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The nanostructure is a critical element to improve the per-
formance of electrodes and realize the demanding expecta-
tion for a more sustainable and efficient conversion and stor-
age of energy. This microreview analyzes some examples re-
lated to advanced electrodes for Li-ion batteries, PEM fuel
cells, titania photoanodes and solar cells. The role of a proper
nanoarchitecture and hierarchical organization in the elec-
trode, which requires the understanding of the complex
physicochemical phenomena occurring at the nanoscale
level, is discussed. The need to use cost-effective methods for

1. Introduction

The need to improve the sustainability and efficiency of
the production, storage and use of energy has greatly
pushed research interest toward the development of new,
improved electrodes with advanced nanoarchitecture.[1–21]

There are several key technological areas of the energy sec-
tor that require a better design of the electrode nanostruc-
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a robust and scalable preparation is also mentioned. Specific
materials and topics discussed are (i) nanostructured carbons
(nanotubes and nanofibres, and tube-in-tube materials), (ii)
their hybrid nanocomposites with oxides (TiO2, V2O5), (iii)
their use as support for noble metal nanoparticles, and (iv)
ordered or non-ordered arrays of titania nanotubes and nano-
rods.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

ture to overcome current limits and/or move to new levels
of their performance: (i) photoelectrochemical solar cells,
(ii) water photoelectrolysis, (iii) photoelectrocatalytic de-
vices for the conversion of CO2 to fuels, (iv) advanced Li
batteries, (v) supercapacitors and (vi) fuel cells. In addition,
other relevant devices in the field of energy (third-genera-
tion photovoltaic cells, nanostructured thermoelectric de-
vices) are based on nanostructured materials closely related
to those used in the cited electrodes.[1]

In all these electrodes, the common problem is how to
control/optimize the mass and charge transport (i.e. elec-
tronic and ionic mobility), the electron-transfer kinetics at
multiphase boundaries, and the modifications on the pro-
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cesses that occur upon application of a potential between
the electrodes.

For example, in the electrodes of PEM (Polymer Electro-
lyte Membrane) fuel cells it is necessary to optimize (i) the
three-phase contact between the proton-conducting me-
dium, the electron-transporting carbon substrate and the
gas phase, (ii) the rate of transport of protons, electrons
and reactants (H2 at the anode and O2 at the cathode) and
products (H2O at the cathode) and (iii) the surface pro-
cesses at the electrocatalytic sites (i.e. Pt-based nanopar-
ticles) as well as the changes in these processes, which occur
upon charging the nanoparticles during electrochemical op-
erations (application of a voltage or current between the
electrodes).

In batteries, it is also necessary to coordinate mass trans-
port, charge transport (electronic and ionic mobility) and
electron-transfer kinetics in order to store or release energy.
A poor charge-carrier mobility and electron transfer to ad-
sorbates limit the efficiency of energy conversion in TiO2-
based materials for water photoelectrolysis, not only be-
cause the rate of charge recombination increases, but also
because of surface quenching effects. Therefore, optimiza-
tion of the performance requires the ability to control a
complex reaction environment, where many kinetic aspects
simultaneously concur in determining the performance.

Many of these controlling aspects are size-dependent,
and thus the area of devices for energy conversion and stor-
age has naturally dedicated great attention to prepare nano-
structured materials. For example, traditional electrode ma-
terials for Li batteries are based on micrometre-sized mate-
rials, which have both mixed electron and ion transport (for
Li+), such as (i) layered metal oxides that have high redox
potentials and act as positive electrodes and (ii) graphitic
carbons capable of reversible uptake of Li at low potentials,
which act as negative electrodes. The use of nanostructured
solid-state materials allows, as a result of the intimate nano-
scale contact, not only increasing the power density, but
also enhancement of Li reversibility and thus cycle life.[22]

In fact, the cycling ability of Li+ ion transfer depends on
the dimensional stability of the host material during inser-
tion and deinsertion of Li+ ions. Mechanical stress occurs
during charge/discharge cycles, causing cracks and finally
loss of performance.

These phenomena are reduced by decreasing the size to
nanometre dimensions. Therefore, nanostructured materials
for energy harvesting, conversion and storage do not show
only an improvement of the performance with respect to
micrometric-sized materials as a result of the increased sur-
face-to-volume ratio, but also because of “true size effects”
related to a change in material properties when going to
nanometric size.[2,20,21]

2. The Role of Nanoarchitecture

Recently, it was recognized that not only the nanodimen-
sion would be relevant, but that the nanoarchitecture of
these materials was also critical, for example in photoactive
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1D[23] and 2D-type[24] TiO2-based materials. Materials
based on oriented nanostructured 2D films possess better
properties in various key areas of energy technology,
namely photovoltaics, batteries, supercapacitors and ther-
moelectrics.[1] On the other hand, 2D-type electrochemical
cells are limited in the amount of energy that they can store
or the amount of power that they can deliver. Multilayered
nanoarchitecture[25] is a possible approach to solve this
problem, or alternatively 3D architectures based on appro-
priate nanoscale building blocks.[17,26–28]

The concept of hierarchically organized materials is a
useful approach to reach the above objectives. The develop-
ment of a multilevel 3D organization based on a host mac-
rostructure allows the right 3D organization necessary for
a fast mass transport, for example. On this host macrostruc-
ture, a secondary guest micro- and/or nanoscale substruc-
ture is built in order to take advantage of the properties of
nanometre-sized building blocks and micron- or submic-
ron-sized assemblies.

Guo et al.[2,6] proposed for Li-ion batteries a hierarchical
3D mixed conducting network on both nanoscale and
microscale levels in order to reduce the effective diffusion
length to a few nanometres. The approach is to prepare a
dense assembly of electroactive nanoparticles (TiO2), leav-
ing between them a mesoporous network in which elec-
tronic conductor nanoparticles (RuO2) and the electrolyte
are present to allow migration of both Li+ and e–. These
nanoassemblies are put in a microenvironment formed by
carbon black particles, which disperse the nanoassemblies
and provide good electron conduction. The nanoassemblies
allow low diffusion times, enhanced local conductivities and
faster phase-transfer reaction, while the micronetwork
formed by the nanoassemblies dispersed in the carbon
black allows high absolute capacities.

Similarly, it is possible to synthesize by a polyol process
vanadium oxide nanorods that self-assemble to form hollow
microspheres showing high capacity and remarkable revers-
ibility when used as cathode materials in Li-ion batteries.[29]

In an electrode composed of nanoscopic particles, a higher
surface area per volume is present with respect to an elec-
trode composed of large particles. This mitigates the slow
electrochemical kinetics related to solid-state diffusion of
Li+ ions during the discharge process and the reverse
mechanism during the charge process [Equation (1)].

xLi+ + xe– + V2O5 h

Discharge

Charge
LixV2O5 (1)

Sides and Martin[30] demonstrated that, by using a cath-
ode composed of nanodispersed V2O5 nanofibres (diameter
about 70 nm) that protrude from a current-collector surface
(like the bristles of a brush) it is possible to obtain a dra-
matic increase in the low-temperature performance with re-
spect to a similar electrode architecture based on larger
V2O5 fibres (0.45 or 0.8 µm in diameter). The effect is not
proportional to the surface area of V2O5 fibres and is larger
than that expected from only a faster solid-state kinetics.

Sun et al.[31] have shown that highly ordered or defect-
rich V2O5 nanorolls may be produced in controlled syn-
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thetic conditions. The defect-rich nanorolls show enhanced
electrochemical properties, due to a higher number of redox
sites and increased interlayer accessibility of the alkali ions
as a result of cracks and exfoliation. Therefore, upon
decreasing the size of V2O5 fibres, not only does the ex-
posed surface area change and the solid-state path for Li+

diffusion decrease, but also different defective characteris-
tics of the material can be produced. Although this aspect
is often not considered, also because of the intrinsic diffi-
culty of characterizing the presence, nature and amount of
defects in nanomaterials, it plays a considerable role in de-
termining the electrochemical properties.

It is known that defects are stabilized as the particle size
decreases, although the nanoscale form also plays a
role.[32,33] When the number of defects increases, however,
the electronic conduction (bulk and surface conduction) of
the oxide is affected.[34,35] In addition, out of the need to
maintain structural integrity along a high series of dis-
charge-charge processes, a large number of defects are nega-
tive. Therefore, it is necessary to combine highly accessible
nanoscale architecture with a crystalline habit, but includ-
ing localized defects that can enhance the redox and dif-
fusion properties. At the same time, a proper nanoarchitec-
ture would also be necessary to minimize the path of Li+

diffusion in the electrolyte. Therefore, the performance of
the electrode depends on the complex interdependence be-
tween (i) nanoparticle size, shape and characteristics, (ii)
nanoarchitecture and hierarchical organization, and (iii)
electronic and nanoionic properties of the material.

In order to solve this complex problem, it is useful to
explore the use of hybrid materials. The most direct option
is to develop hybrid nanostructured V2O5/carbon materials.
Nanorods of several oxides (V2O5 and others), with dia-
meters at 10–200 nm and lengths up to a few microns can
be prepared by using carbon nanotubes (CNTs) as tem-
plate.[36] A hybrid system can be thus simply prepared by
avoiding to remove the CNT template. However, the V2O5

nanorod is inside the CNT, and thus accessibility by Li+

ions is limited. Vanadium oxide may be instead deposited
on the external surface of CNTs or carbon nanofibres
(CNFs). Kim et al.[37] observed the formation of an
amorphous and hydrous vanadium oxide (V2O5·xH2O) thin
film of approximately 6 nm thickness. This film shows a
threefold higher specific Li-ion capacitance with respect to
V2O5·xH2O prepared on a Pt plate substrate. Fang and
Fang[38] also evidenced that V2O5 nanofilms uniformly dis-
tributed on N-doped carbon nanotubes exhibit significantly
enhanced properties. Cross-sectional scanning electron
microscope images show that CNTs provide a good support
for uniform distribution of vanadium pentoxides.[39]

However, CNTs also induce the nucleation of 1D vana-
dium oxide nanostructures, and the nuclei grow into long,
free-standing nanorods.[40] The vanadium oxide nanorods
(V2Ox-NRs) have an average length of 20 µm and diameter
of 5–15 nm (Figure 1a). The CNTs thus induce the nucle-
ation of oxide nanorods stabilized by the interaction with
carbon, because V2Ox-NRs are difficult to synthesize in the
absence of a template. The CNTs also provide good elec-
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tronic contact for a fast electron transport and may be
grown over a hosting macrosubstrate, for example carbon
cloth (CC) to realize a nanostructured 3D electrode: V2Ox-
NR/CNT/CC. The carbon cloth macrofibres have a dia-
meter in the micron range, with respect to the 50–100 nm
range for CNTs, which were grown over the CC by the
chemical vapour deposition (CVD) method[41,42] (see Fig-
ure 2). The CNT/CC thus acts as substrate for an optimal
3D hierarchically organized structure and an efficient elec-
tron collection, provides a good dispersion of vanadium ox-
ide, and also allows the growth of specific 1D-type nano-
morphologies under the proper conditions of synthesis.

Figure 1. (a) Nucleation and peeling of a vanadium oxide nanorod
from the surface of a CNT. (b) High-resolution transmission elec-
tron microscopy (HRTEM) image of vanadium oxide nanorods.
Adapted from ref.[40] There is a design problem in finding the opti-
mal compromise between nanosize, nanoarchitecture, robustness
and stability, and performance per unit weight or volume, together
with a cost-effective and scalable method of producing the elec-
trode.

In fact, 1D-type nanostructures show enhanced surface
area with respect to the equivalent 3D-type nanostructure.
For example, for a nanorod of 10 nm diameter and 100 nm
length, a spherical nanoparticle would have a diameter of
about 12.3 nm for the same total volume and mass of vana-
dium oxide. The ratio of the two surface areas is about 1.8.
This ratio increases for longer nanorods and largely in-
creases in passing from a rod to a tube morphology.

