reported significant enhancement in the photo-
voltaic efficiency of a tandem device containing Ag nanoparticles in the middle of
two photoactive layers. The optical intensity near the Ag nanoparticle was signif-
icantly enhanced due to scattering [327].

The incorporation of Au or Ag nanoparticles in the BHJ active layer, on the
other hand, has been less explored, and there has been some controversy about the
effect of metal nanoparticles in BHJ OSC using this approach [327–333].

In 2005, Carroll and Kim [328] reported the incorporation of Au (*6 nm) or Ag
(*5 nm) nanoparticles stabilized with dodecylamine in the P3OT/C60 active layer.
The BHJ was prepared from a chlorobenezene co-solution of all the materials. The
authors showed an increase in the electrical conductivity of the films upon the
incorporation of the metal nanoparticles, observed from the J–V characteristics in
the dark (Fig. 13). 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
aborsption 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
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not observe significant changes in the absorption spectra. The best efficiency was
obtained using Ag nanoparticles.

In 2008, Park et al. [329] added small amounts of Au nanoparticles (3–6 nm) to
the BHJ of P3HT/PCBM. The films were prepared by adding different amounts of a
toluene solution containing the nanoparticles to a chlorobenzene solution of
P3HT/PCBM, and then annealed at 120 °C for 30 min under nitrogen. Contrary to
the work of Carroll and Kim [328], the authors did not observe enhanced dark
conductivity for this system. Under illumination, increased PCE was observed at
small Au contents, which was mainly related to an improvement of the Jsc. Voc and
FF remained almost the same. At a weight fraction of 6.25 � 10−8 Au
nanoparticles/P3HT, about 50% enhancement was shown in PCE (from 1.43 to
2.17%). They attributed the increase in Jsc to improved light-harvesting, although
only a minor change was observed in the absorption spectra.

As illustrated in Fig. 14, there is a small barrier for hole injection at the PEDOT:
PSS contact [329]. Thus, it is considered 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. [330] and Duche et al. [331] investigated the influence of Ag
nanoparticles on the light-absorption characteristics of OSC by theoretical simu-
lations. Shen et al. [330] 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

Fig. 13 J–V characteristics
in the dark of P3OT-C60 solar
cells containing: a Ag and
b Au nanoparticles. Reprinted
from Ref. [328], with the
permission of AIP Publishing
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enhancement factor of 1.56, which should compensate and bring the performance
close to that expected for a much thicker device prepared without metal nanopar-
ticles. Duche et al. [331] 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
40 nm of diameter, in agreement with the high values expected from calculations.

In 2010, Topp et al. [331] investigated the incorporation of different amounts of
P3HT-capped, dodecyl amine-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. Moreover, P3HT ligands strongly bound to Au nanopar-
ticles might lead to direct electron transfer from the polymer to Au. However, the
authors observed a slightly decrease in the device performance (see Table 4) 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 � 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 the results presented were very noisy and
therefore should be interpreted carefully. Since other effects were ruled out, the
authors suggested that the loss of performance in these devices could be explained
by a quenching of the excited state of the polymer in the presence of Au. Phase
segregation was not excluded, although the authors considered that unlikely due to
the strong interaction between the S-containing polymer and Au. OSC assembled
with 3 wt% 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 work better than those
containing P3HT-capped Au nanoparticles. This is in agreement with the proposed

Fig. 14 Energy levels of
HOMO and LUMO of P3HT
and PCBM, and work
function of Au, PEDOT:PSS
and Al. Reprinted from Ref.
[329]. Copyright 2008, with
permission from Elsevier
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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 pyridine-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. [333] demonstrated positive effects arising from the
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 depended on the size of the metal
nanoparticles and the weight ratio of these materials in the BHJ film.

In 2015, de León et al. [334] investigated the incorporation of Au nanoparticles
stabilized with thiols containing a phenyl, biphenyl or terphenyl group, into the
BHJ of P3HT:PCBM. The nanoparticles were synthesized by two different routes,
with or without tetraoctadecylammonium bromide (TOAB) as co-stabilizer. The
aromatic nature of the ligand (thiol) was expected to promote a good interaction
with the organic conjugated mixture. Nevertheless, for almost all of the samples, a
decrease of the device performance was observed in comparison to the reference
cell prepared without Au nanoparticles. The exception was the device containing
the nanoparticles capped with the thiol with terphenyl group, synthesized via the
one-phase method without TOAB, which delivered a PCE of 1.84%, in comparison
to 1.77% obtained for the reference cell. The main effect of nanoparticle incorpo-
ration was related to a change of the morphology of the active layer, being the
changes in optical and electrical properties a consequence of the morphologic
effect.

Table 4 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 4 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 morpho-
logical 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 the morphology of the P3HT/PCBM
system is significantly changed upon incorporation of Au nanoparticles [334].
Figure 15 shows HRTEM images of a P3HT/PCBM/Au system containing 1 wt%
of Au nanoparticles. In Fig. 15a can be seen that the Au nanoparticles are dis-
tributed in the polymer and PCBM domains, while Fig. 15b shows, in higher
magnification, the existence of large PCBM domains/crystallites in the sample.
The PCBM domain shown is estimated to have *40 nm of size. 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
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et al. [335] for P3HT/PCBM unannealed films containing high concentrations of
PCBM, or films containing low concentrations of PCBM and annealed for short
times. These authors correlated the aspect of the PCBM crystallites with the device
efficiency. The size and shape of PCBM crystallites seem to be affected by an-
nealing time and temperature [336], and by the solvent and solvent evaporation
ratio during film deposition [336]. Here, it is suggested that the incorporation of Au
nanoparticles might also affect the crystallization of PCBM.

AFM images in the tapping mode are shown in Fig. 16. The RMS surface
roughness is estimated to be 21 and 26 nm for P3HT/PCBM and P3HT/PCBM/
Au films, respectively, both deposited from 1,2,4-trichlorobenzene. Some authors
have associated the increase in roughness observed in AFM images with a higher

Fig. 15 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)

Fig. 16 AFM images in the tapping mode for (left) P3HT/PCBM and (right) P3HT/PCBM/Au
nanoparticle films
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organization of P3HT chains [75, 81, 218]. Figure 17 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. 17a 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. 17b
(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 [337]. 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 in
the way of the organization/crystallization of both PCBM and P3HT, and this
feature could be responsible for improving or decreasing the device efficiency.

An interesting aspect of these systems, as observed by Contrubia [335], 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 the film are dominated by the characteristics of P3HT,
and remain almost unchanged after addition of Au [335]. These data are in
agreement with the observations reported by Park et al. [329] for X-ray patterns and
absorption characteristics of P3HT/PCBM containing small amounts of Au
nanoparticles.

Fig. 17 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)
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From all the data discussed, it is suggested 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, it is expected that these parameters also 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 to improve the photocurrent and efficiency of solar cells. In this
sense, semiconductor quantum dots, such as CdSe or PbS, 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
the active layer of 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. It is clear that the morphology of the hybrid films
plays a key role in the route to achieve devices with higher efficiencies. Several
reports present evidences that the morphological effects influence the charge carrier
generation and transport, therefore affecting the photocurrent of these devices. If the
formation of a percolation network of nanoparticles at high loadings could be
achieved at a more controlled condition, without or with minimum phase segre-
gation, would also be beneficial for these systems, especially because it would
contribute to a better control of the device parameters and to the reproducibility of
the results. Thus, efforts contributing to increase the solubility/miscibility of organic
and inorganic counterparts is encouraged.

There are also other parameters to be considered, as optimization of the mor-
phology alone might not be sufficient to produce hybrid polymer/nanoparticle
devices with efficiencies similar to those achieved for polymer/fullerene devices.
The presence of traps on the nanoparticle surface, either by incomplete ligand
coverage or by oxidation, can also affect charge generation and charge transport,
therefore increasing charge recombination. Furthermore, in the case of semicon-
ductor nanoparticles, the alignment of energy levels between donor and acceptor
species is also a fundamental aspect affecting the performance of photovoltaic
devices, thus the development of new polymers and the synthesis of nanoparticles
with different sizes are frequently used approaches in the pursuit of higher effi-
ciencies. An interesting approach that has received growing attention is the
incorporation of quantum dots in polymer/fullerene mixtures. In such ternary
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systems, the inorganic nanoparticles may contribute to light-harvesting and to the
generation of free charge carriers, while also play an important role in the extend of
phase separation between the polymer and fullerene derivative.

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 active layer, attributed to an
enhancement of charge carrier transport. On the other hand, other authors found that
the incorporation of these materials decreased device efficiency. The morphology
effect induced in the solar cell active layer by these nanoparticles is an important
parameter, which should be further explored and investigated, since it may clarify
the reasons for different performances found in such devices. Meanwhile, the use of
metal nanoparticles as buffer layers under the active layer has been presented as a
way of exploring the optical and electronic properties of these materials in organic
solar cells.

The results discussed here show that hybrid solar cells are complex systems.
There is plenty room for optimization of the devices and materials, and the study of
fundamental phenomena occurring in these systems continue to be necessary for a
bright future. Moreover, advantage can 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. Efforts in the pursuit of a new generation of devices, with different
architectures and/or exploring the combination of several layers and novel materials
are welcome to the field.
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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,
Andressa Vidal Müller and André Sarto Polo

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 up to 14%
and it is estimated to last around 20 years. Besides the economic advantages, these
devices can be transparent, which allows their use for distinct architectonic pur-
poses such as facades of buildings. DSSCs are based on a nanocrystalline meso-
porous 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 paper 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 2016, are also reviewed.

2 Introduction

The use of fossil fuel based technologies is the major responsible for the continuous
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
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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 performance 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 arrange-
ment [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 year 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 device, 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 con-
struction 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 Wpeak) [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 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 photoelectrochemical
parameters published for these compounds since 2003 will be reviewed and
discussed.
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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 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].

Fig. 1 Schematic
arrangement of a
dye-sensitized solar cell
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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.

3 Current–Voltage (I � V) Curves

Current–voltage curves allow the access to one of the most important information
about the prepared solar cells, the overall efficiency, η. 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, I � V curves
determined experimentally for dye-sensitized solar cells are similar to the schematic
one, Fig. 2.

Short-circuit current density, JSC, and open-circuit potential, VOC, are the values
determined by the intersection of I � V 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 I � V curve
and can be graphically expressed as the area covered by the orange rectangle in

Fig. 2 Schematic current–
voltage curve
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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. 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 Pmax mWcm�2ð Þ
JSC mA cm�2ð Þ � VOC Vð Þ ð1Þ

Under simulated solar irradiation condition, (1 sun = Pirr = 100 mW cm−2), the
overall efficiency, ηCell, 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.

gCell% ¼ Pmax

Pirr
� 100% ð2Þ

4 Photocurrent Action Spectra

Photocurrent action spectra exhibit the photoelectrochemical behavior of solar cells
as a function of wavelength. For each wavelength, the incident photon-to-current
conversion efficiency, IPCE, can be determined and the spectra are valuable 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.

IPCE kð Þ 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.

IPCE% kð Þ ¼ 1239:8 � JSC mA cm�2ð Þ
Pirr mWcm�2ð Þ � k nmð Þ

� �
� 100% ð4Þ
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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, ηEC, Eq. 5 [37]. The simple
measurements, such as JSC and Pirr allow the access to important information such
as the electron injection quantum yield.

IPCE kð Þ ¼ LHEUEIgEC 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 important information for designing
new sensitizers.

4.1 Molecular Engineering

The design of new dye-sensitizers is based on joining in just one specie components
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 in 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 semicon-
ductor interface.

The first DSSC that exhibited η > 10% employed cis-di(isothiocyanato)bis-(2,2′-
bipyridyl-4,4′-dicarboxylic acid)ruthenium(II), N3, as dye-sensitizer [38]. After this
dye, the complex mer-tri(isothiocyanato)(2,2′,2″-terpyridyl-4,4′,4″-tricarboxylic
acid)ruthenium(II), black dye, was prepared and also successfully used as sensitizer
[39], Fig. 3.
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Fig. 3 Structures of the N3 (a) and black dye (b) sensitizers
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Due to the outstanding performance ofN3 and black dye as dye-sensitizers, they can
be used as models for molecular engineering of new dyes. Their chemical attachment
onto TiO2 surface occur through the carboxylic acid groups of the 2,2′-bipyridine or of
the 2,2′,2″-terpyridine ligands. Particularly, the 4,4′-dicarboxylic acid-2,2′-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 wave
function and the semiconductor conducting band. Its lowest unoccupied orbital,
LUMO, is the lowest one of the coordination compound and facilitates an efficient
electronic transfer from excited dye molecules to 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 pro-
tonation of the carboxylic acids of the ligand. These changes are directly respon-
sible 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 consequence, 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 incident 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.

5 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
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Fig. 4 Structure of N719
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complexes have been gaining attention on the last years due to the possibility of
modulate their properties, just changing one of the polypyridinic ligands. This
approach is very interesting for the development of new sensitizers.
A comprehensive review about these compounds was also published in 2016 [50].

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 2,2′-bipyridine
derivatives and 1,10-phenanthroline derivatives, even that several other compounds
of this general formula are known [34, 51–53].

5.1 2,2′-Bipyridine Derivative Ligands

The search for high-efficiency ruthenium(II) dyes is focused on the development of
complexes having high molar absorptivity, mainly in visible and near infrared
region [54, 55]. A good light harvesting yield and a reduction on the film thickness,
which imply reduction of transport losses in the nanoporous environment, result in
higher open-circuit potentials and more efficient devices [56, 57]. Another approach
is the development of dye-sensitizers capable of improving the lifetime perfor-
mance of a dye-sensitized solar cell.

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

6 Amphiphilic Compounds

In 2003, a thermally stable DSSC was disclosed employing the amphiphilic Z907
sensitizer. Using this dye it was possible to prepare stable devices under prolonged
thermal stress at 80°. However, the molar extinction coefficient of this sensitizer is

N
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Ru

O OH
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Fig. 5 General structure of
cis-[Ru(dcbH2)(L)(NCS)2]
dyes
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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 [58]. 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, 59–62]. The absorption properties as
well as the performance parameters determined for ruthenium tris-heteroleptic
complexes having amphiphilic derivatives of 2,2′-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 com-
plexes 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% [60]. The advantage of these compounds is
their long-term stability. These amphiphilic heteroleptic sensitizers have the
ground-state pKa of 4,4′-dicarboxy-2,2′-bipyridine higher than determined for N3,
enhancing the chemical adsorption of the complex onto the TiO2 surface [61, 70,
71]. The structure of amphiphilic ligands decreases the charge density on the
sensitizer, resulting in less electrostatic repulsion and higher amount of dye
adsorbed. The hydrophobic substituent of 2,2′-bipyridine does not allow the pres-
ence 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 com-
parison to the N3 sensitizer, increasing the reversibility of the ruthenium III/II
couple, leading to higher electrochemical stability [61, 70, 71].

7 Donor Antenna Compounds

Complexes prepared with donor antenna substituents of 2,2′-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, Table 2.

There are a few investigations on the use of p-excessive heteroaromatic rings as
end groups in substituted bpy ligands [43, 44, 72]. The use of conjugated
p-excessive heteroaromatic rings as end substituents donors directs the electron
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injection in the excited state and enhances the oscillator strength resulting in sig-
nificant increases in the short-circuit photocurrent [55].

The higher molar absorptivity in the visible region can be understood by the
influence of the different delocalized 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 [57].

8 Thiophene Compounds

Ruthenium(II) sensitizers having 2,2′-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 [57], 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 improves the 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 sensitizer 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 con-
sistent with the electropositivity trend and the size of the heteroatoms of
five-member conjugated units. The LUMO energy sequence of the spectator ligand
is O > S > Se, which explains this behavior [72].

Another important dye employing thiophene derivatives is CYC-B1, which exhi-
bits a remarkably high light-harvesting capacity of up to 2.12 � 104 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 photovoltaic performances
[45, 46, 77, 78].

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 desirable
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 [80]. 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].
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8.1 1,10-Phenanthroline Derivative Ligands

Besides 2,2′-bipyridine derivatives, 1,10-phenanthroline and its derivatives are
gaining attention to be used in cis-[Ru(dcbH2)(L)(NCS)2] sensitizers. Their simi-
larity to 2,2′-bipyridine and the advantage of having an extended p-conjugated
structure led to a great potential to be employed as ancillary ligands [81]. This 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 the
DSSCs performances, which have shown promising results [48, 82, 83].

The comparison on the properties of the complex NOK-1 [83] with N3 indicates
that the substitution of the 2,2′-bipyridine derivative by 1,10-phenanthroline does
not exhibit better performance or absorption properties. On the other hand, the
complexes YS5 and AVM-2 exhibit higher absorbance and also had better per-
formance than the complexes N719 and N3 under the same conditions [48, 86],
indicating that this is a promising class of compounds to be investigated. Their
higher efficiency was ascribed to an enhancement of electron injection. This effect is
due to the reduction of dihedral angle between phenantroline and its substituents
(phenyl or carbazole) on the excited state, allowing the electron injection through
the thermalized triplet excited state.

9 Natural Dyes

Faster, cheaper, low-energy way alternative for ruthenium sensitizers are natural
dyes and these compounds have been gaining much attention. Natural dyes can be
obtained from fruits, flowers, or leaves and are suitable for educational purposes
[91–93] or are an environmentally friendly alternative for dye production since a
long-term stability of DSSC using these sensitizers has been demonstrated [94].

On the last years, these natural dyes solar cells experienced a great transfor-
mation, focusing on alternatives to improve the performance of such DSSCs [95–
102], and special attention is given for dye cocktails [103–106] or co-sensitization
approach [107]. There are also several papers describing the use of natural dyes in
solid, or quasi-solid, solar cells [108, 109] or using semiconductors such as ZnO
[110–112] in such DSSCs, as well as their use on investigations of electron
injection/recombination processes. In this chapter, it is presented only the results
reported on natural dye-sensitizers used in DSSCs having TiO2 as semiconductor
and liquid mediator.

The absorption properties and photoelectrochemical performance of natural
dye-sensitized solar cells reported since 2003 are listed in Table 5.
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The most investigated classes of natural dyes are the anthocyanins, commonly
found in red-purplish fruits or flowers; or betalains, Fig. 6. Besides these com-
pounds, other sensitizers have also been investigated [148].

Betalain from raw beet, red turnip, and wild sicilian prickly pear have also been
used as natural sensitizers and they have presented a good photoelectrochemical
response, however these cells have low VOC, with overall efficiency up to 1.7% and
reasonable stability [138]. It was also observed the improvement on the photo-
electrochemical performance due to changes on pH as well as in the presence of
additives in the mediator layer [122].

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. Several reviews were published and
describe the performance of these other classes of dyes along to those presented
here [149–153].

10 Conclusion

The energy needs will be supplied by alternative sources and dye-sensitized solar
cells are one of the most promising devices for this application since they are cheap
and environmentally friendly. The investigation of dye-sensitizers is fundamental
issue on the development of these devices and one of the most promising alter-
natives 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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Photocatalytic Water Splitting
by Suspended Semiconductor Particles

Renato V. Gonçalves, Heberton Wender, Sherdil Khan
and Mauricio A. Melo Jr.

1 Introduction

The alarming prospect of climate change and the accelerated global warming urge
the humankind to shift the energy focus to sustainable, carbon-free, and renewable
energies. Hydrogen with a high-energy yield of 122 kJ/g, which is 2.75 times
greater than hydrocarbon-fuels that can be used in fuel cells to generate power, has
been considered a powerful and clean fuel without toxic emissions [1–5]. However,
the industrial processes to produce hydrogen itself are not environmental friendly,
because ca. 96% of the world hydrogen production involve fossil fuels (natural gas,
oil and coal) consumption. Within this context, clean hydrogen production through
photocatalytic water splitting has been recognized as an exceptional route to pro-
duce hydrogen. Photocatalytic hydrogen production via water splitting was reported
for the first time in 1972 by Honda and Fujishima using a rutile titanium oxide
(TiO2) photoanode in a photoelectrochemical setup [6]. After the first report, var-
ious photocatalytic materials have been developed to enhance the efficiency of the
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hydrogen production from water [2–5, 7–15]. Photocatalytic water splitting can be
achieved in two types of configurations

(1) Photoelectrolysis by using semiconducting electrodes in a photoelectrochemi-
cal (PEC) cell.

(2) Photolysis by utilizing semiconducting powder suspension in aqueous
solutions.

In a photoelectrolysis configuration, two electrodes are immersed in an aqueous
electrolyte, one of which is the photoelectrode and the other is the counter electrode
that is usually a Pt wire [16, 17]. On the other hand, the photolysis configuration
consists of suspended particles; each of that acts as a microelectrode performing
oxidation and reduction reaction on its surface. Both configurations are promising
for H2 production from water; however, photolysis is considered much simpler and
less expensive as compared to the PEC systems [18–21].

The overall water splitting reaction is an uphill reaction in which Gibbs free
energy increases by 237.2 kJ mol−1, as shown in Eq. (1) [22]

2H2O ðliquid) ! H2ðgasÞþ 1
2
O2 ðgasÞ; . . .DG0 ¼ þ 237:2kJmol�1 ð1Þ

The energy required to drive water splitting can be provided through solar light.
In solar water splitting, a photocatalyst immersed in aqueous electrolyte is usually a
semiconductor absorbing wide range of solar light. The theoretical minimum
semiconductor band gap energy for water splitting is 1.23 eV that corresponds to
light of about 1010 nm indicating that visible light possesses enough energy for the
water splitting. Thus, suitable photocatalyst materials are required to absorb sun-
light with photon energy of 1.23 eV or higher to transfer energy to water molecule
and promote two half reactions, as shown in Eqs. (2) and (3).

2Hþ þ 2e� ! H2 gð Þ; DE0
red: ¼ 0VNHE reduction half reactionð Þ ð2Þ

2H2O lð Þ ! O2 gð Þþ 4Hþ þ 4e�; DE0
ox: ¼ 1:23VNHE oxidation half reactionð Þ

ð3Þ

The electronic band structure of a semiconductor material (photocatalyst) plays a
key role in the photocatalytic water splitting. The minimum energy required to
excite an electron from the valence band into the conduction band level of a
semiconductor is called band gap (Eg). To achieve overall water splitting, the
valence band level (VB) of the semiconductor should be more positive than the
redox potential of O2/H2O (1.23 V vs. NHE), while the conduction band level
(CB) should be more negative than the redox potential of H+/H2 (0 V vs. NHE) [15,
23]. Figure 1 illustrates the basic principle to split water to H2 and O2 using
sunlight on semiconducting suspended particle photocatalyst.

The overall photocatalytic water splitting reaction is a four-electron process and
can be summarized in three fundamental steps
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(i) Light absorption and the generation of electron–hole pairs;
(ii) Charge separation (electron–hole pairs) and transportation;
(iii) Surface redox reaction.

Upon illumination with energy greater than the band gap (Eg) of the semicon-
ductor, electrons in the valence band (VB) are excited to the conduction band
(CB) leaving holes in the VB. The photogenerated electrons and holes that do not
exhibit recombination will move toward the photocatalyst surface where they
reduce and oxidize the adsorbed water molecules, respectively.

In general, an undesired charge recombination of photogenerated electrons and
holes can occur before their migration to the active sites on the surface of the
photocatalyst. The charge recombination is often considered as a main limiting
process for the loss of efficiency in water splitting reaction [15, 22]. Photogenerated
charge carriers can recombine through radiative or nonradiative processes with a
recombination time of the order of 10–100 ns (nanosecond), which is around 10
times (or more) faster than the time they take to reach to an adsorbed water
molecule on the surface of the photocatalyst [11, 24, 25].

In order to overcome the charge recombination, photocatalyst semiconductor
materials can be prepared with high crystallinity to suppressed impurities or crystal
defects. Generally, the reduction of impurities and surface crystal defects can inhibit
electron–hole recombination and enhance the charge carrier mobility. Another way
to suppress the charge recombination and enhance the photocatalytic activity is
decreasing the photocatalyst size dimension [11]. The electron–hole diffusion
length in nanosized dimension is shorter than in bulkier materials; therefore, the
photogenerated charge carriers can easily be separated and reach the surface of the
photocatalyst to reduce (H+/H2) and oxidize (O2/H2O) water molecule adsorbed on
actives sites [11, 26].

Another important approach to reduce charge recombination is the deposition of
well-dispersed cocatalyst in the form of nanoparticles on the surface of semicon-
ductor photocatalysts, which could improve the charge separation in order to

Fig. 1 Schematic steps of
water splitting by a
semiconductor photocatalyst
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prevent electron–hole recombination, as well as to create active sites to improve the
water splitting performance. Cocatalysts materials loaded on the surface of semi-
conductor photocatalysts can act as active sites for reduction half reactions, oxi-
dation half reactions as well as dual cocatalyst for both reactions [27–30]. Several
cocatalysts such as RuO2, CoPi, and IrO2 have been reported as materials that trap
photogenerated holes to create oxidation sites for O2 evolution reaction [30–37].
Noble metals, such as Pt, Pd, Au, Rh, and Ru are widely used as cocatalysts to
create metal–semiconductor heterojunction to introduce active sites and accelerate
the proton reduction reactions in photocatalytic H2 evolution. Among all these
noble metals, platinum has been the most widely used cocatalysts to create a metal–
semiconductor heterojunction due to its larger work function, high chemical sta-
bility, and lowest overpotential for H2 evolution [28]. Figure 2 shows a simplified
scheme of the semiconductor photocatalyst (heterojunction) loaded with noble
metals nanoparticle cocatalyst for H2 production.

As illustrated in Fig. 2, when noble metal nanoparticles and semiconductors
contact each other, a Schottky barrier is formed at the metal–semiconductor
interface and charge is transferred so that the Fermi levels equilibrate. Under light
irradiation with energy greater than the band gap values of semiconductor, the
photoexcited electrons on the CB are transferred toward to metal NPs, which serves
as trap centers to reduce the charge recombination and thus improve the proton
reduction to form H2 molecules, while holes on the valence band (VB) migrate to
surface of the photocatalyst to oxidize H2O to form O2 [27, 28].

A variety of preparation methods for the synthesis of cocatalyst nanoparticles
have been developed. The most popular chemical and physical approaches include
chemical reduction, impregnation, photodeposition, laser ablation, and magnetron
sputtering [38]. An appropriate amount of cocatalysts on the surface of photocat-
alyst plays an important role to accelerate the photocatalytic water splitting reaction.
Figure 3 displays a trend on the loading of cocatalyst and photocatalytic activity.

As shown in Fig. 3, the photocatalytic activity is strongly influenced by the
amount of the cocatalyst loaded on the surface of a photocatalyst. The photocatalyst

Fig. 2 Mechanism of solar water splitting on metal-semiconductor heterojunction
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can be loaded with an optimal amount of cocatalyst to achieve the highest photo-
catalytic activity (volcano-type curve). Increasing the loading of cocatalyst on the
surface of photocatalyst up to an optimal amount is benefit to promote the sepa-
ration of photogenerated electrons and holes, leading to an enhanced photocatalytic
activity for water splitting reaction. On the other hand, the higher amount of
cocatalyst than that of an optimal value can drastically decrease the photocatalytic
activity for water splitting reaction. An excessive loading of cocatalyst on the
surface of photocatalyst could decrease the photocatalytic activity mainly due to

(i) Cocatalyst covering the active sites for redox reactions;
(ii) Cocatalyst shielding the surface of photocatalyst for light absorption;
(iii) Formation of cocatalyst with large particle size and resulting in the

decreasing of surface area;
(iv) High concentration of particles leads to the introduction of charge recom-

bination centers and the decreasing of the photocatalytic activity [28].

2 An Overview of Semiconductor Materials Applied
to Solar Water Splitting

The solar water splitting reaction using a semiconductor powder dispersed in water
solution is one of the promising pathways to split water and consequently to
generate a clean fuel by converting photochemical energy into hydrogen. The
semiconductor material used for this purpose is of key importance since all the

Fig. 3 Influence of cocatalyst loading amount on the photocatalytic activity [28]. Reproduced
from Ref. [28] with permission from the Royal Society of Chemistry
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process begins with photon absorption and every secondary step strongly depends
on the semiconductor properties. In this section, we will highlight the most used
semiconductor materials for photocatalytic water splitting (PWS), that is, without
using bias—only with the powder suspended in solution.

Without a shadow of doubt, the most widely used material for PWS reported up
to date is TiO2. TiO2 is an n-type semiconductor with a band gap of about 3.2 eV
[39]. Since the discovery of water photoelectrolysis using TiO2 photoelectrodes by
Honda and Fujishima in 1971, many materials are being extensively investigated in
the search for efficient photocatalyst systems for PWS. According to Kazunari
Domen and coworkers, sunlight spectrum can be divided in terms of three main
components with distinct wavelengths accounting for 4, 53 and 43% of the total
solar energy which are, respectively the ultraviolet (UV) rays (k < 400 nm), visible
light (400 < k < 800 nm) and infrared rays (k > 800 nm) [40]. In this way, TiO2

and many other materials with band gap greater than 3.1 eV such as ZnO, Ta2O5,
ZrO2, NaTaO3, SrTiO3, LiTaO3, K4N6O17 absorb only 4% of the total energy from
the sun and, in the case of a technological application contemplating an industrial
device or process, their use would not be self-sustaining and economically viable.
The infrared radiations do not have sufficient energy to generate electronic transi-
tions of interest for photocatalysis; therefore, we will dedicate the next two sections
to highlight UV or visible light active photocatalysts.

2.1 UV Light Active Photocatalysts

UV light accounts for only a small portion of solar energy; however, several works
still focus on using wide band gap semiconductors because their ease to prepare,
low cost, stability over long period of time and properties that match thermody-
namic requirements for water splitting. Some review articles cover the relevant
literature until now which are strongly recommended for reading [15, 26, 40–51]. It
is important to mention that UV active photocatalysts for PWS are mainly based on
transition metal oxides with empty d orbitals and consequently low valence band
energies, e.g., TiO2, V2O5, and Nb2O3 [26]. Due to the high electronegativity of
oxygen atoms the metal oxides are very stable, however, absorbs a very narrow
portion of the solar light and need high power UV light sources to work [51].

The most commonly explored strategies to improve the photocatalytic activity of
UV light active photocatalysts are: (i) doping with an external ion such as N, S, etc.,
aiming to extend its absorption to the visible (will be discussed further) or to
improve light harvesting; (ii) using one or more cocatalyst materials on the pho-
tocatalyst surface to facilitate the charge collection and separation; or its association
to form a heterojunction with a low band gap semiconductor capable of absorbing
visible light [26].

Despite its poor solar light-harvesting ability, Ta2O5 has received a prominent
place among the most active photocatalysts for water splitting under UV irradiation
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reported to date [41]. Gonçalves et al. [52] reported Ta2O5 nanotubes obtained by
anodization of a Ta foil in optimized conditions with performance to produce
hydrogen from water/ethanol at an evolution rate of 4.9 mmol h−1 g−1. Jun Shen
et al. investigated the template free synthesis of fluorine-doped tantalum oxide
nanoparticles (F-Ta2O5 NPs) and studied their photocatalytic activity for hydrogen
evolution from aqueous methanol solution (10 vol.%) under UV irradiation [53].
The as-prepared F-Ta2O5 NPs evolved hydrogen at 2.62 mmol g−1 h−1. Junko
Kondo and coworkers reported crystalline, well-ordered two-dimensional hexago-
nal mesoporous Ta2O5 loaded with 3.0 wt% NiO with efficiency as high as
3360 lmol h–1 (11.2 mmol h–1 g–1) of hydrogen evolution from pure water using a
450 W high-pressure Hg lamp as excitation source (incident light power was not
mentioned) [54]. Hollow tantalum pentoxide (Ta2O5) nanoparticles with a band gap
of 4.3 eV were recently reported to possess better stability than bulk Ta2O5 for
photocatalytic hydrogen production from water [55]. Large activities were also
reported for carbon nanotubes (CNT)-Ta2O5 hybrids loaded with 0.5 wt% of Pt
nanoparticles with up to 1600 lmol h−1 of hydrogen evolution from sacrificial
water splitting under high power UV illumination [56].

TiO2 is the most widely investigated photocatalyst due to high photoactivity,
low cost, low toxicity, and good chemical and thermal stability. It has been reported
that pure TiO2 could not perform overall water splitting and the photocatalytic
activities dropped rapidly with reaction time using only the aqueous suspension
system, mainly due to problems such as fast and undesired electron–hole recom-
bination [57–59]. Galińska and Walendziewski reported a study on the influence of
sacrificial agents on the control of electron–hole recombination on Pt-TiO2 during
photocatalytic water splitting [60]. Authors tested methanol, Na2S, ethylene dia-
mine tetraacetic acid (EDTA) and I− and IO3

� ions as sacrificial reagents to obtain
effective water splitting only for EDTA and Na2S. In the case of methanol,
hydrogen evolution was also a result of methanol conversion. Wender and
coworkers reported the synthesis of self-organized TiO2 nanotube arrays produced
by anodization of a Ti foil in the presence of an ionic liquid as fluorine source. The
photocatalytic activity for hydrogen production using 20 vol.% methanol as sac-
rificial agent was 0.4 lmol h−1 cm−2 for 100% anatase photocatalyst [61].

Preparation of metal oxide nanoparticle chemically bonded to reduced graphene
oxide (rGO) has been recently reported to enhance photocatalytic activity of
semiconductor photocatalysts [62–64]. TiO2–rGO composite photocatalysts, for
example, were first prepared using tetrabutyl titanate and rGO as the starting
materials by a sol–gel method [65]. The photocatalytic activity for hydrogen evo-
lution showed that the as-prepared TiO2/rGO composite exhibited a hydrogen
evolution rate of 8.6 lmol h−1 under UV–Vis light irradiation, nearly two times
larger than that of P25 (4.5 lmol h−1). The material showed small activity for
visible light irradiation. A series of TiO2/rGO composites with different rGO
content were subsequently investigated and a maximum hydrogen evolution rate
using a 500 W Xe lamp calibrated at 150 mW/cm2 was achieved for the sample
with 5 wt% rGO [66]. The authors interpreted that exceeding contents of rGO
decreased the activity of the system by introducing electron–hole recombination
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centers into the composite. In fact, it was discovered shortly after this work that the
oxidized graphene oxide itself could behave as light absorber with appropriated
band energy edge positions for hydrogen evolution in aqueous solution or pure
water (very slow kinetics) without needing a cocatalyst or a tandem system [67].
The efficient H2 generation on GO could be attributed to molecule-like behavior of
GO sheets and its high dispersity in water. A ternary Cu2O–TiO2–rGO nanocom-
posite was also fabricated by a simple “sonoreduction” with simultaneous reduction
of Cu2+ to Cu+, and graphene oxide (GO) to rGO without the addition of any
external reducing agent [68]. The photocatalytic activity of the material was
enhanced to a maximum H2 production rate of 110,968 lmol h−1 g−1 obtained
with a 1.0% Cu and 3.0% GO. Authors reported that this is significantly higher than
previously reported graphene-based photocatalysts.

Kudo et al. [69] investigated in 2007 the effects of metal cation doping into wide
band gap semiconductor showing that doping with lanthanide and alkaline earth ions
improved activity of a NaTaO3 photocatalyst for water splitting. Authors also
reported that metal cation doping into ZnS, TiO2, and SrTiO3 created donor energy
levels that could transfer electrons to the conduction band of the host photocatalyst
resulting in visible light responses for H2 or O2 evolution from H2O/sacrificial
reagents. Sol–gel and solid-state methods were applied to synthesize NaTaO3 pho-
tocatalysts, followed by loading with NiO cocatalyst to enhance water splitting
activity under UV illumination [70]. The NiO/NaTaO3 sol–gel catalysts exhibited a
maximum H2 evolution rate of 9000 lmol h−1 g−1 at 3 wt% NiO loading, while the
NiO/NaTaO3-solid-state catalysts produced amaximumH2 rate of 147 lmol h−1 g−1

at 0.7 wt% NiO, using as light source a 400 W high-pressure mercury lamp. To
interpret the results, authors proposed that the interdiffusion of cations heavily doped
the p-type NiO and n-type NaTaO3, reducing the depletion widths and facilitating
charge transfers through the interface barrier.

Metal-loaded strontium titanate (SrTiO3) is reported since early 80s for con-
tinuous photochemical generation of both hydrogen and oxygen under UV light by
using only pure water without sacrificial agents (overall water splitting) [71, 72].
The synthesis of this semiconductor is simple and its band gap energy has been
experimentally determined as 3.2 eV [73]. SrTiO3 was loaded with nickel oxide
nanoparticles resulting in improvements of its photocatalytic activity for photo-
chemical overall water splitting without the requirement of rare elements [74]. It
was found that reducing the size of titanate particles over 30 nm results in wors-
ening of its photoactivity especially due to effects of charge recombination leading
to lower light absorption and slower water oxidation kinetics. The accepted
mechanism for this system assumes water oxidation to occur at the titanate and
water reduction at NiOx. However, NiOx–SrTiO3 system was revisited one year
after elucidating that NiOx–STO is more likely a three component Ni–STO–NiO
photocatalyst, in which SrTiO3 absorbs the light, Ni reduces protons, and NiO
oxidizes water [75].

Separation of photogenerated charges has been reported between different facets
of a SrTiO3 nanocrystal semiconductor [76]. Reduction and oxidation catalytic sites
could be separately distributed only on the anisotropic facets of 18-facet SrTiO3
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nanocrystals, but randomly distributed on every facet of 6-facet SrTiO3

nanocrystals. It opened possibility of preparing dual-cocatalysts for the anisotropic
facets of 18-facet SrTiO3 nanocrystals resulting in a fivefold enhancement of
apparent quantum efficiency. Authors attributed the photocatalytic performance to
the charge separation between anisotropic facets and the separation of the reduction
and oxidation catalytic sites to reduce the charge recombination.

2.2 Visible Light Active Photocatalysts

2.2.1 Native Visible Light Absorber Materials

Fe2O3 [77], WO3 [78, 79], BiMoO6 [80], Bi2WO6 [81], M3V2O8 (M=Mg, Ni, Zn)
[82], BiFeWO6 [83], MBiSbO7 (M=Ga, Fe, Gd) [84], MFe2O4 (M=Ca, Zn, Co, Ni)
[85, 86], BiVO4, CuBi2O4, CuWO6, metal nitrides and sulfides, and many other
materials have been explored as native visible light absorber semiconductors.
However, many of these do not meet all thermodynamic requirements for overall
water splitting but can be regarded as important photocatalysts for applications
using tandem systems.

Iron is the fourth most common element in the earth’s crust and one of its oxide,
hematite (a-Fe2O3), has emerged as a promising alternative for visible light pho-
toelectrochemical hydrogen evolution since it is a semiconductor with band gap
2.1 eV possessing good chemical stability in water, abundance, low cost, and sig-
nificant light absorption [16, 77]. The main problem in the use of hematite for water
splitting is that its conduction band level is below the redox potential of H+/H2 and,
consequently, it can only be regarded as an oxygen evolution [87]. In addition, it
presents a relatively long visible light absorption depth combined with a very short
minority carrier lifetime and mobility; ending up with low charge separation and
collection efficiencies [88, 89]. For example, hematite needs to be approximately
375 nm to absorb 95% of incident 550 nm light (3/a), whereas the minority carrier
collection length is approximately 20 nm. This shortcoming has been addressed via
shortening charge collection distance by nanoscale sizing the material while main-
taining good light absorption [90, 91]. In addition, different strategies have been
recently proposed to overcome these problems, such as, doping, ion irradiation, and
surface modification with other oxides. Based on previous reports on substantial
band gap, increase of low-dimensional nanomaterials compared to bulk hematite,
Wender et al. [77] synthesized hematite nanorings loaded with cobalt hydroxide
nanoparticles photocatalysts for efficient hydrogen generation through water pho-
tolysis, i.e., without applying external bias. Authors attributed the photoactivity of
pure hematite to the size and shape properties of the nanostructures due to possible
changes in the conduction and valence band positions. By loading the nanorings
with suitable amounts of Co(OH)2 nanoparticle cocatalysts, the photocatalytic
activity was significantly increased to a maximum H2 evolution of about
546 lmol h−1 g−1 with 7% of Co(OH)2 nanoparticles. In a parallel study,
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Mangrulkar et al. [92] prepared nanoferrites for water splitting with much higher
activity under visible light compared to commercial iron oxide under similar con-
ditions. By loading Pt cocatalysts, efficiencies as high as 8275 lmol h−1 g−1 were
achieved.

Investigation on synthesis and photocatalytic properties of nanocrystalline
ZnFe2O4 led to a uniform-sized photocatalyst with a quantum yield of H2 evolution
3.8 times higher than that of conventionally synthesized ZnFe2O4 [86]. Akihiko
Kudo and coworkers [80] reported a comparative study with different bismuth
molybdates and showed that aurivillius structured Bi2MoO6 with band gap of
2.70 eV showed an intense absorption band in the visible light region and photo-
catalytic activity for O2 evolution from an aqueous silver nitrate solution under
visible light irradiation compared to Bi2MoO6, Bi2Mo2O9, and Bi2Mo3O12.

Materials of general structure A2B2O7, known as pyrochlores, where AB2O6 is a
b-pyrochlore, which is a defective structure, have attracted special attention because
their reported visible light driven photocatalytic activity due to the hybridization of
Bi 6s-O 2p orbitals [83]. Bismuth-based pyrochlores are reported to possess pho-
tocatalytic activity for PWS and broadly includes ferrites (BiFeO3), titanate
(Bi2Ti2O7) [93, 94], tungstate (Bi2WO6), vanadate (BiVO4), and niobate
(Bi2FeNbO7) [83]. Bi2Ti2O7 has been attracting attention because it has a narrower
band gap (*2.8 eV) with suitable band energies for water splitting reactions [95].
Bi2Ti2O7 forms a shallow acceptor energy level in the forbidden band and as a
result, the holes can be excited into the valence band under irradiation with visible
light [94]. In the class of general tungstates, BiFeWO6 with optical band gap energy
of 2.35 eV was recently reported to present sunlight photocatalytic activity [83].

BiVO4 has been regarded as an efficient photocatalyst for oxygen evolution
under visible light [96, 97]. Due to low energy of its conduction band bulk BiVO4

is not suitable for H2 evolution. In addition, BiVO4 is characterized by a high
recombination rate of photogenerated carriers that have much shorter diffusion
length than the thickness required for sufficient light absorption. However,
quantum-sized BiVO4 was reported for the first time to decompose pure water into
H2 and O2 simultaneously under simulated solar light irradiation without any
cocatalysts or sacrificial reagents [98]. Authors demonstrated that photocatalytic
activity of the quantum-sized BiVO4 arises from the negative shift of conduction
band edge by a quantum confinement effect and a decreased overpotential for water
reduction.

The nitrides and oxynitrides of d0-type transition metal elements (Ti4+, Zr4+,
Nb5+, Ta5+, etc.) and d10-type (Ge3+, Ga4+, etc.)[99] have attracted attention over
the water splitting community since the reported ability to absorb light with
wavelength longer than 600 nm, what correspond to more than 35% of the sunlight
energy that can be utilized [100]. It is very close to the infrared limit region
(k > 780 nm). Unfortunately, oxy(nitrides) could not achieve to date overall water
splitting and the exact cause is not trivial to point out. Kazunari Domen et al. made
a very important discussion about this issues on two recent review articles pub-
lished in 2013 [100] and 2015 [101].
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Besides monoclinic tungsten trioxide WO3 being recognized as one of the ideal
materials for solar-driven water splitting because of its photostability, photosensi-
tivity, good electron transport property and moderate � 150 nm hole diffusion
length compared to 2–4 nm of a-Fe2O3 and � 100 nm of TiO2. WO3 has a rela-
tively high band gap of about 2.7 eV and cannot fully harvest the solar energy for
solar-to-hydrogen conversion [42, 102]. In addition, WO3 conduction band energy
is not appropriated for H2 evolution from water splitting but understanding and
manipulating the one half-reaction of photoinduced hole-oxidation to oxygen are of
fundamental importance to design and develop an efficient water splitting process.
Surface modification, doping, and nanostructure engineering are the most used
modification process to address drawbacks of WO3. For example, the efficiency of
O2 evolution from water splitting was significantly improved over Pt/WO3 com-
pared to that of pure WO3 under visible light illumination [103]. WO3 was asso-
ciated to CdS to form a CdS/WO3 nanojunction heterojunction achieving a
Z-scheme that could significantly increase the H2 evolution activity of CdS with
lactate as electron donor [104]. The hydrogen evolution rate obtained for 20 wt%
CdS/WO3 photocatalyst was 369 lmol g−1 h−1, 5 times higher compared to only
CdS with lactic acid as electron donor. By loading Pt, H2 evolution rates up to
2900 lmol g−1 h−1 were obtained with visible radiation. Results of transient
photovoltage and surface photovoltage indicated that the Z-scheme system of
CdS/WO3 can effectively promote charge separation and depress the charges
recombining of photogenerated charge in CdS. WO2–WO3 hybrid nanorods were
in situ fabricated using a wet-chemistry route and applied for photocatalytic water
oxidation using visible and near-infrared light [103].

2.2.2 Metal Doping of Wide Band Gap Semiconductors

Several works proposed doping of wide band gap semiconductor as an efficient
strategy to extend photon absorption from the UV to visible light and also to form
charge traps to separate electron–hole pairs [44]. Metal doping has been proven to
shift the optical absorption edge of semiconductor photocatalysts to the visible
range using less than 10 at.% of foreign cations [105]. The interaction of the metal
cation states with the valence or conduction band of ZnO, for example, lead to the
creation of intra-band gap levels and induced band gap narrowing. As a result,
improved photocatalytic activities in the visible light were achieved [106]. The
most used dopants for modification of wide band gap oxides properties are tran-
sition metals such as Cr, Fe, Ni, V, Mn, Nb, and Cu [107, 108].

For ZnO, several studies revealed an increase in the photocatalytic activity in
visible light region with metal doping using Ag, Mn, Cu, Co, Fe, Ce, Eu, and Al
and nonmetal doping, including N, C, and S. The literature of metal-doped ZnO
case is well covered by a recent review article [106].

Below we will discuss some results achieved for doping TiO2. Titanium dioxide
is the most widely used photocatalyst for hydrogen production from water but it
suffers from lack of photocatalytic activity under visible light irradiation. Cr- or
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Fe-ion-doped TiO2 thin films were studied to improve its hydrogen generation by
photocatalytic water splitting under visible light irradiation [109]. H2 production
rates were higher for Fe-doped TiO2 (15.5 lmol h−1) than for Cr-doped TiO2

(5.3 lmol h−1). Authors explained that Fe ions could trap both electrons and holes,
thus avoiding recombination. The material could generate hydrogen for long
periods of time due to separated evolution of H2 and O2 by eliminating the
back-reaction effects. High photocatalytic activities were also achieved for metal
and nitrogen co-doped TiO2 [110], specially the Cu/N co-doped TiO2 that exhibited
a rate of H2 production of 5.48 mmol h−1 under UV light irradiation and
47.6 lmol h−1 under visible light irradiation [108]. In another study, Fe and Ni
co-doped TiO2 nanoparticles were prepared and applied for hydrogen production
from water/ethanol under visible light irradiation [111]. The average maximum H2

evolution rate obtained was 361.64 lmol h−1 g−1 (144.66 lmol h−1) using 5.0%
Fe-4.0% Ni/TiO2 catalyst under 103.9 mW/cm2 of visible light. Pt-loaded Pt-doped
TiO2 nanocrystals with (001) exposed facets was also recently reported as catalysts
for hydrogen production from pure water and methanol–water systems under
AM1.5G sunlight illumination (100 mW/cm2, class AAA solar simulator, 450 W
lamp) [112]. The best obtained hydrogen evolution rate was 11.2 mmol h−1 g−1

(1.12 mmol h−1) under optimized reaction conditions over ca. 1.0 wt% Pt-loaded
Pt/TiO2, which is among the highest hydrogen evolution rates over the noble
metal/TiO2 systems reported to date.

2.2.3 Nonmetal Doping of Wide Band Gap Semiconductors

Doping of high band gap semiconductors is one of the most used strategies for
improving their photoactivity for hydrogen evolution. The doping element may
introduce a new donor or acceptor energy level into the material, which in some
cases is very beneficial for creating thermodynamically required conditions for
water oxidation and reduction. Nitrogen, fluorine, sulfur, and carbon are so far the
most utilized nonmetal elements for doping semiconductor oxides. A recent article
review discusses TiO2 doping with nonmetal elements up to the year 2012 [49].

A green synergistic approach was recently reported for preparation of C/N
co-doped TiO2 modified with Ag and g-C3N4 with enhanced activity under visible
light irradiation and high chemical stability [113]. The ternary composite with
hierarchical structure and large surface area showed the high photocatalytic activity
compared to their single and binary catalysts. Authors interpreted it as a result of the
fast generation, separation, and transportation of the photogenerated carriers.

2.2.4 Self-doped Photocatalyst

Self-doping is considered an effective and promising route for obtaining
visible-light-responsive photocatalysts. For element doping, self-doping of Ti3+ into
the crystal lattice of TiO2, for example, is reported to introduce a new energy level
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(0.7–1.2 eV) below the conduction band of TiO2 [43, 114, 115]. It causes a red shift
in the absorption band edge and can increase the carrier concentration. However, it
is highly challenging to obtain a stable Ti3+-doped TiO2 because Ti3+ oxidizes
easily during the heterogeneous reaction. Fu et al. [116] proposed a simple carbon
coating route to stabilize the Ti3+-doped TiO2 during PWS for hydrogen evolution
reaction. The proposed stabilizing mechanism is that the conductive carbon coating
layer is a barrier layer and prevents the H2O and O2 from diffusing into the surface
of the photocatalyst, which can oxidize the surface O vacancies and Ti3+ in TiO2.
Recently, a one-step vacuum activation method to achieve the reduction of GO, the
self-doping of Ti3+ into TiO2 and the loading of TiO2 nanoparticles on rGO surface
was proposed [117]. The Ti3+–TiO2/rGO photocatalyst composite showed high
hydrogen evolution activity in the visible light irradiation (400 lmol h−1 with 0.1 g
of catalyst, 0.37 wt% Pt, 20 vol.% methanol solution, 300 W top-irradiated Xe
lamp used as a light source and a k > 400 nm UV–cutoff filter).

Open-framework V-doped [118], mixed-valence titanium phosphate with intense
absorption across the entire visible wavelength range caused by the presence of Ti3+

centers in equimolar ratio with respect to Ti4+ were recently reported. Controlling
V-doping provided an additional charge separation level in the intra-band gap space
resulting in fivefold higher hydrogen production rate. A recent review article by
Jie-Sheng Chen and coworkers [115] published in 2014 was dedicated to under-
stand the role of self-modification of titanium dioxide materials by Ti3+ and/or
oxygen vacancies and covers almost all literature until the present date.

2.2.5 Heterojunctions Photocatalysts

Composites comprised of two or more semiconducting materials with suitable band
gaps and band positions have been reported to be effective to enhance visible light
photocatalytic activity that has been examined in a variety of applications including
hydrogen generation and organic pollutants degradation. Some studies focused on
the enhancement of UV light active photocatalysts by combining it with visible
light active semiconductors. Other studies used composite photocatalysts made of
two or more small band gap semiconductors searching for a synergistic ability to
produce hydrogen from water through faster charge transfer processes, increased
electron–hole pair’s lifetime and improved light harvesting.

Heterostructured photocatalyst composite such as CdS/n-TiO2 [119, 120],
CdS/Ta2O5, CdS/WO3 [104], CdS/Au/TiO2 [121], In2O3/Ta2O5, TiO2/C3N4 [122],
TiO2/BiVO4 [123], Cu2O/Au/BiPO4 [124], CdS/CdWO4 [125], WO3-metal-gC3N4

(metal=Cu, Ag, Au) [126], BiOI/TiO2 [127], Si/MgTiO3 [128], RhCrOx/
LaMg1/3Ta2/3O2N [129], BaZrO3/BaTaO2N [130] and many others were reported
to exhibit enhanced visible light photocatalytic activity for hydrogen evolution
compared to pure materials [131–133]. The significant advantage of these systems
is the separation of electron–hole pairs due to enhanced interfacial charge transfer
accompanying the extended light absorption resulting in enhanced photocatalytic
activities. Vanadium-doped TiO2 nanorod nanocomposite anchoring on rGO was
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successfully synthesized using a simple one-step low temperature hydrothermal
method [134]. The visible light activity for H2 evolution of nanocomposite was
higher (over 120 lmol h−1; 20% aqueous methanol solution; 300 W Xe and
AM1.5G filter) than that of undoped TiO2 and non-composited V-TiO2 nanopar-
ticles. In this noble metal-free nanocomposite material, vanadium could reduce
TiO2 bang gap that in the presence of rGO could effectively trap the photogenerated
electrons; thereby, suppressing the electron–hole recombination.

Nitrogen-doped tantalate, Sr2Ta2O7−xNx exhibited 87% more activity for pho-
tocatalytic hydrogen production under solar irradiation compared with its undoped
counterpart Sr2Ta2O7 [135]. A new type of composite containing graphene-Pt and
Sr2Ta2O7−xNx demonstrated an additional � 80% increase in hydrogen production
and a quantum efficiency of 6.45%, representing � 177% increase from pristine
undoped Sr2Ta2O7. Graphene worked as an electron transfer highway facilitating
charge collection onto Pt cocatalysts. Under optimized conditions, the 5 wt%
graphene sample exhibited a hydrogen yield of 293 lmol h−1 (±5%) using solar
simulated illumination (AM1.5G filter + 300 W Xe lamp).

Bismuth oxide based heterojunctions are reported to possess improved photo-
catalytic activity under visible light irradiation. Bi2O3/Ta2O5, Bi2O3/TaON, and
Bi2O3/T3N5 composites [136] heterojunctions were reported to show promising
conditions for electron–hole separation to generate hydrogen from an aqueous
methanol solution. Figure 4 summarizes some of the important properties of the
separated materials such as their crystal and electronic information. Best photo-
catalytic activity for hydrogen evolution under visible light irradiation was obtained
from Bi2O3/T3N5 sample producing 23 lmol h−1 g−1 in the first 4 h of photore-
action. Mesoporous Bi2O3/TiO2−xNx nanocomposites were synthesized by soft
chemical template free homogeneous co-precipitation technique showing hydrogen
evolution rate of 198.4 lmol/h (9920 mmol h−1 g−1) and an apparent quantum
efficiency of 4.3% [137]. The experiments were conducted in the following con-
ditions: 10 vol.% methanol/water solution; 125 W medium pressure Hg lamp as
visible light source (k � 400 nm) and 1 M NaNO2 solution as UV filter.

Fig. 4 Crystal structure representation, and electronic structure data of the components of the
composites with tetragonal Bi2O3 and different phases of tantalum based compounds (orthorhom-
bic Ta2O5, monoclinic TaON and monoclinic Ta3N5). Adapted from [136]. Reproduced from Ref.
[136] with permission from the Royal Society of Chemistry
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3 The Tandem Concept for Water Splitting on Particulate
Photocatalysts

Even more than 40 years after the first report published by Fujishima and Honda
[138], there is still a pursue for the economically competitive implementation of
renewable energy provided by sunlight as feedstock for production of fuels in lieu
of the largely employed fossil fuels. During these four decades, different approaches
have been developed for the improvement of the production yields of the existent
photocatalytic methods, mostly focused on the properties of the employed photo-
catalysts [139, 140].

As stated before, the earliest studies described the hydrogen production from the
illumination of semiconductors with band gap energy values higher than 3.2 eV.
This fact drove research interest into the improvement of the solar energy
absorption for water splitting systems utilizing semiconductors with narrower band
gaps and/or modified by doping processes. The use of visible light for the H2

production from water splitting is vital for the development of efficient systems, as
roughly half of the energy provided by the sun is delivered by photons in the visible
region [141].

Up to this date, only a limited number of the known photocatalysts can drive the
concomitant production of hydrogen and oxygen through the overall water splitting
with no addition of sacrificial agents such as methanol, sodium periodate, and
others. Moreover, the majority of these semiconductors present large band gap
values and are photoactive only under UV excitation, such as the NiOx-modified
strontium titanate (a three component NiO–SrTiO3–Ni photocatalyst) [75], and the
RuO2-modified LiNbO3 nanowires [142]. This is a constant limitation of water
splitting photocatalysts due to the thermodynamic requirements for the photolysis
of the water molecule in the presence of semiconductors.

An inventive tactic to circumvent the drawbacks presented by classic single
photocatalyst arrangement is the tailored combination of two semiconductors with
complementary band energy levels, configuring a tandem action. In this
dual-absorber configuration, both semiconductors should absorb light and promote
electrons to the respective conduction bands, leaving holes in the valence bands.
Each semiconductor component performs one of the half reactions of the overall
water splitting, i.e., one photocatalyst should possess a valence band energy level
adequate to favor the oxidation of water (VB more positive than the potential of
water oxidation), promoting the transfer of four holes per evolved oxygen molecule,
as represented by Eq. (3), whereas the other semiconductor should have the CB
with suitable energy to make the photoexcited electrons apt to reduce the protons
into H2, according Eq. (2) [140].

The sum of Eqs. (2) and (3) for the half reactions that take place in each
components of the tandem system represent the overall water splitting, described by
Eq. (1).

One of the most appealing advantages of this two-step photoexcitation mecha-
nism for overall water splitting is that both semiconductors can possess lower band
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gap energies than those that comprise the requirements to act as photocatalysts in
single-component systems. This feature lowers the energy needed to excite the
electrons to the CB of the absorbers and allows a more effective absorption of the
solar energy, including part of the visible portion. This dual configuration promotes
higher quantum efficiencies for the process as higher number of incident photons
can be absorbed [143].

In many cases, when the semiconductors have band gap energies that allow them
to absorb visible light, the CB edge energy of the oxygen-evolving photocatalyst
(OEP) is more positive than the potential of H+ reduction and the VB edge of the
hydrogen-evolving photocatalyst (HEP) is more negative than the potential of water
oxidation. Therefore, the excited electrons in the CB of the OEP and the photo-
generated holes in the VB of the HEP do not have the proper energy to promote the
half reactions defined in Eqs. (2) and (3).

The reaction cycle in the tandem configuration is then completed by the transfer
of the excited electrons in the CB of the OEP to the VB of the HEP, quenching the
holes formed by the irradiation of the latter. This charge transfer is a crucial step in
the mechanism of the overall water splitting performed by the dual-absorber tandem
configuration and is often regarded as bottleneck for the achievement of high
efficient systems [144]. The first approach used for the shuttle of the excited
electrons between the tandem components was the employment of reversible redox
mediators in the reaction medium, as depicted in Fig. 5. This two-step photoexci-
tation mechanism is also called Z-scheme due to its resemblance to the mechanism
followed by the natural photosynthesis [145].

When redox pairs, such as Fe3+/Fe2+, [IO3]
−/I− and [Co(bpy)3]

3+/[Co(bpy)3]
2+

(bpy=bipyridine), are used as electron mediators in Z-scheme water splitting, the
holes photogenerated in the VB of the HEP oxide the reducing agent (ex: Fe2+) to

Fig. 5 Reaction mechanism for a dual-absorber water splitting tandem system, also denoted as
Z-scheme, using a redox electron mediator for the electron shuttle between the two photocatalysts
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the oxidizing agent (ex: Fe3+), which is reduced again by the excited electrons in the
CB of the OEP, ensuring the reversibility of the system. This means that the
electrochemical redox potential of the redox pairs must lie within the energy edges
of the conduction band of the oxygen-evolving photocatalyst and valence band of
the hydrogen-evolving photocatalyst [143, 146, 147].

Although effective, the use of redox mediators has been discouraged because of
the promotion of backward reactions, the competition of the redox species with
water for the photegenerated electrons in the HEP and holes in the OEP, and
shading effect by the colored species, which prevents the efficient absorption of the
incident photons by the photocatalysts. These are some of the reasons for what
redox mediators have been substituted by solid-state mediators and direct inter-
particle electron transfer [144, 148, 149].

The first reports based on the Z-scheme concept to develop the photocatalytic
water splitting using the ultraviolet radiation date back from the 1990s and early
2000s [145, 147, 150, 151]. In general, these works described inventive ways of
combining semiconductors with complementary functionalities, and the search for a
reversible redox mediator that would keep the constant production of H2 and O2.
Some of the mediators that addressed the goals of maintaining the steady pro-
duction were the Fe2+/Fe3+, [IO3]

−/I−, and Br2/Br
− redox couples [145, 147].

Remarkably, in 2001, Abe et al. [147] reported the efficient employment of
Pt-loaded TiO2-anatase as the H2 evolution photocatalyst, whereas non-loaded
TiO2-rutile acted as the OEP, operating the overall water splitting through a
Z-scheme mechanism, with electrons being shuttled by a [IO3]

−/I− reversible redox
mediator. They observed the simultaneous evolution of H2 and O2 in a ratio of 2:1,
respectively, in basic conditions, maintaining the production rate for a long period
(100 h with the reactor being evacuated in defined intervals to collect the products
and avoid the backward reactions on the nanosized Pt cocatalysts), generating a
total of 9.6 and 4.8 mmol of H2 and O2, respectively.

Another considerable step in the development of tandem systems for photo-
catalytic water splitting was taken in 2001 when Arakawa and coworkers reported
the first Z-scheme system that was functional under visible light irradiation
(k > 420 nm) [152]. In this study, a mixture of platinum-loaded tungsten oxide
(Pt-WO3) and platinum-loaded strontium titanate (Pt-SrTiO3) co-doped with
chromium and tantalum performed the overall water splitting under visible light
mediated by the redox cycle of IO3

� and I−. These two photocatalysts have shown
broad absorption of visible light because of their narrow band gaps and produced
H2 and O2 at a rate of 1.8 lmol h−1 for more than 250 h, representing a quantum
efficiency of 0.1% at 420.7 nm [152].

Since then, a vast array of studies based on tandem systems for water splitting in
suspension has been tested by employing redox mediators and different visible light
absorbers, which led to important improvements in the quantum efficiency of the H2

production [143, 153, 154]. Nevertheless, as stated before, the use of redox
mediators in Z-scheme systems present compelling downsides, such as the
absorption of photons by the mediator, creating a shielding effect for the photon
absorption by the photocatalysts, the promotion of the backward reactions to form
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water from the generated H2 and O2, and the competition between the redox species
and water for the photogenerated electrons and holes.

The circumvention of these issues was efficiently addressed for the first time by
Kudo’s group in 2009 when they performed the Z-scheme with the HEP and OEP
in direct contact with no redox mediator [144]. In this work, they further explored
the characteristics of rhodium-doped strontium titanate (SrTiO3:Rh) and bismuth
vanadate (BiVO4), which are photocatalysts they have previously applied in
Z-scheme studies with the Fe2+/Fe3+ couple as electron mediator, under visible light
irradiation. This previous system surpassed the quantum efficiency of 0.3% at
440 nm [146]. Nowadays, bismuth vanadate and doped strontium titanate are two
of the most promising semiconductors applied in photocatalytic water splitting with
suspended particles.

In an inventive approach, under visible light irradiation, they achieved inter-
particle electron transfer from the conduction band of BiVO4 to the impurity level
of SrTiO3:Rh (consisted by the reversible Rh3+ state), as the Z-scheme mechanism
requires, by adjusting the pH of the reaction medium to 3.5 with H2SO4 solution.
As the zeta potential of BiVO4 was negative at the pH range of 2–9, the particles
possess negatively charged surfaces at pH 3.5. Complementarily, the particles of
Ru/SrTiO3:Rh were positively charged at the same pH, as the isoelectric point of
this material is *4. Therefore, the adjustment of the pH medium to 3.5 resulted in
the electrostatic attraction between the BiVO4 and Ru/SrTiO3:Rh particles, as
depicted in Fig. 6a, and a consequent direct electron transfer through the contact
created between the particles of the photocatalysts, as illustrated by the Z-scheme
energy diagram in Fig. 6b. The aggregation of the particles was not effective in
other pH values, as observed by the authors through optical microscopy, reflecting
in a decrease of H2 and O2 productions under visible light (Fig. 6c). The enhanced
apparent quantum efficiency obtained for this direct-contact system was 1.7% at
420 nm [144].

The same study also pointed out interesting observations regarding this system
such as: [1] ruthenium is a more effective cocatalyst for the hydrogen-evolving
photocatalyst than platinum because the former does not favor the back reaction;
and [2] the doping Rh level in the forbidden band not only favors the visible light
absorption but also has a pivotal role in the electron transfer between the particles
due to its reversible nature.

The aptness of the BiVO4-Ru/SrTiO3:Rh tandem system with no electron
mediator led to further investments in this configuration to the achievement of
higher quantum yields. The same authors have synthesized composites formed by
these photocatalysts through a so-called liquid–solid-state reaction, which resulted
in well-crystallized BiVO4 particles connected to Ru/SrTiO3:Rh and a quantum
efficiency of 1.6% at 420 nm [155]. In this approach, BiVO4 was synthesized by
stirring Ru/SrTiO3:Rh particles and V2O5 in an aqueous nitric acid solution con-
taining Bi(NO3)3, for 5 days. The resulting composite presented a tightly connected
BiVO4–Ru/SrTiO3:Rh interface and could perform the photocatalytic water split-
ting under neutral conditions, which is an important improvement from the previous
system.
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A breakthrough in the field of particulate photocatalysts operating through a
Z-scheme mechanism was achieved in 2016 by Domen and colleagues [148]. The
group developed a more elaborated assemblage to achieve an optimized charge
carriers mobility between the HEP and OEP employed. In this case, the
hydrogen-evolving photocatalyst was SrTiO3 co-doped with rhodium and lan-
thanum and loaded with ruthenium nanoparticles as cocatalysts, whereas the
oxygen-evolving photocatalyst was BiVO4 doped with molybdenum and loaded
with ruthenium oxide cocatalysts. Such modifications in the structures of the
pristine components were performed to concomitantly maximize the absorption of
the visible portion of the solar spectrum and the separation of the photogenerated
charge carriers.

A mixture of the particles of the photocatalysts was assembled in sheets through
the particle transfer method (Fig. 7a) and embedded in a gold layer, which served as
a conductive solid-state mediator. The photocatalyst layers were annealed at 300 °C
in air to reduce the contact resistance between the semiconductors and the gold
layer and further modified with deposits of Cr2O3, which is known to suppress the
backward reactions on the surfaces of the catalysts. This tandem system gave a
record apparent quantum yield of 33% at 419 nm and solar-to-hydrogen
(STH) conversion efficiency of 1.1% at 331 K and 10 kPa in pure water

Fig. 6 a Representation of the suspension of Ru/SrTiO3:Rh and BiVO4 at neutral and acidic
conditions, b the energy diagram for the Z-scheme showing the direct contact between the
semiconducting components, and c pH dependence photocatalytic activity of the tandem formed
by Ru/SrTiO3:Rh and BiVO4 [144]. Reproduced from Ref. [144] with permission from the
American Chemical Society
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(pH 6.8) with no electron mediator, pH adjustment, or applied voltage. The
Z-scheme mechanism through which this system operates and the roles of each
component represented by the energy level diagram is shown in Fig. 7b.

Although a very high quantum efficiency was achieved in this system, further
examination is needed to make the production of such device more economically
interesting. Studies based on alternatives for this arrangement have already been
reported by substituting gold with carbon conductor layer, as solid-state mediator,
and by substituting Ru/SrTiO3:La,Rh with RhCrOx/LaMg1/3Ta2/3O2N as HEP due
to the wider visible light absorption reach of the latter (up to 600 nm) [156–158].

Fig. 7 Schematic representation of a the assembled photocatalyst sheets through the particle
transfer method, and b the Z-scheme mechanism using the solid-state gold layer as electron
mediator between RuOx/BiVO4:Mo and Ru/SrTiO3:La, Rh in the photocatalyst sheets [148].
Reproduced from Ref. [148] with permission from the Nature Materials
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4 Efficiency Determination in Solar Water Splitting

In solar water splitting, ranking the device performances is very important. There
are some standard criteria defining that performance. The widely accepted bench-
mark for semiconducting materials is solar-to-hydrogen (STH) efficiency [40]. STH
efficiency can be determined in powder suspension as well as photoelectrochemical
systems. Generally, in powder suspension systems, it is customary to determine the
apparent quantum efficiency (AQE). The objective of the following section is to
overview proper experimental protocols and challenges to determine these effi-
ciencies correctly.

4.1 STH (Solar-to-Hydrogen) Efficiency

STH efficiency defines the ratio of the chemical energy of the evolved hydrogen to
the solar energy input from broadband solar irradiance (AM 1.5 G) during the water
splitting reaction and can be calculated from Eq. (4).

STH ¼ Output energy asH2

Energy of incident solar light
¼ rH2 � DG

Ptotal � S

� �
AM1:5G

; ð4Þ

where rH2 (mmol H2/s) is the rate of hydrogen production, DG = 237 kJ/mol at
25 °C is gain in Gibbs free energy, Ptotal (mW/cm2) is incident illumination power
density and S (cm2) is illuminating area of the reactor. In photocatalytic systems for
overall water splitting, both H2 and O2 should evolve in a stoichiometric amount
(2:1) in the absence of any oxidation or reduction agent [40]. While determining
STH efficiency in the lab instead of using radiation from the sun, different types of
white light sources are used. Care must be taken while calibrating and adjusting the
light-sources profile to AM 1.5 conditions set forth by the American Society of
Testing and Materials [159–161]. Otherwise, the STH efficiency values may be
over or underestimated. STH efficiency of some photocatalysts in suspended par-
ticulate systems as well as in sheets obtained from powder samples are given in
references [162–166].

In the experimental setup of powder suspension systems performing STH is
sometimes challenging. There exist film-coating techniques to form sheets of the
powders on appropriate substrates that can simplify these measurements [165, 166].
Alternatively, if hydrogen evolution cannot be directly measured, the STH can be
determined in photoelectrochemical setup, from the photocurrent, solar power
input, and the faradaic efficiency for hydrogen evolution (gF) from Eq. (5).

STH ¼ Jsc mAcm�2ð Þ�� ��� 1:23Vð Þ � gF
Ptotal mWcm�2ð Þ

� �
AM1:5G

; ð5Þ
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where Jsc is the photocurrent density, 1.23 V is the thermodynamic water splitting
potential and gF can be obtained from the current density versus time curve [167].
Generally, a true STH efficiency is measured in a two-electrode cell [168]. The
working electrode (WE) and the counter electrode (CE) are immersed in the same
pH solution (without any sacrificial reagent) and are operated under short circuit
condition. Hence, no external voltage is applied across the electrodes and the
reaction response is overall water splitting; purely energized from the sunlight.
Along with the light source calibration to AM 1.5 G stated above another important
factor while STH efficiency determination is the water film thickness, i.e., trans-
mission of light through water before hitting the semiconducting electrode; for more
detail on this subject reader is referred elsewhere [169]. It is important to mention,
Eqs. (4) and (5) are valid only for the stoichiometric H2 and O2 evolution in the
absence of any sacrificial agent. The experimentally determined STH efficiencies of
some of the photocatalysts are given in Table 1.

Theoretically the band gap of a material plays an important role to calculate
maximum STH efficiency considering thermodynamic energy conservation.
Figure 8 shows some materials with their maximum theoretical STH efficiency and
their photocurrent as a function of their band gaps.

Higher STH efficiency from photoelectrochemical devices necessitates the fact,
the ideal materials would be those absorbing wide range of visible light. Within this
context, the UV absorbing materials such as TiO2, Ta2O5, ZrO2 are ruled out for
their lower STH efficiency (Table 1). On the other hand, visible light absorbing and
also the tandem devices present a great potential for superior STH efficiencies [159,
178]. Theoretical STH efficiency values serve a good guide for the researcher to
find materials to maximize light absorption; however, the band gap of the materials
alone is not the complete picture to describe STH efficiency. The semiconductor

Table 1 List of some promising photocatalysts for water splitting and their reported solar to
hydrogen (STH) efficiency and apparent quantum efficiency (AQE)

Electrolyte STH AQE

CoO Pure water 5% – [170]

C3N4/CDots Pure water 2% 4.42% at 600 nm
(H2 evolution)

[171]

Pt/TiO2 C2H5OH
(pH 10)

– 5.7% at 340–410 nm
(H2 evolution)

[172]

Pt/Ta2O5 C2H6O (aq) – 22% at 254 nm
(H2 evolution)

[173]

CoOx/MgO/Ta3N5 La2O3/AgNO3 (aq) – 11.3% 500–600 nm
(O2 evolution)

[174]

Pt/ZrO2/TaON NaI (aq) – 6.3% at 420.5 nm
(O2 evolution)

[175]

g-C3N4 – – 26.5% (400 nm)
H2 evolution

[176]

SrTiO3:La,
Rh/Au/BiVO4:Mo

Pure water
(pH 6.8)

1.1% 33% at 419 nm
(H2 evolution)
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should overcome the overpotential losses and thermodynamic barriers for overall
water splitting. In addition, electronic structure should be such that the recombi-
nation and trapping of the photogenerated charge carriers should be avoided [179].
Efforts are required to fine tune the materials electronic structure to achieve their
highest STH efficiency.