The HRTEM image of V2Ox-NR (Figure 1b) shows a
well-ordered crystalline structure with an average layer dis-
tance of about 0.7 nm.[40] However, electron energy loss
spectra (EELS) indicate that the nanorods contain both V5+

and V4+, and XRD patterns show the presence of a
V2Ox·xH2O-like phase instead that of V2O5 crystallites.[40]

This is consistent with the results of Fang et al.[38,39] show-
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Figure 2. (a) Image of a 2�2 cm piece of carbon cloth (CC). (b,c)
Scanning electron micrographs (SEM) of the CC at different mag-
nifications. (d) SEM image of a carbon macrofibre after growing
CNTs by chemical vapour deposition. Adapted from ref.[41,42]

ing the presence of hydrous vanadium oxide supported on
CNTs. Therefore, supporting vanadium oxide on CNTs in-
duces a better dispersion and a change in the morphology
of the oxide with a modification of its specific characteris-
tics. The presence of V4+ even after calcination suggests that
oxygen vacancies are stabilized in the V2Ox-NR, favouring
the reactivity with Li+ ions. This is different from the case
of conventional vanadium oxide obtained with the same
method (NH4VO3 hydrolysis) but in the absence of carbon
nanotubes.

This concept of nanoarchitecture of Li-ion battery elec-
trodes was extended recently by preparing carbon tube-in-
tube materials (CTITs). CTITs are built by a narrower inner
tube inside an outer tube. They can be assembled by a wet
chemical reorganization of carbonaceous impurities around
and inside pristine nanotubes.[43] First, the graphitic nano-
particles are disintegrated into small fragments by an
HNO3-based oxidation at defective sites. Secondly, the
small graphene fragments are reintegrated around or inside
pristine nanotubes to assemble CTITs by acid-catalyzed es-
terification linkages between the carboxyl and hydroxy
groups. Figure 3 shows microscope images of CTITs and
schematically outlines the mechanism of formation of the
second tubes, by wet reorganization of the graphene frag-
ments, on the outer or inner sides of pristine carbon nano-
tubes. The combination of the two mechanisms leads to the
synthesis of triple tubular nanostructures.

An alternative procedure to prepare nano-in-nano carbon
structures is based on the selective deposition of an active
metal (Co nanoparticles with an average size of 6.6 nm) on
the inner walls of CNTs (inner diameter in the 20–80 nm
range), which was followed by the growth of CNFs by
means of catalytic chemical vapour deposition (with a 1:1:2
mixture of C2H4/H2/He as feed).[44]
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Figure 3. (a) SEM image of the end of a typical tube-in-tube as-
sembly confirming the encasing tubular structure. (b) TEM images
of CTITs with relatively small and uniform interval spaces, which
exhibit similar morphologies between the inner and outer tube moi-
eties. Such tubes are likely to be produced from the assembly of
graphitic fragments around the pristine tubes. (c) TEM images of
CTITs with large and highly irregular interval spaces and very thin
inner tubes (about 30 nm). Such CTITs are formed via the assembly
of graphitic fragments within the pristine tubes. The schemes below
the images describe the formation of the tube structures shown in
(b) and (c). Adapted from ref.[43]

The concept is shown in Figure 4, which also reports in
the insets SEM images of the pristine CNTs and as-pre-
pared CNFs@CNTs (carbon nanofibres included in the
carbon nanotubes). High-resolution SEM and transmission
electron microscopy (TEM) images also evidence that as-
synthesized CNTs are open at the end and have approxi-
mately 100 nm outer diameter and 0.2 mm length. Tilting
the TEM specimen confirmed the good confinement of
CNFs within the CNTs. The specific surface area increased
from 82 m2/g to 347 m2/g after inclusion of CNFs in the
CNTs, which suggests a greatly improved utilization of
space inside the hollow channels of the CNTs.

Figure 4. Scheme of the synthesis route to carbon-nanotube-encap-
sulated carbon nanofibres (CNFs@CNTs). In the insets, SEM
images of the pristine CNTs and as-prepared CNFs@CNTs.
Adapted from ref.[44]

By using these carbon tube-in-tubes as a nanoreactor
and an efficient mixed-conducting network, a new design
was proposed for nanostructured electrodes for high-per-
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formance Li batteries.[45] The concept is based on the use
of hierarchical mixed-conducting networks, i.e. networks
that can conduct both ions and electrons.

This concept was realized by the synthesis of mesoporous
TiO2:RuO2 and C-LiFePO4:RuO2 nanocomposite elec-
trodes, which show high rate capabilities when used as the
anode and cathode materials for lithium batteries.[46,47]

There are two keys to the success of this procedure: First,
the preparation of mesopores, which render the diffusion of
electrolyte into the bulk of the electrode material facile and
hence provide fast transport channels for the conductive
ions (e.g., solvated Li+ ions). Second, the coating of pore
channels by a good electronic conductor (the oxide RuO2)
that enables a fast electronic transport pathway.

CTITs or CNFs@CNTs, in combination with nanosized
V2O5, would constitute a cost-effective alternative to the
above-mentioned TiO2:RuO2, because of the high electronic
conductivity of carbon, good lithium permeation and elec-
trochemical stability. The proposed nanoarchitectured elec-
trode is composed of an efficient mixed-conducting network
(Figure 5), in which the CTIT serves as an “electronic wire”
to provide the electrons to the active materials, and the
specifically designed tube diameter of the CTIT allows easy
electrolyte access.[45] Such a nanostructure provides both
electronic and lithium-ion pathways, which are essential for
a high-rate rechargeable lithium battery. The kinetics of Li
insertion/extraction and the Li storage performance are im-
proved over those of conventional materials for two main
reasons: The first is the close electrical contact between the
phases at the nanoscale level along the wall of the CTIT.
The second is the easy accessibility of the material to the
electrolyte.

Figure 5. Design for an efficient mixed-conducting network for Li-
ion batteries based on CTIT and nanosized V2O5. The inset shows
a TEM image of the V2O5/CTIT nanocomposites showing that
most of the V2O5 nanoparticles are encapsulated within CTITs.
Adapted from ref.[45]

The use of CTITs or CNFs@CNTs provides a more ef-
fective nanoenvironment with respect to CNT, increasing
the effectiveness of the dispersion and amount per volume
of the oxide and thus the storage capacity of the battery.
The CTIT also acts as a nanoreactor for the synthesis of
nanomaterials, by exploiting its multiple channels and the
possibility of confining reagents within them.[45] Cyclic vol-
tammetry tests of the Li charge/discharge behaviour of
V2O5/CTIT nanocomposites confirm the fast kinetics and
the retention of capacity upon cycling.[45]
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A nanocomposite of mesoporous TiO2 and single-walled
carbon nanotubes showed a high capacity, even at high
charging-discharging rates, due to the presence of nano-
channels for both ion and electron transport.[48]

Brookite-type TiO2/carbon nanocomposite electrodes for
application to Li ion batteries were tested by Lee et al.[49]

CNTs loaded with Ag and TiO2 nanoparticles also show
high cycling stability and a high reversible capacity after
several cycles.[50] Ag addition increases the electronic con-
ductivity of the composites and allows convenient transfer
of Li ions in the composite structure. The TiO2/CNT nano-
composite could be prepared by a self-assembling
method.[51]

The alternative nanodesign for Li-ion batteries is to di-
rectly nanostructure an oxide such as TiO2, which can act
both as the electroactive element for the Li+ charge/dis-
charge process and as the electroconductive material. This
would clearly simplify the process of production and reduce
the costs. TiO2 is an attractive anode material for Li-ion
batteries because of its high capacity, high mechanical sta-
bility during Li intercalation/deintercalation process, lim-
ited side reactions with the electrolyte, low cost and envi-
ronmental friendliness.[52]

TiO2 (Brookite), obtained from titanate nanosheets,
shows excellent properties in the charging/discharging ca-
pacity for Li ion intercalation.[53] Nanosized anatase TiO2

particles[54] and nanorods,[55] as well as rutile TiO2 nano-
rods,[56] were also found to have interesting performance as
electrodes for Li-ion batteries. For titania, it was observed
that the decrease in particle size from the micron to the
nano range influences the phase morphology and Li-ion
mobility.[57] Many other authors have investigated titania as
the material for preparing Li-ion battery electrodes.[58–60]

However, the issue is how to combine a suitable nanostruc-
ture with a small particle size and an efficient mixed-con-
ducting network.

Various methods were developed for preparing TiO2

nanoparticles, nanorods, whiskers, nanowires, nanotubes
and nanotube arrays, as well as mesoporous TiO2

films[23,24,61–64] or titanates and related nanostructures.[65,66]

Four general approaches (wet methods such as template as-
sisted, anodic oxidation, alkaline hydrothermal and dry
methods such as CVD or related methods) for the prepara-
tion of nanostructured titanate and TiO2 can be used. How-
ever, the following cases must be differentiated: (i) a random
assembling of quasi 1D nanostructures (nanorods,
nanowires, nanotubes, etc.), (ii) a film characterized by an
ordered nanostructure (for example dense and well-aligned
TiO2 nanorod or nanotube arrays), (iii) a thin membrane
characterized by aligned nanoholes and (iv) an assembly of
nanoparticles, even with a relatively narrow size distribu-
tion. The properties of these materials are highly dependent
on the nanostructure and nanoarchitecture, as well as on
the crystalline phase, the presence of impurities and defects,
etc.

In general, there is an increasing interest in the use of
inorganic nanotubes and nanowires in Li storage. In ad-
dition to TiO2, various other inorganic 1D-type materials
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(MoS2, WS2, TiS2, MnO2, V2O5, SnO2, etc.) have been in-
vestigated, as reviewed by Cheng and Chen.[67] It was ob-
served that 1D inorganic nanostructures like tubes and
wires exhibit superior electrochemical characteristics, be-
cause of the combined advantages of small size and 1D
morphology.

Zhou et al.[68] were among the first to investigate lithium
insertion into TiO2 nanotubes (TiNTs) prepared by the hy-
drothermal process. This preparation method is based on
the morphological reorganization of TiO2 nanoparticles oc-
curring in strong alkaline medium under hydrothermal con-
ditions (temperatures of around 130–140 °C). TEM tests
showed that uniform straight hollow tubes with diameters
of approximately 8 nm and lengths greater than 300 nm
were formed, while XRD measurements indicated that the
crystalline phase of the nanotubes is anatase TiO2. Cyclic
voltammetry and galvanostatic charging and discharging
tests showed that Li-ion intercalation/deintercalation oc-
curred reversibly in the TiO2 nanotube electrode and that a
high capacity was obtained.

The hydrothermal method produces typically low-dia-
meter tubes. For example, Khan et al.[69] observed that tita-
nia nanotubes produced by the hydrothermal method show
a multiwall anatase phase with an average outer diameter
of 8 nm and an inner diameter of 5 nm and grow along the
[001] direction to lengths of 500–700 nm with an interlayer
fringe distance of about 0.78 nm. When these nanotubes are
deposited on a surface to produce a thin film (for example,
by dispersion in a solvent, which is then evaporated), a ran-
dom orientation of TiNTs occurs in which several of them
are in poor electrical contact with the conductive substrate.
Therefore, their performance as electrode is not optimal.
However, a nanostructured film characterized by an array
of oriented TiNTs can be formed on a Ti substrate seeded
with TiO2 nanoparticles, which is then treated hydrother-
mally (NaOH solution, 150 °C, reaction time: 5–20 h).[70]

SEM and TEM images suggested that a folding mechanism
of sheet-like structures was involved in the formation of the
nanotubes.

Figure 6 shows a SEM image of the arrays of oriented
TiNTs prepared by hydrothermal treatment at 150 °C of the
Ti substrate seeded with TiO2 nanoparticles. In the inset, a
high-resolution TEM image of the apical part of one of
the nanotubes is shown. It may be observed that the inner
diameter of TiNTs is about 3–4 nm (their length is up to
10 µm), but the film is not very dense. The average distance
between the TiNTs is 10 to 20 times their external diameter.
Although these parameters may probably be optimized by a
proper seeding procedure and hydrothermal treatment, the
synthesis procedure does not seem to be optimal for prepar-
ing electrodes for Li-ion batteries. Good contact with the
Ti conductive substrate, however, could be observed.