4.2 Apparent Quantum Efficiency (AQE)

Photocatalytic water splitting activity in powder suspension systems can be directly
evaluated by the H2 or O2 gas evolution rate (µmol h−1) using a gas chromatograph.
The gas evolution rate strongly depends on the experimental setup including light
source and type of a reaction cell [15, 168]. To evaluate the photocatalytic per-
formance, typically apparent quantum efficiency (AQE) is determined from the ratio
of the number of reacted electrons involved in the reaction to the number of injected
photons [177, 180, 172]

AQE ¼ Number of reacted electrons
Number of incident photons

� 100 ð6Þ

Since direct determination of the number of reacted electrons via experimental
methods is difficult, that is why the word apparent is used in AQE. For a single
particle system for H2 production, two electrons are involved whereas O2 pro-
duction costs four electrons. Therefore, AQE for H2 and O2 evolution can be
determined using Eqs. (7) and (8), respectively.

Fig. 8 Theoretical maximum
solar-to-hydrogen
(STH) efficiency and the
photocurrent density as a
function of band gap under
AM 1.5 G irradiation
(100 mW cm−2) [177].
Reproduced from Ref. [177]
with permission from the
Royal Society of Chemistry
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AQE ¼ 2� number of H2 molecules
Number of incident photons

ð7Þ

AQE ¼ 4� number of O2 molecules
Number of incident photons

ð8Þ

In this experiment, time course of radiation of the photocatalytic activity is an
important factor. The number of incident photons can be estimated from Eq. (9).

Number of incident photon ¼ P� k� A
hc

� t; ð9Þ

where P (W m−2) is the optical power input measured by power meter (calibrated
photodiode), k (m) is the wavelength of the monochromatic light, A (m2) is the
irradiation area of the reactor, h (J s) is Planck’s constant, c (m s−1) is the speed of
light, and t (s) is the illumination time. Number of H2 or O2 molecules can be
determined from the gas evolution rate using the data from the gas chromatograph
from Eq. (10).

Number of evolvedmolecules ¼ nðH2or O2Þ;t � NA; ð10Þ

where n (mol) is the amount of H2 or O2 evolved during time t of the incident light
exposure and NA (mol−1) is Avogadro’s constant. Wavelength has a great effect on
AQE; therefore, while reporting AQE it is important to mention the wavelength of
the incident light for which the AQE is determined. AQEs of some of the photo-
catalysts are compared in Table 1.

5 Conclusion

Photocatalytic hydrogen production from water splitting utilizing semiconducting
suspended particles is an important approach for future clean energy generation. The
band gap of the semiconductor should be small enough so that it can absorb wide
range of visible light. The water redox potential should be sandwiched in between
the band gap of the semiconductor for overall water splitting. The semiconductor
should be stable in aqueous media and the electronic structure should be such that the
photogenerated charge carriers are produced without recombination and transported
efficiently to the reactive sites for PWS. There are few semiconductors that are native
visible light absorbers and are utilized for water splitting, and several promising
efforts have been made to metal/nonmetal doping of UV light absorbing materials so
that they can absorb visible light. In addition to use single semiconductor arrange-
ment for overall water splitting, another important and efficient system utilized for
PSW is called Z-scheme or Tandem configuration. In this setup tailored combination
of two semiconductors with adequate band energy levels are utilized performing a
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tandem action. Depending on their energy levels, each semiconductor component
performs one of the half reactions of the overall water splitting, i.e., one initiates
water oxidation and the other promotes the water reduction. Once PWS is per-
formed, it is very important for the researchers to rank their photocatalysts against
other existing photocatalysts. Within this regard, performing STH efficiency and
AQE measurements are important and standard protocols should be followed for
these measurements. Despite the fact, that there are many photocatalysts approached
higher STH efficiencies; yet, there exists a plenty of room to find efficient and stable
photocatalysts for PSW for industrial point of view.
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Latest Advances on the Columnar
Nanostructure for Solar Water Splitting

Flavio L. Souza and Edson R. Leite

1 Introduction

Energy from the sun can provide sufficient power for all 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 photosynthesis
process. Considering the abundance of H2O on the planet, water splitting is a
natural pathway for artificial photosynthesis. The pioneer work of Fujishima and
Honda [1] disseminated the worldwide research focused on the sunlight-induced
water-splitting process into hydrogen as a clean and renewable energy source. In
their classical report, the authors demonstrated that the water splitting can be
induced by light using TiO2 semiconductor as a photoanode. As in conventional
water electrolysis, O2 evolution occurs at the anode, H2 evolution occurs at the
cathode, and an aqueous electrolyte completes the current loop. One or both
electrodes can be photoactive semiconductors, 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 1a
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illustrates the energy diagram of an n-type photoanode and the reactions related to
the water splitting. We can write that the photocurrent density (Jph) is given by

Jph ¼ Jabs � gsep � gcat; ð1Þ

where Jabs is the photoabsorption rate expressed as current density, ηsep is the carrier
separation efficiency and ηCat is the catalytic efficiency for water oxidation. Based
on Eq. (1), we can notice that to improve the photocurrent density it is necessary to
increase Jabs, ηsep, and ηcat. However, this is not a simple task. For instance,
increasing the film thickness lead to an increase in the Jabs. However, an increase in
the film thickness can result in a decrease of the ηsep, in special for semiconductors
where the hole diffusion length (LP) is much shorter than the depletion layer width
(WSC) (Lp � WSC). Under this condition, the photocurrent is primarily due to the
carriers generated in the depletion layer. One alternative to increase the ηsep is
improving the electronic conductivity of the material, which allows to improve the
charge separation process. Again, this is not that simple because one typical
strategy to improve the electronic conductivity of n-type semiconductor is to
increase the ionized donor density (ND) through the doping with donor impurities.
This can improve the conductivity; however, increasing ND will decrease the WSC

and consequently can decrease the ηsep. We can describe WSC as

WSC ¼ WO VSCð Þ1=2; ð2Þ

where WO = (2ereo/eND)
1/2, e is the charge of the electron, er is the semiconductor

dielectric constant, eo is the vacuum permittivity, and VSC is the potential at the
surface space charge layer.

Fig. 1 a Schematic representation of the n-type photoanode (hematite) energy diagram and
reactions related to water splitting; b illustration of porous hematite thin films where we can
observe several kinds of interfaces (solid–solid and solid–liquid). Reprinted from Ref. [15].
Copyright 2016, with permission from Royal Society Chemistry
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As we can see the improvement of the Jph is a very complex task and demand the
use of strategies that allow the improvement of the Jabs without modification of the
ηsep. One way to do that is the development of nanomaterials with controlled
morphology [2].

Hematite (a-Fe2O3) is considered the most promising material to be used as a
photoanode (PA) for water splitting, with a potential to convert 16.8% of the sun’s
energy into hydrogen and very high photoelectrochemical stability in water [2].
However, this ionic semiconductor presents poor intrinsics electronic and optical
properties, such as (i) a relatively low absorption coefficient, requiring thick films
for efficient light absorption; (ii) a poor majority carrier (electrons) conductivity;
and (iii) a short minority carrier diffusion length (holes) [2–4]. In addition, hematite
requires a large overpotential for water oxidation. These properties of the hematite
hinder the photoelectrochemical cell (PEC) performance by increasing the
electron/hole recombination. In general, there are three main electron/hole recom-
bination pathways that can occur in bulk, and in solid–solid and solid–liquid
(electrolyte) interfaces [2, 4]. The bulk electron/hole recombination process is
directly related to the poor electronic conductivity and short hole collection depth of
the hematite. Besides, the recombination can also occur in two different solid–solid
interfaces: in the hematite/transparent conducting oxide (TCO) electrode [5] and in
the hematite/hematite grain boundary [6]. Finally, there are significant recombi-
nation processes in the solid–liquid (electrolyte) interfaces; recombination losses
due to the back-injection of electrons, from the TCO exposed area, into the elec-
trolyte [7]; and a recombination that occurs in the hematite–electrolyte interface, as
a result of surface states and traps that delay the hole transfer from the valence band
of the semiconductor to the electrolyte [8–11]. It is clear that the junction of these
several electron/hole recombination pathways lead to a hematite PA with a low
photocurrent and large overpotential for water oxidation.

In recent years, an impressive effort has been done to reduce the recombination
processes that occur in each pathway. For instance, to reduce bulk recombination,
researchers are mainly focused on producing nanostructured hematite with different
morphologies and/or doping the ionic semiconductor with different donors ele-
ments.1, 2 These strategies decrease bulk recombination by shortening the hole
transport distance and by increasing its electrical conductivity, respectively.
Recombination losses due to the back-injection of electrons from areas exposed to
TCO into the electrolyte can be minimized by the addition of an underlayer [7, 12];
the recombination in the hematite–electrolyte interface can be controlled by using the
passivating layer [13], depositing good electrocatalystic materials for oxygen evo-
lution reaction [11], and surface etching [14]. It is clear that the variety of
electron/hole combination pathways and interfaces is related to the thin film mor-
phology of hematite PA. Hematite PA morphology is based on polycrystalline (with
grain sizes in the nanometer scale) and mesoporous films, normally textured along
the [110] direction and grown over a TCO substrate.14 Thus, this material is char-
acterized by (i) nonuniform grain sizes; (ii) a columnar structure; (iii) porosity;
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(iv) impurity segregation; and (v) grain–grain misorientation, forming
homo-junctions and hetero-junctions. Figure 1b illustrates, in a simplified way,
microstructural features and interfaces found in a typical nanostructured hematite PA.

The development of high-performance hematite photoanodes depends greatly on
the thin film deposition technique. Thus, the understanding of how the nanos-
tructure develops, as well as find new film deposition routes, is a strategic and
fundamental area for mastering water photoelectrolysis technology. We will
describe in this chapter recent progress regarding the design of hematite nanos-
tructure, surface activation by combining high annealing temperature and dopant
impregnation and their impact on the photoelectrochemical performance for water
splitting. Herein, the discussion will be conducted based on two chemical
approaches to manufacture hematite photoanode that provide columnar morphol-
ogy: colloidal deposition and aqueous solution hydrothermal-assisted process.

2 Colloidal Deposition

Colloidal nanocrystals (NCs) are among the most versatile nanomaterial platforms
to prepare thin films due to their superb compositional and morphological tunability
[16]. Among several methodologies listed in the literature to produce hematite
photoanodes, colloidal nanoparticles deposition (CND) process has shown
promising results [16, 17]. The CND process presents the following parameters as
critical variables: the surface chemical composition of the inorganic particle; the
amount of organic material in the colloidal dispersion; the nanoparticle or
nanocrystals concentration; the crystallinity and the morphology of nanoparticles;
colloidal dispersion viscosity; and sintering procedure (heating rate, temperature,
atmosphere, and soaking time). These parameters have strong influences in the
formation of single-phase hematite film that consequently affects the performance
of the photoanode to promote the water splitting. The CND process can by divided
basically into three steps as displayed schematically in Fig. 2. The first step consists
of the attainment of a colloidal solution of the nanocrystal to be deposited. This
solution is then deposited by traditional techniques such as spin or dip coating
(step I). After deposition, the substrate is drying to promote the solvent elimination
(step II). The final step is film sintering, where several physical–chemical trans-
formations can occur, such as crystallization, phase transformation, grain growth,
and others.

Sivula et al. [17] were the first to prepare mesoporous hematite photoanodes by a
CND method. In their pioneer work, they reported a yield water-splitting current of
0.56 mA/cm2 under standard condition (AM 1.5G 100 mW/cm2, 1.23 V vs. RHE).
They reported also a strong dependence of the photocurrent in relation to the sin-
tering temperature. The best photocurrent result was reported for a sintering tem-
perature of 800 °C. Sivula et al. associated the high photoactivity to the
unintentional doping by Sn+4, originated by Sn+4 diffusion from the TCO film
(F-doped SnO2 film). This unintentional doping was confirmed to occur by
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Gonçalves and Leite [18] by using scanning transmission electron microscopy
(STEM) and high-resolution transmission electron microscopy (HRTEM).
However, they showed that this unintentional doping occurs in a limited region close
to the TCO film, called as a sharp interdiffusion zone (*25 nm of thickness).
Gonçalves and Leite [18] also showed by HRTEM that at low sintering temperature,
the hematite/TCO interface presents several small gaps (in the range of few
nanometers), making a very poor electric contact between the hematite photoanode
film and the electron collector film (TCO film). Figure 3 shows HRTEM images,
where we observed the presence of gaps at the interface for sintered films at low
temperature [18]. Increasing the sintering temperature, these gaps are no longer
observed. It was also observed the creation of semi-coherent interfaces between
hematite and TCO films.

Gonçalves et al. [19] developed an interesting route to prepare hematite pho-
toanode 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 number of defects
[20]. 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 4 illustrates cross-sectional (see Fig. 4a) and
top-view (see Fig. 4b) analyses of the film morphology characterized by SEM.
Figure 4a shows a film with a thickness around 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

Fig. 2 Schematic representation of the colloidal nanoparticle deposition process
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connection between the top of the hematite film and the TCO surface. Figure 4b
(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 meso-
porous film. The XRD analysis of the film sintered at 820 °C (see Fig. 4c) exhibits
the formation of a hematite phase with preferential orientation in the [110] axis
vertical 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 coauthors 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
without catalytic materials [21]. A high plateau of photocurrent (photocurrent

Fig. 3 Cross-sectional TEM images of the hematite thin film sintered at 550 °C.
a Low-magnification BF-TEM image, b high magnification BF-TEM image, and c HRTEM
image of the TCO/hematite interface. A dashed line has been added at the interface as a guide to
the eyes. Insets fast Fourier transform (FFT) analysis of the hematite and SnO2, showing the zone
axis of each phase. Reprinted from Ref. [18]. Copyright 2013, with permission from Cambridge
University press
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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 tem-
perature and an oxygen atmosphere during the sintering process. Trevellick et al.
[22] 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. It is well established that Fe3O4 is not a good catalytic material to
promote water oxidation; [3, 23] and (2) a small intrinsic faradaic rate constant for
the oxidation of water on Fe2O3 associated with trap levels at or near the surface.
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

Fig. 4 SEM and XRD analyses 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. Reprinted from Ref. [19]. Copyright 2011, with permission from
American Chemical Society
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investigation; however, we can propose that the high sintering temperature 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 [24]. This behavior can be favorable in decreasing the
hematite surface trapping state in a water-based electrolyte. Another important
contribution of the Gonçalves et al. [19] works was the morphology of the pho-
toanode. A columnar grain structure oriented in a favorable crystallographic ori-
entation 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.

One of the problems associatedwithCNDprocess is the thinfilm thickness control.
In general, it is necessary to perform several deposition and sintering cycles to obtain
films with a thickness of 200–400 nm. The need for multiple deposition/sintering
cycles increases the cost of this photoanode deposition technology, as well as pro-
moting the formation of layers with different thermal histories, which may affect the
performance and reproducibility of the device. Recently, Gonçalves et al. [25]
developed a process in which a colloidal suspension of superparamagnetic
nanoparticles is deposited by dip coating in the presence of magnetic field. These
authors believe the influence of the magnetic field in the CND process is associated
with the magnetorheological (MR) fluid behavior of the superparamagnetic colloidal
dispersion used in their work. MR fluids are materials, which show a reversible
transition from a liquid to a nearly solid state under the presence of external magnetic
fields. In the absence of a magnetic field, MR fluids behave as Newtonian fluids.
However, when a magnetic field is applied (transverse to the direction of flow), a
yielding, shear thinning and viscoelastic behavior is observed [26]. These modifica-
tions induced by the magnetic field in the rheological behavior of the superparam-
agnetic colloidal dispersion have a direct impact in the dip-coating process, allowing
to prepare films with thickness ranging from 150 to 250 nm, in a single step. Figure 5
describes in a schematic way the CND process assisted by magnetic field. The pho-
toanode prepared by the CND process in the presence of magnetic field showed a
significant improvement of the photoelectrochemistry performance regarding the
water electrolysis. The authors reported that for undoped hematite photoanode
deposited in the presence of a magnetic field, a photocurrent of 1.4 mA cm−2 at 1.23
VRHE and a plateau of 1.9 mA cm−2 at 1.5 VRHE under standard AM 1.5 G illumi-
nation. Considering now the Sn-doped hematite photoanode, deposited in the pres-
ence of magnetic field, the photocurrent achieved was of 2.7 mA cm−2 at 1.23 VRHE

and reached a plateau of 3.8 mA cm−2 at 1.5 VRHE. This is one of the best results
reported in the literature so far. It is important to point out that, even for a film formed
by several deposition circles and similar thickness, the photoelectrochemical per-
formance is not the same, when compared with a film prepared in the presence of
magnetic field. Figure 6 shows current–potential curve for hematite photoanodes
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produced with and without a magnetic field applied during the dip-coating deposition
process. As we can notice, the performance of the photoanodes processed in the
presence of magnetic field is superior.

Note that the magnetic field improves the photoelectrochemistry performance
during the deposition process. Even with multiple deposition circles (without a
magnetic field), photoanodes did not achieve the same performance as photoanodes
processed with an external magnetic film.

Fig. 5 Detail about the CND magnetic field assisted used by Gonçalves and Leite. Reprinted from
Ref. [25]. Copyright 2014, with permission from Royal Society of Chemistry

Fig. 6 Comparison of the current potential curve for hematite produced with and without a
magnetic field applied during the dip-coating deposition process: a Undoped hematite; and
b Sn-doped hematite. Reprinted from Ref. [25]. Copyright 2014, with permission from Royal
Society of Chemistry
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The undoped film deposited in the presence of magnetic field showed a film
thickness of 180 nm and Sn-doped film deposited in the presence of magnetic field
showed a film thickness of 250 nm [25]. The film thickness is indicated in Fig. 4a
legend for the films prepared without the magnetic field.

3 Hydrothermal-Assisted Synthesis

As discussed in the previous sections, the latest advances on hematite n-type
semiconductor are related to design nanoarchitecture with morphology highly
active to split water into hydrogen and oxygen gas under sunlight irradiation. An
alternative method to the CND [19] that has also gained great attention is the
Purpose-Built Material (PBM) first proposed by Vayssieres [27]. The fundamental
concept behind of the PBM process is to control experimentally the interfacial
tension (surface free energy) based on a Gibbs adsorption equation model. In other
words, by monitoring the kinetics and thermodynamics of nucleation, growth and
aging process of metal oxide might be possible to minimize the interfacial tension
by leading the system stabilization. Such control allows to design nanostructured
materials with one-dimensional morphology and suitable characteristic on various
substrates [28]. To design this low-dimensional and anisotropic nanomaterial onto
several kinds of substrates a simple apparatus was proposed, which consisted in a
preparation of a precursor solution of metal salts or complexes with a specific ionic
pH and ionic strength [27, 28]. The precursor solution in the presence of com-
mercial substrates in a closed bottle is heated at different times at temperature below
100 °C, as illustrated in Fig. 7 (1st step). Few hours later or days the substrate is
completely covered by well-distributed one-dimensional (1D) morphology, which
the nanometric dimensions are controlled by time, precursor concentration and
temperature, as illustrated in Fig. 7 (second and third steps).

In fact, PBM can be the useful chemical route to synthesize transition metal
oxide with anisotropic, normal, or oriented crystal along to the substrate by
manipulating the precursor solution to control the interfacial adsorptions of ions.
Vayssieres et al. [31, 32] using the PBM method investigated the photoelectro-
chemical performance of a vertical-aligned hematite nanorod electrode.

Figure 8 illustrates the top-view and transversal scanning electron microscopy
(SEM) images of the hematite samples designed by using the PBM method.
Top-view SEM images (Fig. 8a, b) exhibited large covered area with homogenous
deposition, while the transversal SEM image (Inset Fig. 8b) confirms the formation
of vertical rods onto the commercial substrate. In these seminar works, they con-
ducted a systematic study considering several parameters (morphology, film
thickness, electrolyte composition, and dye sensitization) that could directly influ-
ence the overall photoelectrochemical performance. The results were discussed in
terms of incident-to-photo-conversion efficiency (IPCE) showing an enhancement
of 100 and 7 times better when compared with spherical particles thin films
(Fig. 9a, b), earlier investigated [31, 32]. The nanorod morphology exhibited
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Fig. 7 Schematic representation of PBM process: first, precursor solution and substrate
immersion in autoclavable bottle, second, heating at temperature below 100 °C nucleation
process into substrate surface and homogeneous layer deposition, and third, some cases the desired
oxide phase is obtained after annealing process or can conducted to increase substrate–layer
interface [29, 30]

Fig. 8 Top-view SEM
images of hematite films
synthesized by PBM. a Low
magnification, b High
magnification. Inset in (b) is
the cross-sectional SEM
images from the cleaved film
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superior performance against spherical particles varying the electrolyte pH from 6.8
to 12 and even the sunlight irradiation was conducted through the electrolyte or
electrode (front or back side).

The better IPCE values were attributed to the vertical nanorod morphology,
which favor a better electron transport path through the back contact (substrate)
with the presence of a fewer grain boundary in contrast with sintered spherical
morphology. In addition, investigation films composed by vertical and parallel
nanorod (Fig. 9b, c) was conducted under sunlight irradiation (Back and front side).
At front side illumination, the vertical nanorods provide a slight better performance,
whereas illuminated from substrate side (back side) no difference was observed in
IPCE performance showing that the orientation not always matters for photoelec-
trochemical application. Since this pioneer work, significant progress worldwide
has been achieved using this hierarchical nanoarchitecture based on aqueous
solution heated at low temperature under hydrothermal conditions [29, 30]. To
boost the yield of water oxidation reaction, through the hematite with vertical
nanorod morphology several modifications on synthesis parameters, addition of
dopants, surface modification, and high annealing temperatures were proposed
along these two decades. Some of the best results achieved on undoped and
modified hematite with vertical nanorod morphology were compiled in Table 1,
which will be used to guide the discussion regarding of the evolution in perfor-
mance and comprehension. The authors know that the selected works in this table
do not represent the real number of published paper regarding of the PBM method;
however, these reports give a good idea about what has been proposed to boost the
vertical nanorod hematite performance. In the case of undoped hematite nanorod
(HHN) photoelectrochemical performance, the best values achieved up to this date,
values in italic in Table 1, are from 1.12 to 1.48 mA cm−2 at 1.23 VRHE

(RHE, reversible hydrogen reference electrode).
Even some changes were done in the original synthesis parameters (such as time

(reduction), different precursors), pretreatment, or different substrates, the use of

Fig. 9 Schematic representation of electron transport through hematite morphology grown,
a spherical particles parallel, b vertical rods orthogonal and c rods parallel to the conductor
substrate (Figure adapted from Ref. [31])
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Table 1 Photoelectrochemical performance of undoped (UHN) and modified hematite nanorod
MHN) under sunlight irradiation at 1.23 V versus reversible hydrogen reference electrode

Undoped
hematite
nanorod—
UHN

Modified
hematite nanorod
—MHN

Annealing
temperature
(oC)

UHN-
J mA cm−2

at 1.23 V
versus RHE

MHN-
J mA cm−2 at
1.23 V versus
RHE

Year Reference

X (N3-dye) 550 0.05 <0.15 2000 [32]

X – 550 0.01 – 2002 [31]

X Sn-HN 800 1.24 1.86 2011 [33]

X Ti-HN 550–750 0.87 1.91 2012 [34]

X Cr-HN 750 0.03 0.05 2012 [35]

X – 390 0.9 – 2012 [29]

X N-HN 550 – 1.8 2012 [36]

X Co3O4-HN 550–800 0.72 1.2 2012 [37]

X Ti-HN 550 0.01 0.15 2012 [38]

X Sn-HN 750 1.24 2.25 2013 [39]

X Ti-HN with Co
(ions)

650 0.3 1.2 2013 [40]

X Ti-HN 750 0.45 0.66 2013 [41]

X Zr-HN 750 0.03 0.33 2013 [42]

X Mn-HN 550–750 0.45 1.4 2014 [43]

X HN surface
passivation with
Au

750 0.03 0.25 2014 [44]

X Ag-HN 750 0.05 0.18 2014 [45]

X N-HN
(layer < 100 nm)

750 0.39 0.95 2015 [46]

X Ti-HN 650 – 1.9 2015 [47]

X ATO-HN 500–800 0.60 2.12 2015 [48]

X Nb-HN 750 0.15 0.65 2016 [49]

X Sn-HN 750 1.12 1.62 2016 [50]

high annealing temperature in between 700 and 800 °C seems to be an important
role to improve the UHN performance. In fact, the positive effect of high annealing
temperature has been extensively addressed as a key factor to improve the
light-driven water oxidation performance of undoped hematite processed for all
different synthetic methods [51–53]. Yat Li and coworkers in 2011 investigated the
influence of temperature on the UHN properties showing photocurrent response
around 1.24 mA cm−2 at 1.23 VRHE when the temperature at 800 °C was used [33].
They demonstrated that the high annealing temperature promoted increases in rod
length and diameter, probably due to the aggregation, and by XPS was evidenced
the presence of Sn that come from the substrate by diffusion. At higher temperature,
more percentage of Sn from the substrate was found; however, the photocurrent
response sensibly dropped due to the substrate damage (glass distortion and
decreased the FTO conductivity). This unintentionally doping, first observed by
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Sivula et al. [17] studying hematite prepared by CND, seems to increase electrical
conductivity acting as an electron donor and being responsible to enhance the UHN
current response under light irradiation. Wong et al. [39] achieved a similar pho-
tocurrent response at 1.23 VRHE by altering the chemical precursor and using high
annealing temperature at 750 °C per 30 min. Carvalho et al. [50] reported a sys-
tematic investigation regarding of the influence of synthesis time and annealing
temperature on the UHN performance. The optimized synthesis conditions, which
exhibited a high photocurrent response around 1.12 mA cm−2 at 1.23 VRHE, was
found to be 2 h followed by annealing at 750 °C per 30 min.

The high annealing temperature was found to increase the UHN surface wet-
tability, which means that the high temperature improves the solid–liquid interface
favoring a more efficient water oxidation reaction (as illustrated in Fig. 10 the effect
of two different annealing temperatures). According to the literature, the electron
transport on bare hematite is given through the bulk; the high annealing temperature
allied with the nanorod morphology vertically aligned to the substrate seems to
increase the electron transfer toward the substrate reducing the recombination rate
[54]. Indeed, high annealing temperature combined with vertical rod morphology
might favor a better solid–solid interface; the crystal growth at [110] direction is
known from literature that direction could increase up to four orders of magnitude
of the electrical conductivity. Moreover, in some case, diffusion of Sn from the
substrate FTO layer was observed after high annealing temperature leading an
increase in the number of donor charge density and its transfer toward the substrate
[33, 55, 56]. These abovementioned effects related to high annealing temperature
have been reported on literature known only for rod morphology fabricated by
PBM route, but to several other morphologies and methods [17, 18]. For all those
studies listed in Table 1 that reveal photocurrent response for UHN below 1 mA

Fig. 10 The contact angle
images for UHN prepared by
PBM process at 2 h followed
by annealing at a 550 °C 1 h
and b 750 °C per 30 min
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cm−2 at 1.23 VRHE, a similar explanation above was given and the critical parameter
was found to be the high recombination rate due to a poor electron transport toward
the substrate or hole diffusion through the solid–liquid interface.

To keep booting, the vertical nanorod hematite (UHN) performance for water
oxidation reaction assisted by light several modifications has been proposed to
increase the solid–liquid interface (hole diffusion), as summarized in Table 1. The
most common and successful modification applied for the vertical nanorod hematite
is a deposition of solution containing metal transition ions (such as Sn, Co, Ti, Mn,
etc., highlighted in bold, Table 1) over the UHN layer before or after the annealing
process. The deposition of a solution with Ti or Sn combined with high annealing
temperature revealed a better way to increase the hole diffusion toward to the
hematite surface (see values highlighted in bold, Table 1). In special, the addition of
Sn on the surface of different hematite morphologies [25, 57] including UHN
(Table 1) had led the overall efficiency rising to almost double in comparison with
the bare material. Yat Li et al. [33] investigated the intentional addition of Sn on
UHN surface and combined with high annealing temperature showed an
enhancement in relation to the UHN from 1.24 to 1.86 mA cm−2 at 1.23VRHE,
respectively (Fig. 11). The addition of Sn over UHN was done before the annealing
treatment, where after this process at high temperature a significant change in
morphology was observed. The SEM images revealed that the Sn-HN change from
nanorod to coral-like morphology with smaller features sizes, which increased the
surface area available for chemical reaction (see Fig. 11).

They also investigated the dynamic of charge by ultrafast spectroscopy showing
that the hole–electron combination rate within the first picosecond remained high
even with Sn addition. Then, the improvement in the photocurrent response was
attributed a higher surface area promoted by coral-like morphology and a possible
increase in electrical conductivity (Fig. 11). Therefore, this significant change in
morphology by the addition of Sn followed by annealing process has been com-
monly reported in literature independent of the manufacturing method.

Fig. 11 Top-left SEM images of UHN, Bottom-left SEM images of UNH modified with addition
of Sn, Right Photocurrent response for UHN and Sn-UHN annealed at 650 °C represented by
dashed-blue dot and solid blue, and at 800 °C dashed-red dot and red-solid curves, respectively.
Reprinted from Ref. [33]. Copyright 2011, with permission from American Chemical Society
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Nevertheless, Wong and coworkers [39] achieved the highest photocurrent response
by adding Sn over the HN layer followed by annealing at 750 °C per 30 min, which
shift from 1.24 to 2.25 mA cm−2 at 1.23 VRHE. Contrary to commonly reported, no
substantial change in nanorod morphology was observed in the SEM images after
addition of Sn combined with high annealing temperature [38]. This pronounced
improvement was related to the efficient surface passivation by the formation of
FexSn1−xO4 at the HN surface that revealed in the TEM images [38], which possibly
reduces the recombination rate at electrode–electrolyte interface. Besides of the
photocurrent improvement, a shift of 100 mV on the onset potential toward a
cathodic direction was observed with the addition of Sn, which increases the
necessity of external bias application.

This cathodic shift in the onset potential has been investigated in literature due to
the addition of Sn, but the reasons remain unclear yet. As discussed above,
Carvalho and Souza [50] studied the addition of Sn on HN surface followed by high
annealing temperature; no substantial change in the morphology was observed, as
illustrated in Fig. 12. In fact, the morphology was preserved with a slight reduction
in the rod length and diameter. As the added Sn was not detected by X-ray
diffraction technique and overall rod dimension decreases, it is possibly segregated
at nanorod surface. The SEM and TEM images exhibit the formation of a layer
covering the nanorod surface (as observed by Wong et al. [39]); however, after

Fig. 12 Top-view SEM
images after high annealing
temperature at 750 °C per
30 min, a UHN, b Sn-UHN.
HRTEM images of Sn-UHN
powder gentle removed from
the substrate, c low
magnification, and f high
magnification. Contact angle
images of e UHN, and
f Sn-UHN prepared at same
conditions in (a) and (b)
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analyzing the chemical composition of this layer by energy dispersive spectroscopy
(EDS) using the TEM images (Fig. 12c, d), it was found to be SnO2 phase instead
of FexSn1−xO4. To shed some light by the influence of addition of Sn, the donor
charge density was estimated from Mott–Schottky plot showing no significant
changes. On the other hand, the Sn-HN–electrolyte interface has substantially
increased, as illustrated by the contact angle images (Fig. 12e, f), that reveal high
surface water affinity. The final contact angle measured at around 18° is considered
to have a super-hydrophilic surface (at contact angle below 20°).

The addition of Sn combined with high annealing temperature was found to
preserve the morphology promoting a slight reduction in the rod dimensions,
increasing the surface–electrolyte interface, but not substantially affects the elec-
trical conductivity. Then, the improved photocurrent response from 1.12 to
1.62 mA cm−2 at 1.23 VRHE was exclusively attributed to a better solid–liquid
interface that favored a more efficient hole diffusion. Since it is accepted that the
columnar morphology combined with high annealing temperature favors the crystal
orientation at higher conductivity direction of hematite and better substrate–layer
interface, an enhancement in efficiency of electron transfer through the back contact
is expected. The addition of catalysts over the hematite surface was expected to
improve the solid–liquid interface favoring a more efficient hole diffusion. As
consequence, this “free” electron (due to a reduction in the recombination rate)
could also be injected through the substrate increasing the material efficiency.

4 Conclusion and Perspectives

Latest advances in hematite electrodes manufactured by CND and PBM process are
an excellent choice to address and overcome the most significant drawback of this
material, which is the poor electronic properties. The current discussion addressed
in this chapter leads us to believe that the columnar morphology and preferential
crystal orientation at specific direction onto the substrate seems to be essential to
obtain highly active bare hematite for water oxidation assisted by sunlight irradi-
ation. On the other hand, the addition of catalysts (e.g., Ti and Sn) over the
columnar surface, which are responsible for the highest performance in hematite so
far, looks like to be dominated by different parameters besides columnar mor-
phology. In fact, the presence of catalysts combined with high annealing temper-
ature strongly affects the columnar morphology causing a substantial change in it,
which lead us to attribute the highest performance essentially due to an overall
improvement in interfaces. By combining morphology, high annealing temperature,
and surface changes, a significant reduction in the overall hole–electron recombi-
nation rate and a pronounced values of photocurrent response is expected due to
(i) solid–solid interface improved by high temperature, which will facilitate the
electron transfer through the back contact, and (ii) solid–liquid interface modified
by the presence of catalyst will favor the chemical reactions by a more efficient hole
diffusion. Essentially from the results discussed here we learned that hematite in the
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presence of catalyst followed by high annealing temperature become a polycrys-
talline material. In contrast of the semiconductor technologies that are fundamen-
tally supported in single crystal, the polycrystalline catalyst–hematite modified
exhibited the highest performance in photoelectrochemical application. In fact, for
pure hematite electrodes, the presence of grain boundary had been killed the
electron transfer and hole diffusion efficiency, but the addition of catalyst seems to
promote a significant reduction in the grain boundary energy favoring a highly
photoactivity. In other words, it seems to be essential for bare hematite mor-
phologies with few numbers of grain boundary, columnar aspect with preferential
crystal orientation, or defect that will help to drop down the recombination; while
for catalyst modifying hematite, the remaining challenges are identified and
understood, in polycrystalline morphology, in which a kind of grain boundary is
essential to promote a free electron path through the back contact and how the
catalyst affect the grain boundary energy that will possibly allow us to control them.
Over 35 years of investigation of hematite, a plenty of rooms for optimization,
fundamental investigation, and catalytic and electronic mechanisms remain in this
field to make this abundant material true for a commercial application. Since our
planet is essentially abundant of seawater and constantly graced by the presence of
inexhaustive source of light, to find a way to directly convert and store solar energy
into chemical energy (hydrogen and oxygen) will be a cheapest manner to provide
clean and sustainable energy to supply the world demand.
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Biofuel Cells

Roberto A.S. Luz, Andressa R. Pereira, Rodrigo M. Iost
and Frank N. Crespilho

1 Introduction

The search for clean and sustainable energy supplies arises from the last century
with the continuous depletion of fossil fuels and natural source of gases. Nowadays,
the continuous development of new sustainable and pollutant-free technologies
rather than the continuous combustion of nonrenewable fossil fuels like petroleum
and/or natural gases for energy production is still a big challenge, with which are
necessary to be developed to supply the global energy demand [1, 2]. Focus has
been done on the study of electrochemical conversion of fuels to produce electrical
energy by electrochemical reactions. The electrochemical energy produced by
oxidation/reduction reactions has been extensively studied during the last decades
as an alternative and environmentally favorable energy source [3]. The redox
reactions are intrinsic to batteries, fuel cells, electrochemical capacitors and biofuel
cells, and use different principles of energy storage and energy conversion [4–9].
Although batteries are capable to store and discharge electrical energy, fuel cells
have made remarkable progress and many applications are envisioned for clean and
more efficient energy conversion without loss of mass [10]. A fuel cell consists of
two electrodes, anode and cathode, which are immersed in an electrolyte solution
shuttling electrons across the interface electrode/electrolyte from an input fuel on
the anode driven to an external electrical circuit to the cathode electrode. In general,
for a large range of organic compounds used as fuels, the products generated are
H2O and CO2. The efficiency is significantly higher, e.g. alkaline fuel cells, and
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highlights an advantage over other electrochemical energy generation systems. In
addition, the development of electrochemical devices has resulted in great break-
throughs over conventional batteries [8–11]. However, the operation of fuel cells is
based on non-selective and expensive metals as catalysts for the conversion of
energy. At the same time, another strategy has been drawn for clean energy gen-
eration, such as the study of bioelectrochemical systems [12, 13].

The study of bioelectrochemical reactions originated from biological organisms
was revealed in the 1790s when Galvani demonstrated nerves contracting in a
frog’s leg upon application of external energy produced by a static electricity
generator [14]. The interest in fuel cell development, however, stemmed from the
USA space program, started in the 1950s, which explored the possibility of using
microorganisms or biomolecules to generate power [4, 15–19]. 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
recognition elements towards a specific molecule capable of producing electrical
energy by electrochemical redox processes [15–23]. The BFC system is similar to
traditional fuel cells and consists of an anode and cathode. On the other hand, the
electrodes are modified with biological molecules separated or not by a semi-
permeable membrane. When a specific fuel is introduced into the anodic com-
partment, the oxidation reaction takes place and the electrons shuttle at the anode
are used to reduce other chemical species, like molecular oxygen, at the cathode.
However, the amount of electrical energy generated by biological molecules is
usually very low, and among other features, is still a limitation in the use on
biological fuel cells.