An alternative method to produce a dense array of TiO2

nanotubes is based on an electrochemically induced self-
organization mechanism, which occurs during a controlled
anodic oxidation of a titanium substrate.[24,71–74] The
mechanism is essentially based on the anodic growth of an
oxide layer on the Ti metal surface, the simultaneous chemi-
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Figure 6. (a) SEM images of large arrays of oriented TiO2-based
nanotubes prepared hydrothermally at 150 °C on a Ti substrate
seeded with TiO2 nanoparticles. In the inset, high-resolution TEM
image of the apical part of a nanotube. Adapted from ref.[70] (b)
Field-emission SEM image of an array of TiO2 nanocoils formed
by anodic oxidation of Ti foil at 15 V. Adapted from ref.[74]

cal dissolution of the oxide in the presence of fluoride ions
(or other complexing agents), and the field-induced self-or-
ganization to form the nanotubes.

The first stage is the anodic growth of a compact oxide
on the metal surface according to reaction (2).

Ti + 2H2O � TiO2 + 4H+ + 4e– (2)

In the presence of fluoride ions, chemical dissolution of
the oxide as soluble fluoride complexes, as shown in Equa-
tion (3), competes with reaction (2).

TiO2 + 6F– � [TiF6]2– (3)

Further oxide growth is controlled by field-aided ion
transport (O2– and Ti4+ ions) through the growing oxide.
As the system is under a constant applied voltage, the field
within the oxide is progressively reduced by the increasing
oxide thickness. The process is thus self-limiting.

The decreasing field strength leads to an exponential cur-
rent decay and thus to the growth of a compact oxide layer
with a finite thickness. If Ti4+ ions arriving at the oxide/
electrolyte interface are not “made soluble” by complex-
ation, a hydroxide layer will precipitate in most electrolytes.
This layer is typically loose and porous, and it thus does
not contribute to field effects, but exerts, to a certain extent,
diffusion-retarding effects.

In the presence of F–, the situation becomes more com-
plex. This is mainly due to two effects of the fluoride ion:
(i) its ability to form water-soluble complexes according to
reaction (3) and (ii) its small ionic radius, making it suitable
to enter the growing TiO2 lattice and to be transported
through the oxide by the applied field (thus competing with
O2– transport). The complex formation ability leads to a
permanent chemical attack (dissolution) of formed TiO2

and prevents the precipitation of Ti(OH)xOy, as Ti4+ ions
arriving at the oxide/solution interface can be solvatized to
[TiF6]2– before reacting and precipitate as a Ti(OH)xOy

layer. Figure 7 reports a simplified scheme of the evolution
of the TiO2 morphology during anodic oxidation of a Ti
foil in the presence of fluoride ions.
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Figure 7. Evolution of the TiO2 morphology during anodic oxi-
dation of a Ti foil in the presence of fluoride ions.

By changing the parameters (voltage, fluoride ion con-
centration, solvent, temperature, etc.), a variety of different
nanostructured titania films could be produced, such as or-
dered arrays of nanotubes, -coils or -pillars, as well as nano-
sponges and random assemblies of very small nanopar-
ticles.[75]

The exact mechanism of formation of these different
nanostructures is still not completely clear,[71] but it derives
from a combination of field-induced self-organization of
the small Ti(OH)xOy layer produced according to the
mechanism discussed above and diffusion gradients. Note
that, as a result of the presence of an initial porous struc-
ture, the electrical field is not spatially homogeneous over
the electrolyte surface.

The nanotubes formed after the anodization process are
amorphous, but crystallization occurs by annealing at tem-
peratures above 300 °C. However, the morphology and
shape of the nanotubes is fully retained during annealing,
at least below about 650 °C. Anatase TiO2 is observed by
XRD after annealing in the 300–450 °C region, while at
higher temperatures the presence of rutile TiO2 could be
also observed.

The structure of the nanotubes or other similar 1D-type
nanostructures, however, is not isotropic. Figure 8 shows
that, after annealing at temperatures below 450 °C, where
XRD patterns do not evidence the presence of the rutile
phase, the presence of this phase in the interface region be-
tween the Ti substrate and the TiO2 nanotube (i.e. at the
bottom of the nanotube) could be evidenced by electron
diffraction in high-resolution TEM images.[76] In addition,
electron energy loss spectra (EELS) show that the interface
region is characterized by the presence of oxygen vacancies,
i.e. of a TiO2–x phase. As discussed before, this aspect is
relevant, as it favours a faster redox mechanism of Li inter-
calation/deintercalation. The presence of an anisotropic
phase could also be relevant for behaviour as a Li-ion cath-
ode, but it is particularly important for behaviour as a pho-
toanode, as discussed later.

Schmuki et al.[77] first reported an investigation of Li in-
sertion into highly ordered nanotubular layers of TiO2. The
nanotubes were formed by anodization of Ti in a H3PO4

(1 ) + NaOH (1 ) + HF (0.5 wt.-%) electrolyte at 20 V.
This leads to nanotubular layers with a thickness of about
1 µm, an individual tube diameter of about 100 nm and a
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Figure 8. Left: SEM image of the cross section of a TiO2 nano-
structured film produced by anodic oxidation of a Ti substrate.
Right: electron diffraction images (obtained by a high-resolution
TEM apparatus) of selected areas at the interface region between
the oxide film and the Ti substrate and at the apical region of the
TiO2 nanotubes.

tube wall thickness of about 10 nm. The cathodic behaviour
of tubes was studied in the as-formed amorphous phase and
after being annealed to anatase. The latter show enhanced
uptake for Li+ and a very strong and reversible electro-
chromic effect.

Liu et al.[78] investigated anatase TiO2 nanotube arrays
prepared by anodization and annealed at 300°, 400° and
500 °C in N2. Li-ion intercalation measurements revealed
that annealing in N2 resulted in an enhanced Li-ion inser-
tion capacity and improved cyclic stability. TiO2 nanotube
arrays annealed at 300 °C exhibited the best Li-ion intercal-
ation ability with an initial discharge capacity of 240 mAh/
g at a high current density of 320 mA/g. The good discharge
capacity at a high charge/discharge rate can be attributed
to the large surface area of the nanotube arrays and a short
facile diffusion path for Li-ion intercalation as well as im-
proved electrical conductivity. As the annealing temperature
was increased, the discharge capacity decreased, but the cy-
clic stability improved. TiO2 nanotube arrays annealed at
400 °C had an initial discharge capacity of 163 mAh/g and
retained 145 mA h/g at the 50th cycle.

By increasing the annealing temperature, i.e. the degree
of crystallization, the number of defects and strains, as well
as the surface area, is decreased. Both of these effects con-
tribute to a decrease in the discharge capacity, although this
is partially compensated by a better electrical conductivity
and stability during a series of charge/discharge cycles.

The inner diameter of the titania nanotubes studied by
Liu et al.[78] was approximately 100 nm (wall thickness
about 10 nm) before calcination, while their film thickness
was about 1.1–1.2 µm. Their surface area was in the 50–
80 m2/g range. If one compares these results with those ob-
tained by using anatase TiO2 nanotubes produced by the
hydrothermal method (diameter about 10 nm and lengths
of 200–400 nm),[79] it is possible to see that the discharge
capacity of TiO2 arrays produced by anodic oxidation is
about 30% lower than that of TiO2 nanotubes produced by
the hydrothermal method. The reason is that the density of
nanotube array packing and the surface area increase when
the TiO2 nanotube diameter is reduced. In addition, a
length of over one micron (film thickness) would certainly
create diffusion resistance for the electrolyte.
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Ortiz et al.[80] reported recently the discharge/charge

properties and cycling performance characteristics of
amorphous and crystalline titania nanotube arrays pre-
pared by anodization. The nanotube characteristics are
quite close to those studied by Liu et al.[78] A maximal areal
capacity of 77 µAh/cm2 and a good capacity retention up
to 90% over 50 cycles were observed. The areal capacity
decreases for fast kinetics, confirming the previous observa-
tion of the presence of diffusion limitations.

Therefore, the performance and stability of a Li-ion bat-
tery electrode based on an ordered array of titania nanotu-
bes should be further improved by an optimized design of
the nanostructure, even if the advantage of a simple prepa-
ration and easy implementation in multistacks should be
accepted. A more dense TiO2 nanotube array (i.e. smaller
diameter, probably in the 15–30 nm range), thinner films
(below 500 nm) and structures with regular, straight chan-
nels should be prepared. This is possible by controlling the
voltage, [HF] and temperature during anodization.[74,81,82]

On the other hand, stability and electronic conductivity
should be improved. Stability is related to the reversibility
of Li insertion, which also depends on the characteristics
of the titania nanotubes, as well as on annealing, as ob-
served above. Figure 9 shows that the voltage applied dur-
ing the anodization process influences the packing density,
the average diameter of nanotubes and the wall thickness.

Figure 9. Relationship between voltage during anodization of Ti
films and average nanotube diameter and wall thickness. Top: field-
emission SEM images of the different samples. Adapted from
ref.[74]

A closer inspection of the SEM images (see also Fig-
ure 6b) shows that the nanotube structure produced by this
specific procedure[74] differs from the ideal model of nano-
tubes schematically shown in Figure 7. In fact the nano-
structure may be better described as a nanocoil, i.e. a rolled
thin ribbon. This nanostructure is preserved upon anneal-
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ing and appears rather interesting for Li-ion batteries, be-
cause the specific thickness is very small (drastically reduc-
ing the solid-state diffusion to few nm only), and the nano-
structure may easily adapt to volume changes after lithi-
ation, thus increasing reversibility.

The electronic properties may be further enhanced by
doping. Decoration of TiO2 nanotubes by Sn nanoparticles
of an approximate size of 10 nm improves the retention of
reversible capacity on cycling for Li intercalation.[83] The
deposition of Ag nanoparticles on TiO2 nanotubes signifi-
cantly improves the electronic conductivity, charge-dis-
charge capacity and cycle stability of the TiO2 nano-
tubes,[84] because Ag decreases the polarization of the an-
ode.[85] Therefore, doping constitutes a valuable opportu-
nity, although it has still not been investigated in detail,
to further promote the properties of TiO2 nanotube array
electrodes.

There is a large interest in literature on the development
of nanosized transition-metal oxides as anodes for Li-ion
batteries.[86–90] Nanostructuring leads to increased reaction
areas, shortened Li+ diffusion and enhanced solubility/ca-
pacity. In addition to titanites and titanium oxides,[90–94]

other metal oxides have been demonstrated to allow to pre-
pare stable and high-capacity anodes for Li-ion batteries.

Meduri et al.[94] reported the use of Sn nanoclusters sup-
ported on SnO2 nanowires as anodes for Li-ion batteries.
They observed a capacity greater than 800 mAh/g over one
hundred cycles with a low capacity fading of less than 1%
per cycle. The good performance was attributed to the easy
volume expansion during Li alloying and reverse de-alloy-
ing in this nanostructure. Chang et al.[95] investigated in-
stead the behaviour of nanocomposite SnO2/Sn deposited
uniformly on a graphite surface, while Liang et al.[96] inves-
tigated the behaviour of tin oxide doped with SiO2. Due to
the different experimentation, a direct comparison is not
possible, but in general, all these tin-oxide-based anodes for
Li-ion batteries show interesting performance and stability.
Other nanostructured metal oxide anodes investigated re-
cently include nickel oxide nanowires (diameter about
25 nm),[97] nanosized MoO2,[98] iron oxide nanoflakes[99] or
nanotubes,[100] manganese oxide nanofibres,[101] Cu2O
nanorods[102] and various mixed oxide nanosized materials,
such as ZnFe2O4

[103] with spinel structure and metal-doped
Li2Ti3O7

[104] with ramsdellite structure. Interesting proper-
ties are also shown by oxyfluorides such as TiOF2 and
NbO2F.[105]

It should be noted that the data do not provide a full
comparison, in terms of performance and stability, to deter-
mine the preferable class of materials. In addition, often a
clear rationale to investigate new materials is missing. Nev-
ertheless, it is evident that there is very active research on
the development of metal-oxide-type anodes for Li-ion bat-
teries. It is also well demonstrated that the nanostructure
of these materials is the conditioning factor to obtain high
performance. The Ti-based materials appear to be prefera-
ble, in particular with regard to stability, robustness and
easy fabrication, but tin oxide materials also demonstrate
good characteristics.
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The examples discussed in this section, although mainly
focused on some aspects of the development of electrodes
for Li-ion batteries, have shown the great potential of the
proper design of the nanostructure and -architecture of
electrodes. However, still the largest part of the studies is
not based on an in-depth understanding of the complex
physicochemical phenomena occurring at the nanoscale.
Most of the aspects discussed here are of general relevance
for the development of nanostructured electrodes for other
applications, such as fuel cells, photoanodes and electrodes
for CO2 conversion. These other applications have their
specificity, as will be discussed later.

In all cases, however, there is the need to combine en-
hanced processes at a nanoscale level to a macroscale struc-
ture, which allows high capacity, efficient mass transport
and multiphase contact. In other words, the issue is how to
realize an efficient hierarchically organized structure that
should also meet other critical requirements, such as sta-
bility and robustness, cost-effectiveness and easy scale-up.

3. Synthesis of Nanoarchitectured Electrodes

There are many advanced methods to prepare tailored
hierarchically organized structures for electrodes, even if a
detailed analysis of the methods of synthesis to produce
inorganic micro-/nanostructured materials is out of the
scope of this survey. Various reviews have been published
on this topic recently,[106–111] and we thus recall here only
selected aspects.

Ordered metal nanostructures with hierarchical porosity
(macropores in combination with micro- or mesopores) can
be prepared by using colloidal crystals (or artificial opals),
i.e. ordered arrays of silica or polymer microspheres, as tem-
plates on which the metal particles can be deposited. An
ordered metal nanostructure[89] is then obtained by careful
removal of the template material. The extension of the con-
cept of template synthesis for tailored nanomaterial proper-
ties is the synthesis of replica mesostructures by nanocast-
ing.[112]

Nanocasting by using highly ordered mesoporous silica
as a template has brought forward incredible possibilities in
the preparation of novel mesostructured materials and has
led to a great number of ordered nanowire arrays with:
(a) small diameters (�10 nm);
(b) large surface areas (up to 2500 m2/g) and uniform meso-
pores (1.5–10 nm);
(c) tunable 2D or 3D mesostructures;
(d) controlled morphology, such as spheres, rods, films and
monoliths;
(e) different components including carbon, metals, metal
oxides and metal sulfides.

The method has been initially used in the preparation of
ordered mesoporous carbon materials.[113–117] Recent
breakthroughs in the preparation of porous materials al-
lowed to develop mesoporous carbon materials with ex-
tremely high surface areas and ordered mesostructures.
Current synthesis methods can be categorized as either

Eur. J. Inorg. Chem. 2009, 3851–3878 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3859

hard-template or soft-template methods, but the synthesis
essentially involves infiltration of the C precursor in the
template pores, its carbonization and subsequent template
removal. Consecutive surface functionalization of the car-
bon materials obtained, for a further optimization of their
characteristics, is possible. The carbon replica material can
then also act as the template for other replica materials.

The nanocasting method can be used for the preparation
of a variety of mesostructured and mesoporous materi-
als,[118] including mesostructured metal[119] and semicon-
ductor nanowires.[120]

Although powerful, the nanocasting method has clear li-
mits in terms of cost and scale-up. The alternative approach
is based on the synthesis of small-size particle units by using
the various available physicochemical methods, such colloi-
dal,[121] sol–gel[122] and micelle methods,[123] as well as other
wet[124,125] or gas-phase[126] procedures. These nanounits
may be then organized in 2D and 3D superstructures by
self- or directed-assembling, seeded or field-induced
growth, epitaxial growth or other nanostructuring pro-
cedures.[127–132]

The main limit of self-assembling is often the difficulty
in tailoring the proper nanoarchitecture and avoiding a
fractal-type growth. Some electrochemical methods, such as
the anodic oxidation discussed in the previous section, fall
within this category of self-assembling methods. The electri-
cal field created at the interface between the electrode and
electrolyte is a powerful factor for the orientation of nanos-
tructure growth, as shown for titania electrodes. However,
the reaction mechanisms and the factors controlling the for-
mation of a specific nanostructure still has to be better
understood.

The third general class of synthesis methodology for the
development of tailored 3D nanoarchitectures is based on
physical or physicochemical deposition methods. Layer-by-
layer (LbL) deposition is a procedure often used for prepa-
ration of electrodes.[133–135] It is based initially on the elec-
trostatic binding of a charged polymer to an oppositely
charged surface. Multiple polymer layers are subsequently
assembled by alternately immersing the substrate in posi-
tively and negatively charged polymeric solutions. The
charge neutrality within a layer is maintained by a nonpoly-
meric counterion. It is possible to produce a stacked struc-
ture of well-controlled thickness, but the realization of po-
rous 3D architectures is difficult. LbL assembly is a simple,
versatile and relatively inexpensive approach by which nan-
ocomponents of different groups can be combined to coat
both macroscopically flat and nonplanar (e.g., colloidal
core-shell particles) surfaces.[136] LbL can be used to com-
bine a wide variety of species – including nanoparticles
(NPs), nanosheets and nanowires (NWs) – with polymers,
thus merging the properties of each type of material.

Atomic layer deposition (or epitaxy) is instead based on
the deposition of a metal oxide precursor by using typically
an organometallic complex to form a deposited monolayer,
which is then converted by reaction with a second gas-phase
reactant.[137] Multiple layers can be produced by repeating
the cycle. Also this technique has been often used to modify
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electrode surfaces, such as carbons,[138] anodic alumina
membranes[139] and other substrates.[17] Metals, metal oxide
or metal nitride thin films could be prepared.

These methods, as well as other methodologies that be-
long to this general class of thin film growth such as CVD,
molecular-layer or pulsed-laser deposition, magnetron sput-
tering, etc.,[140–142] are suitable to prepare thin films, some-
times also nanostructured, or for coating a 3D structure
with a thin layer. However, they may not be well-adapted
for preparing ad hoc nanostructures. An additional issue is
the scalability for preparing larger homogeneous samples.

Therefore, many synthetic methods are available for the
preparation of nanoarchitectured electrodes and hierarchi-
cally organized materials for energy storage and conversion,
but the cost-effectiveness of the preparation often receives
little consideration. In other words, few studies evaluate
whether the additional cost of synthesis with respect to con-
ventional materials is worth for the additional enhancement
of performance. Care is always necessary in considering the
synthesis costs. The industrialization of a synthesis pro-
cedure may decrease largely the cost of production (by more
than two orders of magnitude). However, a major issue is
the reproducibility of the properties, when nanomaterials
are produced on a larger scale. Carbon nanotubes show
large deviation in their properties from batch to batch as
well as within the batch itself. This is not critical when used
for polymer composites, for example, but is an issue in elec-
trode applications. Finally, robustness of the materials is a
further aspect to consider in preparing nanostructured elec-
trodes.

4. Nanoparticles vs. Nanostructures

Previous sections have shown that a wide variety of
nanostructures with different morphology, size and compo-
sition have been investigated as electrode and related de-
vices, but often their physical and electrochemical proper-
ties have not been fully understood, notwithstanding the
relevant theoretical progress in the area.[143]

A key question in relation to the topic of this microre-
view regards the exact role of the nanoarchitecture in physi-
cal electrochemical processes. Are these processes at the
nanoscale level influenced by the architecture of the mate-
rial? We have already evidenced that the defective properties
of the materials, for example, could be different in nanopar-
ticles or nanorods and similar for the electronic transport
properties. However, does an electrolyte confined within a
nanotube have the same properties as an electrolyte sur-
rounding nanoparticles? This is one of the questions raised
in considering nanoparticles vs. nanostructures. Bis-
quert,[143] in his perspective paper, discussed some of these
aspects in relation particularly to dye-sensitized solar cells
(DSCs) based on nanocrystalline TiO2. However, we should
state the need for more extensive studies in this area on all
types of electrodes in order to put on a more solid basis the
design of nanostructured electrodes, which are mainly
based on phenomenological studies today.
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Very small crystals (below 5–10 nm) behave as quantum
dots. In these crystals, the electron wave functions are
strongly confined, i.e. the electron energy levels are discrete,
and their separation is determined by the crystal size.
Larger nanocrystals, in the range 10–50 nm, do not show
the electron confinement effect, but are important for many
applications, because they allow electrochemical gating
(ECG), i.e., an increase in electronic density compensated
by ionic density at the surface.

ECG is the ability to change the resistivity of a semicon-
ductor nanoparticle (or of a carbon nanotube) by many
orders of magnitude by applying a voltage between the ma-
terial and a reference electrode in an electrolyte. The effect
is related to the effect of the chemical species on the surface
in samples having a large surface-to-volume ratio. The
Fermi energy of the nanoparticle or nanotube can be
changed, as ions from the solution accumulate on the sur-
face and act as a close-spaced gate.

ECG is an important aspect in determining the proper-
ties of nanostructured electrodes and DSC devices. Exam-
ples of metal oxides used in DSCs are TiO2, ZnO and
SnO2.[144,145] These nanocrystals are also the building
blocks for the preparation of larger architectures.[146]

ECG is a known method to tune and monitor the (opto)-
electronic properties of functional materials.[147] Electro-
chemical interfaces usually consist of a solid-phase electron
conductor in contact with an ionic solution. In practice, the
solid can be placed as working electrode in a conventional
three-electrode electrochemical cell; its electrochemical po-
tential is controlled by applying a voltage (V) with respect
to a reference electrode (Figure 10). A change in the poten-
tial of the working electrode can lead to a change in the
electrostatic potential drop over the electrochemical double
layer, while the Fermi level in the solid remains unchanged
with respect to the energy levels of the solid. Alternatively,
a potential drop can develop across the interfacial part of
the solid inducing a change in the Fermi level in the solid
with respect to the energy levels.

If the electrode is a metal with an atomically flat surface
exposed to the electrolyte (Figure 11A), increasing the elec-
trochemical potential leads to the accumulation of electrons
in the first atomic layer of the metal and ionic counter-
charges in the liquid part of the interphase. The study of
such a double layer has been a classic subject of electro-
chemistry, as well as the kinetics of electron transfer be-
tween the metal phase and ions in solution.

If the solid phase is a semiconductor or a molecular con-
ductor with a low intrinsic electron concentration (Fig-
ure 11B, in which an n-type semiconductor is in contact
with an electrolyte), upon increasing the electrochemical
potential, the Fermi level in the interfacial layer rises with
respect to the conduction band edge. This means that the
electron concentration in the interfacial layer increases
strongly (Figure 11B, right). It is hence possible to change
the electron concentration from almost zero (insulating
state) to high values (conducting state) by electrochemical
polarization, at least in the interfacial region of the semi-
conductor.
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Figure 10. Cell used for electrochemical gating (ECG) of a mate-
rial. The material of interest is the working electrode. A potentios-
tat is used to apply a voltage (V) between the reference electrode
and the working electrode to control the electrochemical potential
(Fermi level) of the material. The charge injected into the working
electrode is measured in the external circuit. The electronic conduc-
tance in the linear regime of the material can be measured indepen-
dently by applying a small voltage between the source (S) and drain
(D) electrodes. Adapted from ref.[147]

Figure 11. Electrochemical polarization of a solid electronic con-
ductor electrode in a concentrated electrolyte solution. (A) A metal
electrode with a flat surface. The arrow indicates the width of the
interphase, which is less than 1 nm (concentrated electrolyte solu-
tion). (B) Electrochemical polarization of a flat n-type semiconduc-
tor electrode. Left: the voltage is chosen such that there is a de-
pletion layer for electrons at the interface. Right: increase in the
electrochemical potential leads to a change in the Fermi level with
respect to the conduction band edge and an increase in the electron
concentration in the interfacial part of the solid. The total width
of the interphase (arrow) is typically 100 nm. (C) A semiconductor
system with nanometre-size voids in which an electrolyte solution
can permeate. Left: system with no excess charge in the solid and
liquid phase. Right: increase in the electrochemical potential may
lead electrons to occupy the LUMO of the solid phase; the charge
is compensated by excess positive ions in the voids. Adapted from
ref.[147]
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When a nanostructured semiconductor, with pores or
voids of nanometre dimensions, is present, the situation is
different. Figure 11C, left, shows a situation in which the
Fermi level in the solid phase is midway between the
HOMO and LUMO orbitals. The solid phase is hence un-
charged; this also holds for the electrolyte solution in the
voids of the solid that contains as many positive as negative
ions. Upon increasing the electrochemical potential, the
Fermi level in the solid phase rises with respect to the
LUMO. Electrons accumulate in the solid phase and oc-
cupy the LUMO energy levels. Alternatively, localized states
in the band gap can become occupied. The negative charge
in the solid is compensated by an excess of positive ions
present in the nanovoids of the system.