The use of microorganisms for energy conversion is not new. Recent researches
on BFCs have been arised since the utilization of the first microbial fuel cell in 1912
by Potter and co-workers [24]. The study showed a simple example of energy
generation by fermentation of microorganisms by bacteria in glucose media. These
electrochemical biodevices based on biological components offer many advantages,
such as their use of renewable [25, 26], non-pollutant [27] fuels and their ability to
operate at low temperatures [28]. Besides these advantages, the performance of
BFCs in terms of power energy density generated by biochemical reactions and
their stability is all responsible for the broad research in the area in the last decade.
Moreover, the main focus is to utilize biological components, as opposed to metal
catalysts, to catalyze biochemical reactions, and generate energy with implantable
biodevices in live organisms, like in the human body [26]. Since the first experi-
ment reported by Yahiro in 1964 [29], which used the enzyme glucose oxidase
(GOx) as the biological component for the anode operating with glucose as fuel
[29–40], many advances have been made which focus on their various applications,
such as portable implantable biodevices [26] and also recently in bioelectrochem-
ical Haber–Bosch process in a H2/N2 fuel cell [41]. In addition to their use of
renewable fuels, the favorable and mild temperature operation conditions make
BFCs a promising route for future energy conversion devices.

In this chapter, we present an overview of the fundamental aspects in enzyme-
and microbial-based BFCs for biological energy conversion devices, and we
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explore their main operation characteristics, enzymatic immobilization on elec-
trodes, and nanostructured materials for BFC applications. The focus on this
chapter is to establish the correlation between enzymatic thermodynamic and
kinetic processes at solid conducting interfaces, describing the utilization in mod-
ified electrodes for obtention of BFCs for in vitro and in vivo studies. Some
perspectives for miniaturized biodevices will also be addressed in the next topics.

2 Fundamental Aspects in BFCs Development

The investigation of the attachment of biomolecules to solid conducting substrates
is well-known and arises owing the wide interest for biosensing [42, 43] and more
recently in energy conversion biodevices [26]. The fundamental principle in BFCs
is based on a biological transducing element (enzymes and/or microorganisms) for
the conversion of chemical energy from the fuel into electrical current by the
electrode [7, 44, 45]. BFCs consist of two electrodes that can be separated or not by
a semi-permeable membrane [46–54], as can be seen in Fig. 1. First, species are
oxidized on the anode and the electrons produced are driven throughout an external

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
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circuit reaching the cathode [55] and, generally, water is produced when the redox
reaction takes place due to the presence of molecular oxygen in the environment
[48].

The early development of BFCs consists in the investigation of an efficient
collector material for the electrodes at the same time to improve the shuttle of
electrons from the biomolecule to the electrode surface, such as the use of efficient
architectures for the obtention of the electrodes [56–60]. For the last, the immo-
bilization procedure of the biomolecule onto the solid support is an important
feature [61–68]. The investigation of the immobilization procedure has been
explored by cross-linking agents [69], physical adsorption [70, 71], self-assemble
monolayers [72, 73], bilipidic membranes [74, 75], and also the entrapment in
polymeric matrices [60, 76, 77], as schematized in Fig. 2.

As one of the simpler pathways for the obtention of bioelectrodes, the use of
organic polymers plus inorganic materials can result in a composite or hybrid
materials with unique properties [50, 78–82]. These methodologies are usually used
for the obtention of the biocathodes and also bioanodes in BFCs. As an example,
Scodeller and co-workers [81] 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

Fig. 2 Scheme of enzymatic immobilization onto a conducting solid support. a Physical
adsorption. b Cross-linking. c Self-assemble monolayer. d Bilipidic membrane and e Entrapment
in polymeric matrix
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laccase biocatalysis mediated by an osmium complex. On the other hand, bioanodes
have also been investigated using these polymeric platforms. Raitman et al. [82]
electropolymerized polyaniline (PAni) and polyacrylic acid (PAA) on electrode
surfaces resulting in PAni/PAA films. Then, an amino-FAD cofactor was cova-
lently linked 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 is facilitated the electron
transfer between the cofactor site embedded in the enzyme and the electrode surface
[82]. Carbon materials have also been shown promising for biodevices mainly
owing to the chemical and physical stability [83–87], also in order of favoring the
immobilization of the enzymes onto the electrode [88, 89]. Some studies have
shown promising in the development of carbon-based platforms for BFCs. Cosnier
and co-workers [90] reported a porous carbon matrix for the immobilization of
enzymes onto the electrode surface, resulting in bioelectrodes with high current
density for both anode and cathode, highlights for the high current and potential
stability over one month for the biodevice. Another strategy has also been reported
about the use of entrapment of redox enzymes onto biscrolled carbon nanotube
yarns [91], and also hydrogels for improvement of bioelectrodes performance in
H2/O2 BFCs [92]. In addition to the use of enzymes, microorganisms like bacteria’s
have also been explored for the obtention of efficient BFCs [15–17, 93–101].

Microbial BFCs provides some advantages over enzymes such as higher current
densities originated from the magnitude of oxidation processes [23] and a
decreased susceptibility to interfering agents or reaction inhibitors [102]. However,
the improvement and understanding of operational characteristics in microbial
BFCs is not a simple task. Further knowledge about some experimental factors
such the continuous growth due to microorganism multiplication into the elec-
trochemical compartment and also the electron shuttle through the biological
membrane, which influences the final cell voltage, are some of the greatest
complication in this type of biodevice [16, 17, 96, 103]. At the same time, it is
more difficult to access the energy produced inside this cell during the metabolic
process.

Conventional microbial-based BFCs are similar to other cell types with two
electrodes (anode and cathode) separated, in general, by a proton exchange mem-
brane [50, 104–107]. The oxidation of redox-active microorganisms occurs at the
anode, while the cathode can be composed of a simple metal electrode, a bacterial
biocathode or an oxidoreductase enzyme. The functional activity of microorgan-
isms facilitates the oxidation of organic compounds, which produces electrical
energy driven 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. 3.

There is no doubt about that the development of microbial BFCs is a promising
route for obtention of clean energy conversion devices. As in enzymatic biodevices,
many operational difficulties associated with BFCs in general such as lifetime and
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low operation stability present big challenges associated with the large-scale
application of this type of bioelectrochemical system [7, 20, 21, 45, 108]. One of
the main challenges today is to improve the interface for an optimum biorecogni-
tion; to achieve this goal, focus has been placed on search for different electrode
configurations based on nanostructured materials, 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 studies reported concerning
the utilization of nanostructured materials for BFCs development, which will also
be detailed further. For the last feature the understanding of the BFCs thermody-
namics is an important factor for future an efficient bioconversion.

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 [4, 7, 15, 16, 19–22]. 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 currently evaluated,
also in the case of many different kinds of electrode configurations [4, 5, 7]. The
energy released in an electrochemical reaction is described by Gibb´s energy for a
reversible electrochemical reaction. To describe the reversible cell potential gen-
erated in an electrochemical reaction, the Nernst equation is used (1) [109]

E ¼ E0 þ RT
nF

log Q ð1Þ

in which E0 is the standard potential, Q is the reaction quotient (activity quotient),
n is the number of electrons involved in the reaction. R, T, and F are the universal

Fig. 3 A general scheme of a
microbial-based BFC. The
principle of power energy
generation is similar to an
enzymatic-based BFC
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gas constant, the absolute temperature and the Faraday constant, respectively. In a
biological fuel cell, electrons are shuttle from the biomolecule to the electrode and
the maximum current (I) achievable and, consequently, the maximum power, will
depend on efficiency of electrical communication between the enzyme and the
electrode. In general, the power output for a fuel cell can be represented by (2)

PCell ¼ ECell

Z
Idt; ð2Þ

where the overall cell voltage (ECell) is given by (3) [4]

ECell ¼ EC � EA � RIRe ð3Þ

The term RIRe represents the sum of the internal potential losses of the elec-
trochemical cell. EC and EA are the experimental cathodic and anodic potentials,
respectively, and may be related to the equilibrium potential (Ee) by the overpo-
tential (η) of the cell according Eq. (4)

g ¼ E � Ee ð4Þ

One important factor for the optimization of the current density and the cell
voltage in an electrochemical cell can be obtained when the ohmic resistance losses
(RIRe) is minimized and the driving force (EC − EA) is maximized. The configu-
ration of electrodes on an electrochemical cell and their operation at low current
densities are examples of how power generation can be optimized in BFCs.
Although the low current operation generated by biomolecules is a substantial
problem in BFCs, the increase in current generated by electrochemical reactions can
be used to improve the electrochemical response on the electrode. As the BFCs are
applied for different purposes such as portable power supplies, implantable devices,
drug delivery systems and microchips, the size of the biodevice should be con-
sidered [110–114]. Thus, it is more common to calculate the geometric and volu-
metric power density, according to the following Eqs. (5) and (6) [4]

Power density ¼ PCell

A
ð5Þ

Volumetric power ¼ PCell

Ve
¼ Ae

A
PCell ð6Þ

in which A, Ae, and Ve are respectively the geometric electrode area, the electrode
area per unit of volume and electrode volume. For a complete biofuel cell system, it
is also needed to consider the fuel as adding volume. The power energy produced in
a fuel cell can be determined by an experimental polarization curve [115], also
accomplished for BFCs [116]. For the last, the efficiency is also evaluated (7)
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Efficiency ¼ �nFDE
DH

ð7Þ

As discussed earlier, the performance of biofuel cells is influenced by many
operation factors, such by the use of different architectures [117, 118]. Then, many
efforts has also been made in order to understand the fundamentals of electron
transfer reactions in biological systems, also when in contact with electrodes, such
by the use of Marcus theory [61]. Further fundamental studies is also been inves-
tigated by the use of nanostructured materials together with biomolecules as a
successful strategy for more efficient biodevices.

4 Nanostructured Materials Applied to Modified
Electrodes and BFCs

Recent advances in bioelectrochemistry are responsible for the continuous devel-
opment of nanostructured materials and interfaces [5]. During the past few decades,
the intense search for new materials with different properties has been the main
focus in the emerging fields of nanoscience and nanotechnology [119]. The
development of nanostructures shows the possibility to control physical and
chemical properties at molecular level [120]. Materials at nanometer scale are
characterized by size, shape, and large surface area, which greatly influences their
electrochemical properties; that is, electrochemical properties are influenced by the
size/surface energy and can improve electron transfer kinetics in bioelectrodes
[121]. Several nanomaterials have been applied to modified electrodes, such as
carbon nanostructures [70, 122–125], nanoparticles of different compositions and
sizes [122, 126–128] among 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 [129], carbon nanotubes have received major attention
due to their unique electronic, electrochemical, and mechanic properties, as well as
their potential application in many areas [130–132]. The electrochemical properties
of carbon nanotubes have been extensively investigated in the last decade by
Compton and co-workers [133–137]. In general, their electroactivity was initially
associated with their unique tubular structure and also possibly by edge effects
which were later related to metallic impurities [134]. On the other hand, carbon
nanotubes have been extensively reported in modified electrodes in order to
improve significantly the electrochemical detection of dopamine [138]. Another
important approach was reported by the use of carbon nanotubes for the ampero-
metric detection of glucose [139]. Some other fundamental studies have also
concerned protein film voltammetry studies of proteins in order to obtain the direct
communication with electrodes, or direct electron transfer reactions (DET) for
development of efficient BFCs [33, 35, 88, 130, 139–142]. Gao and co-workers
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[88] developed an electrode composite material based on carbon fibers (CFs) and
oriented carbon nanotube (CNT) microwires for the electroreduction of oxygen
(Fig. 4). These results show that CFs have a relatively nonporous structure. Further,
the obtention of CNT microwires showed a large porous surface which allows for
the permeation of both electrolyte solutions and oxygen, which are important
factors for efficient bioelectrodes. In addition, the resistance of mass transfer along
the porous materials can be reduced, generating a current density of 750 µA cm−2

and only a 20% loss of their power density.
Graphene—a monolayer of carbon atoms—is a promising nanomaterial first

reported in 2007 [143, 144], although such interesting electronic properties was
already observed in 2004 in thin layer carbon films [145]. The electrochemical
properties of graphene have also been explored during the past decade, such as in
graphene oxide and reduced graphene oxide. Usually, graphene oxide is converted
to the graphene form and utilized in modified electrodes for electrochemical devices
and biodevices. Some studies have shown that heterogeneous electron transfer
reactions is enormously influenced [146, 147], also for sensing devices [148]. 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 [149–151], sensing
[152, 153], and BFC development [154, 155] such by the use of sol-gel method for

Fig. 4 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 with permission of Macmillan Publishing Group
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immobilization of graphene nanosheets [154] in comparison with carbon nanotubes
towards the development of a bioanode and biocathode, with a maximum power
density of 24.3 µA cm−2 and a lifetime of 7 days. Recently, an improved electron
transfer of the GOx enzyme immobilized on a flexible carbon fiber (FCF) modified
with graphene oxide have been demonstrated [70]. The presence of graphene at the
enzyme/electrode interface diminishes the activation energy by decreasing the
distance between the electrode surface and the flavin adenine dinucleotide cofactor
(FAD/FADH2) of GOx, which gives an estimated electron-transfer rate constant
twice the achieved with the pristine carbon electrode.

5 Enzyme-Based Modified Electrodes Applied to BFCs

Enzymes are currently used in electrodes because of the ability to convert chemical
energy into electrical energy [156]. Here, it will be described some characteristics
and advantages of the utilization of enzyme-based modified electrodes, while in the
next topic will be described microbial-based modified electrodes. One of the
advantages of enzyme-based modified electrodes in biofuel cells is the advantage
that biodevices can be easily miniaturized, providing BFCs much smaller than
equivalently powered microbial cells; besides, this type of cell allows operation
closer to the redox potential of the enzyme itself [157].

Biological redox reactions are known to be specific and occur in live organisms
to accelerate several biochemical processes associated with metabolism [20, 21,
23]. Most of these reactions need to be catalyzed to occur at the necessary rate to
sustain life and in this case, the catalysts are enzymes. Once that a catalyst is not
consumed or modified during the reaction, it can be used, in principle, indefinitely
to convert substrate into product. As any other catalyst, enzymes act to decrease the
activation energy barrier in biochemical reactions without, however, undergoing
structural modifications at the end of the reaction [61, 158]. Such biochemical
reactions, or catalyzed enzymatic reactions, take place with specific enzymes of a
particular nature being especially suitable for a specific reaction to produce energy
by coupled redox reactions that can be utilized in specific applications [21–23, 26,
32, 159–166]. For this purpose, enzymes with a metallic redox center are very
interesting due to the possibility to be part of redox couple reactions as cofactors by
a charge transfer with the electrode surface. Cofactors are, in some cases, organic
molecules that transfer electrical charge between enzymes and the electrode surface,
thereby allowing to generate a flow of current in the electrochemical system. The
utilization of biocatalysts are very attractive and they present several advantages
over metal catalysts, such environmentally friendly conditions (e.g., mild temper-
ature and pH), advanced operation lifetime [167], and the possibility to use inex-
pensive biological fuel cell components, besides being renewable [168]. From
another point of view, such biological systems allow energy generation from more
complex fuels [15, 16, 19–21, 23]. Figure 5 shows a conventional configuration of
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an enzyme-based BFC operating with the oxidation of glucose on the anode
by 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 [27]. 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
depends directly on the enzymatic performance [169–171]. 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 biocat-
alytic processes [169–171]. 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. 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 activity density and, consequently, the current densities at enzyme func-
tionalized electrodes depends on the loading of enzyme immobilized on the elec-
trode material per unit of area and the rates of two reactions: the turnover of the

Fig. 5 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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substrate by the enzyme working at the electrode and the transfer of electrons from
active site of the enzyme to the electrode surface [172]. Thus, the major difficulty
with these enzymatic redox catalysts is immobilizing the enzymes on solid elec-
trodes 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 [173]. The development
of such devices brings about the possibility of studying electrochemical processes
when biomolecules actuate out of their natural environments [21, 23, 174].
Although the redox enzymatic reactions can occur when enzymes are in contact
with the solid electrode surfaces, they partly lose some of their bioactivity prop-
erties due to denaturation by the immobilization processes [21, 23, 174]. 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 optimization of the electrode materials and
immobilization methods. Biomolecules such as enzymes can be immobilized on a
substrate surface by physical or chemical adsorption [61, 175–178]. Physical
adsorption occurs as a result of a residual charge present on certain chemical groups
of the enzymes, which causes spontaneous 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 [43].
Although immobilization techniques are crucial in terms of providing better com-
munication between the enzyme and electrode surface, many biological species
undergo very slow heterogeneous electron transfer due to energy barriers associated
with their proteic structure, since the active center of redox proteins are usually
deeply located in protein matrices [179] and there are a limited distance for the
occurrence of this transfer [70]. One pathway to intensify the charge transfer
originated by bioelectrochemical reactions is by means of mediated electron transfer
[51, 105, 169, 180–183]. Electrochemical mediators are molecules that can easily
and reversibly switch between oxidation/reduction states used to facilitate electron
transfer processes between redox centers on enzymes and electrodes [51, 105, 169,
180–183]. These mediators could achieve buried active site more readily than the
electrode materials, which increases the number of available electrons that are
transferred to the circuit [168], resulting in a better performance of the current
generated in modified electrodes that can be applied to biosensors [180–182] and
BFCs [51, 105, 169, 183]. Electrode preparation with most kinds of redox medi-
ators, such as ferrocene [180, 184], Prussian blue [185, 186], 1,4-benzoquinone
[187, 188], hexacyanoferrates (Co, Fe, Ni, Cu), etc., can improve current transport
on the electrode surface by several orders of magnitude. Since their discovery in
1951 [189], ferrocene, along with its derivatives, is one of the most popular redox
mediators used for amperometric [118, 190], potentiometric [191, 192], and
immunosensor [193, 194] development. Several works have reported about the use
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of redox mediators to enhance charge transport in bioelectrochemical devices [51,
105, 118, 169, 180, 183, 184]. However, the redox mediator should be chosen such
that its redox potential is as close as possible to that of the cofactor enzymes [20].

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 [126, 151, 194–197]. The syn-
thesis of gold nanoparticles by organic molecules produces hybrids with very
interesting electrochemical properties [194, 196, 197]. This involves the utilization
of PAMAM dendrimers as gold nanoparticle stabilizing agents for the development
of electroactive nanostructured membranes (ENMs) [117, 198, 199]. The 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 inten-
sify the electron transfer on the electrode surfaces [117, 198, 199]. 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. 6.

Another important approach was described by Katz et al. [200], and utilized the
enzyme GOx by the reconstitution of apo-GOx on charge-transporting wires con-
sisting of a relay unit as the charge carrying element, and a flavin adenine dinu-
cleotide cofactor (FAD) as a reconstitution site. In one configuration,
pyrroloquinoline quinone (PQQ) was assembled on a gold electrode, and N6-
(2-aminoethyl-flavinadenine dinucleotide) (amino-FAD) was covalently linked to
the PQQ [200]. The reconstitution of apo-GOx 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 communication between the
redox enzyme center and the electrode, leading to an oxygen-insensitive ampero-
metric glucose sensing. Figure 7 shows the preparation of the bioanode, applicable
as a recognition element for glucose sensing.

For many years GOx has been used as a powerful enzyme-based bioanode [70,
157, 201, 202], however, its utilization has some issues such as the necessity of the
membrane in a biofuel cell once the oxygen usually present in cathode compartment
acts like an interference for this enzyme [203]. Thus, in a past few years, biocat-
alysts such as glucose dehydrogenase (GDh) [60], and alcohol dehydrogenase
(ADH) [204] have been used for the development of bioanodes for biofuel cells. In
the case of GDh NAD+-dependent for glucose oxidation, the active sites are
unaffected by the presence of molecular oxygen allowing the absence of a mem-
brane to divide the cell in two chambers, which is interesting for implantable
biofuel cells studies, for example, since oxygen is present in blood [203]. For ADH,
the interest is at the catalysis of the reversible interconversions of alcohols to
aldehydes or ketones, which allows the utilization of this enzyme to development
new kind of bioanodes [204].
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Fig. 6 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 3
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 with 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 [93, 96, 97, 205, 206]. These living
organisms, e.g., Saccharomyces cerevisiae or Escherichia coli, actuate on bio-
chemical conversion of organic molecules during metabolism [207] and can be used

Fig. 7 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. Copyright @
American Chemical Society
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for electrical energy generation. For this purpose, the growth of microorganisms
occurs in environment culture generating energy by the oxidation of organic fuels.
The utilization of microorganisms in BFCs is also advantageous since it eliminates
the isolation of individual enzymes and these microorganisms can be used in dif-
ferent ways for producing electrical energy, such as, they can generate active
substances through fermentation or metabolism and it could be used in a microbial
bioreactor, which is kept separated from the fuel cell or the process could proceed
directly in the anodic chamber of the cell. Another possible configuration involves
the utilization of electron transfer mediators, which accept electrons from the
biological reaction in the microorganism and transport them to the anode [208].

Anode-based microbial BFCs facilitate oxidation processes of organic fuels by
microorganisms, and a cathode, which facilitates the reduction of O2 with gener-
ation of water [93, 95, 99, 101, 155, 209]. In this type of fuel cells, the utilization of
the microorganisms has some advantages than the utilization of enzymes, once
many biofuels could be used and they can be less susceptible to poisoning and loss
of activity under normal operation conditions [5]. In microbial BCFs, the two
electrodes are separated 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 microorgan-
ism and the electrode surface [15, 17, 97, 100, 210]; 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 [169, 183].
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 6H2O ! 6CO2 þ 24e� þ 24Hþ ð8Þ

Cathodic reaction: 1=2O2 þ 2Hþ þ 2e� ! H2O ð9Þ

MediatorOx þ e� ! MediatorRed ð10Þ

Some interesting strategies have reported the utilization of microbial fuel cells
without the use of redox mediators [94]. The microorganism Rhodoferax ferrire-
ducens capable of glucose oxidation was reported for the oxidation of glucose [94] in
a biological fuel cell generatingCO2without a redoxmediator, using graphite cathode
to generate energy. Many different configurations have also been reported according
to the fuel or type of catalyst utilized. Fishilevich et al. [211] reported the use of GOx
as the redox enzyme displayed on the surface of S. cerevisiae (YSD-GOx fuel cells) in
the anode compartment with methylene blue as the redox mediator (Fig. 8). The
reduction of oxygen was performed by the enzyme laccase at the cathode with 2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as a redox mediator. This
configuration demonstrated that GOx immobilized on a microorganism’s surface can
be used as another important approach in the development of BFCs.
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7 Implantable BFCs

Nature in course of evolution provided the most effective catalysts with optimal
recognition capability towards biological events, the enzymes. These biological
events are part of complex energy-consuming power biochemical reactions, such as
single cells in mammals with average power consumption of *4 pW [212, 213]
and also neurons in the brain with a consuming process of *0.5 nW of power
[214]. Owing to the specificity, biomolecules has been investigated in integrated
systems opening the opportunity to understand fundamental scientific questions and
practical purposes with the so-called bioelectronics [215]. Substantial efforts have
been made to efficiently attach biomolecules to the electrode surface, at the same
time providing desired functions to biomaterials for practical applications. One of
the fundamental requirements for bioelectronics is the effective existence of elec-
tronic coupling and communication between biomolecules and the electrode,
regards to the preservation of bioactivity [216]. In particular, the continuous pro-
gress in the field opens new possibilities for power energy conversion using
implantable bioelectronics, which is usually also of very low power generation.

The implant of biodevices faces some issues [217]. Some of faced issues are the
miniaturization of the biodevice to be portable, having long lifetime, maintaining
the operational efficiency and also the biocompatibility, one of the requisites for a
successful implantable system [110]. Concerning the biomedical applications, some
difficulties of the implementation of this technology are related to the necessity of
biodevices with small size and lightweight, also because sometimes is formed by a
non-rechargeable system. For the last, the time-life of the biodevice after the

Fig. 8 Principle of operation of the YSD-GOx fuel cells. Copyright @ American Chemical
Society
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implant is crucial since the surgical procedure is an important aspect to be con-
sidered, e.g., for the implant and operational stability of cardiac pacemakers, drug
pumps, and neurostimulators. Concerning micro- and nanoelectronic systems,
further developments highlights the importance of the synergy between short bio-
logical events and small electrode areas, giving rise to low- and ultra-low-power
bioelectronics.

The first implanted cardiac pacemaker dates from 1960s [218] by making use
of myocardial electrodes with suitable controlled intensity of stimulus. Usually,
pacemakers operates over consumption of tenths of µW [219]. The field of
research was driven then by the development of many implantable devices and
great breakthroughs with improvements in reduced scale electronics have been
achieved [220], such as developed in the last decades in glucose/O2 BFCs.
Glucose is abundant in biomass and also is present in human body as an energy
source via metabolic process of carbohydrates [221]. The complete oxidation of
glucose molecule to carbon dioxide yields 24 electrons (according to Eq. 8). The
incomplete or first step oxidation of glucose results in two electrons and for-
mation of gluconolactone molecules, generally the predominant step when
enzymes are components in enzymatic BFC anodes. The reduction of molecular
O2 enzymatically is usually a complete process through the formation of four
electrons, four protons and H2O molecules, process taking place in BFC cathodes.
These two elements in blood gave rise to a promising idea for energy conversion
in vivo [222, 223]. If biologically efficient converted in the final products,
glucose/O2 biofuel cells are able to provide enough power energy for some
implantable devices.

Implantable glucose/O2 fuel cell prototypes date from 70s. In an engineering
device operating in vivo, abiotic components for oxidation of glucose/reduction of
O2 on Pt catalysts and porous anode containing catalyst in a disk shape format was
reported with power densities of about 2.2 µW cm−2 during 30 days of operation.
Although important advances in the field was continuously reported since then with
the use of different metal catalysts and selective permeable membranes for opti-
mizing architectures, the search for better approaches using biological electrode
components owing to the selectivity and specificity is being reported [224]. GOx is
capable of oxidation of glucose via two-electron mechanism reducing flavin ade-
nine dinucleotide (FAD2+) to FADH2, which is regenerated with the presence of
molecular oxygen in the environment, and is extensively reported as possible anode
components in enzymatic BFCs. Aiming to the direct electron transfer between
enzyme/electrode [122, 157], the presence of oxygen is somehow a disadvantage
concerning miniaturization and efficiency of BFC systems since cross-over of fuels
and also the presence of chemical inhibitors diminishes the operation of these
biodevices. As a way to overcome these operating limitations, some studies reports
the use of a semi-permeable membrane [225], once GOx is deactivated by the
presence of molecular O2 in the electrolyte media. One interesting strategy was
pioneering reported by using catalase enzyme both with GOx enzyme in BFC
anodes to convert H2O2 to H2O and O2, and preventing the enzyme deactivation
[90]. The strategy was also reported in implantable BFC in retroperitoneal space of
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a rat with the design of a confined graphite biodevice in a dialysis bag [114]. Our
research group also reported the obtention of an engineered implantable glucose/O2

BFC in jugular vein of a rat (Rattus novergicus) (Fig. 9a) by surgical implantation
of a poly(propylene) catheter containing both, anode and cathode, flexible carbon
fiber (FCF) electrodes (Fig. 9b) [203]. Anode FCF electrode was modified with
poly(neutral red) redox mediator to improve the communication between GOx
enzyme and the electrode surface. For cathode electrode, poly(amido amine) den-
drimers generation 4 was employed to synthesize platinum nanoparticles and then
used for the oxygen reduction reaction (ORR). In this case, polarization curves
presented high current densities over oxidation of glucose/ORR. Further results
showed also good performance for the enzymatic BFC in vitro and in vivo with
power densities of 200 µW cm−2 at 250 mV and 95 µW cm−2 at 80 mV,
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Fig. 9 a Optical microscope image of the FCF-based BFC inside if the catheter. b The catheter
containing bioanode (FCF/NR/GOx) and cathode (FCF–PAMAM–PtNP) was surgically intro-
duced at the ventral surface of the living rat. c In vitro micro-BFC and d power density versus
operating potential for in vivo BFC. Copyright@RSC
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respectively. Figure 9c and d shows the power output curves for in vitro and in vivo
experiments.

The obtention of enough electric power from body fluids to operate a Light
Emitting Diode (LED) was also reported after implant in the abdominal cavity of a
rat. The reported biodevices formed a mechanically compressed CNT/enzymatic
bioelectrodes affording efficient electrical contact between enzyme and the elec-
trode. The dimensions were 6 mm thickness and 5 mm of diameter, enclosed in a
silicone biocompatible tube. For the latter, enzyme GOx plus catalase enzyme and
laccase was used as anode and cathode, respectively. The resulting power output
density of 193.5 µW cm−2 was enough to deliver energy for a miniaturized
device [114]. Some other studies also reported implantable BFCs in rat by incision
of the bioelectrodes through the skin [226]. For the later, PQQ-dependent glucose
dehydrogenase (PQQ-GDh) was immobilized onto a bucky paper, composed of
compressed carbon nanotubes, and used as anode. The use of GDh enzyme in fact
is being a successful strategy to obtain miniaturized BFCs since the dissolved
molecular O2 is not a limiting factor for the enzymatic biocatalysis [227–230]. The
bucky paper containing immobilized enzyme laccase was also used as cathodes
platforms. In this case, the implanted BFC showed a maximum power output
density up to 70 µW cm−2 (external load of 1 kΩ). Implantable enzymatic BFC
was also reported in other living organisms such lobster [231], insects [232], snail
[111], clam [113], and it has potential to be implanted in human brain [233].
Wireless implantable devices were also subject of research in the last years [234].
Overall, the search for better architectures affording more efficient enzymatic BFC
is still subject of intense research owing to the possibility of application in medical
(implantable) devices. Such optimal devices also include the possibility to mimic
biological behavior in bio-inspired systems.

8 Bio-inspired Catalysts

Proteins are one example of biological component of formidable complexity and
functionality and have been a source of inspiration to design synthetic materials
[235]. In resume, proteins are arranged in fold chain molecules due to the
self-attraction compaction and hydrophobicity [235–237]. The possibility of
mimetizing functions of some proteins for viable applications in industry and
possibly to reveal scientific questions is nowadays one of the main goals to be
reached. In particular, an enzyme serves as inspirational catalysts for new and
functional materials [238]. Oxidoreductases are a particular class of enzymes that
performs major importance owing to the capability to study catalytic electron
transfer reaction from molecule–molecule path or also heterogeneous electron
transfer reactions in bioelectronic devices. Such functions are related to the metal
center/cluster atoms or also prosthetic groups in an active site surrounded by
amino-acid residues, providing accessibility to a specific substrate molecule [239].
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Although very effective, some biocatalytic conversions are not available and the
demand for the design and development of functional smart materials are desirable
[240]. The rapid interest for the use of synthetic materials with functional properties
gives rise to the necessity to understand fundamental aspects of atoms/molecules
interactions with nanoparticles [241] such as the study of constitutional dynamical
systems [242, 243] or supramolecular chemistry. Recently, several self-organized
systems have been proposed such by the obtention of layer-by-layer [244] and
Langmuir–Blodgett [245, 246] films, organic [247] and biological supramolecular
[248] spheres. Focus has also been made on the obtention of photosynthetic and
also bio-inspired energy conversion devices using self-organized molecular
structures.

The search for novel materials applied to BFC has arised aiming to the obtention
of more efficient energy conversion devices [249, 250]. The modern concept of
biomimetics allows the possibility to use bio-inspired inorganic materials/organic
materials as catalysts for specific chemical reactions, also behaving in a similar
fashion to natural bimolecular receptors [249, 250]. Artificial receptors provide new
possibilities for bioelectrocatalysis, being obtained by self-organized inorganic–
organic molecular chains [250] or by the synthesis of nanostructures [249]. Some of
the recent examples are reported by the mimic of enzymes functionality, such as
horseradish peroxidases [251] and NADH Peroxidase [252] using carbon dots and
graphene oxide, respectively. A biomimetic iron metal center deeply located in an
organic matrix was also investigated. Biomimetic Iron (III) nanoparticles stabilized
in a poly(diallyldimethylammonium)(PDAC) matrix was also reported as a strategy
for reduction of H2O2 [249]. In this case, a metastable phase of iron oxide and iron
hydroxide nanoparticles (PDAC-FeOOH/Fe2O3-NPs) was obtained, showing a
quasi-reversible anodic/cathodic electrochemical reaction attributed to Fe3+/Fe2+

species, which produces high electrochemical catalytic activity for H2O2 from −290
to 390 mV in acidic media (Fig. 10).

The manipulation of metal–organic frameworks is another strategy envisioned
for the obtention of highly organized materials onto surfaces with studies in
coordination polymers. These organic coordination networks are formed by a
connector (metal) and a link (ligant) forming highly porous and flexible materials
after self-organization at vacuum–solid or liquid–solid interfaces [253]. For
instance, some interesting and specific textbooks and reviews [253, 254] can be
founded in the literature given to information about the obtention of metal–organic
frameworks. In some cases, the study of biological-inspired electrochemical catalyst
systems is shown. For the last, many studies have been focused on the obtention of
highly organized metal surfaces for oxygen reduction reaction (ORR) systems
[255–259]. Furthermore, molecular switches which regulates the proton-coupled
electron transfer in biology and in artificial systems plays an important role such in
photosynthesis and ORR reaction mechanism [255, 256] and has been recently
subject of intense investigations. As a promising perspective, the control of
self-organized organic/metal structures is a versatile tool for obtention of smart and
small-scale devices. The future of bio-inspired materials attracts attention,
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highlights for simple synthetic methods that bring the possibility to obtain energy
conversion devices operating on-chip.

9 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 be overcome. However, their
potential applications utilizing live organisms and implantable devices for energy
generation are unquestionable. Enzymatic BFCs are a promising tool for the
development of these new implantable devices; they also possess challenges for

Fig. 10 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 with permission of
Elsevier
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developing suitable and more efficient biodevices capable of producing power
energy for many applications. An efficient method of enzymatic immobilization and
a more suitable modified electrode must be applied. Nanostructured materials
applied to modified electrodes are an important strategy for bioanode/biocathode
development; metal nanoparticles, carbon nanotubes, and graphene are very inter-
esting 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 com-
munication on modified electrodes. In addition, microbial fuel cells offer the pos-
sibility of using biological processes of microorganisms like bacteria to produce
energy density at long times of operation and using organic molecules as fuel. One
important approach has been developed which uses microbial BFCs utilizing glu-
cose 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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Developments in Electrocatalysts
for Oxygen Reduction and Ethanol
Oxidation

Fabio H.B. Lima, Daniel A. Cantane, F.E.R. Oliveira
and Nelson A. Galiote

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-temperature fuel cells, such 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 a 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
brings serious disadvantages for application on commercial devices. On the other
hand, ethanol is an attractive fuel for a direct alcohol fuel cell (DAFC), since it can
be produced by fermentation of sugar-containing raw materials from agriculture.
This is particularly 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

F.H.B. Lima (&) � F.E.R. Oliveira � N.A. Galiote
Institute of Chemistry of Sao Carlos, University of Sao Paulo, Sao Paulo, Brazil
e-mail: fabiohbl@iqsc.usp.br

D.A. Cantane
Battery Laboratory, Itaipu Technological Park, Foz de Iguaçu, Brazil

© Springer International Publishing AG 2018
F.L. de Souza and E. Leite (eds.), Nanoenergy,
DOI 10.1007/978-3-319-62800-4_6

191



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 an 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 2H2Oþ 4e� ! 4OH� E0 ¼ 0:401V ð1Þ

Acid Electrolyte:

O2 þ 4Hþ þ 4e� ! 2H2O E0 ¼ 0:229V ð2Þ

B. “Series” pathway:

Alkaline Electrolyte:

O2 þH2Oþ 2e� ! HO�
2 þOH E0 ¼ �0:065V ð3Þ

Followed by the peroxide electro-reduction:

HO�
2 þH2Oþ 2 e� ! 3OH� E0 ¼ 0:867V ð4Þ

Or by a decomposition reaction:

2HO�
2 ! 2OH� þO2 ð5Þ

Acid Electrolyte:

O2 þ 2Hþ þ 2 e� ! H2O2 E0 ¼ 0:67V ð6Þ

Followed by:

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

2H2O2 ! 2H2OþO2 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 an electrochemical step:

Pt - - - O2 þHþ 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 from
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 peroxide
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 a 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 ! OþO ð11Þ

OþH ! OH ð12Þ

Thus, electrocatalysts for the ORR have to present electronic structures that
result in adsorption forces that strike these two competing steps: while strong
adsorption leads a facilitated O–O bond breaking, weak adsorption tends to facil-
itate 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 and co-authors [6, 7] introduced the d-band model. This model cor-
relates the d-band density of electronic states of a metal with its ability to form
chemisorption bonds, which better rationalize 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
through the Fermi level (and become empty), and weak bonding occurs if
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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 the 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.