In such a nonporous system, the uptake of electrons and
hence the capacitance can be huge. Although specific stud-
ies are lacking, the nanoarchitecture of the nonporous semi-
conductor is critical in determining overall behaviour, be-
cause the stabilization of the charges within the nanovoids
depends on their size and geometry. Charge accumulation
within nanocavities would also influence the behaviour of
an electrolyte, the diffusion and surface reactivity, i.e. the
behaviour as an electrode. There will thus be a true depen-
dence on the nanoarchitecture.

In carbon nanotubes or semiconductor nanowires, elec-
trochemical polarization can also lead to a change in the
electron concentration in the tubes or wires,[148] and hence
to a significant modification of their properties or those of
metal particles supported on them. Due to the presence of
anisotropic electron transport in these 1D-type nanostruc-
tures, the behaviour of metal particles located on the outer
or inner surface would be influenced differently. The elec-
tron transport in MWCNTs occurs mainly on the outer
shell,[149] but in larger nanotubes a multishell transport may
be possible, leading to a quasi-ballistic conducting behav-
iour, which arises when the electron mean free path is
higher than the length of the conductor.[150] It is also well
known that there are three main types of carbon nanotubes:
armchair, zigzag, chiral. Thus, depending on their type, the
transport in nanotubes will also be influenced by the spe-
cific structure of the CNT. Therefore, complex phenomena
in terms of the influence of the electrochemical polarization
on the electrode behaviour may also be expected for carbon
nanotubes.

The issue is whether ECG would be a relevant effect dur-
ing the use of these nanomaterials as electrodes. A nano-
electrode cannot be regarded as an isotropic porous me-
dium, and as a result of the presence of local differences in
the potential, electrical shortcuts will be produced, which
result in the generation, on a local scale in the presence of
an electrolyte, of nano ECG effects. In nanoarchitectured
materials, such as in an array of metal oxide nanotubes, it
may be expected that these effects play a significant role in
determining the overall behaviour. In carbon nanotubes,
these effects can also be generated between metal particles
located in close proximity, but one sitting on the inner and
one on the outer surface of the carbon nanotube. We may
thus conclude that ECG effects can be relevant in under-
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standing the behaviour of nanostructured electrodes, al-
though this can be considered a still largely unexplored
field.

There are other aspects, which evidence how the develop-
ment of nanoarchitectured electrodes opens new issues in
the understanding of the physical electrochemistry of these
systems. Let us discuss these aspects with reference to DSC
devices. As mentioned, these are constituted by colloidal
nanocrystals of TiO2, ZnO or SnO2.

Colloidal nanocrystals are usually deposited over a con-
ducting substrate and thermally treated to form a connected
array of nanoparticles that can be used as electroactive elec-
trodes. Structures can be more or less ordered, and inter-
particle connection can also be controlled with molecular
ligands, which can be used to promote the self-assembly of
special architectures.[151] Alternatively, nanostructured elec-
trodes may be formed from nanofibres or nanowires with
columnar, tubular, dendritic or other structures over a sub-
strate. These structures provide longer and uninterrupted
paths for electron transport (i.e. reduced intergrain bound-
aries) with respect to nanoparticle assemblies.[152–155] The
presence of an array of vertically aligned nanotubes or
nanowires would be useful for a good contact of each of
these 1D-type units with the conductive substrate and to
reduce the contact between them. Anodic oxidation of a Ti
substrate, as shown in Figure 7, is one of the effective syn-
thesis methods to produce ordered arrays of nanotubes.
This method has been used in producing transparent TiO2

nanotube arrays for DSCs with high electron lifetimes and
excellent pathways for electron percolation.[156]

Additional elements are necessary for the design of ef-
ficient DSC devices. An important step of nanostructuring
is an additional treatment of colloidal nanoparticles or
nanorods for monitoring the electronic properties at the
surface. This can be realized, for example, with strategies of
conformal coating of sintered nanoparticulate films. Insul-
ating layers (about 2 nm thick) have been deposited over
TiO2 nanoparticles in DSCs.[157,158] An alumina coating im-
proves considerably the electron lifetime by an almost com-
plete passivation of surface trap states.[159,160] Absorption
of molecules with different dipole moments modifies the
energy level of a nanostructured semiconductor immersed
in solution.[161] Besides shifting the conduction band of the
semiconductor, adsorbed molecules are able to reduce re-
combination and increase the efficiency of DSCs.[162,163]

Finally, DSC properties can be further improved with
surface-attached quantum dots[164] in order to exploit the
opportunities arising from discretization of energy levels in
quantum dots, which could greatly enhance the photo-
current by multiple exciton generation from a single high-
energy photon.[165,166]

The process of electrochemical charging is shown for the
DSC in Figure 12. The change in electron density in the
TiO2 nanoparticles (by photoinjection from surface-ad-
sorbed dye molecules) is facilitated by positive, but inert,
ions at the nanoparticle surface, in order to maintain elec-
trical charge neutrality. Electron density may vary from
nearly zero, in the insulator state, to 100 electrons per 10 nm
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diameter of nanoparticle. In order to generate energy, the
electrons should flow through the external circuit and thus
avoid the easier path of recombination due to interfacial
charge transfer. It follows that an architecture that facili-
tates a fast vectorial transport of electrons to the conductive
substrate, with respect to a random assembly of nanopar-
ticles, could favour the process. This concept is schemati-
cally shown in Figure 13.

Figure 12. Schematic sketch of a dye-sensitized solar cell, consisting
of dye molecules adsorbed on a nanostructured TiO2 (or ZnO,
SnO2) film that is deposited over a transparent conducting oxide
(TCO). Photoinjection increases the chemical potential (concentra-
tion) of electrons in the TiO2 phase (A). The electronic Fermi level,
EF, is displaced with respect to the lower edge of the conduction
band, Ec. The electrode potential, (V) is given by the difference
between EF and the redox level Eredox. The increasing negative
charge in the semiconductor nanoparticles is compensated by the
positive ionic charge at the surface (B). With the change in EF, the
electrostatic potential of the Helmholtz layer also changes, and the
semiconductor band bends at the interface between the exposed
surface of the transparent conducting oxide substrate and the elec-
trolyte (C). Adapted from ref.[143]

In a thin film of TiO2 nanoparticles, electron transport
occurs through trap-limited diffusion, a slow process that
allows for back-electron transfer. The concomitant recom-
bination losses limit device efficiencies, especially at longer
wavelengths. Electron transport and recombination in TiO2

nanotube arrays limits greatly the recombination of photo-
generated charge carriers. The tube geometry allows an
active material to be either conformally coated on the walls
of the nanotubes or filled into the pores of the semiconduc-
tor, which promotes efficient exciton harvesting.

Two approaches are possible for DSCs based on titania
nanotube arrays. This field was first explored by Grimes et
al.,[63,156,167,168] but attracted great attention from many
other groups recently.[169,170] Two types of nanotube arrays,
so-called transparent and nontransparent, could be pre-
pared. Nontransparent nanotube arrays are grown on an
opaque metallic Ti substrate, while transparent nanotubes
are formed by anodizing a Ti film sputtered onto a conduc-
tive glass substrate. Opaque nanotubes up to 1 mm in
length could be fabricated. However, about 30–40 µm long
nanotube arrays are right for optimal light harvest without
electron transport losses. The length of transparent nano-
tubes produced up to now is about 4 µm, but further optimi-
zation is possible. Transparent nanotubes lend themselves
to front-side illumination, which prevents photonic losses



Nanostructures to Improve Electrodes for Energy Storage and Conversion

Figure 13. Schematic model of the differences in the electron path
between TiO2 thin films composed of nanoparticles and nanostruc-
tured in the form of aligned nanorod arrays. Adapted from ref.[24]

and ref.[182]

due to absorption by the platinized counterelectrode and
the redox electrolyte in DSCs. Backside illumination geom-
etry, where the aforementioned photonic losses occur, is the
only mode of illumination possible for nontransparent
nanotube arrays. In this mode, part of the light does not
arrive at electrode, because it is cut or scattered from the Pt
counterelectrodes.

The electron transport times in titania nanotubes are
similar to those in nanoparticles, because of the nanocrys-
talline nature of the tube walls. However, the rate of trans-
port is still much lower than the rate which is possible, for
example in carbon nanotubes, for which a ballistic electron
transport is even possible, as mentioned before. The incor-
poration of multiwalled carbon nanotubes (MWCNTs) into
a TiO2 active layer contributes to a significant improvement
in the energy conversion efficiency of DSCs.[171]

The performance of DSCs using the TiO2–MWCNT
composite electrodes is dependent on the MWCNT loading
in the electrodes. At optimal conditions, the incorporation
of 0.025 wt.-% MWCNTs into the conventional working
electrode boosts the efficiency by a factor of up to 1.6. The
role of MWCNTs, however, is more complex. In fact, the
improvement in energy conversion efficiency is correlated
not only with increased photocurrent and electrical double
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layer capacitance, but also with a decrease in the electrolyte/
electrode interfacial resistance and the Warburg impedance.
At high MWCNT loading, the conductivity of the elec-
trodes decreases, which may result from the agglomeration
of the MWCNTs and the loss of optical transparency.

The other possible approach is to prepare CNT-TiO2 hy-
brid materials.[172,173] There are many methods to synthesize
aligned CNTs.[174,175] A cost-effective method is based on
CVD in the presence of volatile Fe complexes, which gener-
ate very small iron oxide particles on the substrate on which
the carbon nanotubes grow. Figure 14a shows an example
of the well-aligned carbon nanotube arrays, which could be
synthesized by the CVD method by feeding a FeCp2/tolu-
ene mixture. Figure 14b shows that, depending on the dura-
tion of the synthesis, different thicknesses of the CNT car-
pet could be prepared.[176]

Figure 14. (a) SEM micrographs of the aligned carbon nanotubes
synthesized by CVD from a mixture of FeCp2 and toluene at
800 °C. (b) Aligned carbon nanotube carpet with different heights
as a function of the duration of synthesis, i.e. 1 and 3 h. The CNT
carpet heights were 0.5 and 1 mm, respectively. The growth tem-
perature was kept at 800 °C, and the FeCp2/toluene concentration
was 25 g/L. Courtesy of CNRS (LMSPC), Strasbourg (France).

As discussed in Section 2, these CNTs (or carbon nano-
fibres) could be then loaded or uniformly covered with TiO2

nanoparticles. With respect to the direct use of TiO2 nano-
tube arrays, the method is more complex, and the density
of TiO2 per electrode surface is lower. However, a closer
packing could be realized (it is easier to control the aspect
ratio, i.e. the ratio between length and diameter, in CNTs),
and the electronic conduction is much better. In addition,
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it is proved that CNTs can change the electronic structure
of semiconductors by Fermi equilibrium.[177] It is also dem-
onstrated that chemically modifying n-TiO2 with carbon
lowered the band gap of TiO2 to 2.32 eV to make the ab-
sorption of visible light possible.[178] Thus, it is possible, in
principle, to engineer the band gap of TiO2 by changing the
orientation of the graphite sheet, as well as by doping of
the carbon nanotubes or nanofibres, which determines the
Fermi level of the carbon nanomaterials. However, studies
in this direction are still quite limited.