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 with 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 elec-
trolyte [5, 11, 12], and the ORR polarization curves are presented in Fig. 2a, b. As
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, generated a volcano-like
curve, with PtML/Pd(111) showing the maximum activity (Fig. 3a).

The modification of the electronic and chemical properties of Pt(111) surfaces by
sub surface 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 dissociative
adsorption energies of hydrogen and oxygen on these surfaces. The magnitude of
the decrease in adsorption energy was largest for the early 3d transition metals and
smallest for the late 3d transition metals.
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The O2 reduction reaction was carried out on platinum monolayers deposited on
and on polycrystalline alloy films of the type Pt3M (M = Ni, Co, Fe, and Ti) [14].
The Pt3M alloys 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 com-
ponents (in this case Pt) enriches the surface region [15]. UHV experimental
analyses and theory revealed that the strong enrichment of Pt in Pt3M alloy systems
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Fig. 1 Kinetic currents (jk) at 0.80 V for an O2 reduction on the different metal single-crystals and
on carbon-supported metal nanoparticles, in 0.1 mol L−1 NaOH solution as functions of the metal
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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 previ-
ous publication [17]. Figure 4 plots the obtained results of the electrocatalytic
activity for the ORR (A) 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 mono-
layer deposited on different single-crystal substrates, as discussed above.
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(a) and 5 mV s−1 (b); (Published with permission of the publisher [4, 5])
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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 transfer, 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 a two-electron process.
An additional exchange of two electrons and two protons in reactions with OH or
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in a 0.1 mol L−1 HClO4 (a) and on NaOH 0.1 mol L−1 solution (b) on the different Pt monolayers,
as functions of the electrocatalyst d-band center. The current data for Pt(111) in (a) is obtained
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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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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 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, facili-
tating 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 com-
pressed compared with 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 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). (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 hydro-
genation). These properties of Pt monolayer on different substrates result in the
volcano dependence of kinetic currents as a function of ed [4, 5].

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 and co-authors 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).

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 bins
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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2.1 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 for-
mation of this core-shell structure/composition can be evidenced and determined 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 the 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 corresponding to PtML/Pd/C, calculated
using the charge associated with depositing a Cu monolayer at under potentials 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 a 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 an 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
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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
correspondence 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 Fig. 6a indicate
that the behavior of the ORR is very similar to Pt/C and on the investigated Pt
monolayer catalysts [5, 12].

As discussed before, Stamenkovic and co-authors [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 previously published work [28],
where Pt-Co/C nanoparticles were synthesized by reducing the metal ions in the 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
tendency 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, an
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 catalysts compared
to Pt/C obtained by 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
the sulfuric acid electrolyte in order to remove (dissolve) de remaining Co atoms at
the nanoparticle surface. Figure 6b shows the polarization curves for the O2

reduction after cycling the Pt-Co/C material in the H2SO4 electrolyte. The ORR
curve on the commercial Pt/C E-TEK (20 wt%) was included for comparison. As
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 in 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
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Fig. 7 a ORR activities of different catalysts obtained with electrode rotating speed at 1600 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 5000 cycles. Published with the permission of the publisher
[31]
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decrease in 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-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 elec-
trocatalytic 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
an extended period of time. A great step forward was accomplished demonstrating
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 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
is an alloy sublayer of (Pd-Au)ML [31]. This core-shell catalyst was obtained by
performing Cu UPD twice on a Pd/C catalyst and the Pd:Au atomic composition
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 seen 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 results 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 with Pt nanoparticles, as observed by in situ XAS and cyclic voltam-
metry [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. Their ORR activities are shown in Fig. 7b before and after 5000
cycles at 1600 rpm. As can be observed, the catalyst has almost no loss in ORR
activity, demonstrating that the catalyst is practically stable. Surface oxidation may
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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 catalysts by
affecting the lattice contraction (both lateral and radial) and preventing some
specific sites of PtML from oxidation.

2.2 Non-noble Electrocatalysts for the Oxygen Reduction
Reaction

As mentioned in the introduction section, fuel cells appear as a promising alter-
native as electrochemical energy conversion devices. However, their large-scale
commercialization is hindered by the use of costly platinum-based electrocatalysts.
Therefore, alternative electrocatalysts based on more abundant elements are
mandatory for application in practical fuel cell systems.

Jasinski, in 1964 [33], was the first to report the use non-noble metal-based
electrocatalyst for the ORR. He used cobalt phthalocyanines as oxygen reduction
electrocatalyst due to its ability of chemisorbed molecular oxygen without active
site degradation and also due to its insolubility in basic or acidic medium
(mandatory characteristics for fuel cell application). However, in 1970 Jahnke et al.
[34], made a breakthrough by employing pyrolyzed phthalocyanines as an elec-
trocatalyst, enhancing both the activity and stability toward the ORR. Additionally,
it was observed that these materials did not lose their central M-N4 macrocycle
precursor structures.

This discovering was lately followed by Yeager et al. [35] that used pyrolyzed
nitrogen-rich non-macrocycles materials and metals precursors (iron and cobalt
nitrates and/or chlorides). The resulting material showed to possess enhanced
activity toward the ORR. By this time, authors attributed the ORR activity to M-N4

structures formed during the synthesis procedure, similar than those structures
encountered in the macrocycles materials. However, due to the heterogeneity
introduced by the heat treatment, especially for temperatures above 800 °C, there
are some concerns about which kind of structure should be related to the ORR
activity and stability of these materials. Nowadays, it is widely accepted that there
are two types of metal dependent active sites in discussion: (i) metal chelates
forming an M-N4 embedded into a carbon matrix, in which the metal atoms are
coordinated with nitrogen atoms inserted into a carbon matrix, represented by
metal-N-C and (ii) metal nanoparticles encapsulated by a nitrogen-doped carbon
shell structure, represented by Metal@N-C [36]. On behalf of M-N elucidation as
active sites, Mayrhofer et al. [37] proposed an investigation of electrocatalysts
based on chelated iron species using on line inductively coupled plasma mass
spectroscopy (ICP-MS) and differential electrochemical mass spectroscopy
(DEMS), also coupled with ex situ Mössbauer spectroscopy. The pristine material
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was identified to contain both referred structures (even after performing an acidic
treatment to dissolve unprotected or the excess of metallic species on the electro-
catalysts). The pristine material was then submitted to 2000 and 5000 fast
voltammetric cycles in the different potential window (below 0.7 V, between 0.7–
0.9 V, and above 0.9–1.5 V vs. RHE), and the obtained results are presented in
Fig. 8.

When the material was cycled below 0.7 V, there was a continuous iron
demetallation, as detected by ICPMS, without leading to differences in the ORR
activity (onset potential ≅ 0.90 V vs. RHE in 0.1 M HClO4). In this way, they
referred that this iron demetallation is associated with the dissolution of the crys-
talline metallic iron nanoparticles present on the surface, which are unprotected
from the acidic electrolyte by a carbon shell. However, the authors considered them
inactive toward ORR, since the ORR onset potential did not change.

In the case of the potential cycling between 0.7 and 0.9 V, there was no
demetallation and the material maintained the initial ORR activity. However, when

Fig. 8 The decay of the ORR activity following potential cycling. The ORR activity in O2-
saturated 0.1 M HClO4 was measured before (solid lines) and after either 2000 potential cycles
(dashed lines) or 5000 cycles (dotted lines). The cycling potential range was 0.1–0.4 V (a–c), 0.6–
0.9 V (d–f), or 1.2–1.5 V (g–i). The cycling was performed at 20, 50, or 70 °C (first, second, and
third column, respectively). Reproduced with permission from Ref. [37]. Copyright 2015, Wiley
Online Library
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the electrode experienced potentials higher than 0.9 V, there was an increase in Fe
loss (detected by ICP-MS) and ionic signals for m/z = 44 and 28, using on line
DEMS, which are attributed both to CO2 coming from the electro-oxidation of the
carbon support. Using this set of experiments, the authors proposed, based on the
scheme shown in Fig. 9 that the stable potential range is found at 0.7–0.9 V, and
claimed that the ORR is exclusively associated with the FeN4 structures.

On the other hand, the encapsulated metallic particles induced by heat treatment
of precursors above 900 °C, firstly reported in 1996 by Lalande et al. [38], were
indicated to be the responsible for the ORR activity as well as for the stability
evidenced during 10 h fuel cell tests at 50 °C. However, according to Miller et al.
[39], the pyrolysis of phthalocyanines-derived compounds (FeN4 dominant struc-
ture) thermally treated at temperatures above 900 °C is not enough to lead the total
conversion/degradation of FeN4 structures into N-doped carbon-encapsulated iron
nanoparticles. So, in order to credit the higher stability and ORR activity to
encapsulated nanoparticles, there is a need to synthesize electrocatalysts with only
one type of structure. To address this important issue, Mukerjee et al. [40], claimed
to synthesize a FeN4—free material that is constituted by iron and iron carbides
nanoparticles encapsulated by an N-doped carbon shell. The electrocatalyst char-
acterization, carried out by XAS and Mössbauer spectroscopies, showed that most
of the material is constituted in encapsulated nanoparticles and a little amount of

Fig. 9 Scheme showing the demetallation process observed by FeN/C materials during
voltammetric cycles and on line ICP-MS measurements. Reproduced with permission from Ref.
[37]. Copyright 2015, Wiley Online Library
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nitrogen-rich iron nitride FezNx species, which are different from those FeNxCy

moieties identified in the phthalocyanines-derived materials (commonly represented
just as FeN4). Their material presented high ORR activity in 0.1 M HClO4 with an
onset potential at 0.93 V and E1/2 = 0.77 V (vs. RHE). Also, they conducted
durability tests under fuel cell conditions. After 10,000 potential cycles (the pro-
tocol that simulates drive cycle conditions), this material proved to be more durable
than the state-of-the-art Pt/C. Besides, the authors concluded that the enhanced
activity towards ORR should not be related to those small quantities of nitrides, but
to the synergistic relationship between Fe/FezC nanoparticles on the N-doped
carbon sheets, allowing the 4-electron mechanism, for which the core of
nanoparticle participates as a stabilizer to the peroxide intermediate.

A recent work reported by Varnell et al. [41] had a greater notoriety among
others in questions to rule out the ORR activity relationship between the coordi-
nated iron species and encapsulated nanoparticles. In this study, the so-called
“as-prepared” material was synthesized from a pyrolysis (900 °C) of a nitrogen-rich
polymer and an iron precursor. They subjected the pristine material to a
high-temperature (900 °C) treatment in Cl2 atmosphere and, in a second step, to an
H2 atmosphere (900 °C). They accompanied the evolution of the structure of these
materials by XAS and Mössbauer spectroscopy and measured the resulting ORR
activity. Surprisingly, the “as-prepared” and the H2-treated material presented
similar ORR activities (onset ≅ 0.90 V vs. RHE in 0.1 M HClO4), and the Cl2-
treated material was less active to ORR (onset 170 mV negatively shifted), as can
be seen in Fig. 10.

The effect of the Cl2 atmosphere treatment at high temperature was to oxidize the
iron components (FeN4 and iron nanoparticles) to FeCl3 and, according to Fig. 11b,
when subjected to a reductive treatment in the H2 atmosphere, all the FeCl3 was
transformed to N-doped carbon-encapsulated iron nanoparticles (Figs. 11 and 12).

These electrocatalyst structures were also confirmed by the results of Mössbauer
spectroscopy shown in Fig. 12, which evidence the characteristic doublet

Fig. 10 Electrochemical
characterization of catalysts.
Cyclic voltammograms of
ORR on as-prepared, Cl2-
treated and H2-treated
catalysts in 0.1 M HClO4.
Reproduced with permission
from Ref [41]
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associated with FeN4 structures, along with the signals related to the a-Fe/Fe3C
species for the pristine material. On the other hand, for the H2-treated sample, only
a-Fe/Fe3C species of the iron nanoparticles were detected. Together, these com-
plementary techniques pointed out that the ORR activity has an intimal correlation

Fig. 11 X-ray absorption
spectra for as-prepared, Cl2-
treated and H2-treated
catalysts. XANES (a),
EXAFS (b) and Fourier
transforms (FTs) of EXAFS
(c). Dashed lines show
spectra for reference
materials: Fe foil (bcc
structure) and hydrated Fe
(III) chloride (FeCl3xH2O).
Structures of reference
materials are shown in the
insets of a. Reproduced with
permission from Ref [41]
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(or dependence) with structures formed by iron/iron carbide nanoparticles encap-
sulated by a nitrogen-doped carbon shell (Fig. 12).

In addition, these authors conducted the same synthesis and treatment proce-
dures, but now without adding the iron precursors. The overall ORR activity was
significantly lower, indicating that the presence of iron nanoparticles is fundamental
to activate the electrocatalyst for the ORR. Recently, this idea was corroborated by
the Ohsaka’s research group [42], which performed empirical and theoretical
experiments appointing the key role of the nitrogen doping level and the thickness
of the carbon shell on this kind of electrocatalyst. They showed that by tuning these

Fig. 12 Mössbauer
spectroscopy characterization
of catalysts. Spectra and peak
fitting of as-prepared a Cl2-
treated b and H2-treated
c catalysts at 300 K. Both
magnetically split (mag) and
superparamagnetic (spm)
metallic Fe species are
observed. Reproduced with
permission from Ref. [41]
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parameters it is possible to control the oxygen binding energy and, therefore,
changing the material’s activity for the ORR.

3 Ethanol Electro-oxidatio

Ethanol is interesting fuel for practical application on direct alcohol/air fuel cells.
The advantages of the use of ethanol are related to several aspects such as: (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) it is easily handled, transported and
stored; (iii) presents lower toxicity, (iv) possesses relatively high theoretical density
of energy (8.0 kWh kg−1) when compared the gasoline (10–11 kWh kg−1) [43].

The total ethanol oxidation reaction (EOR), which is the desired reaction to take
place at the anode of Direct Ethanol Fuel Cells (DEFCs), is presented in Eq. 13:

CH3CH2OH + 3H2O ! 2CO2 þ 12Hþ þ 12 e� E1
0 ¼ 0:084V ð13Þ

And this reaction is coupled to the reaction, that takes place in the cathode:

3O2 þ 12Hþ þ 12 e� ! 6H2O E2
0 ¼ 1:229V ð14Þ

Resulting in a global reaction (16):

CH3CH2OHþ 3O2 ! 2CO2 þ 3H2O Eeq
0 ¼ E2

0 � E1
0 ¼ 1:145V ð15Þ

Thus, the total or the complete ethanol oxidation, forming CO2 and H2O,
involves the transference of 12 electrons (97.3 kJ mol−1) [44] per ethanol molecule,
with Eeq

0 ¼ 1:145 V, where Eeq
0 is the equilibrium standard potential (vs. SHE—

Standard Hydrogen Electrode). For this system, the theoretical thermodynamic
efficiency is 97%. However, due to the loss by incomplete alcohol oxidation, the
efficiency drops to around 40% [35].

The ethanol electro-oxidation reaction has a relatively 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
addition). 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 little CO2 [45–48], and some adsorbed reaction
intermediates such as COad and CxHx adsorbed intermediates (hydrocarbon frag-
ments with one or two carbon) [37, 38, 49–51], which will be discussed below.

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) [36, 52, 53], and online DEMS (Differential
Electrochemistry Mass Spectrometry) [54], correlated with electrochemical tech-
niques, such as cyclic voltammetry and chronoamperometry [39], have been
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currently utilized. In a previously published work, some researchers have shown a
high dependence on the crystallographic surface orientation of the electrocatalyst
[43, 55], and on the ethanol bulk concentration [56–58]. Leung and co-authors [45]
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
produced products. Also, there was a little amount of CO2 on ordered Pt(111) than
disordered Pt(111). In addition, the COad degree of coverage was higher on dis-
ordered and polycrystalline Pt surface than on the Pt(111) surface. After that,
Colmati and co-authors [43] 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 [43], 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 twofold effect on the ethanol
electro-oxidation: 1—it showed that the step catalyzes the bond break C–C fol-
lowed 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 [50] 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. 13 [50]. 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 concentration (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 species-donor in the oxidation process. This increase in the CO2 formation

Fig. 13 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
from Elsevier [50])
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is explained by 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 mechanistic
for ethanol oxidation on Pt-based eletrocatalysts [36, 39, 40, 43, 45, 47, 49, 50, 59]:

C2H5OHþ Pt(H2O) ! Pt(C2H5OHadÞþH2O ð16Þ

PtðC2H5OHadÞþ Pt ! PtðCOadÞþ PtðCHx�adÞþ xHþ þ xe� ð17Þ

Pt(C2H5OHadÞ ! Pt(CH3CHO)þ 2Hþ þ 2e� ð18Þ

Pt(H2O) ! Pt(OH)þHþ þ e� ð19Þ

Pt(CH3CHO)þ Pt(OH) ! CH3COOHþHþ þ e� þ 2Pt ð20Þ

Pt(COadÞ; Pt(CHxÞþ Pt(OH) ! CO2 þ Ptþ xHþ þ xe� ð21Þ

where, Pt-C2H5OHad, Pt-CO, and Pt-CHx-ad are adsorbed intermediates on Pt sur-
face as ethanol, carbon monoxide, and hydrocarbon fragments, respectively. These
steps (16–21) do not necessarily represent the sequential ethanol electro-oxidation.

In order to obtain an efficient electrochemical conversion of the ethanol mole-
cules to CO2, experimental variables such as temperature [60], and the nature of the
nanostructured metal electrocatalyst [61] has been studied. The ethanol
electro-oxidation on carbon-supported Pt-based electrocatalysts was studied by Sun
and co-authors [52]. They have determined, quantitatively, the amount of CO2

produced over a wide range of reaction temperatures using by online DEMS with a
dual thin layer flow cell [52]. The electrochemical measurements showed that the
faradaic current and CO2 formation rate, performed at 3 bar overpressure, revealed
significant effects of the temperature, and of the ethanol concentration on the
reaction efficiency. Elevated values of electrochemical conversion efficiency to CO2

were obtained for high temperature, low concentration and low electrode overpo-
tentials (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 [52], at room temperature, CO2 formation in the
positive-going scan is essentially due to oxidation of COad preformed at lower
potentials in the preceding negative-going scan, and in the negative-going scan, the
CO2 formation is inhibited. With increasing temperature, the preformed 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
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in the positive-going scan, and this contributes increasingly more to the CO2 for-
mation charge in the CO2 ion current peak. 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. [62] and Camara et al. [63] 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 with
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 the higher production of CO2 when compared to that for other
Pt-based bimetallic materials [37, 38, 53–55, 64]. The results showed that the
addition of rhodium atoms produces a significant decrease in the acetaldehyde
yield, compared 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 [65].
Although few is known about of the rhodium’s role for the ethanol
electro-oxidation, one explanation for the decreased acetaldehyde amount could be
related with the existence of more available sites for the C–C bond breaking.
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. Furthermore, this change in the reaction route, or in
the CO2/acetaldehyde ratio, is still very low and does not conduct to an efficient
oxidation of bulk ethanol to CO2, as required for application of fuel cells operating
at ambient temperature.

An efficient electrocatalyst for the total electro-oxidation to CO2 and H2O must
present a balance between two competitive steps: bond breaking and bond for-
mation (fast stripping of the adsorbed species) [19]. So, the challenge is to develop
nanostructured electrocatalysts that allow controlling those effects modifying the
electronic structure or the chemical reactivity of the active metals. In this direction,
the core-shell structure has shown to be a promising kind of electrocatalyst. This is
because of two important characteristics of such structure: (1) they allow electronic
“modulation” of the atoms at metal surface, through two major effects:
(i) Electronic [66]—interaction between the electronic bands of the composing
metals, and (ii) Geometric [6]—due to the presence of defects and lattice difference
in the lattice parameters of 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 [58, 67], 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 the presence of the active noble metal only on the particle surface. Therefore,
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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 bimetallic alloy materials [59, 68]. These nanostructures
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 [69],
Pt-Ru [54, 55] and Pt-Rh [37, 56] alloys.

Kowal and co-authors [38] 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 [38]. The electrochemical measurements showed that the current
density obtained for the ternary electrocatalyst was more than two orders of mag-
nitude larger than that of commercial Pt/C. In addition, in situ FTIR experiments
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, without
going through the acetaldehyde step. In addition, Adzic and co-authors [53] have
investigated the ethanol electro-oxidation on Pt-Rh-SnO2/C material with different
atomic ratios. The results showed lower reaction onset potential and higher faradaic
current for the composition Pt:Rh:Sn = 3:1:4. These ternary-electrocatalysts pre-
sented, effectively, a higher rate for CO2, in relation to the pure Pt/C.

In a recent work [70], Lima and co-authors have investigated the ethanol oxi-
dation products on core-shell nanoparticles formed by a carbon-supported Au core,
and with a shell composed of the combination of Pt, Rh, and Ru atoms. The results
for the faradaic currents, the ion currents signal for acetaldehyde (m/z = 29), and for
CO2 (m/z = 22) for the different electrocatalysts are presented in Fig. 14. 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 the 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 [54, 56], 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 electrocat-
alyst have also to be tested in other reaction conditions of ethanol concentration and
reaction temperature.
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Fig. 14 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

2þ ), 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 [62]
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4 Conclusions

4.1 Oxygen Reduction on Noble Metal Electrocatalyst

The results presented in this text showed that the activity of different electrocata-
lysts correlates well with the d-band center of the metals. The O2 reduction activity
of these electrode surfaces showed a volcano-type dependency on the d-band center
of the metal catalyst. Core-shell type electrocatalysts seems to by promising due to
the reduced amount of the total Pt loading, and 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, which is
interesting for practical fuel cell systems.

4.2 Oxygen Reduction on Non-noble Metal Electrocatalyst

The aforementioned works show that important steps were recently achieved to
advance in the understanding of the parameters that govern the activity of this class
of non-noble metal electrocatalysts for the ORR. The results show that both FeN4

moieties and N-doped carbon-encapsulated metal nanoparticles (possibly only for
those with a very thin layer of the carbon shell) are active for the ORR.
Nevertheless, long-term durability tests in real fuel cell systems are still missing for
both structures in order to determine the most stable material under ORR condi-
tions. These findings will allow new perspectives to the design and synthesis of
non-precious metal electrocatalysts for the commercial applications of fuel cell
systems.

4.3 Ethanol Oxidation

The experimental results showed in the review 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 for CO2 formation as the ethanol concentration is decreased where it would
be associated with an increasing tendency for re-adsorption and further oxidation of
incomplete oxidation products at lower concentrations. However, in order to
achieve practicable current densities for direct ethanol fuel cells, the ethanol con-
centration should be increased. In this case, the experimental results indicated a
drastic decrease in the reaction efficiency, with only a few percent of CO2 pro-
duction. The results also showed that the addition of Rh atoms to the Pt-based
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electrocatalysts, and the increase of the temperature, are the possible routes to be
investigated in a near future, since both resulted in a higher CO2 formation, which
increases the fuel cell energy conversion efficiency.
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Nanocomposites from V2O5
and Lithium-Ion Batteries

Fritz Huguenin, Ana Rita Martins and Roberto Manuel Torresi

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 vs. SHE) have
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 the conversion of 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 (nonrechargeable) batteries. The positive electrodes usually consisted of
particulate transition metal oxides (TMO) or chalcogeneous materials of millimetric
dimension, meanwhile the negative electrodes were composed of metallic lithium.
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The half-reactions involved in these electrodes can be represented by the following
reactions:

Mþ xLiþ þ xe��LixM positive electrodeð Þ ð1Þ

Liþ þ 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
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 differ-
ence 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 conductivity and electronics to
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Fig. 1 Schematic representation of lithium-ion batteries during the discharge step
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minimize their internal resistance. Another factor limiting 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 1100 cycles [13]. However, the
cell curtailment resulting from formation of dendritic lithium could result in haz-
ardous 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, inter-
calation 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 demonstrated
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 inser-
tion 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
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, thanks to the diffusivity of lithium ions
in the LiCoO2 electrodes (diffusion coefficient values close to 5 � 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 investigated
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
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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 [2, 18–22]. 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 [23].

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 shares 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 ion per V2O5 is discharged, giving rise to the c-phase and enabling cycles in
the 0 � x � 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 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 [24].

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
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that vanadium alkoxides VO(OR)3 (R = Bu, t-Am) are good precursors that react
through hydrolysis and condensation processes [19]. Also, V2O5 gels can be pre-
pared outright from the oxide. Crystalline V2O5 reacts vigorously with hydrogen
peroxide, resulting in a red gelatinous product [25]. V2O5 gels can also be produced
by spilling the molten oxide heated at 800 °C into water [26]. Moreover, amor-
phous V2O5 can be hydrated, resulting in the formation of V2O5 gels [27].
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 films
prepared by vapor deposition or even vanadium oxide spheres dissolved in water
display a similar behavior, resulting in gels or colloidal solutions [28, 29]. 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 while 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), respectively.
The subsequent condensation process occurs only on the equatorial plane due to the

Fig. 2 Structure of
crystalline V2O5. Adapted
with permission from
Whittingham [10]. Copyright
2011 American Chemical
Society
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absence of V–OH groups on the axial direction, creating two-dimensional V2O5

bilayers perpendicular to the substrate and soaked into amorphous regions [30–32].
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 [30, 33].

VOHþVOH ! VOVþH2O Oxolationð Þ ð4Þ

VOHþV ROHð Þ ! VO Hð ÞVþROH Olationð Þ ð5Þ

VOHþV H2Oð Þ ! VO Hð ÞVþH2O 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 [33]. 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 mole-
cules. Afterwards, polymeric chains are obtained via condensation process.

VO ORð Þ3 þ 3H2O ! VO OHð Þ3 þ 3ROH Hydrolysisð Þ ð7Þ

Electron microscopy shows that the gel is constituted of flat ribbons with
dimensions around 103, 103, and 10 Å, length x width x thickness, respectively [34,

Fig. 3 Schematic representation of V2O5 xerogel: single (upper) and bilayer (down) structural
models. Adapted with permission from Giorgetti et al. [37]. Copyright 2011 American Chemical
Society
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35]. 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 orthorhombic
V2O5 with 3.6 Å periodicity along the b-axis [19]. 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 characterization of the ribbon
structure in the xerogel [36]. This model can be seen in Fig. 3, where the V2O5

sheets face each other at 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 conduc-
tivity 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 [38–43]. This
conductivity has a mixed character involving electronic and ionic transport that are,
respectively, proportional to the water concentration and the vanadium oxidation
state [44]. The electrons skipping between the V4+ and V5+ sites are responsible for
the electronic conductivity [45]. 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 [33]. In the presence of excess water, acidic dissociation of V–
OH groups occurs at the oxide/water interface, generating a significant amount of
charged H3O

+ species (pH � 2) [30], as shown in Eq. (8).

V�OHþH2O , V�O� þH3Oþ 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 [46, 47]. Lithium
insertion/extraction taking place during the electrochemical process can be
described by the following equation:

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 [48]. Four electrons and four Li+

are involved in this process for each V2O5 species in the case of xerogel materials
[47]. However, owing to some limitations such as slow diffusion of the intercalating
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 [20, 46, 49] 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,
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Parente et al. [50] have described a substantial increase in the lithium-ion diffusion
rate by synthesizing V2O5 xerogel on synthetic nickel fibers. Dong et al. [51] have
used the sticky carbon method to obtain higher ionic pore accessibility. 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 3–4 equivalents of Li+ ions [47, 52–54]. 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. [55] 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. However, carbon black is electrochemically
inactive, limiting the ability of the cathode to store charge. Le et al. [53, 56] 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
consequence, the overall reaction was no longer limited by diffusional processes.
These aerogels thus have extremely high charge capacity (560 A h Kg−1) and
energy density (1700 W h Kg−1) [22, 54, 56].

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 [57]. In situ X-ray diffraction (XRD) analysis of the material
subjected to Li+ intercalation revealed reversible structural changes [46], 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.

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. [46]
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3 Nanomaterials

Several research groups from different areas have shown the importance of
miniaturization. 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 [58]. Moreover, physical forces that are
negligible in the macroscopic world can become decisive in nanometric materials,
allowing molecular self-ordering [59]. In addition, the conductivity parallel to the
interfaces of a composite can significantly rise when the thickness of the layers’
components reaches very low values, leading to an overlap of the charge spaces
[60]. 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 [61–65].

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 dramati-
cally 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 developments
in the synthesis and characterization of vanadium oxide nanostructures such as
nanorolls, nanobelts, nanowires, and ordered nanorods arrays [66]. The galvanos-
tatic 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 [67]. The Li+ storage capacity at low discharge rates
(C/20) was equivalent for both the nanostructured and thin film electrodes.
Nonetheless, at high discharge rate, a higher capacity was demonstrated 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 analyzedV2O5 nanotubes, which represent a new
structure for cathode materials for use in lithium-ion batteries with smaller diffusion
lengths [68].An initial high capacity of 300 mA h g−1was demonstrated for theV2O5

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 diffusion 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 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 [69].
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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 com-
prised 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 (1240 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 [70].

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 [71, 72].
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 electro-
chemical properties of V2O5 is to intercalate polymers into its lamellar space.

Some one- and bidimensional matrices, consisting of layers, channels, or tun-
nels, 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
investigated new materials obtained by inclusion of organic polymers into inorganic
matrices, to form composites with an intimate contact with their constituents on a
scale between the classical molecular and microscopic scales [73–81]. There are
several methods for the preparation of these nanohybrids, including: polymerization
of monomeric molecules in the inorganic matrix through chemical, thermal, or
photo-induced treatment in situ; intercalation of the previously formed polymer;
use of self-assembly technique; and intercalated redox polymerization, where the
monomers are oxidized by the host matrix, which in turn is reduced and thus
promotes formation of a polymer within its structure [82].

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 [19, 33]. Moreover, its facile synthesis by the sol–gel
methodology allows for their preparation at low temperatures, which has encour-
aged several research groups to develop and analyze nanocomposites based on
V2O5 and organic polymers [2, 19, 20, 83]. One reason for the development of
these systems is the optimization of energy storage properties, considering the
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potential use of this oxide as cathode for lithium-ion batteries. With a view to
maximizing the energy density and specific capacity, electronic conducting poly-
mers (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 [84–91].

Kanatzidis et al. [92, 93] were the first researchers to synthesize and characterize
nanocomposites consisting of V2O5 and ECPs, which contributed to a better
understanding of the polymerization processes of organic molecules interspersed 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) [94]. 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 reoxidation of the vanadium ions.

x C6H5NH2ð ÞþV2O5þ y=2ð ÞO2 ! C6H4NHð ÞxV2O
2x�2yð Þ�
5 þyH2Oþ 2x� 2yð ÞHþ

ð10Þ

The aniline intercalation/polymerization process was investigated by insertion of
the C6H5NH3I salt into the inorganic matrix under inert atmosphere [95], thus
enabling oxidation of the iodide ions by V2O5 and preventing polymerization of the
anilinium ion monomers (C6H5NH3

+) in the interlayer. Subsequent exposure of 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
polyaniline 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 [96]. Thanks 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 [95]. The intimate
contact between the components can be observed from the Electron Paramagnetic
Resonance spectra, indicating proximity (<10 Å) between the PANI polaron and
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the V4+ paramagnetic centers [95]. Electrostatic interactions between these poly-
mers have been clearly observed in self-assembled hybrids, for which Raman and
UV-Vis spectra enable visualization of electronic transfer from PANI to the oxide
during stacking of the monolayers, while the level balance of Fermi was maintained
[97, 98]. Furthermore, X-ray photoelectron spectra have suggested short-range
interactions between PANI and V2O5 through binding between the nitrogen and
oxygen atoms (Fig. 5) [96].

Depending on the amount of polymer, morphology, and chain length of the
polymer, 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 [95]. However, despite the high conductivity value,
other preparation methods can be used, in order to ensure faster growth of the

Fig. 5 Schematic representation of PANI/V2O5 nanocomposite
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macromolecules and consequent achievement of obtaining high electronic con-
ductivity in shorter aging periods. One example is PANI intercalation into an array
of mesoporous V2O5/Mg in atmospheric air [99], 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, and allowed for faster growth of
macromolecules.

The first studies involving lithium-ion intercalation into these nanocomposites
were carried out by Nazar et al. [100], who demonstrated the potential use of these
materials as cathodes for lithium-ion batteries. After an oxidative treatment based
on O2, seeking reoxidation 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 compo-
nents, 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 weakens the interaction
between the V2O5 oxygen atoms and lithium ions, while increasing their mobility
[100, 101]. In a study on the oxidative treatment of PANI/V2O5 nanohybrids based
on O2 at different temperatures [102], 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 nanocomposites,
determination of the chemical species present in the hybrid materials consisting 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) [103]. These experimental results were
attributed to the presence of negative charges on the V2O5 particles, which acted as
counteranions for the ECP in the oxidized state. However, these assignments are not
conclusive, since participation of the PANI redox process in the presence of V2O5

has not been confirmed.
Huguenin et al. [104] have employed another method for the preparation of

nanocomposites from V2O5 xerogel and PANI, namely in situ oxidative polymer-
ization of aniline in the V2O5 dispersion. Electrochemical impedance was measured
by these authors and a value of 2 � 10−11 cm2 s−1 for the lithium-ion diffusion
coefficient was found and compared to the value of 3 � 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
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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 [105], 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 electroneutrality 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.

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 elec-
trolyte 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
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Fig. 6 a Chronopotentiometric curves for V2O5 (solid line) and [PANI]0.3V2O5 (line with circle)
in 0.5 M LiClO4, j = 10 lA cm−2. Sample mass 12 lg. Adapted from Ref. [104]
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supporting electrolyte, V2O5/PANI nanocomposites demonstrated higher electro-
chemical stability as well as greater charge capacity than the V2O5 xerogel after
several charge/discharge cycles [104, 106].

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 [107]. 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 participation
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 modifi-
cation 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 [107, 108]. Nevertheless, the lithium-ion diffusion coefficient
values are virtually the same for PSPAN/V2O5 and V2O5 [107].

The reasons for subtle difference among the diffusion coefficients of the
PSPAN/V2O5, V2O5/PANI, and V2O5 host matrices were elucidated by ultraviolet–
visible (UV-Vis), Fourier transform infrared (FTIR), and nuclear magnetic reso-
nance (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 nanocom-
posite 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 nanocomposite.
The shifting of 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 [104, 109]. 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[PANI]0.3V2O5 [110]. The doublet wavenumbers
at 1022 and 1011 cm−1 correspond 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 1016–1006 to 995 cm−1. The shift is smaller for
Li1.3[PANI]0.3V2O5 as compared to Li1.3V2O5 because of a partial blinding

Nanocomposites from V2O5 and Lithium-Ion Batteries 237



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 elec-
trostatic interactions between PANI and V2O5 are responsible for hindering the
interactions between the lithium ions and the vanadyl groups [95, 97, 98].

Solid-state nuclear magnetic resonance (NMR), particularly magic angle spin-
ning (MAS), better elucidated the Li+–O interaction for the LixV2O5,
Lix[PANI]0.3V2O5, and Lix[PSPAN]0.3V2O5 nanocomposites at the molecular level
[111]. The 7Li MAS NMR spectra displayed a wide peak for LixV2O5 as a con-
sequence 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 a result of a more difficult access to the magnetic field inner bulk
sites [111, 112]. In contrast, for the Lix[PANI]0.3V2O5 nanocomposite the wide
peak was shifted downfield, a consequence of less effective shielding from the
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magnetic field due to the smaller amount of lithium. These results confirmed 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 [111]. 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 [114]. 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 [115]. Depending on the utilized condi-
tions, 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 per-
formance is to employ thin films, which give rise to high specific capacity and
coulombic reversibility under application of a high current/mass ratio [116].

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 [117]. When the V2O5 gel was
exposed to Ppy dispersion, microcomposites were formed. The short-range
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interactions 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 precursors 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 [118]. 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
(polyaniline, polypyrrole, and polythiophene) and vanadium oxide has been pre-
pared by a mechanochemical method developed by Posudievsky et al. [119]. The
nanocomposite 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 [102]. 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 [49]. The increase in the flatness of the nanocomposites 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 [120, 121].

Depending on the medium, the high oxidation potential of V2O5 can cause
undesired reactions with the electrolyte, culminating in the passivation of the elec-
trode 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) [122].
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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 mor-
phology of V2O5 and V2O5/PANI nanofibers during charge/discharge cycles was
examined by scanning electron microscopy (SEM), and it was found that the mor-
phology of the V2O5 nanofibers changed after 10 charge/discharge cycles, while
morphology of the V2O5/PANI nanofibers was preserved after the electrochemical
cycling. Thus, the presence of the polymer within the nanohybrid material may have
stabilized the capacity via homogeneous distribution during cycling [123].

Another method for obtaining nanofibers is to react the V2O5/PANI nanocom-
posite 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 Ahk/g during the 10 initial cycles. Moreover, electrochemical impedance
spectroscopy estimated the apparent diffusion coefficient in about 1 � 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
[124].

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 stability
was lower as compared to the xerogel. Indeed, this electrode became electroinactive
after 30 voltammetry cycles in 0.1 M LiClO4/acetonitrile [125]. The synthesis and
characterization of other nanocomposites consisting of poly(3-decylpyrrole) (P3DP)
or poly(hexadecylpyrrole) (P3HDP) and V2O5 has been described by Huguenin
et al. [126]. Compared to the Ppy/V2O5 nanocomposite, the P3DP/V2O5 and
P3HDP/V2O5 nanocomposites demonstrated greater 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, respectively), as compared to the
Ppy/V2O5 nanocomposite (50 Ah/Kg), after 50 electrochemical cycles. Wang G
et al. have described intercalation of poly(N-[5-(8-hydroxyquinoline)methyl]ani-
line) into the V2O5 xerogel (PNQA/V2O5), a hybrid that was synthesized by the
in situ intercalative polymerization method [127]. The authors found that aging in
air atmosphere facilitated PNQA chain growth between the V2O5 lamellae,
resulting in increased electrical conductivity: 1.9 � 10−4 S cm−1 for the
PNQA/V2O5 hybrid versus 4.2 � 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 [128].
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Meanwhile, hybrid systems formed from the polymerization of the dimer
2,5-dimercapto1,3,4-thiadiazole (diDMcT) inserted into the V2O5 structure exhib-
ited increased charge in relation to the oxide [129], 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 [130]. 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 intercala-
tion and display relevant photochemical and electrical properties [131–134].
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 et al. [135] were 18.1 and 17.9 mC cm−2,
respectively, which are about two orders of magnitude higher than those of the
V2O5 xerogel film (9.6 and 9.8 mC cm−2, respectively). Reversibility was calcu-
lated by the ratio between the inserted and extracted charge densities (Qa/Qc), and
revealed a greater reversibility value (98.9%) 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 [136, 137]. This method can
result in the spontaneous formation of nanoarchitectures, thanks to the ionic
attraction between oppositely charged materials. Furthermore, some physical–
chemical properties of the film can be tailored by controlling film thickness, uni-
formity, 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 negative charge
sites bounce into the host matrices as a result of innermost contact between the
polymer chains and the metal oxide [113]. Although the interaction of vanadyl
group and the lithium ion led to a diminished ionic mobility and energy dissipation
during the electroinsertion process, the layer-by-layer technique allowed for organic
polymer adsorption onto strategic sites of the V2O5, promoting shielding of the ion–
dipole interaction [138, 139].

The layer-by-layer (LbL) technique can improve the charge storage capacity,
giving rise to new electrochromic effects and even control of the ionic conductivity.
Therefore, several works on the manipulation of V2O5/PANI nanocomposites 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
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nanometric scale can be obtained, while 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/
propylene 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 et al. [139] have studied nanoarchitectures of V2O5/
chitosan/PEO (V2O5/blend) obtained by addition of 1% chitosan to the PEO dis-
persion. It was found that chitosan was only effective regarding assistance in the
manufacturing of the films. Indeed, the V2O5/blend performed better in comparison
to V2O5/chitosan (8.03 and 3.41 mC 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 [140]. 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 positive electrode is employed 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
demonstrated 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 trans-
port, energy density, specific capacity, and control of solvent insertion.
Furthermore, studies on lithium-ion insertion can significantly contribute to further
applications such as electrochromic devices and sensors.
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Prospective on the Use of Nanostructured
Magnesium Alloys as Anode Materials
for Ni–MH Rechargeable Batteries

Sydney Ferreira Santos, Flavio Ryoichi Nikkuni
and Edson Antonio Ticianelli

1 Introduction

The commercialization of Ni–MH batteries started at late 80s. These cells were
predominantly used for portable electronics for long time, replacing the NiCd cells.
Presently, the use of Ni–MH cells had shifted from portable electronics to power
tools, hybrid electrical vehicles and electrical vehicles.

Concerning the market of secondary (rechargeable) 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 [1].

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

For some applications, Ni–MH batteries have to compete not only with Li-ion
batteries, as aforementioned, but also with emerging technologies such as
low-temperature fuel cells and super-capacitors.

Although the present predominance of Li-ion cells in portable electronics, Ni–
MH cells stand in an important position in the market for a few applications such as
electrical vehicles (EVs), hybrid electrical vehicles (HEVs), power tools, stationary
applications and so on. The use of Ni–MH cells in these applications is justified by
advantageous features, highlighting their superior safety even under abusive
operating conditions, flexibility of operation temperature, and environmental
friendliness [3, 4]. Moreover, for most of these applications the combination of
moderate energy density and high power density of Ni–MH cells is enough to meet
the present requirements. But to remain in the market for the future, Ni–MH bat-
teries must continuously enhance their performances, mainly concerning the
specific energy densities, which are determined by the hydrogen storage capacities
of the hydride electrodes, their power densities, controlled by the high rate dis-
chargeability (HRD) properties of the hydride electrodes, and their cycle life,
controlled by corrosion/degradation of the hydride electrodes. For instance, current
commercial Ni–MH batteries used in HEVs deliver specific power in the range of
150–400 W/kg, while the Department of Energy of US target is over 650 W/kg,
clearly indicating the need of improving the HRD of the hydride electrodes [3].

In addition to the well-established use of metal hydrides electrodes in Ni–MH
batteries, some other electrochemical applications of these materials have been
investigated in the last years such as anodes in Li-ion and Li-air batteries [4, 5], in
metal hydride–air batteries [6, 7] and as anodes in alkaline fuel cells [8–12]. These
cells with built-in energy storage (resulted from the charging of the hydride-forming
alloy with hydrogen) can work similarly to batteries in situations of scarcity of the
hydrogen external source, oxidizing the hydrogen content stored in the form of
hydride. A variety of these alkaline fuel cells which can use metal hydride anodes is
the direct borohydride fuel cell. In these cells, the hydride-forming alloy electrode
promotes the borohydride oxidation reaction (BOR) been charged with hydrogen
from the borohydride instead of hydrogen gas fuel [13–15].

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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In this chapter, the basic concepts and hydrogen storage alloy electrodes used in
MH batteries are introduced. Moreover, the potentiality and recent investigations
concerning the use of magnesium—based hydrides as anode materials are discussed
based on recent results.

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 [16–19].

The electrochemical reactions that take place during the Ni–MH cell operation
are shown below. The reactions are reversible and the direction from left to right
indicates charging, whereas the opposite direction indicates discharging [16–19].

In the cathode side, the reaction that takes place is

Ni OHð Þ2 þOH� $ NiOOHþH2Oþ e� E ¼ 0:52V ð1Þ

Fig. 1 Schematic representation of a Ni–MH cell. Full line represents the electrical circuit during
charging while the dotted line represents the circuit during discharging [16, 17]
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while the reaction in anode side is

MþH2Oþ e� $ MHþOH� E ¼ 0:83V ð2Þ

Then, the overall cell reaction is

Ni OHð Þ2 þM $ NiOOHþMH E ¼ 1:35V ð3Þ

In a Ni–MH cell, the upper limit of the theoretical discharge capacity, i.e., the
specific energy density of the cell, is controlled by the reversible hydrogen storage
capacity of the alloy electrode. Therefore, the development of novel hydrogen
storage materials with larger gravimetric storage capacities is fundamental for
attaining cells with higher specific energy densities. Moreover, to increase the
power density of a Ni–MH cell, the development of metal hydrides with high rate
dischargeability (HRD) properties is needed.

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

In hydride-forming materials, hydrogen is up taken into their crystal structures,
first forming an interstitial solid solution (a phase) for low concentration of
hydrogen. In this phase, hydrogen is randomly distributed in the available inter-
stitial 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-Rotery
rules” [20]). The limited solubility of interstitial elements in metals arises from the
high elastic strain imposed by solute atoms to the host lattice. Even hydrogen (the
smallest interstitial atom) is much larger than the interstitial spaces in host lattice
and slightly displaces the neighbor metallic atoms from their ideal equilibrium

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

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. 3 [16].

As aforementioned, in solid solution composition range, hydrogen metal inter-
action 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 equi-
librium pressure of absorption) and corresponds to the plateaus of pressure

Fig. 3 Schematic representation of some PCI curves (a) and the corresponding van’t Hoff plot
(b) [16]

Prospective on the Use of Nanostructured Magnesium Alloys … 255



observed for the pressure–composition isotherms observed in Fig. 3 for different
temperatures. As represented in this Fig. 3, increasing the temperature a higher
equilibrium 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. One of them 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 plateau
can be originated from chemical inhomogeneity [21]. Moreover, depending on the
amount of defects accumulated and mechanical properties of the hydrogen storage
material, hydride particles may have extensive fracturing and pulverization (de-
crepitation), resulting in loose of the electrical contact between the hydride particle
and the conductive binder (typically, nickel fine powder or high surface area car-
bon) and also increasing the exposition of the fresh surfaces generated during
pulverization to the strong alkaline electrolyte which results in corrosion of the
anode material. These phenomena are responsible for the gradual decay of the
discharge capacity of the hydride anode which will shorten the cycle-life perfor-
mance of the battery.

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

lnPeq 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 strongly depend on the
nature of the metal. The term DH depends on the metal hydrogen bond [16, 22, 23].
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 [16, 22].

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

lnPH2 � dEref ; ð6Þ

where F is the Faraday constant (F = 9.6487 � 104 C/mol), PH2 is the hydride
dissociation pressure, and T the absolute temperature. Ev is measured with reference
to the standard reference electrode. Thus, if other reference electrode is used,
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dEref is added to the value of Ev (for instance, −0.926 for Hg/HgO reference
electrode) [16, 17]. Therefore, it is possible to obtain the pressure–composition
isotherms from electrochemical tests (electrochemical PCTs) similarly to the
determination of pressure–composition isotherms from metal–gas reaction. For
information regarding the experimental setup and data analysis of electrochemical
PCTs, the interested reader may consult the article of Mossvati et al. [24].

3 AB5 and AB2 Alloy Electrodes

There are several different types of 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 electrocatalytic 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 chapter
and further useful information on this subject can be obtained from Wronsky [19]
and references therein.

The investigations on the use of intermetallic compounds as anode materials
started in early 70s but only in late 80s the minimum requirements for practical
application were achieved [25]. Few years later, 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 [19]. 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 appli-
cations but it is a more serious problem for those hydrides aimed for hydrogen
storage tanks.
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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 [26, 27].
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 con-
traction caused by hydride formation and decomposition resulting in generation and
accumulation of defects and, consequently, fractures of the particles 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 [19, 26–28].

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 satisfactory
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.
%), 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 [29,
30].

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 multielement 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 [19]. 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 [19] 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
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lower electrocatalytic activity, poorer activation behavior, and higher costs than
AB5 counterparts, limiting their utilization [1, 19, 31].

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
placed 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 nonconsumable tip of tungsten is
produced and it allows to reach high temperatures (over 2000 °C) promoting the
fusion and intermixing of pure elements. The obtained ingots are usually turned
upside down and remelted 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 tem-
perature 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 contami-
nation of the cast ingot. Conversely, the magnetic agitation promoted by the
magnetic field generated by the induction coil can promote a refining of the
microstructure and homogenization at some extent.

4 Mg alloy electrodes

Magnesium-based materials (alloys and composites) are very attractive for hydro-
gen 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., completely 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.

These features have motivated the study of hydrogen storage in a wide range of
Mg-based materials (with polycrystalline, nanocrystalline, amorphous, nanocom-
posites structures) since long time [32–37].

Notwithstanding the above-mentioned encouraging properties, the slowkinetics 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.
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Polycrystalline magnesium and magnesium alloys can only absorb and release
hydrogen at high temperatures and usually with slow kinetics (an exception of this
trend is show in Ref. [33]). In pure Mg and Mg–Ni alloys, for example, the room
temperature electrochemical (de)hydrogenation is negligible. For this reason, only
after the development of highly metastable magnesium alloys (i.e., alloys with
amorphous or nanocrystalline structures) these materials started to be considered for
anode applications. The main investigated 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 considerable 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 toge-
ther, in appropriate stoichiometry, in a milling vial with a certain number of balls
and milled by a predefined 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 which was facilitated since the staking of several small plates of the
metals (lamellar-like morphology) can work as a sequence diffusion couples
(nanometric in thickness) [38]. This is the typical behavior observed for mechanical
alloying of soft elements [16, 39].

Depending on the type of mill, material to be processed, desired microstructure,
final average particle size, and materials application, a number of other processing
variables need to be settled, such as: (i) ball-to-powder weight ratio, (ii) number of
balls, (iii) diameter of the balls, (iv) in some cases, the milling speed, (v) milling
atmosphere, etc. A deeper description of the mechanical alloying process is far
beyond the scope of the present chapter and there is a vast literature for consulting
on this subject [39–41]. One of the most interesting and complete source of
information is the classical review article of Suryanarayana [39] 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., metastable solid solutions
supersaturated in solute), fully amorphous alloys, nanocrystalline alloys (single or
multi-phase), and mixtures of amorphous and nanocrystalline phases, nanocom-
posites, and so on. The processing parameters adopted during mechanical alloying
will strongly affect the microstructural and morphological features of the synthe-
sized alloys and therefore will greatly influence the electrochemical properties of
the final product.

260 S.F. Santos et al.



Liu et al. [42] investigated the MgxNi100−x alloy series, with x ranging from 10–
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 [43, 44].

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 prevails in oxidized state and Ni in metallic state
[43]. 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 [43].

In a study of Zhang et al. [44] three different compositions of Mg–Ni amorphous
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 performance 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 highlight the necessity
of improving their electrochemical properties, mainly their cycling performances in
order to obtain alloys suitable for practical applications. There are several strategies
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 mini-
mize the corrosion of the alloy electrode but cannot hinder the absorption and
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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 cov-
ered 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 [45]. The electroless deposition usually pre-
sents improvements of the high rate dischargeability, decreasing of cyclic degra-
dation, lowering the charge transfer resistance, and lowering the charge/discharge
overpotential in AB5-type alloys [45–48]. 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. [49] 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 deposi-
tion. 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
corrosion resistance [49, 50]. 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 par-
ticles 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 [50]. Figure 4a shows the mor-
phology of the ball-milled bare alloy. This alloy has a relatively equiaxial particle
shape with sizes ranging from 1 to 5 lm. In Figs. 4b, c the microstructures 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 an equilibrium between cold welding and
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fracture events during ball-milling while the morphology of coating materials
suggest a predominance of deformation and cold welding. Figures 4d, e show the
microstructures of the Mg–Ni alloys coated by Ni and Ni-5% Al, respectively. The
resulting nanocomposites have similar morphologies, 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.

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.% [50].

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) [50]. 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.

Li et al. [51] also investigated the mechanical coating of a metal hydride elec-
trode with nickel. These authors mechanically coated the Mg2NiH4 compound with

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 [50]
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nanometric Ni powder (<50 nm in particle size), adding amounts of Ni ranging
from 0 to 3 molar ratio. Mechanical coating was performed by ball-milling the
Mg2NiH4 sample with nano-sized Ni powder in a planetary ball-mill at a rotating
speed of 400 rpm by 5 h using ball-to-powder ratio of 40:1. In these conditions, a
solid state reaction between the metal hydride and nano-Ni coating toke place as
indicated by observed nanocrystallization and amorphization as function of the Ni
content added. It was observed that the maximum discharge capacities of
ball-milled samples, observed in the first discharge, increased from 578 mAh/g (0%
Ni) to 896 mAh/g (2% nano-Ni) and then decreased to 810 mAh/g (3% nano-Ni). In
contrast to the positive effect of this coating on the maximum discharge capacity of
the hydride electrodes, it was not observed any beneficial effect on the cycle-life
performance of the coated electrodes. All the investigated electrodes showed fast
degradation of their discharge capacities.

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, Al, Mn, among others [49–53]. In a previous
report [53] we investigated the effect of Cr, Co, Nb, Ti, and V additions on the
electrochemical properties of the nanostructured Mg50Ni50 alloy. It was observed
increases in maximum discharge capacities for the additions of Zr, Nb, and Cr
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

Fig. 5 Discharge capacity
versus number of cycles of
bare, Ni coated, and Ni-5% Al
coated Mg50Ni50 alloys [50]
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binary alloy while Cr slightly increased this property. These results of discharge
capacity versus cycling number are shown in 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 [49]. Mg–Ni–V
system also presented interesting electrode performances [54]. In alloys of this
system the same capacity of Mg50Ni50 alloy and improved cycle-life performance
were achieved [54]. In the case of the 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 [55]. 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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Fig. 6 Discharge capacity as
a function of the number of
cycles of the Mg–Ni, Mg–Ni–
Co, Mg–Ni–Cr and Mg–Ni–
Nb alloys [53]

0 5 10 15 20

20
40
60
80

100
120
140
160
180
200
220
240
260
280
300
320

 - MgNi
 - 10% Ti
 - 10% V

 +  - 10% Zr

D
is

ch
ar

ge
 c

ap
ac

ity
 (m

A
.h

.g
-1
)

Number of cycles

Fig. 7 Discharge capacity as
a function of the number of
cycles of the Mg–Ni, Mg–Ni–
Ti, Mg–Ni–V and Mg–Ni–Zr
alloys [53]

Prospective on the Use of Nanostructured Magnesium Alloys … 265



Rare earths have been investigated too as alloying elements for Mg–Ni alloy
electrodes. Huang et al. [56] 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. [57]. Using
the same processing parameters, these authors observed that Mg2Ni alloy presented
a nanocrystalline structure and the addition of La favored the formation of amor-
phous 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 [58–60]. As a general trend, it
has been reported that Pd additions promoted increase in cycle—life performances.
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. [59] 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. [61] 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 dis-
charge capacity vs. number of cycles for some quaternary Mg51Ti4Ni43M2 alloys
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(in at.%) where M is the alloying element [62]. From these results, it is possible to
observe that the additions of Pd and Pt presented much better results than the
additions of Al, Ru, or Cr. The elaboration of multielement alloys (i.e., at least four
components in the system) for electrode applications open a wide range of possi-
bilities concerning the designing of microstructures in order to obtain a material
with optimized electrochemical properties.

In Fig. 9 the effects of Ti and Pt on the electrochemical properties of the
Mg55Ni45 alloy can be observed [63]. 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 electrochemical
properties. From these results, one can see that the addition of both Ti and Pt
simultaneous resulted in 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 mentioned above, Ti decreases the corrosion rate of Mg 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 [64, 65].

In other investigation of our group, the effect of partial substitution of noble
metals for Ni in the Mg49Ti6Ni45 was carried out [66]. 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 micro-
scopy (TEM). Figure 10 shows the XRD patterns of the abovementioned alloys
[66]. It is possible to observe the presence of broadened peaks in all samples due to

Fig. 9 Discharge capacities versus cycling number of Mg55Ni45 and Pt-containing alloys [63]
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reduced crystallite sizes and strain generated by ball-milling. The Mg2Ni and
MgNi2 intermediate phases were identified in all samples while there is evidence of
Pt phase in the alloys containing this element and also of an amorphous band
overlapped by some diffraction peaks.

Figures 11, 12, 13 and 14 show the results of transmission electron microscopy
(TEM) for Mg49Ti6Ni45−xMNx alloys [66]. All TEM bright field and dark field
images indicate that the alloys composed by sub-micrometric particles presented
microstructures formed by nanocrystalline phases dispersed on an amorphous
matrix (Figs. 11, 12, 13 and 14). The Mg2Ni and MgNi2 phases were identified in
all the synthesized alloys in selected area electron diffraction patterns (SAEDP) in
good agreement to the results of X-ray diffractometry (Fig. 10). In the SAEDP,
there is some indication of diffraction rings which may be related to Pd and Pt
phases, but these rings are overlapped with those of Mg2Ni and MgNi2 phases. 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 unal-
loyed state were indicated by XRD and selected area electron diffraction (SAED).

Fig. 10 XRD patterns of Mg55Ni45 and Mg49Ti6Ni45−xMNx alloys [66]

Fig. 11 Bright field image (a), dark field image (b), and selected area electron diffraction pattern
(c) of the Mg49Ti6Ni43Pt2 alloy [66]
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The average crystallite sizes with respective standard deviations for the
Mg49Ti6Ni45−xNMx alloys were obtained from the TEM dark field images. These
results are shown in Table 2 and indicate the nanocrystalline nature of the samples
which helps the uptake and release of hydrogen since the resulting interfacial
regions in these particles accelerate hydrogen diffusivity.

The curves of discharge capacity versus cycling number for the Mg55Ni45 and
Mg49Ti6Ni45−xNMx alloys (with x = 0, 2, and 4 at.%) are presented in Fig. 15 and
quantitative values are shown in Table 3 [66]. From these results, it is possible to

Fig. 12 Bright field image (a), dark field image (b), and selected area electron diffraction pattern
(c) of the Mg49Ti6Ni41Pt4 alloy [66]

Fig. 13 Bright field image (a), dark field image (b), and selected area electron diffraction pattern
(c) of the Mg49Ti6Ni43Pd2 alloy [66]

Fig. 14 Bright field image (a), dark field image (b), and selected area electron diffraction pattern
(c) of the Mg49Ti6Ni41Pd4 alloy [66]
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observe that the partial substitution of Mg by Ti increased the discharge capacity of
the alloy electrode from 250 mA h/g for Mg55Ni45 to 441 mA h/g for Mg55Ti6Ni45
alloy. It is also observed that the addition of 2 at.% of noble metal further increased
the discharge capacity of the electrodes. For the alloy with 2% of Pt, the maximum
discharge capacity increased from 250 (binary alloy) to 445 mA h/g while the alloy
with 2 at.% Pd showed a maximum discharge capacity of 457 mA h/g. Further
increase in the amount of noble metal (up to 4 at.%) resulted in a slight decrease of
the maximum discharge capacity for the quaternary alloys, especially for the
Pt-containing alloy. This trend is related to the decrease in relative amount of Mg
(hydride-forming element) in quaternary alloys, when the amount of noble metal is
increased from 2 to 4 at.% of noble metal, recalling that Pt is more heavy than Pd.

Concerning the cycle life of the alloy electrodes, the electrochemical tests
(Fig. 15; Table 3) show the maximum discharge capacity and the relative discharge
capacity (discharge capacity in the nth cycle) after 10 and 20 cycles. Mg55Ni45 and
Mg49Ti6Ni45 alloys exhibited very low cycling stability, which indicates that the
addition of Ti to the binary alloy was only effective to improve the maximum
discharge capacity but not the cycle life of the electrode. The addition of a noble

Table 2 Average crystallite sizes with respective standard deviations for Mg49Ti6Ni45−xNMx

alloys

Alloy Crystallite size (nm) Std. dev. (nm)

Mg49Ti6Ni43Pd2 7.3 2.5

Mg49Ti6Ni41Pd4 9.4 5.2

Mg49Ti6Ni43Pt2 8.9 4.7

Mg49Ti6Ni41Pt4 10.5 13.6

Fig. 15 Discharge capacities versus cycling number of Mg55Ni45 and Mg49Ti6Ni45−XNMX [66]
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metal (Pd or Pt) strongly improved the cycling stability of the alloy electrodes.
Mg49Ti6Ni43Pd2 and Mg49Ti6Ni43Pt2 presented similar degradation rates. When the
amount of noble metal is increased up to 4 at.%, the degradation rate for the
Pd-containing alloy electrode was further reduced, but the same trend was not
observed for the alloy with 4 at.% of Pt.

Considering both maximum discharge capacities and cycle-life performances,
the best electrochemical results were attained by the Mg49Ti6Ni41Pd4 alloy elec-
trode. In addition, Pd is a less expensive alloying element than Pt.

Another alloy system which has been extensively investigated recently is the
La–Mg–Ni. These alloys are usually represented as AnBm where A is La (or other
rare-earth element) and Mg; and B is Ni (which can be partially substituted by other
elements such as Al, Si, Co, etc.) [4, 67]. The most important series of these alloys
are La3−xMgxNi9 (AB3), La4−xMgxNi14 (A2B7) and La5−xMgxNi19 (A5B19) with,
respectively, trigonal PuNi3, hexagonal Ce2Ni7 or trigonal Gd2Co7, hexagonal
Pr5Co19, or trigonal Ce5Co19 types of crystal structures. All these alloys belong to a
family of layered structures, into which a single Laves-type La2−xMgxNi4 layer and
several Haucke CaCu5-type LaNi5 layers are stacked along the trigonal/hexagonal
axes. For instance, the AB3 type structure is obtained by (AB5 + 2
AB2 = A3B9 = 3 AB3). For further details, on the complex crystal structures of
these layered phases (also known as long-period stacking ordered phases or
super-lattice alloys), the interested reader can consult, among others, Refs. [4, 67–
69]. These layered La–Mg–Ni alloys have been shown improved electrochemical
properties when compared to LaNi5 alloys such as higher discharge capacities
(about 25% superior) and more important very low self-discharge behavior which is
highly desirable for metal hydride electrodes. Because of these interesting features,
Sanyo introduced in the market a commercial batteries (Sanyo Eneloop family)
using this type of hydride anode [4].

Table 3 Maximum discharge capacity (mA h/g) and the relative discharge capacity (RDC, which
is calculated by the ratio between the discharge capacity in the nth cycle and the maximum
discharge capacity as a percentage) in the 10th and 20th cycles

Alloy composition
(at.%)

Max. discharge capacity
(mA h/g)

RDC after 10
cycles (%)

RDC after 20
cycles (%)

Mg55Ni45 250 37 24

Mg49Ti6Ni45 441 38 26

Mg49Ti6Ni43Pd2 457 69 59

Mg49Ti6Ni41Pd4 431 84 77

Mg49Ti6Ni43Pt2 445 66 55

Mg49Ti6Ni41Pt4 376 69 59
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5 Concluding Remarks

Despite the fact that Ni–MH battery is a mature technology which has been
replaced by other technologies (mainly, Li-ion batteries) in several applications, it
remains to be used in a number of important applications, especially those
demanding high power capacity. The continuous research activity in novel alloy
electrodes for Ni–MH batteries has been performed and improvements on the
electrochemical properties of these materials have been attained and introduced in
the market as can be observed La-Ni-Mg super-lattice compounds. Several alloy
systems have been investigated in laboratory and the results obtained by quaternary
systems having a transition metal and a noble metal as alloying elements for Mg–
Ni-based 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 under-
standing on the correlation between the electrochemical properties, surface states
and microstructures is necessary to obtain alloys with optimized electrode perfor-
mances. This goal can be accomplished only with systematic investigation of these
multielement alloys and their mechanisms of degradation. Moreover, in quaternary
alloys other transition metals different from 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 are
much less investigated. For instance, rapid solidification techniques, such as
melt-spinning, are promising routes to obtain nanocrystalline or amorphous Mg
alloys and are much less studied than ball-milling. 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.

Finally, bottom up approaches, which are widely used to produce nanomaterials
in several energy conversion and storage technologies (for instance,
low-temperature fuel cell electrocatalysts and Li-ion electrode materials), are rarely
investigated for Mg-based hydride electrodes.

The above-mentioned points are only few examples on the potentiality of nan-
otechnology to create new hydrogen storage materials suitable for anode
applications.
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Neutralization Batteries

William G. Morais, Gilberto Lima and Fritz Huguenin

1 Introduction

In a few years from now, the worldwide energy production is estimated to become
inefficient to provide the ever-rising energy demand per capita, especially due
rhythms of the population growth. Emission of greenhouse gases generated by fuel
fossil combustion tends to increase the damage on the environment and the
well-being of the population [1]. In this context, research for enhancing the par-
ticipation of the renewable energy into the world energy matrix has become most
relevant.

Currently, the world energy consumption is estimated at 19.2% based upon
renewable sources [2]. In order to increase this perceptual, improvements in the
energy conversion efficiency from solar, wind, biomass and geothermal into elec-
trical energy is necessary.

Another useful possibility is to explore the potential of the ionic gradient with
the purpose to convert it into electrical power [3]. Since the studies developed by
Pattle in 1954 [3], technologies with low environmental impact were proposed to
acquire energy from the mixture of solutions with different electrolyte concentra-
tion. For example, we can mention the hydroelectric pile based on membranes acid
and basic [3], osmotic pump [4], dialytic battery [5], devices based on the differ-
ences in the vapour pressure [6], electrochemical concentration cells [7], CAPMIX
[8] and mixing entropy battery [9].

The technologies to obtain energy with selective insertion electrodes [9], in
solutions containing different electrolyte concentration, could be advanced to

W.G. Morais � G. Lima � F. Huguenin (&)
Departamento de Química, Faculdade de Filosofia, Ciências E Letras de Ribeirão Preto,
Universidade de São Paulo, Ribeirão Preto (SP) 14040-901, Brazil
e-mail: fritz@ffclrp.usp.br

© Springer International Publishing AG 2018
F.L. de Souza and E. Leite (eds.), Nanoenergy,
DOI 10.1007/978-3-319-62800-4_9

277



harvest energy during the neutralization of acid solutions [10–13]. Our group has
developed a system that can store energy after a cycle of proton
insertion/deinsertion into a selective host matrix. This study was initially presented
in the article entitled “Proton Electroinsertion in Self-Assembled Material for
Neutralization Pseudocapacitors” [10].

The addition of bases or acids in water treatment might emerge as a viable
strategy to convert chemical energy into an electric and sustainable work, if this
system could reduce treatment costs of this kind of effluent, it might become
commercially valuable. Further, this technology could be applied to extract energy
by treating industrial wastewater, sewage, swimming pools and water reservoirs.

These Neutralization Batteries will be discussed as an idealized acid–base
machine, whether the maximum work comes from the flow of matter between an
acid and a basic reservoir. The method description as well the working principle
and formalism concerning this idealized machine are detailed below.

2 Working Principle and Thermodynamic Formalism

The method applied to harvest energy after a full cycle of charge/discharge of the
battery with different pHs solutions, is shown in the Fig. 1. This machine can
produce work by operating between an acid reservoir and a basic reservoir in four
steps. Two of these steps are reversible buffered stages and isothermal, the other
two steps are open for the acid and the base entering into the system. The machine
also presents two insertion electrodes; one of them is selective for the electroin-
sertion of protons while the other one does not enable it.

The thermodynamic cycle can be understood as described forwards. Step 1:
entrance of an acid solution into the electrochemical cell; Step 2: electroinsertion of
the protons in the selective electrode, and electrodeinsertion of the other ionic
species in the second (positive or negative) electrode; Step 3: entrance of the base
into the electrochemical cell; Step 4: electrodeinsertion of the protons in the
selective electrode and electrodeinsertion of the other ionic species in the second
electrode; finally, there is an exchange of the electrolytic solutions with low activity
of protons for another acid solution. During the electrochemical cycle, protons are
removed from the more concentrated solution (step 2) and added in the less con-
centrated solution (step 4). Thus, after the thermodynamic cycle, the change in
partial entropy associated with the variation in the proton concentration is converted
into electrical work.

Although the electrode selective for proton can be positive or negative, the
processes of the insertion of proton (reduction) and its deinsertion (oxidation) must
take place in more and less acid medium, respectively. Moreover, in the acid
solution, the step associated with the electroinsertion of proton in the positive
electrode is spontaneous, while the step associated with the electrodeinsertion
corresponds to a non spontaneous process in less acid medium. Similarly, when the
host matrix selective for proton is placed as the negative electrode, the
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nonspontaneous electroinsertion and the spontaneous electrodeinsertion occur in
acid and less acid medium, respectively.

It is possible to demonstrate the maximum work, as well the efficiency, produced
by the machine, for this purpose we shall consider the electrochemical cell con-
figuration described onward. Selective insertion/deinsertion of protons (H+) and
anions (X−) occurs in the negative (M1) and positive (M2) electrodes, respectively.
First, using an external power source, ions are removed from the acid solution to
promote the following nonspontaneous processes:

M1 þHþ þ e� ! M1H ð1Þ

Ca

Fig. 1 Scheme of the working principle of the acid–base machine
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M2 þX� ! M2Xþ e� ð2Þ

However, with the addition of the base, the following spontaneous processes
take place:

M1H ! M1 þHþ þ e� ð3Þ

M2Xþ e� ! M2 þ X� ð4Þ

We intend to proceed, based on these reactions, by equating the electrochemical
potentials of the products and reagents, for the cell reaction, one can relate the
activities of the proton (aHþ ), anions (aX� ), M1 (aM1), M1H (aM1H), M2 (aM2), and
M2X (aM2X) with the electromotive force (Erxn) in acid (Eq. 5) and neutral (or less
acid) medium of the resulting solution (Eq. 6),

Erxn ¼ Eo
rxnðT1Þ �

RT1
F

ln
aaM1H

aaM1

aaM2X

aaM2

1
aaHþ aaX�

 !
ð5Þ

Erxn ¼ �Eo
rxnðT1Þþ

RT1
F

ln
anM1H

anM1

anM2X

anM2

1
anHþ anX�

 !
ð6Þ

in which R is the gas constant, F is the Faraday constant, T1 is the temperature and
Eo
rxn is the standard electromotive force. The superscripts “a” and “n” stand for

activity in the acid and neutral (or less acid) medium, respectively. The total sum of
the electromotive forces (Erxn,neut) during the spontaneous, in acid medium, and
nonspontaneous, in less acid medium, reversible buffered, and isothermal process
corresponds to:

Erxn;neut ¼ RT1
F

ln
aaHþ

anHþ

aaX�

anX�

 !
ð7Þ

In this case, the temperature (T1) is equal for both spontaneous and nonspon-
taneous processes. Considering that during the neutralization the ionic force
remains constant and, according to Deby–Hückel law, the average activity coeffi-
cients depend exclusively on the ionic force, one can cancel the anion activities in
acid and neutral mediums from Eq. 7:

Erxn;neut ¼ RT1
F

ln
aaHþ

anHþ

 !
ð8Þ
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The efficiency associated with the neutralization (eneut) of the idealized machine
can be determinate using the work (w) and the enthalpy of neutralization (ΔHr):

eneut ¼ �w
DHr

¼ �DG
DHr

¼ FErxn

DHr
¼

RT1 ln
aa
Hþ
an
Hþ

� �
DHr

ð9Þ

Finally, admitting the acid reservoir has a unitary activity, the efficiency is a
function of the pH of the resulting solution from the following neutralization
process:

eneut ¼ 2:3RT1pH
DHr

ð10Þ

The efficiency is now defined as a function of the hydrogen potential, as seen in
Eq. 10. Since this acid–base machine operates according to an idealized cycle, the
hydrogen potential has no dependence on electrodes or the electrolyte. Therefore,
the hydrogen potential is determined on a purely electrical and mechanical basis.
This is possible because the resulting electrical work can be used to raise the masses
of the neighbourhood.

Some small deviations in the pHs can take place, for practical systems, during
the non-buffered charge/discharge processes, these alterations depend on the rela-
tion between the number of electroactive sites in the host matrixes and the amount
of protons in the electrolyte solution. Nevertheless, the maximum work produced
by the system does not depend on these pH oscillations. Indeed, this work is a
function of the state for these conditions, so it depends only on the initial and the
final states, and it is not taken into consideration the heat released during the
reversible electrochemical processes (overpotential and null ohmic drop in Steps 2
and 4).

The heat released from the neutralization can increase the efficiency of the
system if the process takes place adiabatically (step 3). For this case, the temper-
ature for the nonspontaneous, T1, and the spontaneous, T2, processes will be dif-
ferent, in which T2 > T1 when Erxn (T2) > Erxn (T1). The total efficiency is given by
Eq. 11:

etotal ¼
Eo
rxnðT1Þ � Eo

rxnðT2Þ
� �þ R

F T2 ln
anM1H

an
M1

anM2X

anM2

1
an
Hþ anX�

� �
T2

�T1 ln
aa
M1H

aaM1

aaM2X

aaM2

1
aa
Hþ aaX�

� �
T1

 !
DHr

ð11Þ
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3 Electrochemical Properties Required to Maximize
the Efficiency in the Energy Conversion

The voltage curves of the neutralization battery (Fig. 2) have a similar shape of the
usual batteries, during the charge/discharge processes. However, the voltage during
the discharge of the neutralization battery is higher than in the charge process,
differently from usual secondary batteries, since the processes take place in different
electrolyte concentration. Thereby, the neutralization batteries produce electrical
work equivalent to the integral along the cycle.