A further possibility is to transform the arrays of aligned
CNT or CNF into SiC nanofibres (see Figure 15a) by using
a shape-retaining method such as the reaction with SiO
vapour.[179] SiC is a semiconductor with a band gap close
to that of TiO2, but showing better electronic conductivity
properties. This allows to tune the band gap and to realize
efficient 1D-nanostructured hybrid materials. It should also
be stated that uniform binary and ternary functional inor-
ganic nanotubes are easily fabricated by templating against
highly active carbonaceous nanofibres.[180]

A simple methodology of TiO2 deposition on the CNF/
CNT arrays is based on a sol–gel/controlled hydrolysis
method. The oxide can be deposited both as quantum dots
and as a thin film entirely covering the carbon substrate.

Figure 15b shows SEM images evidencing the possibility
of depositing uniform and thin entangled TiO2 nanotube
films on a macroscopic fibre shape, while Figure 15c sche-
matically shows the mechanism of electron transfer from
the TiO2 nanoparticles to the carbon nanotubes.

The size and shape of the TiO2 nanocrystals should in-
fluence the mechanism of transfer, although this aspect is
usually not considered. If the semiconductor nanocrystalli-
tes are wide enough (approximately over 50 nm) so that
confinement effects can be neglected, they will have a trans-
port band similar to that for carriers in macroscopic materi-
als. However, the size of TiO2 particles is typically below
this range, although full electron confinement is not pres-
ent. There is thus an intermediate situation between bulk
behaviour (electrons injected to the conduction band) and
quantum-size effects. The nanomorphology (1D-type, for
example) influences the quantum-size effect and thus the
electron transfer to a conducting substrate such as a CNT.

If electron confinement could be neglected, the applica-
tion of a potential will move the electrochemical potential
with respect to the value of the electrolyte, and this non-
equilibrium situation is the driving force for the flow of
electrons. The introduction of discrete states will influence
the flow, and thus the nanostructure influences the process.
In addition, changes may occur in the local electronic level
associated with self-charging of the phase or interaction of
the carriers,[181] and also these effects are dependent on the
nanostructure. When the DOS (density of states) at the
Fermi level is low, the potential has the effect of displacing
the Fermi level. In contrast, for metals and highly doped
semiconductors, the DOS at the Fermi level is very high.
Significant changes in the density of carriers, as an effect of
the applied potential, are not possible, because the Fermi
level is pinned at a fixed energy.
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Figure 15. (a) TEM micrograph of the SiC nanofibre formed after
a gas–solid reaction between SiO and CNF at 1350 °C. (b) SEM
images evidencing the possibility of efficiently depositing uniform
and thin entangled TiO2 nanotube films on a macroscopic SiC fibre
shape. (c) Schematic model of electron transfer from TiO2 nanopar-
ticles to CNTs. (a) and (b) Courtesy of CNRS (LMSPC), Stras-
bourg (France). (c) Adapted from ref.[177]

Doping with metal nanoparticles (Au, Ag) is often used
in solar cells based on nanostructured semiconductors.[182]

Metal particles in contact with a charged semiconductor
influence the Fermi levels of the two systems, and the effect
is dependent on the size. Au nanoparticles, for example,
store electrons in a quantized fashion.[183] When the semi-
conductor and metal nanoparticles are in contact, the
photogenerated electrons are distributed between the two.
Since the accumulation of electrons moves the Fermi level
of the metal nanoparticle to more negative potentials, the
resultant Fermi level of the composite shifts closer to the
conduction band of the semiconductor. The apparent
Fermi level of the composite system can thus be tuned by
controlling the size of the metal nanoparticles. The metal
particles thus act both as a sink for electrons to enhance
charge separation after photon excitation and as a modifier
of the energetics of the system. Consequently, the observed
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photocurrents at positive bias are significantly higher for
the composite films involving Au nanoparticles. Due to the
difference in DOS at the Fermi level between a semiconduc-
tor and a metal, the application of an electrochemical po-
tential further influences this effect, which is in turn ex-
pected to depend on the nanostructure.

The voltage generated by the device is determined by the
ability of the different phases to maintain the excess carri-
ers. In solar cells, an electronic connection exists necessarily
between the two phases; otherwise, the process of photo-
generation would be impossible. Therefore, the kinetics of
the reciprocal process (recombination) must be very slow.
The nanostructure, as discussed before, plays a critical role
in determining the capacity of charge accumulation.

There are thus many aspects related to the nanostructure,
whose relevance is amplified when the size of the particles
is below about 50 nm and/or when specific nanomorphol-
ogies are present. Besides the interfacial processes at the
contact of the nanoparticles and the solution, a variety of
electronic and ionic processes occur in the material itself.

Some aspects are specifically dependent on the geometry.
For example, when an array of semiconductor nanorods is
immersed in solution, the outer surface of the rods is de-
pleted of carriers, causing surface band bending in the ra-
dial direction, while the central region of the rods is a con-
ducting (quasi-neutral) tubular region connected to the sub-
strate (Figure 16).[143] This structure is ideal for channelling
electrons towards the collecting contact, preventing recom-
bination at the surface. The conducting zone in a nanotube
is lower (depends on the ratio between wall thickness and
depletion layer). The efficiency of electron transport de-
creases with respect to a nanorod shape. Instead, the con-
duction mechanism in carbon nanotubes is different, be-
cause the CNTs are composed of graphene layers.

Figure 16. Electrical field and carrier distribution in a semiconduc-
tor rod or tube of radius R in contact with electrolyte. Ec is the
conduction band energy, EF is the Fermi level vs. the electric poten-
tial at the surface. The surface depletion layer and the central con-
ducting region (radius rn) are indicated. Adapted from ref.[143]

The nanotube geometry is preferable for maximizing the
surface area and the amount of dye adsorbed on it, but
this contrasts with an efficient electron transport. It is thus
preferable (from the electron conduction point of view) to
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use a hybrid system with a CNT core covered by a titania
film or nanoparticles. It should be stated that nanorod-
based solar cells, where the 1D nanostructures are based on
Cd chalcogenides such as CdSe, CdTe, InP and GaAs, all
have excellent properties.[184] Similarly, DSCs based on ZnO
nanowire array film also show excellent performance.[185]

Other features also contribute to determine the overall
behaviour in relation to the nanostructure. The interfacial
charge transfer, which depends on the medium filling the
pores, modify the electron lifetimes. However, the transport
properties are also affected by an interaction between the
electronic carriers in the semiconductor and the surround-
ing medium. While it has been made possible to control the
shift levels by adsorption of molecular species on the sur-
face, the influence of the band gap on the surface states and
its relation to electron transport has to be further under-
stood. As a result of the large ratio of surface to volume in
nanostructured electrodes, a great amount of surface states
are present in the band gap. By decreasing the size and/or
changing the nanomorphology, localized states are intro-
duced. This would affect the diffusion of carriers and
change the electron transport from a mechanism through
extended states (the classical and most widely used mecha-
nism to describe the behaviour also in DSCs),[143] to a
transport along discrete energy states and/or localized states
(hopping conduction).

The presence of impurities or defects significantly alters
the charge transport. The problem is usually treated in
terms of slowing down transport through extended states
because of trapping/detrapping events,[143] but impurities or
defects also introduce localized states and thus also influ-
ence the mechanism. In general terms, transport may occur
through the bulk of the semiconductor or through the sur-
face, which is inhibited in DSCs by adsorbed molecules.
The dyes do not act only as sensitizers of TiO2, but also as
efficient quenchers of the surface states. In fact, the dye
bonded to the TiO2 surface passivates recombination
centres.[186] The suppression of trapping/detrapping events
at the surface increases the diffusion coefficient of the elec-
trons through the nanocrystal matrix facilitating electron
transport to the back contact.

The size and morphology of nanoparticles influences the
presence and localization of impurities and/or defects. An
influence, possibly nonlinear, on charge transport is thus
expected, but experimental data are limited. In addition, a
dispersion of energy levels leads to a scattering of electron
waves, which influences the transport. The effect depends
on the size and morphology of the nanoparticles. The rela-
tionship between the nanostructure of electrodes and
charge transport may be thus considered still a largely unex-
plored area, but which clearly should be at the foundation
of a better design of nanostructured electrodes.

Doping of TiO2 with N, C, B or transition metals was
widely used to shift the band gap and thus improve titania
response to visible light.[187–190] Notwithstanding the in-
tense research and claims of successful visible-light-active
photoelectrodes, the improvements are still limited. This is
particularly true for demanding reactions such as visible-
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light water splitting or for the use of these materials as vis-
ible-light photoactive anodes. Doping, by introduction of
localized trapping levels, completely modifies the electron-
transport properties and increases the probability of charge
recombination. The gain introduced in terms of a higher
number of photons able to photoinduce charge separation
is counterbalanced by an increased rate of charge recombi-
nation, which reduces the impact of the first effect. There-
fore, band gap engineering in semiconductors with an in-
depth understanding of the parallel influence on charge
transport is requested. The relationship of these aspects
with the nanoarchitecture also needs to be understood for
progress in this field; results should not only be driven from
phenomenological observations.

5. Nanostructured Electrocatalysts

In several reviews, the analogy between systems for en-
ergy conversion (fuel cell electrodes) and energy storage (su-
percapacitors, Li-ion batteries) was indicated.[1,2,17,20] There
are effective points of contact in their characteristics and
design requirements to obtain high-performance electrodes.
However, a critical difference is present, which is particu-
larly relevant for the design of the nanostructure of the elec-
trode. In storage devices, a progressive decrease of the ca-
pacity is observed, because, for example, V2O5 reacts with
Li+ ions during the discharge process and the opposite pro-
cess occurs during the charge process [Equation (1)]. In en-
ergy conversion devices (fuel cells, for example), an electro-
catalytic reaction occurs, i.e. the active element (Pt nano-
particles) is not consumed during the reaction, and a
change of the performance during time may occur only due
to a (slow) deactivation process.

A PEM fuel cell is composed of an anode, where hydro-
gen reacts over the active electrocatalyst (Pt nanoparticles
supported on carbon) to generate protons and electrons.
Protons diffuse through a membrane (such as Nafion) to
the cathode, which is electrically connected to the anode
through a wire that transports the electrons. At the cathode,
oxygen is reduced over the active electrocatalyst (also usu-
ally Pt nanoparticles supported on carbon) to form water
with the electron and protons coming from the anode.

The kinetics of cathode oxygen reduction on Pt is slow
relative to the reaction of hydrogen oxidation at the anode.
Therefore, usually it is assumed that the critical issue in
PEM cells is to decrease the overpotential of the oxygen
reduction reaction (ORR).[13]

Most of the research on PEM electrodes is focused on
this problem, which is addressed by using different strate-
gies: (i) increase catalyst activity towards ORR, (ii) increase
the utilization of Pt within the electrode through high dis-
persion of the catalyst and (iii) improve the layer structure
of the catalyst, with more limited studies on the role of the
nanostructure of Pt particles.[1,5,9,11,13,14,191–199]

Many approaches have been reported for the enhance-
ment of the catalytic activity of Pt towards ORR, as re-
viewed by Lee et al.[13] In particular, the use of Pt–Me al-
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loys, where Me = Cr, Co, Ni, Fe or other transition metals,
has been largely investigated. Ternary alloys were also
studied. However, notwithstanding some improvements in
the performance, the stability was typically a main issue.
More successful is the attempt to improve the utilization of
Pt by a proper support engineering.[1,192] For this reason,
the research attention has been focused recently on the in-
vestigation of the use of advanced nanostructured materials
(CNTs, CNFs and others including nanohorns, ordered ar-
rays of CNTs or CNFs, ordered mesoporous car-
bon).[11,96,193]

We could see that these ORR catalysts are equivalent to
those at the anode. Both are based on well-dispersed Pt
particles on the same type of nanostructured carbon materi-
als. In commercial cells, the same electrode is often used on
both sides. Therefore, although usually the difference be-
tween the anode and cathode electrodes is pointed out, we
prefer to highlight that the problem of electrode nanoarchi-
tecture is equivalent on the two sides.

O2 reduction to O2– is a four-electron reaction competing
with the two-electron reduction leading to H2O2, which has
a negative impact on the lifetime of the cathode and its
performance.[200–202] Metalloporphyrins have been often
used to promote the four-electron reduction,[201,203] al-
though problems of stability exist. The alternative and pref-
erable approach is to introduce a cocatalyst active for the
decomposition of H2O2 (DHP) to water and oxygen. Zeis
et al.[204] have used this approach successfully to develop
ORR catalysts based on gold and silver.

For the anode, the issue is how to find a cocatalyst that
can introduce a low-temperature water-gas shift (LTWGS)
activity, which uses water to oxidize CO to CO2 and pro-
duce H2. In fact, even traces of CO severely poison Pt. To
improve the CO tolerance of the anode, the presence of a
cocatalyst (such as Ru) is necessary, which has the function
of promoting CO conversion. In fact, hydrogen is produced
by steam reformation of hydrocarbons, and CO is always
present in the H2 feed; in actual PEM fuel cells, the concen-
tration of CO must be lower than a few ppm to avoid severe
deactivation and drawbacks in performance.

Therefore, a clever approach to electrode design is to
consider the anode and cathode not separately, but as two
faces of the same problem, which consists of the develop-
ment of materials with well-dispersed Pt nanoparticles in
the presence of a cocatalyst. This function should promote
the LTWGS reaction at the anode and the DHP reaction at
the cathode. In fact, excellent progress has been made on
noble-metal-free electrodes for fuel cells,[205–208] but still
high-performance and stable electrodes are based on Pt.

To further strengthen this concept of a unified view of
the PEM system, instead of considering the anode and
cathode separately, it must be stated that the two electrodes
are interconnected and the overpotentials are linked. The
strong decrease in the maximum power density when CO is
fed (see later) confirms the need of a unitary approach, and
it is not appropriate to focus research only on the cathode
side.[13,202] We would thus suggest that the electrode design
in PEM fuel cells should not be differentiated in terms of
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anode and cathode, but only in terms of a first level regard-
ing the issue of developing well-dispersed Pt nanoparticles
and a second design level related to the efficient introduc-
tion of a cocatalytic function.

However, we could also observe that an efficient three-
phase boundary should be realized. The electrode design
problem is thus not only focused on maximizing the per-
formance of metal nanoparticles by an efficient dispersion,
but also on the specific architecture that allows the trans-
port of protons and electrons to or from the metal particles,
besides realizing an efficient gas-phase transport of the re-
actants. The support characteristics (properties and archi-
tecture) are important for these aspects. However, it is not
always clear that a change in the support properties may
influence the electron conductivity of the support or the
contact interface (“wettability”) with the membrane
(Nafion, for example), which, in turn, affects the efficiency
of the transport of protons.

Another issue is often not taken into account. If a metal
nanoparticle is in poor electronic contact with the carbon
substrate, at high current density (when the PEM fuel cell
has the maximum power density) charge accumulation oc-
curs on the metal particle. This effect reasonably induces a
dynamic particle reconstruction to minimize the surface
free energy. Studies on this aspect are limited, but interest-
ing evidence shows the existence of this problem, which is
illustrated in the simplified model in Figure 17.

Figure 17. Simplified model to provide evidence for the issue of the
reconstruction of Pt nanoparticles in PEM fuel cells during high-
current-density operations.

Witkowska et al.[209] investigated by X-ray absorption
fine structure (XAFS) analysis an electrode of Pt supported
on Vulcan XC-72. XAFS spectroscopy was performed in
situ during PEM fuel cell operations. Changes in the near-
edge structures reflecting variations in the electronic struc-
ture of Pt were observed for different potential values in the
activation region. Tada et al.[210] monitored by time-gated
rapid XAFS spectroscopy the dynamics of surface changes
in Pt nanoparticles during operations in a fuel cell. Kagey-
ama et al.[211] evidenced by in situ XAFS analysis that the
local structure around Pt and Ru atoms in the electrocata-
lysts changes depending on the operation voltage and shows
differences in the presence of CO in the fuel gas.

The effect is expected to depend on the size and geome-
try of the Pt nanoparticles and also on the type of interac-
tion with the carbon support. In addition, in this case, lit-
erature data are still preliminary, but they show the impor-
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tance of this aspect. The scheme reported in Figure 18 sum-
marizes the model derived from combined in situ X-ray ab-
sorption near edge structure (XANES) studies and theoreti-
cal modelling on the effect of the applied voltage during
oxygen adsorption on a Pt/C electrocatalyst. At 0.7 V vs.
RHE, O is observed to be adsorbing 1-fold (atop) on Pt,
but as the potential is increased, O spills over to an n-fold
(n = 2, 3) configuration. Above 1.0 V, place exchange is ob-
served, and O is observed to go subsurface.[212,213] The elec-
tronic effects of H and OH adsorption on Pt/C particles are
more extreme on smaller particles than on the larger ones,
as evidenced by XANES results. For the larger particles
that exhibit a decreased OH adsorption strength, more sur-
face sites are available to perform the oxygen reduction.

Figure 18. Model of the reconstruction of Pt nanoparticles on car-
bon by increasing the potential during oxygen reduction in a PEM
fuel cell (cathode). Adapted from ref.[212]

Theoretical studies indicate that a reconstruction occurs
upon charging the surface. Lozovoi and Alavi[214] investi-
gated the stability of missing-row reconstructions of Pt(110)
surfaces with respect to surface charging by using ab initio
theory. At small surface charges, the effect of the charge
follows the difference of the work functions; i.e., a positive
charge favours a surface having a smaller work function
and vice versa. Larger charges, either positive or negative,
tend to stabilize the reconstructed surface or, more gen-
erally, the 1 � r reconstruction with larger r. The issue, how-
ever, is how to introduce in the calculations the effect of
particle size and morphology, as well as the effect of inter-
action with the substrate.

In nanoparticles, structural and electronic properties
strongly depend on size and shape (e.g. quantum size ef-
fects; see Figure 19a), and several different types of surface
sites are present, which in turn depend on the particle ge-
ometry (Figure 19b): steps, kinks, tips, vacancies, etc. When
the particle is charged, the surface free energy is influenced,
and thus different crystalline planes and/or surface sites are
stabilized. The support and its electronic/structural proper-
ties influence the size and morphology of the supported
particles and its reconstruction. When the full working elec-
trode is considered, a number of further problems arise in
modelling, such as the presence of (i) a reactive environ-
ment, which might influence the structure, stability and
composition of the Pt nanoparticles (or certain functional
groups) and (ii) a water layer between the electrode and
membrane, which is influenced by the electrical field and
affects the adsorption energies stabilizing/destabilizing cer-
tain structures.
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Figure 19. (a) Dependence of the value of physical properties on the number of atoms in clusters; the quantum size effect regime is
highlighted. (b) Model of a Pt nanocluster: the different types of surface sites are highlighted.

The adsorption of reactants also induces a reconstruc-
tion. The Pt(110) electrode shows a stable (1� 2) recon-
struction over a wide electrode potential range, and the top-
most rows of Pt atoms are expanded into the electrolyte.
Additional expansion occurs upon the potential-induced
adsorption of hydroxy groups or hydrogen atoms.[215] The
presence and stability of the (1�2) reconstruction has an
important influence on the surface reactions that can occur
in the electrolyte. Recently, these studies have been extended
on Pt nanoclusters (37 atoms) supported on carbon.[216] By
using density functional theory (DFT) calculations, it was
shown that, without hydrogen, the morphology change of
a truncated cuboctahedral Pt37 is driven by shearing of the
(100) to (111) facets to lower the surface energy. With H
passivation, the sheared structure automatically reverts to
the observed truncated cuboctahedral structure, and the
average first-nearest-neighbour Pt–Pt bond length increases
by 3. This is due to the preference for H adsorption at
bridge sites on (100) facets. However, the preferential sitting
of H is influenced by the application of a potential and, in
turn, by the reconstruction of Pt nanoparticles.

The interaction with the carbon support would further
influence this process. Johnson et al.,[217] showed by DFT
calculations that truncated cuboctahedral Pt37 clusters sup-
ported on graphite evidence the presence of bond-length
disorder (in agreement with EXAFS data) arising from an-
isotropic distortions in the cluster, resulting from interac-
tions of the bottom metal layer in contact with the graphite
surface. Figure 20 shows the model of the relaxed structure.
Clearly, both the electronic structure of the carbon support
and the presence of an applied voltage influence the
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strength of interface interactions with the clusters and, in
turn, its symmetry.

Figure 20. The relaxed structure of a Pt37 cluster supported on a
graphite surface. Adapted from ref.[217]

The role of the carbon structure in determining the prop-
erties of supported noble metal particles is an issue, particu-
larly for the use of novel nanostructured carbons such as
CNTs, CNFs, etc. in PEM fuel cells.[1,11,13,192,193,196] CNFs
may be grown with different nanostructures (summarized in
Figure 21a), depending on the modality of synthesis:[218–221]

fishbone, deck of cards and parallel. The fishbone (herring-
bone; h-CNF) type CNF has graphene layers with an angle
of 45° to the growth axis. The deck of cards (platelet; p-
CNF) type CNF has graphene layers perpendicular to the
growth axis. The parallel (tubular; t-CNF) type CNF has
graphene layers parallel to the growth axis with multiwall
assembly.
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Figure 21. (a) Schematic representation of three types of CNFs.
Adapted from refs.[219,220] (b) Types of functional groups produced
by the oxidation of carbon.

It was found that noble metals supported on platelet
CNFs are more active toward ORR than those supported
on fishbone CNFs, both in terms of the onset reduction
potential and ORR current peak potentials,[222,223] due to
the presence of a higher ratio of edge atoms to basal atoms
in platelet CNFs. Tsuji et al.[224] also observed a higher ac-
tivity of platelet CNF (as support for Pt-Ru nanoparticles)
with respect to tubular and herringbone CNF in methanol
oxidation.

Depending on the type of CNF and surface nanostruc-
ture, different preferential localizations of noble metal par-
ticles are present: on the edge of the graphite layers (p-
CNF), in the tubes and on the surface (t-CNF), and be-
tween the layers and on the edge (h-CNF).[225] The metal
nanoparticles show a different activity. The edge atoms of
the surface terminating carbon layers are rich in electrons
and/or more defective, and they will form different func-
tional groups after the oxidative pretreatment. The latter
is made usually prior to the loading of the noble metal.
Figure 21b shows the different types of functional groups
that can form on the surface of a carbon material. These
functional groups will anchor the noble metal particles and
thus influence their size (dispersion), stability and reactivity
as well.

Masheter et al.[226] have quantitatively determined the
amount of quinonyl groups present on the surface with re-
spect to the number of carboxyl groups in “bamboo-like”
and “hollow-tube” multiwalled carbon nanotubes (b-
MWCNTs and h-MWCNTs, respectively). In the former,
the axis of the graphite planes is at an angle to the axis of
the nanotubes, and thus the difference between these two
types of CNTs is close to the difference between h-CNFs
and t-CNFs. In b-MWCNTs, after oxidative pretreatment,
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the ratio between quinonyl to carboxyl sites is about 6:4,
while in h-MWCNT the ratio is 4:6. Also, the total amount
of sites is higher in the former.

Therefore, the CNF or CNT nanostructure influences
both the dispersion and the reactivity of supported noble
metal particles, and their stability as well, because a better
interaction with the carbon surface limits Pt mobility and
sintering.