The materials, used to establish the neutralization batteries, have no need of
showing the same electrochemical properties likewise the secondary battery case.
The values of the voltage, during the discharge, are not vital for the good perfor-
mance of these systems, since the electrical work depends on potential involved in
both charge and discharge steps.

When it comes to choosing the electrodes, inexistence of parallel reactions, small
loss of energy due the overpotentials and high voltage variation, as function of the
concentration of the electrolyte solution in the equilibrium states are factors that
must be considered. Thus, intercalation materials that due low voltage and high
molar mass, do not show high densities of energy could present suitable properties
to electrochemically convert entropic energy. Therefore, these materials can provide
an alternative for these neutralization batteries, once the modified electrodes contain
higher charge capacity and practical reversibility.

The basic properties concerning the material to convert entropic energy are as
follow:

(a) The host matrix should be electroactive and with a structure that enables the
practical insertion/deinsertion, selectively, of ions and chemically reversible.
The smaller the overpotentials, the greater the converted energy from the
system, after a full charge/discharge cycle.

(b) The electroinsertion/electrodeinsertion processes require selectivity with the
charge of the ion. The positive and negative species present in the solution,
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Fig. 2 Voltage variation as
function of the charge for a
neutralization battery. The
integral of the cycle
corresponds to the electrical
work produced by the battery
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which the concentration varies during the charge/discharge processes, should
intercalate in different electrodes in the battery. This selectivity is essential to
assure the equilibrium voltage variation during the exchange of the electrolytic
solution.

(c) In order to increase the durability of the battery, minimal change in the structure
of the electrode is required.

(d) In order to achieve higher energy conversion per cycle, the electrodes should
present high charge capacity. Since, amount of entropic energy associates the
full charge/discharge cycle, there is no dependence on the transference of the
energy (or energy density) during the discharge step.

(e) In order to achieve low overpotentials related to the mass transport, high
mobility is required for the inserted ions.

(f) In order to reduce the ohmic drop in the electrodes, high conductivity or
alternative paths for the electronic transport is required for the host matrix.

(g) A significant voltage variation, associated with the changes in concentration of
the electrolyte (or the ionic species that take part of the electrochemical reac-
tion), is required. With the variation of the concentration of the ionic species in
solutions, the ones that participate in the electroinsertion/electrodeinsertion
processes, the positive and negative electrode should vary in the opposite
direction.

(h) Low cost.
(i) Low toxicity.

4 Electrochemical Results for Neutralization Batteries

Some examples of nanomaterials that have been investigated as host matrices will
be discussed ahead, as well the electrochemical studies for determining parameters
associated to the electroinsertion processes involved in the neutralization batteries.

Phosphomolybdic acid (PMA) and poly(3,4-ethylenedioxythiophene)-poly
(styrenesulfonate) (PEDOT-PSS) equally can be used as a host matrix because they
have intrinsic pseudocapacitive properties such as high rate of proton
insertion/deinsertion. Furthermore, the high proton conductivity for the PMA and
charge carriers (i.e. polaron, bipolaron and free carriers) for the PEDOT-PSS
contribute to reduce the overpotentials during the electroreduction and electrooxi-
dation [14–19].

We were particularly interested in preventing the high solubility in aqueous
medium presented by the PMA, then the self-assembled films were prepared with
poly(allylamine) (PAH) and PEDOT-PSS, using the layer-by-layer method (LbL),
due the electrostatic interactions between protonated amine groups of the PAH,
oxygen atoms of the PMA and sulfonic groups of the poly(styrenesulfonate) [20–
22]. An additional vantage in the implementation of the LbL method is associated
with the control in the thickness of the film, which allows maximizing the harvested
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charge with low diffusional and ohmic overpotentials by dimensioning of the
electrodes. Conclusively, synergistic effects can be achieved by the self-assembled
method due the intimate contact between the components in nanocomposites [23],
promoting enhancements on the specific capacity and assuring the practical
reversibility of the electrochemical processes.

Figure 3 shows the cyclic voltammogram for the LbL composed by
PMA/PAH/PEDOT in HCl (pH = 1) with several scan rate (m = 50, 100, 150 and
200 mV s−1). Low overpotentials are observed in the cyclic voltammograms.
Additionally, a small change in the peak potential and the peak currents have a
linear variation with the scan rate. The volumetric specific capacity is 20.3 C cm−3

for the film with 120 ± 4 nm of thickness. PEDOT-PSS can offer alternative
electronic paths to the electroactive sites isolated by the PAH [17], also the charge
transfer resistance is reduced, and it might be associated to the electrostatic inter-
actions between the activated complex and the sulfonic group from the PSS during
the insertion/deinsertion processes.

The determination of the stoichiometry of the global reaction, for each
voltammetric peak, was achieved with the variation in the pH of the medium with
and without the addition of KOH, aiming to preserve the ionic force constant. It was
able to perceive a shift in the average peak potential of 70 mV per unity of pH,
between 0.5 and 2.5. These values are close to the variation in the equilibrium
potential for two electrons and two protons reactions, which are associated to the
disproportionation reactions involving oxidation states I, III and V of the PMA [14].
Thus, the three redox pairs (I–II, III–IV and V–VI in Fig. 3) correspond to the
reactions 12, 13 and 14, respectively.

PMo12O�3
40 þ 2e� þ 2Hþ�H2PMo10 VIMo2 VO�3

40 ð12Þ

H2PMoVI10MoV2 O
�3
40 þ 2e� þ 2Hþ�H4PMoVI8 MoV4 O

�3
40 ð13Þ
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Fig. 3 Cyclic
voltammograms for
PMA/PAH/PEDOT-PSS film
in HCl (pH = 1) with (green
dash line) 50, (light blue dash
line) 100, (dark blue dash
line) 150 and (black dash
line) 200 mV s−1
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H4PMoVI8 MoV4 O
�3
40 þ 2e� þ 2Hþ�H6PMoVI6 MoV6 O

�3
40 ð14Þ

The presence of PSS tends to block the electroinsertion/electrodeinsertion of the
chloride ions, though anions play a part in the charge compensation mechanism
[24]. Moreover, covalent bonds C–Cl, present in the PEDOT polymeric chain,
contribute to decrease the anionic transport [25]. The reaction associated to the
electroreduction/electrooxidation of the conducting polymer is suggested to be as:

½PEDOT� PSS�Clþ e� þHþ�H ½PEDOT� PSS�Cl ð15Þ

Electrochemical measurements in the frequency domain were carried out in
order to analyze the steps involved in the electrochemical reactions. Thus, mea-
surements from electrochemical impedance spectroscopy were performed for the
LbL films formed from (a) PMA/PAH, (b) PEDOT-PSS/PAH and
(c) PMA/PAH/PEDOT-PSS. These kinetic studies can investigate the contribution
of the PMA and PEDOT-PSS components in the PMA/PAH/PEDOT-PSS elec-
trode. Figure 4 shows the Nyquist plots for (a) PMA/PAH, (b) PEDOT-PSS/PAH
and (c) PMA/PAH/PEDOT-PSS at 0.2 V, with theoretical data obtained from the
model presented together.

The beginning of the semicircles at high frequencies is associated with the charge
transfer resistance (Rct) and the electric double layer capacitance (Cdl). At lower
frequencies, a capacitive process related to the finite diffusion of the electroinserted
protons, is observed. The semi-infinite diffusion is not observed as a consequence of
the small thickness and/or high proton mobility inside the host matrix.

On the basis of the Eqs. 12–15, the following elementary steps for the elec-
troreduction mechanism were proposed:

2Hþ
i þ 2e� ! 2ðHþ ; e�Þi for the sites of the PMAð Þ ð16Þ

Hþ
i þ e� ! ðHþ ; e�Þi for the sites of the PEDOTð Þ ð17Þ

Hþ ; e�ð Þi! Hþ ; e�ð Þs ð18Þ

Equations 16 and 17 relate the proton transfer into the host matrix, which is
linked with the reduction of the PMA and PEDOT-PSS sites, respectively. This
distinction is made due the molecularity of the elementary steps. The chemical
specie (H+, e−)i represents the presence of protons and electrons at
solution/electrode interface. Due to the concentration gradient and electroneutrality,
these species diffuse together into the matrix, which is represented by (H+, e−)i. On
the basis of the reaction mechanism and the Butler–Volmer equation, the current
density oscillatory component (~i) is given by [26]:

ei ¼ nFkb�cP;0 exp anFV=RT
� �eV þ nF exp anFV=RT

� �
~cP;0 ð19Þ
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~i ¼ �nFDP d~cp=dy
� �

y¼0 ð20Þ

where n is the number of electrons per mol, F is the Faraday constant, k is
the velocity constant, b(= anF/RT) is a constant, a is the transfer coefficient, �cP;0 is
the average proton concentration on the electrode surface in the stationary state, ~cP;0
is the oscillating component of this concentration, V is the potential at the stationary
state, and Dp is the proton diffusion coefficient inside the host matrix and y is the
position. By taking into consideration the oscillatory component of the applied
potential, the impedance as a function of the frequency is obtained:

ZðxÞ ¼ RX þ Rct þ ZDðxÞ
1þðjxÞb Rct þ ZDðxÞð ÞCdl

ð21Þ

where ZD(x) is the diffusional impedance and RX is the resistance of the film and
the electrolyte solution. Based on these initial and boundary conditions, proposed
by Ho et al. [27], one can express this transfer function as

ZDðxÞ ¼ 1
ðixÞcCL

¼ dE=dqð Þ
ðixÞc ð22Þ

In which CL is limit capacitance and corresponds to the variation of the injected
charge as a function of the equilibrium potential (dq/dE). It can be demonstrated, by
the comparative analysis of the CL values, that the presence of the PEDOT-PSS in
the PMA/PAH self-assembled matrix enhances the proton storage capacity. For the
PMA/PAH films, the values of CL were 105, 165 and 125 µF cm−2 (at 0.2, 0.0
and −0.2 V, respectively), while for the PMA/PAH/PEDOT-PSS film they were
270, 390 and 270 µF cm−2 (at 0.2, 0.0 and −0.2 V, respectively). Owing to the
dispersions frequency, associated with the surface roughness of the electrode and
the anomalous diffusion, the terms b and c are included for a better adjustment [28].

Equations 23 and 24 are obtained on the basis of the proposed reactional mecha-
nism and Eqs. 21 and 22, which allow the determination of the rate constants. The
elementary steps of proton transfer (Eqs. 16 and 17) were considered in parallel, once
the proton transfer at the interface between the electrolyte solution and the electrodes,
in the case of the PMA/PAH/PEDOT-PSS film, involves two distinct sites.

Rct ¼ RT

4F2ak01 �cP;0
� �2 ¼ RT

4F2a�cP;0k1
ð23Þ

Rct ¼ RT

F2a�cP;0 k2 þ 4k01�cP;0
� � ¼ RT

F2a�cP;0kap2
� RT

F2a�cP;0k2
ð24Þ

The fact that the apparent constant kap 2ð¼ k2 þ 4k01�cP;0Þ to be independent of the
proton concentration allowed its substitution for the constant k2, which is related to
the proton transfer rate to compensate the charges of the PEDOT-PSS sites
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electrochemically reduced. The values of the rate constant k1ð¼ �cP;0k01Þ, which is
associated with PMA sites, are much smaller than the values of the constant k2. The
obtained values for k1 were 4.3 � 10−7 cm s−1 and 1.1 � 10−5 cm s−1 (at 0.2 and
0.0 V, respectively), while for k1 they were 7.6 � 10−4 cm s−1 and 9.7 � 10−4

cm s−1 (at 0.2 and 0.0 V, respectively). These results state low practical irre-
versibility for the PMA/PAH/PEDOT-PSS film, and indicate the influence of
PEDOT-PSS in the self-assembled host matrix for increasing the proton elec-
troinsertion rate at electrolytic solution/electrode interface.

An experimental simulation of an acid–base machine (Neutralization Battery) is
described further. This procedure provides a proof of concept for the idealized
machine. The curves of the proton electroinsertion and electrodeinsertion for the
PMA/PAH/PEDOT-PSS were obtained with the aid of a three electrode cell, with a
platinum sheet and a silver wire, as counter and quasi-reference electrodes,
respectively. These conditions were used in order to achieve an experimental
approximation of an acid–base machine operating between the acid (HCl) and the
basic (NaOH) reservoirs, the PMA/PAH/PEDOT-PSS served as the proton selec-
tive electrode, while the silver electrode was considered as the second electrode
having null overpotential. However, the specifications of this second electrode can
be disconsidered, because its contribution to the work produced should be null, due
the fact that the chloride concentration is considered to be constant during the
neutralization. Also, minimal overpontentials, associated with the electrical resis-
tance and proton diffusion, can be achieved with low current applied (5 µA cm−2)
and small thickness of the film (108 ± 4 nm). This experimental simulation
allowed us to obtain 22 kJ per mol of electroinserted proton (Fig. 5).

Therefore, the change in the potential for the PMA/PAH/PEDOT-PSS film, as a
function of the pH, is associated with proton intercalation and it can be used to
capture energy in a neutralization battery.

Another experimental simulation of a acid–base machine was performed
between the acid (H2SO4) and the basic (KOH) reservoirs. The curves of the proton
electroinsertion and electrodeinsertion for the PMA/PAH/PEDOT-PSS were
obtained with the aid of a three electrode cell, with a platinum sheet and
Hg/Hg2SO4, in saturated H2SO4, as counter and reference electrodes, respectively.
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Moreover, selectivity for proton electroinsertion in this electrochemical system was
investigated with the use of electrochemical quartz crystal microbalance (EQCM).
The slope (272 µg C−1) of the curves associated the mass change as a function of
the charge for the PMA/PAH/PEDOT-PSS, in H2SO4 at pH = 1, suggested that the
hydrated proton was electroinserted/electrodeinserted in the host matrix, while no
anions participated in the charge compensation. The charge compensation mecha-
nism plays a very important role in neutralization battery, because one of the
electrodes must only allow the insertion of protons, whereas the other one should
allow specifically the insertion of the anion.

The areas between electroreduction, at pH = 0, and electrooxidation, at several
pHs, curves (Fig. 6a) for the PMA/PAH/PEDOT-PSS film were determined in
order to obtain the efficiency (eneut) of the machine, which was calculated with the
aid of the Eq. 9 and plotted in the Fig. 6b.

The values obtained experimentally were close to the ones predicted by the
thermodynamic formalism previously discussed. With the aid of the neutralization
enthalpy at 298 K (55.815 kJ mol−1), it was possible to determinate the work
(w) produced by the machine as a function of the proton activity of the resulting
solution. The neutralization of a H2SO4 solution (pH = 0 to pH = 6) made it
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possible the conversion of 31.2 kJ per mol of proton electroinserted, which cor-
responds to an efficiency of 56.3%.

The redox curves, for the PMA/PAH/PEDO-PSS film, shown in the Fig. 6a–b
were used to produce a diagram for all the operational combinations of the machine,
at the studied conditions. The work values, as a function of the pH of the acid and the
resulting solutions, are close to the ones predicted by the formalism (Eq. 9) (Fig. 7).

Experimental simulation of Neutralization Batteries was also realized using
positive and negative electrodes. Thus, we investigated other host matrices as
positive electrodes for these batteries. Variation in the voltage can be achieved
using a second electrode that does not involve protons in the redox processes, due
the change in the potential as a function of the pH for PMA/PAH/PEDOT-PSS film.
On this basis, an electrosynthesized PEDOT film was prepared and studied in order
to use it as the positive electrode in the neutralization battery. During the
reduction/oxidation processes, this conducting polymer inserts/deinserts sulphate
anions, respectively, presenting broad voltammetric waves at more negative
potentials, as well, a pseudocapacitive behaviour at more positive potentials. The
minor change in the peak potential as a function of the pH states a major anion
participation in the charge compensation mechanism. The electrochemical proper-
ties discussed above enable the utilization of the electrossynthesyzed PEDOT film
in the assembling of the neutralization battery [24, 29]. The electrochemical
properties of this film were analyzed with aid of the electrochemical impedance
spectroscopy in H2SO4 at pH = 1, and in K2SO4 50 mM at pH = 6. The values of
the charge transfer resistance were 15.7 and 12.7 X cm−2 at pH = 1 and pH = 6,
respectively, which indicates the ion electroinsertion rate is high. Thus, this elec-
trode presents suitable properties as positive electrode for neutralization batteries,
once demonstrates low practical irreversibility. Moreover, the semi-infinite diffu-
sion was not observed at low frequency, due to high mobility of charge carries into
the host matrix.
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In order to reproduce a system configuration closer to a practical one, an
experiment was carried out in which an acid–base machine composed by a
PMA/PAH/PEDOT-PSS film, as the negative electrode, and an electrosynthesized
PEDOT film, as the positive electrode, were utilized to produce work. In this
configuration, the charging process was performed in H2SO4 solutions, with pH
lower than 6, followed by the exchange of the acid solution for the K2SO4 solution
at pH = 6, where the discharge process took place (Fig. 8).

This electrochemical configuration provided values, of efficiency and work per
mol of proton electroinserted, close to the ones expected from the thermodynamic
formalism, these results are presented at the Table 1. Some small changes in the
values, when compared to those obtained from the three electrodes cell configu-
ration, are due the overpotentials associated with the electroinsertion/
electrodeinsertion of sulphate anions into/from the PEDOT electrode, in more
and less acid medium, respectively.

In order to estimate the production cost of a practical device, the ratio w/Cb

should be taken into consideration; it represents the work (w), performed by the
machine, normalized by the concentration of the used base (Cb). On the basis of
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Fig. 8 The charge/discharge curves for the acid–base machine composed by self-assembled
PMA/PAH/PEDOT-PSS film and electrosynthesized PEDOT: charge at pH = 0 (black dash line),
pH = 1 (purple dash line), pH = 2.2 (dark blue dash line), pH = 3.4 (light blue dash line),
pH = 4.3 (green dash line), pH = 5 (yellow dash line) at 298 K, and discharge at pH = 6 at 298 K
(orange dash line) and 318 K (red dash line). j = 5 lA cm−2

Table 1 Values of work, efficiency and work per concentration of base as a function of the pH of
the acid reservoir performed by the machine during the neutralization

pH 0 1 2.2 3.4 4.3 5

w/kJ mol−1 31.167 26.0 12.979 8.219 3.977 1.495

e 55.84 46.58 23.25 14.73 7.12 2.68

w/
Cb (kJ dm

3 mol−2)
1.95 8.67 5.57 � 102 8.30 � 103 3.90 � 104 6.01 � 104
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w/Cb, one can infer that the treatment of acid solutions, with a high pH, is more
profitable per volume of solution. Nevertheless, by treating solutions with very low
proton activity, the work produced will not be sufficient to compensate the nec-
essary investment in the production of the neutralization battery. Therefore, a
suitable pH range is essential in order to apply these devices in wastewater treat-
ment with a satisfying cost-benefit.

The heat released during the neutralization can be used to enhance the perfor-
mance of the machine; in this case, the procedure should be carried out adiabatically
so the temperature in the discharge process will be higher than in the charge. For
instance, the neutralization of 1.5 mol L−1 protons in solution provokes an increase
of 20.1 K in the temperature. Thereby, a discharge process, at pH = 6 and 318 K
(Fig. 8), was performed with the full cell configuration.

On the basis of the area between the discharge (at pH = 6 and 318 K) and charge
(pH = 6 and 298 K) curves, it was possible to obtain 812 J mol−1, which corresponds
to 34.48%ofwork expected for the Carnot’s Cycle and stands a high value for practical
thermal machines. Though, this comes from the assumption that the host matrix would
intercalate all the protons in the solution, what is an experimental difficulty.

Using the neutral, or slightly acid, solutions resulting from the neutralization
reactions that occur in this machine, it is still possible to obtain energy with the
insertion/deinsertion of the alkali cations present in these solutions. A different class
of intercalation electrodes named polycyanometalates might be used for this pur-
pose. Unlike polyoxometalates, in which the charge compensation mechanism
involves protons, polycyanometalates have a structure which allows the alkaline
ions selective intercalation and when used together with polyoxometalates the result
is increased energy storage in these electrochemical systems.

Prussian blue analogues (PBA) belong to the class of polycyanometalates and
have been extensively studied as intercalation electrodes of alkaline ions [30–32].
When suitable electrolyte is used, PBAs exhibit a long life cycle, fast intercalation
rate and high load storage capacity, meeting the requirements for neutralization
batteries. These analogues are represented by the general formula AxMy[M′(CN)6]z,
where A is an alkaline cation and M and M′ are transition metals [33–37].
Transition metals cations are octahedrally coordinated by hexacyanometalates
(HCM) groups and this arrangement produces an open-channel network, along the
three crystallographic axes, which allows the electroinsertion/electrodeinsertion of
cations [38].

These compounds may display redox activity, of one or more transition metals in
their structure, and their electroinsertion/electrodeinsertion processes can be rep-
resented as in the Eq. 25 [32, 39].

AxMy M0 ðIIIÞðCNÞ6
h i

z
þ a Aþ þ e�ð Þ� Aðxþ aÞMy M0 ðIIÞðCNÞ6

h i
a
M0 ðIIIÞðCNÞ6
h i

ðz�aÞ
ð25Þ

Dissimilar from Prussian blue, Fe4[Fe(CN)6]3, which only allows
insertion/desinsertion of potassium ions, PBAs enable the effective accommodation
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of others alkaline cations such as Li+, Na+, Mg2+ and NH4
+ during the electroin-

sertion process [37, 38, 40–43]. Nickel hexacyanoferrate (NPBA) is a Prussian blue
analogue in which nickel ions occupy some sites of the cubic structure face cen-
tered, occupied by the iron ions, connected by CN bridges, creating channels in the
direction <100>, which allow the insertion/deinsertion of hydrated sodium ions in a
chemically reversible way [38].

Cyclic voltammograms of self-assembled films, prepared from solutions of Ni
(NO3)2.6H2O (20 mM) and a mixed aqueous solution of K3[Fe(CN)6] (20 mM) and
NaNO3 (15 mM) [11], presented high stability, in aqueous NaCl solutions, and
reversibility, with relation to the intercalation of sodium ions, in solutions with
different pHs, according to Eq. 26:

NaþNiðIIÞ FeIIIðCNÞ6
� 	þ x Naþ þ e�ð Þ � Naþ1þ xNi

ðIIÞ FeIIIðCNÞ6
� 	

FeIIðCNÞ6
� 	

ð1�xÞ
ð26Þ

The NPBA cyclic voltammograms in NaCl solutions reveal the change in peak
potentials as a function of the concentration of sodium ions, and showed that the
electrode potential changed up to 120 mV when the sodium ion concentration
varied from 20 mM to 5.1 M. During the neutralization, the concentrated salt
solution (neutral or less acid) can be discharged into a suitable environment, and the
acid solution, with low concentration of salt, can be added to the full electro-
chemical cell. Thus, using alkaline ion selective electrodes, in the neutralization
batteries, it is possible to store energy due the partial change in entropy associated
with the variation of alkaline ions concentration [9, 11, 44] (Fig. 9).

Following our previously reported approach, in these kinds of batteries, the
discharge potential is higher than the charge potential. Therefore, it is possible to
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harvest energy in these experimental conditions, which is essential. Figure 10
shows that it was possible to convert 12.4 kJ per mole of intercalated sodium ions.

The kinetic analysis of the sodium ion electroinsertion/electrodeinsertion was
performed by electrochemical impedance spectroscopy, using the Nyquist diagrams
for the NPBA electrode in NaCl 0.6 M electrolytic solution at dc potentials of 0.55,
0.43, 0.37 and 0.32 V, Fig. 11. A better comprehension of the system is possible
with the aid of the frequency domain models and, as well, with the application of
the Eqs. 27 and 28, which represent the ion transfer from the electrolytic solution to
the electrode/electrolytic solution interface and how the pair ðNaþ ; e�Þi diffuses
into the host matrix, respectively.

Naþi þ e� ! ðNaþ ; e�Þi ð27Þ

ðNaþ ; e�Þi ! ðNaþ ; e�Þs ð28Þ

The impedance of these processes can be expressed by Eq. 21 and helped to
determine the rate constant (k), where the charge transfer resistance corresponds to
RT
F2ak [26]. The sodium ion diffusion impedance can be represented (between 200 and
40 Hz) in two different limiting cases [27]. First, limiting case, semifinite diffusion
ðx � 2Dc=L2Þ, shown in Eq. 29, and second limiting case, finite diffusion ðx �
2Dc=L2Þ at low frequencies, shown in Eq. 30, which furnishes the Dc values of the
electron-ion pair where VM and L are the molar volume and thickness of the host
matrix, x is the stoichiometric ratio in Eq. 26 [27].
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In fact, we can also use the model of anomalous diffusion and a dimensionless
parameter, c (lower than 1), which accounts for frequency dispersions observed at
low frequencies, should be included in the Eq. 30 as shown in the Eq. 31. In this
case, the mean square displacement of the diffusing sodium ion follows a power law
dependence on time indicating that the number of sodium ions diffusing in the
self-assembled materials are not conserved [27, 44].

ZDðxÞ ¼ L2

3Dc

� �
dE
dq

� �



 



þ 1
ðjxÞcCL

ð31Þ
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Fig. 11 Three-dimensional Impedance diagrams for the NPBA film at 0.32 V in NaCl 0.6 M at
pH = 4: (I) (blue diamond) real part versus imaginary part of impedance, (dark filled diamond)
corresponding theoretical data; (II) (red diamond) real part of impedance versus logarithm of the
frequency, (dark filled diamond) corresponding theoretical data; and (III) (yellow diamond)
imaginary part of impedance versus logarithm of the frequency, (dark filled diamond)
corresponding theoretical data

Neutralization Batteries 295



T
ab

le
2

V
al
ue
s
of

th
e
pa
ra
m
et
er
s
ob

ta
in
ed

fr
om

el
ec
tr
oc
he
m
ic
al

im
pe
da
nc
e
da
ta

at
di
ff
er
en
t
dc

po
te
nt
ia
ls

E
(V

)
R
X
(X

cm
2 )

C
dl
(µ
F
cm

−
2 )

R
ct
(X

cm
2 )

k
(1
0−

7
m
ol

cm
−
2
s−

1 )
D
c
(1
0−

8
cm

−
2
s−

1 )
C
L
(m

F
cm

−
2 )

c

0.
55

23
.8

7
5

1.
6

1
1.
8

0.
8

0.
43

23
.8

7
2

4.
0

10
.0

0.
85

0.
37

23
.8

7
3

2.
6

14
.2

0.
8

0.
32

23
.8

7
10

0.
8

1
5.
7

0.
76

296 W.G. Morais et al.



The k and Dc as well as other parameters obtained from fit the impedance
diagrams using these electrochemical models in the frequency domain are shown in
Table 2. These values obtained for k and Dc, indicate fast interfacial transfer of
sodium ions from the electrolytic solution to the host matrix. Electroinsertion of
hydrated Na+ ions leads to low values of Rct due the minimum electrostatic
repulsions at the electrode/solution interface and low values of activation energy
ðEaÞ for the intercalation process. Furthermore, there is no significant sign of
semi-infinite diffusion, because the modified electrode had a small thickness
(100 nm) and high chemical diffusion coefficient [11].

On the basis of the electrochemical investigation on NPBA film in acid and
neutral medium, this host matrix presents suitable properties to be used in
Neutralization Batteries. So, we have simulated a battery formed from
PMA/PAH/PEDOT-PSS film and NPBA film as negative and positive electrodes,
respectively. Neutralizing 0.1 M H2SO4 with KOH solution saturated with NaCl,
28.7 kJ per mol of ion electroinserted is obtained, as is shown in Fig. 12.

5 Final Considerations

Electrochemical systems are noteworthy by high energy conversion efficiency and,
in the particular case of the neutralization batteries, using selected electrodes and
specific experimental conditions, we have demonstrated high efficiency for con-
version of entropic energy into electrical work. However, we should overcome
challenges to make feasible this technology, encouraging the treatment of acid
(and/or alkaline) wastewaters and contributing to sustainable growth. For a practical
neutralization battery, the conversion efficiency decreases significantly as a function
of the magnitude of overpotentials, once entropic energy is converted to useful
work after charge/discharge cycles. Thus, the development of insertion electrodes
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with low irreversibility at different concentrations of proton and salt must be
encouraged. Additionally, these host matrices should present high charge capacity,
selectivity, ciclability, low cost and low toxicity. It is important to mention that the
performed work depends on the logarithmic variation of activity, while the neu-
tralization process is a linear function of the concentration of ionic species.
Henceforward, one should manufacture nanomaterials with the suitable properties
at the pH of wastewaters, aiming to achieve a profitable treatment and the envi-
ronmental preservation.
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New Ternary Intermetallics Based
on Magnesium for Hydrogen Storage:
The Fishing Approach

J.-L. Bobet, E. Gaudin and S. Couillaud

1 Introduction

Magnesium allows obtaining a good hydrogen storage capacity in terms of weight
percentage but its use is limited by high stability of the hydride and slow kinetics.
The kinetics can be improved by (i) mechanical grinding, cold rolling (or other
severe plastic deformation) and (ii) addition of various elements (catalysts or
activators). However, to change the stability of the hydride, it is necessary to
modify the structure of the Mg–Mg bond. De Jongh et al. [1] have demonstrated by
ab initio calculations that nanometer magnesium could reversibly absorb hydrogen
at room temperature. Vajo et al. [2] also demonstrated the interest of
nano-confinement on the thermodynamics and dehydrogenation kinetics of metal
hydrides.

Many authors have since managed the synthesis of nano Mg and sorption results
seem to be encouraging [3–14]. It is also possible to deposit nano Mg in nano-
porous carbon structures or equivalents [6–14]. However, the production of large
quantities is not possible at the moment and the extreme sensitivity of these
materials towards oxygen makes its use rather complex.

Another way to replace the Mg–Mg bonds is to create binary compounds (or
ternary, quaternary, etc.) based on magnesium. Thus, new Mg–TM bonds
(TM = transition metal and/or inner transition element) take the place of Mg–Mg
metallic bonds. Binary compounds have been extensively studied for the last 50
years, and many binary compounds were already identified.

The REMg2 [15], REMg3 [16], REMg12 [17], REMg5 [18], RE2Mg17 [19] and
Mg2X (where X = Ni, Si, Ge, Sn, and RE = rare earth) [20] compounds may be
cited. To date, the binary compound which has the best properties of hydrogen
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storage is Mg2Ni (absorption at 1 bar and 267 °C, maximum capacity = 3.6 wt%).
However, many of these ternary compounds decompose under hydrogen to form
binary hydrides (i.e., MgH2, REH3, etc.) [17, 20].

The combined addition of transition element and internal transition (i.e. rare
earths) could open new ways of research. Transition elements form unstable
hydrides while rare earths form very stable binary hydrides (even more stable than
magnesium). Thus, from a thermodynamic point of view [21] mixing of rare earths
and transition elements could lead to obtaining hydrides with intermediate stability.
This demonstrates the interest to synthesize and study new intermetallic having
potentially good reversible storage capacity under moderate temperature and
pressure.

Then, there are two different methods: (i) the development of solid solution
derived from already known binary compounds or (ii) the development of new
ternary compounds. The first method is certainly the easiest one but it is limited to the
original properties of binary compounds which will be more or less preserved (e.g.
changes of the thermodynamic properties of solid solutions TR1−xTR′xNi5−yTMy

which have been widely studied [22, 23]. It is the second method that we are going to
develop in the rest of this chapter. However, this method is much more exploratory
and therefore has a much higher risk of failure. Despite everything, this exploratory
research will lead to the identification of new compounds (and potentially new
crystallographic structures) which in itself should already be regarded as a positive
result.

In addition, it must be considered that because of their light weight and high
stiffness, the magnesium alloys look interesting for mechanical applications. Few
ones are already used in automotive and aerospace industries (e.g. AZ and AM
families). However, their commercial applications are limited by poor creep
resistance and poor tensile properties. Moreover, mechanical properties are quickly
decreased at a temperature above 120 °C [24, 25]. Thus, it could be paramount to
investigate new magnesium-rich systems. It was already shown that: (i) mixing RE
in magnesium matrix can improve the mechanical properties by solid solution
strengthening and precipitation strengthening, the corrosion resistance, and the
stability in temperature [26] and (ii) use of amorphous or nanocrystalline alloys
leads to an increase of mechanical properties [27]. Moreover, such systems are
complicated to obtain at large scale.

A lot of compositions have been studied. Usually, the alloys are composed of
10–15 at.% of RE, 10–15 at.% of a transition metal, and 70–80 at.% of magne-
sium. Such compositions can be amorphized easily because the mixing enthalpies
are very different (which is the thermodynamic condition to obtain an amorphous
alloy).

Thus, we will focus our study on those used to obtain amorphous materials but
we will tend to get defined compounds (if possible with an original crystal struc-
ture) and not mixed alloys.

First, the method (so called fishing approach) to obtain new compounds will be
described. Then we will give a full description of the synthesis, structure, and

302 J.-L. Bobet et al.



hydrogen sorption properties of a new compound (LaCuMg8). Finally, we will
describe briefly two other new compounds which are still understudy. Some
physical properties (mechanical, electrical, and magnetic) will also be presented in
order to demonstrate that other application than hydrogen storage can also be of
interest.

2 Experimental Details for the Fishing Approach

Starting materials for the preparation of the sample were rare earth pieces (Stream
Chemicals, >99.9%), transition metal rod (Stream Chemicals, >99.9%), and mag-
nesium rod (alpha Aesar, >99.8%). To avoid oxides impurities, the surfaces of the
magnesium and rare earth pieces were cleaned in the glove box. Elemental pieces
were then weighed in the appropriate amounts and sealed in tantalum ampoules
under an argon pressure of ca. 800 mbar. The argon used was purified before with
magnesium sponge (673 K). Then, the ampoules were then placed in a quartz tube
and sealed under vacuum to be heated at about 1373 K and kept at this temperature
for 10 min. After, cooling from 1300 K was done (i) quickly (i.e. air quenched) or
(ii) slowly (e.g. 2 K/h). No reaction with the tantalum tubes was observed. The
polycrystalline samples were found to be stable in air.

The bulk samples were investigated by electron probe microanalyses (EPMA)
with metallic RE (La), TM (Ka) and Mg (Ka) as standards. The bulk samples were
embedded in a methylmethacrylate matrix and the surface was polished with dif-
ferent silica and diamond pastes. The surface remained unetched for the EPMA
measurements. The global quantitative analyses were in good agreement with the
initial compositions.

First, we prepare a sample with an exact composition. As we are looking for new
magnesium-rich phases, the starting composition is 10 RE + 10 TM + 80 Mg or
15 RE + 15 TM + 70 Mg. In the following, two types of notation were used:
(i) the one used in metallurgy (but with mole instead of weight percentages), which
provides direct information about the composition of each element in the starting
mixture (e.g. La10Ni10Mg80 = 10 at.% of La + 10 at.% of Ni + 80 at.% of Mg;
Such writing does not provide any information on the nature of the possible existing
phases) and (ii) the one used in solid state chemistry to illustrate the composition of
the phase (using integer as in LaCuMg8). This last writing indicates the existence of
the phase and provides information on its exact composition.

The EPMA analysis allows to highlight (sometimes) some new phases in rela-
tively large abundance. In such case, it is possible to analyze precisely the compo-
sition of the new phase and then to start again a new synthesis with the new nominal
composition. The same method is again used to optimize the composition of the new
phase. It is worth pointing out that in a few cases, it can be difficult to achieve a single
phase even after complete optimization of the process. Moreover, in order to improve
the crystallinity of some new ternary phases, a low cooling rate (e.g. 2 K/h) was used
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instead of the usual cooling rate (i.e, air quenched). A crystal suitable for
single-crystal X-ray diffraction can be selected on the basis of the size and sharpness
of the diffraction spots. Data collection was carried out on an Enraf-Nonius
Kappa CCD diffractometer using Mo Ka radiation. Data processing and all of the
refinements were performed with the JANA2006 program package [28].

A Gaussian-type absorption correction was applied, and the shape was deter-
mined with the video microscope of the Kappa CCD. Details of data collections can
be founded in Ref. [29].

In the following, the fishing approach has been used to highlight three new
phases: LaCuMg8 (derived from a known structure), Gd13Ni9Mg78 or Gd1+xNi1
−yMg8−(x−y) (with a new modulated structure but derived from an FCC stacking),
and NdNiMg5 (completely new structure with an interesting 2D network).

SEM micrographs were acquired using a Tescan VEGA II-SBH working at 10
and 20 kV with a current beam of 90 lA. TEM Images were performed using
JEOL 22200 FS. It was operated at an accelerating voltage of 200 kV. The powder
was ground in ethanol and a droplet of this suspension was then deposited on a
carbon formvar copper grid. Hydrogen sorption kinetics were investigated by the
use of an automatic Sievert-type volumetric apparatus (HERA, Hydrogen Storage
System) in the temperature range from room temperature to 330 °C and with 10 bar
of H2 [30].

3 State of the Art

3.1 The Binary Mg2Ni Compound

This compound crystallizes in a hexagonal lattice (S.G. P6222) with lattice
parameters a = 5.216 (6) Å and c = 13.20 (6) Å [31]. Under hydrogen pressure,
Mg2Ni absorbs up to four hydrogen atoms per formula unit leading to a weight
capacity of 3.6% [32, 33].

Various studies have shown that the hydrogenation mechanism consists in two
steps: (i) hydrogen, with a maximum H/M � 0.3, fits into the hexagonal structure.
This induces an increase in cell volume of about 2.2% [33, 34], (ii) then, the
hydride Mg2NiH4 is formed inducing a structural change (below 250 °C, Mg2NiH4

crystallizes in a monoclinic cell (S.G. Cm) with parameters a = 6.497 (2) Å,
b = 6.414 (1) Å, c = 6.601 (2) Å, and b = 93.23 (2)°; above this temperature, it
crystallizes in a cubic lattice of antifluorite type (S.G. Fm-3m) with parameters
a = 6.508 (1) Å). The study of the positions of hydrogen in the hydride shows the
formation of a complex transition metal—hydrogen (i.e. strong bond between Ni
and H) [32].

From a kinetic point of view, Mg2NiH4 is formed in about 20 min at temper-
atures between 250 and 350 °C [35]. However, a long activation period at 330 °C is
necessary in advance to allow the hydrogen absorption [36]. Many works propose
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solutions to overcome this problem [37]. For example, Zaluski et al. show a sim-
plified activation and faster absorption (less than 10 min at 300 °C) when Mg2Ni is
prepared by mechanical alloying (i.e. small particle size).

The kinetic can be improved but the thermodynamic properties remained
unchanged and relatively closed to the ones of magnesium even if various solid
solutions have been proposed [38].

3.2 Ternary Compounds with Magnesium

The goal of this part is not to give an exhaustive list of all the ternary compounds in
the RE–TM–Mg system but just to highlight the fact that a high number of phases
have already been reported in the ternary systems RE–TM–Mg but also that all the
phases are predominantly phases rich in RE or TM.

3.2.1 RE2TM2Mg

To date, more than 40 intermetallic of the RE2TM2Mg type (RE = rare earth,
TM = Cu, Ni) have been identified [39–42]. These compounds crystallize in the
tetragonal structure type Mo2FeB2 (S.G. P4/mbm) [43]. This structure, shown in
Fig. 1, for La2Ni2Mg compound, can be described as an assembly of trigonal prism
of RE occupied by transition metal Ni (AlB2-type block) and rare earth cubes
occupied by magnesium (CsCl-type blocks).

La

Mg

Ni

b

a

Fig. 1 Structure of
La2Ni2Mg compound, in
projection in the plane
(a, b) [91]
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It is worth pointing out that the magnetic behavior depends on the nature of both
the RE and the TM. For example, Gd2Ni2Mg is antiferromagnetic (TN = 49 K)
[44], while La2Cu2Mg shows Pauli paramagnetism and Pr2Cu2Mg is ferromagnetic
(TC = 43 K) [45]. The absorption of hydrogen by some compounds was also
studied. In 2006, Chotard et al. [46] showed that La2Ni2Mg absorbs 8 H/f.u. (i.e.
1.89 wt%) under 30 bar of hydrogen at 100 °C. The hydride formed (i.e.
La2Ni2MgH8) is very stable and no reversibility was observed.

During hydrogenation, the initial hexagonal lattice becomes monoclinic (GE
P21/c, DV/V � 20%). The study of the hydride La2Ni2MgD8 by neutron diffraction
locates the sites occupied by deuterium. Deuterium (or hydrogen) form complexes
with nickel [Ni2D7]7 and [Ni4D12]12—which ensure the stability of the hydride
[46]. Such structural change has also been observed by Chevalier et al. [47] during
the hydrogenation of Ce2Ni2Mg leading to the stable hydride Ce2Ni2MgH7.7.

3.2.2 TRMMg2

The compound LaNiMg2 was identified by Renaudin et al. in 2003 [48]. It is the
main representative of the TRMMg2 family. This ternary compound crystallizes in
an orthorhombic structure type MgAl2Cu (S.G. Cmcm) with lattice parameters
a = 4.2266 (6) Å, b = 10.303 (1) Å and c = 8.360 (1) Å. At 200 °C and under
5 bar of hydrogen it irreversibly absorbs 7 H/f.u. (i.e. LaNiMg2H7 ! 2.8 wt%). As
previously, the absorption of hydrogen results in the formation of a monoclinic
structure presented in Fig. 2 (S.G. P21/c, DV/V � 50%). Deuterium atoms are
located both in isolated interstitial sites or form tetrahedral complexes [NiD4]4
(Fig. 2).

To conclude, it is interesting to note that compared to RE2TM2Mg systems, the
compound LaNiMg2, lighter, allows obtaining a hydrogen storage capacity almost
twice larger but still without reversibility.

Fig. 2 Structure of the hydride LaNiMg2D7. Tetrahedra [NiD4]4 are shown in blue [48]
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3.2.3 RENi9Mg2

In 1997, Kadir et al. [49] revealed this new family of compounds for RE = La, Ce,
Pr, Nd, Sm, and Gd). These compounds crystallize in a rhombohedral structure type
PuNi3 (S.G. R-3m). This structure can be described as a stacking along the c-axis of
AB5 (CaCu5) and AB2 (MgCu2, MgZn2, MgNi2)-type subunits.

At room temperature and under 30 bar of hydrogen, it absorbs hydrogen to form
the hydride LaNi9Mg2H*2.3. The rhombohedral structure is retained with a volume
expansion of about 20% [50]. The hydride formation is reversible and a specific
capacity of 0.33% (H/M � 0.2) can be reached. This low capacity was improved by
replacing the rare earth or the magnesium with calcium [50, 51]. As an example, the
compound La0.65Ca1.03Mg1.32Ni9 can absorb reversibly up to 1.87 wt% hydrogen
(H/M � 1.1) at room temperature. The heat of hydride formation of about
−24 kJ/mol H2 corresponds to an equilibrium pressure of about 2 bar at room
temperature.

3.2.4 RENi4Mg

The search for new compounds derived from AB2–AuBe5 structure type led to the
discovery of compounds RENi4Mg. The first compound of this family, CeNi4Mg,
was highlighted in 1997 by Geibel et al. [52]. Since then, numerous studies show
that these compounds are stabilized for different rare earths (i.e., Gd, Y, Nd, Pr)
[53–56]. They crystallize in a cubic lattice type MgCu4Sn (S.G. F-43m, C15b,
a � 7 Å) [57].

Regarding the reactivity toward hydrogen, different behaviors were observed
depending on the rare earth:

– CeNi4Mg does not react with hydrogen even at temperatures above 300 °C and
a hydrogen pressure of 50 bar [54],

– NdNi4Mg and LaNi4Mg absorb approximately 4 H/f.u. (i.e. about 1 wt%) at
room temperature and with good kinetics [53, 54]. The hydride formation
induces a structural modification as the hydride crystallizes in an orthorhombic
lattice (for NdNi4MgH4 ! a = 5.0788 (2) Å, b = 5.4887 (2) Å and c = 7.3846
(2) Å). The hydrogen atoms occupy a tetrahedral site [NdNi3] and two
bipyramidal sites [Nd2Ni2Mg] [53]. High temperatures are needed to destabilize
the hydride,

– GdNi4Mg and YNi4Mg absorb, respectively, 0.6% and 1.05 wt% of hydrogen
reversibly at room temperature [54, 55]. During the formation of the hydride
(Gd, Y)Ni4MgH*2.5, the cubic structure is maintained with a volume expansion
of about 5%. The enthalpy of formation of the hydride YNi4Mg is −35.8 kJ/mol
H2 [55].

Within this family, GdNi4Mg and YNi4Mg compounds appear as the most
interesting for hydrogen storage. Many substitutions were tested to modify the
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enthalpy of formation of the hydride and/or to improve the storage capacity [58–
60]. By substituting nickel by aluminum (i.e., YNi4−xAlxMg), the equilibrium
pressure can be adjusted [59].

3.2.5 Ternary Compounds Rich in Magnesium

Considering all the ternary RE–TM–Mg, only a few rich magnesium ternary
compounds are known. This is why many research teams are interested in com-
positions rich in magnesium ternary systems TR–M–Mg [61–67].

Most of the compositions tested lead to the production of mixtures of known
phases or amorphous compounds [64–66]. For example, the compositions
Y20Ni30Mg50, Y7Ni30Mg63, and Y10Cu25Mg65 synthesized by Gebert et al. [66]
lead to an amorphous compound and/or to a binary mixture of known compounds.
Considering all the rare earth and transition metals, only a few magnesium-rich
compounds have been identified. For example, we can mention: RECuMg4 [68],
TRCuMg3 [68], Ce2Fe2Mg15 [69], YZnMg12 [67]. To date, the reactivity of these
systems with hydrogen has not been studied yet.

The increase of magnesium content alleviates the compound and could, there-
fore, improve the maximum hydrogen sorption capacity. For example, the
LaCuMg4 compound (S.G. P62m, a = 10.3911 (1) Å and c = 4.5126 (1) Å) [63]
which can be considered as a variant of LaCuMg with inserted [Mg6] blocks, offer
many open spaces (Fig. 3) in which hydrogen could be inserted.

3.2.6 Summary of the State of the Art

To get, just in one snap, the summary of the state of the art, the typical Gibbs
triangle RE–Ni–Mg with the 14 defined compounds is presented in Fig. 4.

Cu

Mg

La

a

b

Fig. 3 Crystal Structure
LaCuMg4 compound [63]
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4 The Study of a New Ternary Compound: LaCuMg8

4.1 Structural Study

Numerous tests were conducted using different RE and various transition metal
elements. For example, the La10Ni10Mg80 composition leads to a mixture of three
binary compounds (La2Mg17, LaMg3 and Mg2Ni) and a ternary compound
(LaNiMg2). Using Cu as transition metal leads to a different result as the product is
not a mixture but almost a single phase. The X-ray diffractogram of the initial
composition La10Cu10Mg80 after fusion is given in Fig. 5.

All the diffraction peaks can be indexed with La2Mg17 structure type, but with a
slight shift of the peaks toward larger values of 2h. The lattice parameters (i.e.
a = 10.13 (1) Å and c = 10.10 (4) Å) show a slight contraction toward thus of
La2Mg17 (i.e. 2.22% along a and 1.56% along c).

The EPMA analysis of this sample allows us to highlight the existence of a
single phase (but with some traces of binary Mg–Cu and magnesium and iron
oxides). It is then possible to attribute the difference in lattice parameter between
LaCuMg8 and La2Mg17 to a steric effect (RCu = 1.28 Å while RLa = 1.88 Å and
RMg = 1.6 Å).

TM (Ni)

Mg RE
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Fig. 4 Gibbs Triangle of RE–Ni–Mg, listing the various existing binary and ternary compounds.
However, some compounds do not exist with all rare earths and all transition metal (e.g.
RETMMg8 exist for RE = La and TM = Cu)
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The structure of LaCuMg8 compound was determined by X-ray single-crystal
analysis. The extinction conditions observed are consistent with the space group
P63/mmc of La2Mg17 structure. In this structure, the magnesium atoms occupy four
crystallographic sites (i.e. Mg1, Mg2, Mg3, Mg4) and lanthanum atoms occupy two
crystallographic sites (i.e. La1, La2). It can be described as a hexagonal assembly of
magnesium (Mg2, Mg3, Mg4) forming channels along the c-axis (Fig. 6). The
lanthanum atoms (La1 and La2) and Mg1 atoms are placed at the center of these
channels.

2θ (°)

In
te

ns
ity

 (a
.u

.)

Fig. 5 X-ray diffractogram of the sample La10Cu10Mg80 (then called LaCuMg8) after melting.
Only the most intense peaks have been indexed

a
b

a
b

(b)(a) (c)

Fig. 6 La2Mg17 structure type in the plane (a, b) (a) and along the c-axis (b, c). Two types of
channels are observed along the c-axis: (i) one centered on (1/3, 2/3, z) (b) and (ii) the other
centered on (0, 0, z) channel (c)
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The first Rietveld refinement, carried out with the atomic positions La2Mg17
[13], lead to negatives isotropic atomic displacement parameters. The Fourier dif-
ference maps were studied along the z axis (Fig. 7) and electron densities observed
on the cards (0, 0, z) and (1/3, 2/3, z) show:

– a split and a partial occupancy of the La1 position (Fig. 7 left),
– Two new sites on (0, 0, z), called hereafter the Cu1a and Cu1b sites (Fig. 7 left),
– a new split site in (1/3, 2/3, z), called hereafter the Cu1 site (Fig. 7 right).

Residual negative electron density on La1 site (i.e. new Cu1a, Cu1b and Cu1
site) was attributed to copper atoms considering the stoichiometry deduced from the
EPMA analysis. The one on the Mg2 position was corrected by considering a
copper–magnesium exchange (called Mg2–Cu2). The refined atomic positions,
occupancy, and equivalent atomic displacement parameters of the structure
LaCuMg8 are given in Table 1.

Along (0,0,z) Along (1/3,2/3,z)

Fig. 7 Fourier Difference maps along the chain (0, 0, z) and (1/3, 2/3, z) obtained from the XRD
measurement on single crystal with the initial model based on the structure type La2Mg17
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The La1 position is split and the occupancy rate decreases (according to the
results of difference Fourier maps). The occupancy rate is only 37.2% (against 50%
initially). Missing La1 atoms are replaced by copper atoms that are placed in Cu1a
and Cu1b sites with the respective occupancy rates of 8.1 and 9.3%. In addition,
much of the copper atoms are substituted for magnesium on Mg2 site. Finally, other
copper atoms are placed in Cu1 position, located between two Mg1 positions
around the large hexagon formed by Mg3 atoms. The occupancy rate of Cu1
positions is equal to 8.9% and the one of Mg1 position decreases to 91.1%.

From these refined positions, the composition can be rewritten as
La1.74Cu1.53Mg15.73 to obtain a total number of atoms of 19 (e.g.
1.74 + 1.53 + 15.73 = 19) as in La2Mg17. This new structure is, in fact, a variant of
the standard structure Th2Ni17 [17, 18, 70, 71]. The structural relationship between
the ideal structure Th2Ni17 and the ThNi5 one (CaCu5 type) was highlighted by
Givord et al. [71]. It shows a ThNi5–ThNi5–Ni2Ni5 stacking sequence (i.e.
Th2Ni17). Then, the chemical formula of the compound La1.74Cu1.53Mg15.73 can be
rewritten as (La1.74Cu0.25) (Cu1.28Mg15.73) that is to say A2B17.

The structure of LaCuMg8 compound is given in Fig. 8. Its comparison with the
structure La2Mg17 shows a crystallographic disorder induced by replacement of
lanthanum and magnesium by copper. A similar effect was observed by Johnson
and Smith replacing the lanthanum by cerium in La2Mg17 compound, to form the
compound (Ce1.71Mg0.61) Mg16.97 [72].

For some compounds crystallizing in Th2Ni17 structure type, it is possible to
insert light elements such as carbon and hydrogen [73–75]. For all the compounds,
the insert element goes into the 6 h site (x, 2x, ¼), where x is approximately equal to
0.82. It means that the atom inserted in this position is located in distorted octahedra
formed by a square of two Mg3 atoms and two Mg4 atoms with La1 and La2 atom
in the apical position.

Table 1 Atomic position, occupancy rate and equivalent atomic displacement for LaCuMg8

Position Wyck. Occupation x y z Ueq (Å
2)

Lal 4e 0.372 (2) 0 0 0.2196 (2) 0.0186 (7)

Cula 4e 0.081 (3) 0 0 0.098 (2) 0.026 (4)a

Culb 2a 0.093 0 0 0 0.026a

La2 2d 1 1/3 2/3 3/4 0.0157 (3)

Mg1 4f 0.911 (7) 1/3 2/3 0.1000 (4) 0.0219 (12)

Cu1 4f 0.089 1/3 2/3 0.2156 (15) 0.027 (7)

Mg2 6g 0.634 (7) 1/2 0 0 0.0218 (9)b

Cu2 6g 0.366 1/2 0 0 0.218b

Mg3 12j 1 0.3319 (3) 0.9676 (3) 1/4 0.0330 (11)

Mg4 12k 1 0.1687 (2) 0.3375 (3) 0.9816 (2) 0.0233 (9)
a, bEquivalent atomic displacement constrain at the same value
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For Ho2Fe17Hx and Dy2Fe17Hx compounds, the average distances Fe–H are
respectively equal to 1.88 and 1.9 Å and the distances Ho–H and Dy–H are equal to
2.46 and 2.47 Å [73, 74]. If hydrogen is placed hypothetically on the 6 h position in
La2Mg17, the distances Mg–H and La–H would be respectively 2.15 and 2.99 Å.
By considering a slight increase of the volume of the structure caused by hydro-
genation, these distances are consistent with the metallic radii of the atoms.
Moreover, it is also consistent with the distances observed in the binary hydrides of
lanthanum and magnesium [76, 77].

From a structural point of view, this approach shows that the inclusion of small
heteroatoms such as hydrogen could be possible in La2Mg17 structure and therefore,
possible in La1.74Cu1.53Mg15.73 structure. To validate this, hydrogenation of the
compound LaCuMg8 is studied in detail later.

4.2 Hydrogen Sorption Study

The compound La2Mg17 absorbs 17 H/f.u. [17, 78–81] reversibly. Absorption
occurs at relatively low temperature (i.e. minimum of 50 °C), while the desorption
occurs at higher temperatures (about 300 °C).

Despite some disagreements on the values of the reversible capacity, the
absorption mechanism is always the same: during the first absorption, La2Mg17
decomposes irreversibly to form LaH3 and MgH2. Then, reversibility is observed
for the couple Mg/MgH2 [17, 78–82].

Gross et al. [31] showed that the absorption kinetics can be improved by a factor
of 10, with the addition of LaNi5 (40 wt%). La2Mg17 compound has also been
studied for its electrochemical properties (Ni–MH battery) [83, 84]. A discharge
capacity of 850 mAh/g (La2Mg17) was obtained for an electrode composed of
La2Mg17 + 200 wt% Ni (e.g. 300 mAh/g for AB5-type electrode). However, this
capacity decreases sharply upon cycling and, after 10 cycles, the capacity decrease
to 500 mAh/g and remained stable thereafter.

Fig. 8 La2Mg17 (left) and LaCuMg8 (right) crystal structures. The magnesium network, similar to
that of graphite, is highlighted on the figure by links between magnesium atoms
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During the first absorption, the LaCuMg8 compound absorbs slowly (e.g. 27 h for
full absorption) hydrogen from 300 °C and reaches a capacity of around 3.2 wt%.
This can be considered as an activation step. The analysis by X-ray diffraction reveals
that as for La2Mg17, this activation involves decomposition. The first hydrogenation
reaction is:

LaCuMg8 þ 9H2 ! LaH3 þ 1=2MgCu2 þ 15=2MgH2

Thereafter, the mixture of the three phases [i.e. LaH3, MgCu2 (or Mg2Cu) and
MgH2 (or Mg)] will be named “LaCuMg8 activated powder”. A Rietveld refine-
ment of the XRD diffractogram allows us to check that the weight percentages of
each phase are in good agreement with theory. This also shows that the reaction is
complete.

During the first desorption, three phases appear: LaH3−x, Mg, and Mg2Cu.
Subsequent cycles will result in the absorption/desorption of hydrogen by mag-
nesium as in the case of La2Mg17. Analysis by X-ray diffraction performed after
each absorption cycle allows us to highlight a significant difference with the case of
La2Mg17: depending on the absorption temperature, Mg2Cu or MgCu2 phases are
formed. Thus, two reactions can appear upon cycling:

At T > 200 °C

LaH3�x þMg2Cuþ 6Mgþ 15þ xð Þ=2H2 $ LaH3 þ 1=2MgCu2 þ 15=2MgH2

And, at T < 200 °C

LaH3�x þMg2Cuþ 6Mgþð6þ xÞH2 $ LaH3 þMg2Cuþ 6MgH2

Absorption curves at various temperatures are presented in Fig. 9.
This transformation Mg2Cu/MgCu2 is consistent with the work of Reilly [85],

which show that Mg2Cu reacts with hydrogen at high temperature (�300 °C) to
form MgH2 and MgCu2 phase.
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Fig. 9 Absorption kinetics at
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10 bar of hydrogen of
“LaCuMg8 activated powder”
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Also, note that the desorption rates are much higher than those obtained for pure
magnesium and are comparable to those obtained for the ground magnesium [86].

Thus, the phase mixture obtained by decomposition of LaCuMg8 makes possible
the absorption and the desorption of hydrogen by magnesium with good kinetics
and lowered temperatures.

Thermodynamic calculations (Redlich–Kister model and Muggianu formalism)
made from the literature data of Cu–Mg [87] and Mg–H systems [88] show two
successive plateaus (Fig. 10): (i) the first one at low pressure (e.g.�1 bar at 300 °C)
corresponding to the hydrogenation reaction of magnesium and (ii) the second one at
higher pressure (e.g. �6 bar at 300 °C), corresponding to the reaction of Mg2Cu
with hydrogen (3Mg2Cu + 3H2 ! 3MgH2 + MgCu2). Experimental PCT curves
(Fig. 10) performed at 300 and 350 °C confirm this result by highlighting two
plateaus (especially at 350 °C).

As shown in Fig. 10, there is a good agreement between experiment and theory.
The difference can be attributed to a competition between kinetics and thermody-
namics. Indeed, it should be emphasized the catalytic role of Mg2Cu and/or MgCu2
and also the role played by the transformation Mg2Cu/MgCu2. The catalytic effect
of Mg2Cu phase (or MgCu2 for the desorption) has already been demonstrated in
other studies [89–91]. This phase is assumed to limit the surface oxidation of Mg
facilitating the dissociation and hydrogen diffusion.

In situ analysis by synchrotron of hydrogenation and dehydrogenation reactions
showed the importance of the transformation reaction Mg2Cu/MgCu2. By releasing
or consuming energy, it facilitates the heat exchange and reduces the reaction
temperatures [44].

It is important to note that the absorption kinetics of “LaCuMg8 activated
powder” are superior to those of the mixture Mg + Mg2Cu reported by Andreasen
et al. [89]. The improvements of the kinetics are attributable to (i) the decompo-
sition which allows to obtain a more reactive mixture towards H2, (ii) the presence
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Fig. 10 Theoretical PCT curves (left) of the reaction with hydrogen of a mixture 6 Mg + Mg2Cu
at 200, 300 and 400 °C and experimental PCT (right) obtained in the case of “LaCuMg8 activated
powder”

New Ternary Intermetallics Based on Magnesium for Hydrogen … 315



of LaH3 phase (H trap) and (iii) to the morphology of the powder. Indeed,
LaCuMg8 activated powder consists of an intimate mixture at the micron-scale of
three compounds (MgH2, Mg2Cu or MgCu2, and LaH3). Au et al. [92] and Karty
et al. [91] suggest that the atomic hydrogen diffusion is better at the interphase
Mg/Mg2Cu. Then, the intimate mixture will increase the Mg/Mg2Cu interfaces and
thus will facilitate the diffusion of hydrogen.

To get a better understanding of the absorption mechanisms, the absorption
kinetics was studied using kinetic laws [93].

The kinetic study of hydrogenation and dehydrogenation of magnesium has been
the subject of several publications that show that the mechanism involved is rela-
tively simple and can be described using the Avrami-Erofeev equation [94, 95]:

F ¼ 1� exp ð�ktnÞ;

where F is the fraction of hydrogen absorbed, k the reaction constant at the con-
sidered temperature, and n a constant linked to the mechanism of the reaction. This
equation can be rewritten as:

ln � lnð1� FÞ½ � ¼ ln kþ n ln t

The plot ln(−ln(1 − F)) = f(ln(t)) corresponds to a line with a slope n whose
intercept depends on the rate constant k. If k is determined at various temperatures,
the activation energy of the sample can be obtained (from an Arrhenius plot). To
obtain the best fitting, only the domain 0.2 � F � 0.8 is considered [94, 95].

For each absorption temperature, a straight line was obtained. For example, the
lines drawn from the experimental data at 300 and 100 °C are shown in Fig. 11.
The values of k and n determined by considering a linear regression are shown in
Table 2.

The activation energy for absorption determined (using the Arrhenius law with
different values of k at different T) is about 65 kJ/mol H2 (Fig. 12).

Fig. 11 Plots ln(−ln(1 − F)) = ln(t) on absorption for the “LaCuMg8 activated powder” at
a 300 °C and b 100 °C
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The activation energy obtained for LaCuMg8 compound is greatly reduced
compared to that of pure magnesium (i.e. 110–120 kJ/mol H2) [96]. To date, the
minimum activation energy values for magnesium reported in the literature are
between 50 and 60 kJ/mol H2 [95, 97]. Indeed, Bobet et al. [95] show that the
doping with magnesium nano Cr2O3 leads to an activation energy of 51 kJ/mol H2.
Thus, for LaCuMg8 system, an activation energy of the same order of magnitude is
achieved but without any mechanical grinding.

4.3 Optimization of the Sorption Properties—Role of Severe
Plastic Deformation

In 2001, Zhang et al. [98, 99] showed that the cold rolling of the compound
Ti–22Al–27Nb (at.%) allows an improvement of the sorption kinetics. The
improvement is explained by the appearance of dislocations and an optimum
deformation rate.

Table 2 Rate constant (k) and n values, determined using the Erofeev-Avrami model, at different
temperature, for absorption of the “LaCuMg8 activated powder” in the area 0.2 � F � 0.8

Température d’absorption (°C) Constante n Constante de réaction (k)

300 0.92 9.3 � 10−3

250 1.08 1.2 � 10−3

200 1.04 4.2 � 10−4

150 1.06 7.1 � 10−5

100 1.21 3.8 � 10−6

Fig. 12 Determination of the
activation energy for the
hydrogenation of the
“LaCuMg8 activated powder”
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These results have been confirmed by the team of Prof. Huot. They show that the
cold rolling can improve: (i) the absorption kinetics, (ii) the activation, and (iii) the
air resistance compared to samples obtained by grinding [100, 101].

The sorption properties of LaCuMg8 cold rolled have been studied. It turns out
that cold rolling improves significantly the activation process. Indeed, after 20
passes, activation (i.e. decomposition) is complete in only 3 h (i.e. nine times faster
than the genuine sample). It is worth pointing out that after 150 passes, the acti-
vation is also improved but if the subsequent kinetics of absorption remains the
same, the storage capacity is divided by three. This sharp decrease can be explained
by the presence of oxides, in which rate increases progressively with rolling (cold
rolling is done in air). The oxides amount becomes so important that it becomes
easily detectable by XRD. Improved activation for cold rolled sample is explained
by the increase of microstrain as well as by the decrease of the crystallites size.

However, it is important to note that the positive effect of cold rolling exists only
for the first absorption (i.e. activation). The decomposition observed during the first
cycle eliminates dislocations and defects induced by rolling. The gradual elimi-
nation of the effects of rolling highlighted by Zhang et al. [98, 99] is here exac-
erbated by the decomposition of the material (e.g. faster strain relaxation).

5 A Brief Presentation of Two Other New Ternary Alloys
Based on Magnesium

5.1 The Gd13Ni9.5Mg77.5 Compounds

This compound has a small domain of existence around the original composition.
However, the solubility limits are not known precisely. It is also important to note
that despite a complete optimization of the synthesis parameters, this compound is
never perfectly pure. Indeed, a second phase with a composition close to the first
one is often observed. A typical X-ray diffractogram can be indexed with a
face-centered cubic lattice with a parameter of about 4.55 Å. Note that this
experimental lattice parameter is consistent with the one determined using
the geometric relationships of the cubic lattice and radii of atoms
(raverage = 1.59 Å = 13 * rGd + 9.5 rNi + 77.5 rMg). However, some peaks are not
indexed with this structure. In addition, for close initial compositions, XRD is
similar while EPMA analyzes present significant differences.

Due to the low crystallinity of the samples, it is necessary to use transmission
electron microscopy to obtain information on the crystal structure. Some diffraction
patterns are shown in Fig. 13.

A fourfold axis (Fig. 13a) and threefold axis (Fig. 13b) were observed indicating
the existence of a cubic lattice. The most intense diffraction spots can be indexed
considering a cubic lattice with a � 4.55 Å. The similarity observed between
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Fig. 13c, d, respectively rotated along the axis a* and b* with a rotation angle in
accordance with cubic symmetry, provides further evidence of the cubic symmetry.

However, many diffraction spots can not be indexed by considering the simple
cubic lattice. The introduction of a five-order superstructure, in the (a, b) plane,
allows to index all the diffraction spots but with some slight offsets. A more detailed
analysis (i.e., the evolution of the intensity along one direction, Fig. 13e) shows that
the superlattice spots are not equidistant. It is, therefore, necessary to introduce a
modulation vector considering the average lattice. A modulation vector q1 = 0.42
a* allows a complete indexation (Fig. 13).

As for the compound LaCuMg8, the compound Gd13Ni9.5Mg77.5 slowly absorbs
hydrogen (e.g. 3wt%.) at a temperature of 330 °C, and this absorption causes a
decomposition according to the following reaction:

Gd13N9:5Mg77:5 þ 90:5H2 ! 13GdH2 þ 9:5Mg2NiH4 þ 58:5MgH2

The Rietveld refinement of the X-ray diffractogram of the activated sample
confirms the reaction mechanism and proves that the reaction is complete (i.e. wt%
of each phase determined by XRD is consistent with the theoretical ones). After
decomposition, the mixture absorbs hydrogen reversibly according to the following
reaction mechanism:

13GdH2 þ 9:5Mg2NiH4 þ 58:5MgH2 $ 13GdH2 þ 9:5Mg2Niþ 58:5Mgþ 77:5H2
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Fig. 13 Electron diffraction patterns of Gd13Ni9.5Mg77.5. On figure e, evolution of the intensity of
each diffraction spot along the a* axis and indexation of diffraction spots, considering a modulated
incommensurate structure vector of 0.42 a*
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The absorption and desorption kinetics at different temperatures are shown in
Fig. 14.

The activated Gd13Ni9.5Mg77.5 powder absorbs hydrogen at room temperature.
However, the decrease in temperature causes a decrease of absorption capacity (i.e.
partial reaction) and a decrease in absorption kinetics. For example, at 20 °C, a
weight capacity of 1.3% is obtained in about 4 h. The desorption kinetics shows
complete reversibility at a temperature as low as 260 °C, with good kinetics.

The mixture obtained by the decomposition of Gd13Ni9.5Mg77.5 allows both,
obtaining good sorption kinetics, and also a decrease of the desorption temperature
of hydride MgH2. The results obtained for this mixture are in agreement with those
of Zaluska et al. [102] and Li et al. [103]. Indeed, for a mixture MgH2 + Mg2NiH4

ground in the mass proportions 65–35%, Zaluska et al. get excellent kinetic and
desorption temperature lowered of 100 °C compared to MgH2. They explain this
improvement by the presence of Mg2NiH4. Similarly, for the Mg + 20 wt% Ni–Y
mixture milled 40 h, Li et al. get good kinetics attributed to the catalytic effect of
both YH3 and Mg2NiH4.

The behavior of the compound in hydrogen Gd13Ni9.5Mg77.5 is interesting and it
is the same for its physical properties. For example, the measurement of electrical
resistivity is shown in Fig. 15. The values are compared to that of pure magnesium
(to verify the influence of the addition of Ni and Gd) and to a powder mixture
composed of (13 at.%), Gd (9.5 at.%) Ni and (77.5 at.%) Mg. A very similar
electrical behavior for pure Mg and the physical mixture (13 at.%) Gd (9.5 at.%) Ni
(77.5 at.%) is highlighted as expected. However, for the compound
Gd13Ni9.5Mg77.5, the behavior is very different. Its conductivity is greatly decreased
compared to the other two samples. In addition, it is the only compound for which a
change in behavior at 40 K is observed. Thus, the compound Gd13Ni9.5Mg77.5
presents original electrical properties as above 40 K, it follows a semi-metallic
behavior. This transition at 40 K is in agreement with measurements of magnetic
properties (Fig. 15). This shows that this compound might have applications other
than those related to hydrogen storage.
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Fig. 14 Absorption at 10 bar (left) and desorption under 0.2 bars (right) kinetics of the activated
Gd13Ni9.5Mg77.5
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The mechanical properties of this compound can be also briefly discussed. First
of all, it is important to remind that the hardness of the magnesium is 45 HV. As
shown in Fig. 16, the same initial mixture leads to several morphologies depending
on the cooling rate (Fig. 16).

For each sample, an important difference of the Vickers Hardness was observed.
The sample cooled at 2 K/min generally shows a homogeneous microstructure.
Nevertheless, the hardness ranges from 100 to 140 HV. The room temperature
quenched compound exhibits two phases with a close composition (and the same
crystal structure) but with a very important difference of the hardness. Indeed, the
hardness is respectively 260 HV for the Gd15Ni8Mg77 (white phase on the
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Fig. 15 Relative resistivity as a function of temperature for (i) Gd13Ni9.5Mg77.5 (black curve),
(ii) pure magnesium (red curve) and (iii) mixture of powder of Gd, Ni, Mg (green curve). On the
right, a zoom of the relative resistivity of Gd13Ni9.5Mg77.5 is shown as well as the magnetization as
a function of temperature at 30 kOe
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Fig. 16 Morphologies of the mixture Gd13Ni9Mg78 after cooling a at 2 K/min, b at room
temperature and c by copper mold casting
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Fig. 16b) phase and 100 HV for the Gd10Ni5Mg85 (gray phase on the Fig. 16b)
phase. This compound could be described as an in situ composite. The cooper mold
casting sample shows little spherical grains (around 10 lm) with a grain boundary
surrounding. Both compositions are really close to the one of the room temperature
quenched compound. An average hardness of 250 HV was measured for this
compound. Thus, changing the cooling rate it is possible to adjust and control the
mechanical properties of the compound Gd13Ni9Mg78.

5.2 The NdNiMg5 Compounds

The structure of this compound is original because it is made of Mg blocks stacked
along the c-axis (Fig. 17). These blocks are separated by NiNd layers. The Mg
blocks are made of a close-packed array of magnesium atoms with Mg–Mg dis-
tances ranging from 3.108 to 3.223 Å. These distances are close to the average Mg–
Mg distance of 3.203 Å in Mg metal [104]. The connectivity of the empty [Mg4]
tetrahedra and [Mg6] octahedra corresponds to the one observed in fcc structure.

This structure presents similarities with metallic magnesium and offers a lot of free
space (to be filled with H). The hydrogen absorption should be possible and rela-
tively easy. It appears that under 10 bar of hydrogen, absorption occurs at 300 °C.
As for the other two compounds presented previously, the hydrogen absorption leads
to decomposition of the compound according to the reaction:

NdNiMg5 þ 12:2=2ð ÞH2 ! NdH2:2 þMg2NiH4 þ 3MgH2

Fig. 17 View along the a
axis of the structure of
NdNiMg5. The Mg–Mg and
Ni–Nd bonds are drawn
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The hydrogen sorption behavior of this compound should then be very close to
the behavior of the compound Gd13Ni9.5Mg77.5.

6 Conclusion

In this chapter, we introduced three new phases in the RE–TM–Mg system. The
“fishing approach” used appears as a great way to discover new magnesium-rich
phases. The LaNiMg8 crystallizes in a structure derived from that of La2Mg17 with
a structural disorder. The compound Gd13Ni9.5Mg77.5 crystallizes with a cubic
structure, and we highlighted a modulation in this structure. Finally, the compound
NdNiMg5 crystallizes within a new structure in which we highlighted a 2D
structure that will probably lead to original physical properties.

Under hydrogen, these three compounds decompose into (i) binary rare earth
hydrides, (ii) ternary hydrides Mg–TM–H, and (iii) magnesium hydride. This
decomposition is in good agreement with the model of Miedema. After decom-
position, the intimate mixture thus obtained can be cycled. Sorption properties
obtained are comparable or even higher than the one of ball milled magnesium.
However, our intimate mixtures are obtained without lengthy and expensive
mechanical action (both in time and energy). To change the stability of these
compounds under hydrogen, it could be possible to make solid solutions by partial
replacement Ni/Al, Mg/Ca or by using mixtures of rare earth. Such solid solution
could help stabilized the quaternary hydrides at the expense of binary hydrides.
Finally, it is important to note that if only three new compounds have been pre-
sented in this chapter, more than 10 new phases have been identified and are under
study.

The semi-metallic behavior of Gd13Ni9.5Mg77.5 also offers interesting prospects.
More generally, it is clear that the study of the electrical and mechanical properties
of these compounds is expected to highlight new areas of application other than the
storage of hydrogen.
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