However, the nature of the support also influences other
properties, which contribute to change the performance of
PEM fuel cells. Steigerwall et al.[227] found that Pt-Ru sup-
ported on graphitic carbon nanofibres shows better per-
formance as an anode for direct methanol fuel cells than
Pt-Ru supported on single-walled nanotubes (SWNTs),
multiwalled nanotubes (MWNTs) and herringbone CNFs,
and they correlated the behaviour to the electrical conduc-
tivity of these four carbon materials. Kim et al.[228] showed
that the capacitances of pristine CNFs and surface-modi-
fied CNFs could be correlated to the nanostructure. In pris-
tine materials, the edge surfaces of platelet CNFs and her-
ringbone CNFs were more effective in capacitive charging
than the basal plane surface of tubular CNFs by a factor
of 3–5. Graphitization of p-CNFs changes the edge surface
into a dome-like basal plane surface, and the corresponding
capacitances decrease. A chemical oxidation, however, reco-
vered a clear edge surface by removal of the curved basal
planes. The difference in the contribution of the edge sur-
face and basal-plane surface to the capacitance of CNFs
reflects in an anisotropic conduction of graphitic materials.

Another factor that influences behaviour is related to the
influence on the proton transport and “wettability” with
the proton-transfer membrane (Nafion, for example). As
shown in Figure 2, the CNFs or CNTs could be grown over
carbon macrofibres (carbon cloth – CC) to realize an ef-
ficient nano/micro architecture for PEM electrodes. Li et
al.[229] recently proposed the use of carbon nanofibres im-
mobilized on carbon microfibre felts as an efficient system
for PEM fuel cell electrodes.

However, there is a problem regarding the contact with
Nafion, because a defect-free basal plane has poor contact
in comparison with an edge plane. Figure 22 compares the
single-cell behaviour of Pt nanoparticles deposited on h-
CNTs and p-CNTs grown over CC. The inset of the figure
shows a SEM image evidencing the good dispersion of Pt
particles with a mean diameter between 2 and 5 nm. There
are no remarkable differences in the distribution of Pt par-
ticles between h-CNTs and p-CNTs. Single-cell PEM fuel
cell tests were performed by using a humidified pure H2

and O2 feed at the anode and the cathode, respectively, with
the same commercial E-TEK 20 % (wt.-%) Pt catalyst on
carbon black/CC at the cathode.[230–232] The tests were run
at room temperature (about 20 °C) in order to better ob-
serve the problem of contact with Nafion. Figure 22 shows
two regions in the polarization curves: region A, where the
behaviour is determined mainly by catalysis kinetics and
ohmic losses, and region B, where the mass-transfer limita-
tions become dominant. All the other parameters being the
same, in this case the behaviour is determined essentially by
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the limitations in proton mass transport, which are related
to the different types of contact between the Nafion mem-
brane and the electrocatalyst. This, in turn, is a function of
the “wettability” between the CNFs and the Nafion mem-
brane.

Figure 22. Comparison of the single-cell polarization curves at
20 °C with 20% (wt.-%) Pt supported on h-CNFs and p-CNFs
grown over CC. Inset: a SEM image of the Pt/p-CNF/CC sample.
For the regions in the polarization curves, see text. As cathode, a
commercial E-TEK 20% Pt on Vulcan XC-72/CC was used. Tests
were run with with pure H2 and O2 at the anode and cathode,
respectively.

The presence of defects on the carbon substrate plays a
critical role in all these properties. We can discuss these as-
pects with a specific example on the comparison of the be-
haviour of two anode electrodes for a PEM fuel cell based
on Pt/MWCNTs, in which in one instance the carbon sub-
strate was subjected to ball-milling prior to the deposition
of Pt.[233,234] Ball-milling is a procedure often used to
shorten and open multiwalled carbon nanotubes produced
by CVD.[235] The process, however, also introduces defects,
which may be evidenced by TEM images.[234] During ball-
milling, the frequent collisions and the high velocity of the
steel balls cause strong impacts on the nanotubes. If the
collision energy is high enough, the cylindrical structure of
the CNTs is cracked at the impact sites, and the graphene
layer breaks down. Therefore, short nanotubes with open
ends can be formed. Milled nanotubes are prone to break
at the sites of structural defects, such as bends, thus causing
the majority of milled CNTs to be straight. In addition, if
the intensity of collisions is not high enough to cause nano-
tube cleavage, they will produce more defects on the tube
walls.

Defects in CNTs are usually introduced by an oxidation
pretreatment with nitric acid, H2O2 or other reactants. The
treatment is necessary to obtain a good dispersion of the
metal particles. These methods, in fact, create different sur-
face functional groups (lactone, pyran, carboxyl, anhydride,
quinone, phenol, furan) (see Figure 21b), although several
of these groups have a low thermal stability. The type of
pretreatment influences the dispersion and electrocatalytic
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activity,[236] but often results are only phenomenological. In
addition, other types of defects not associated to oxidation
treatments could be present in CNTs, such as vacancies,
vacancy-related defects or nonhexagonal carbon rings.[237]

These topological defects may occur in the as-grown nano-
tubes, or they can be generated by several methods like
chemical treatment, mechanical or irradiation treatment.
The ball-milling may thus be considered as a method to
create mechanically induced topological defects in CNTs,
which are able to anchor efficiently Pt nanoparticles. We
call the nondefective and defective samples hereafter Pt/nd-
CNT and Pt/d-CNT, respectively.

The presence of defects improves the dispersion of Pt
particles. The average size of Pt particles in Pt/d-CNTs is
1.4 nm, while the particle size in Pt/nd-CNTs shows a bi-
modal distribution, centred at 1 nm and 4.5 nm. The
average size of Pt particles in Pt/nd-CNTs is 3.0 nm. For
reference, the mean size of Pt particles in Pt/Vulcan XC-72
electrocatalysts was found to be about 3.6 nm.[238] There-
fore, in both Pt/d-CNTs and Pt/nd-CNTs, small Pt nanopar-
ticles (�2 nm), with size below the usual observed in Pt/
carbon black materials are the dominant species. However,
a uniform distribution is observed in the Pt/d-CNT sample.
The distribution of Pt particles allows estimating the geo-
metrical surface area (GSA) of Pt particles on the basis of
the assumption of a round-shaped geometry. The results are
summarized in Table 1, using both the mean diameters of
the particles and the size distribution. For Pt/d-CNTs the
difference is minimal, but in Pt/nd-CNTs, where a broader
and bimodal particle size distribution is present, the differ-
ence is relevant. The GSA is usually estimated only on the
basis of the mean diameter of the Pt particles.

Table 1. Electrochemical active surface area (EAS) determined by
cyclic voltammetry experiments, geometrical surface area (GSA),
estimated on the basis of the mean diameter of Pt particles or the
size distribution determined by TEM measurements, and the mean
value of the ratio of the EDX peak intensities of F and Pt in the
SEM images of the Pt/CNT/CC/Nafion composite. Adapted from
ref.[234]

Sample EAS GSA GSA F/ R [V/mA][d]

[m2/g] [m2/g][a] [m2/g][b] Pt[c]

Pt/d-CNT 163.3 200.3 207.6 1.3 3.329�10–3

Pt/nd-CNT 114.3 93.5 151.8 0.8 4.490�10–3

[a] Based on mean diameter. [b] Based on size distribution. [c]
Average value of about 20 measurements (different spot zones) of
the local ratio between the intensities of the EDX peaks of F (re-
lated to Nafion) and Pt in the SEM measurements of the mem-
brane electrode assembly (MEA). [d] Ohmic resistance in the Tafel
plot.

The geometrical surface area determined from the par-
ticle size is an indication of the total available surface area,
which depends on the dispersion of Pt on the support.
However, it does not provide an estimation of the electro-
chemical active surface area. In fact, part of the Pt particles
may be inactive, because of poor contact with the carbon
conductive substrate or because part of the surface area is
not accessible to the gas reactants. The estimation of the
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electrochemical active surface area (EAS) can be made by
cyclic voltammetry (CV) experiments in acid solution to
calculate the amount of charge transfer during the elec-
troadsorption and -desorption of H2 on Pt sites.[239] The
values should be corrected for the contribution of double-
layer charge and eventually of the support.

The values of the EAS estimated in this way are also
reported in Table 1. It may be noted that the EAS is about
20–25% lower than the GSA, a result which is consistent
with literature observations. Cai et al.,[238] for example,
found that the percentage of Pt utilization, i.e. the ratio be-
tween EAS and GAS (indicated by them as chemical sur-
face area – CSA), is about 80%. Considering that it is rea-
sonable to assume a contact angle of about 130–150° (with
respect to 180° for an ideal round-shaped Pt particle with-
out interaction with a flat carbon surface), from simple geo-
metrical considerations, it is possible to estimate that at le-
ast 20 % of the ideal geometrical surface of Pt nanoparticles
is not accessible to hydrogen adsorption. The data on EAS
thus indicate that nearly all the Pt nanoparticles are access-
ible to hydrogen adsorption and electrochemical reaction.
On the basis of EAS determination, the activity of Pt/d-
CNTs should be about 30% higher than that of Pt/nd-
CNTs.

CV data[234] provide further indications on the difference
between the two samples. Maruyama and Abe,[240] who
studied the behaviour of glassy carbon (GC) electrodes by
cyclic voltammetry, where the surface was electrochemically
oxidized to generate hydrophilic groups, showed that sur-
face functional groups, such as quinone-like groups, con-
tribute to determining the shape of CV curves in acid me-
dium. When the degree of surface oxidation increased, the
current in both anodic and cathodic scans increased, and a
broad peak centred at around 0.35 V (with respect to SCE)
both in the anodic and cathodic sides of the CV graph were
observed. These peaks were caused by the redox reaction
of quinone-like functional groups on the GC surface [Equa-
tion (4)].

C=O + 2H+ + 2e–
w C(OH)2 (4)

The CV curve of Pt/d-CNTs shows clearly this contri-
bution, which is instead minimal in Pt/nd-CNTs, confirming
that ball-milling induces the formation of a large number
of surface defects on CNTs.

The presence of defects, however, does not influence only
the size and dispersion of Pt particles. An important aspect
regards the efficiency of the three-phase boundary and par-
ticularly the efficiency of the transport of protons generated
during H2 oxidation (see also Figure 17). The contact be-
tween the Pt/CNTs and the Nafion membrane is not easy
to estimate, but in SEM images of the assembled electrode
(MEA – membrane electrode assembly) it is possible to
measure the ratio between EDX intensities of Pt and F
(Nafion is a sulfonated, tetrafluoroethylene-based fluoro-
polymer copolymer). By averaging the measure over several
local spots, it is possible to have an indication of the effec-
tiveness of the contact. The results in Table 1 show that this
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ratio is about 40% higher in Pt/d-CNTs with respect to Pt/
nd-CNTs. This is due to the presence of a higher number of
defects, and associated functional groups in the former al-
low a better contact with the Nafion.

Another important aspect to consider is the electron
transfer resistance of the CNT substrate, which influences
the charging effect of the Pt nanoparticles during high-cur-
rent-density operations (see Figure 17). Also in this case,
direct measurements are not easy, but an estimation is pos-
sible by analyzing the polarization curves in single-cell ex-
periments in terms of the modified Tafel equation.[241]

[Equation (5)].

E = E° – b log i – iR (5)

E is the cell potential, i the current density, b the so-called
Tafel slope and R is predominantly the ohmic resistance
in the electrode and electrolyte responsible for the linear
variation of potential vs. current density plot. E° is related
to the exchange current density, i°, as shown in Equa-
tion (6).

E° = Er + b·log i° (6)

Er is the reversible potential for the anode reaction.
The kinetic parameters in Equation (5) could be esti-

mated from the experimental data by a nonlinear least-
squares regression analysis. The resulting values show that
E° is similar for the two Pt/CNT samples, indicating that
the exchange current (i°), which is related to the reaction
kinetics, is nearly the same. The value of R (Table 1) is
about 25 % higher for the Pt/nd-CNTs with respect to Pt/d-
CNTs. R is related to the ohmic resistance and depends on
many parameters. However, all conditions of preparation
are the same, apart from the nature of the CNTs. The differ-
ences observed for the single-cell performances are repro-
ducible when the samples are prepared again, and thus the
difference in the R value is related to the different electronic
conduction of the CNTs.

Therefore, the nature of CNTs and the presence of de-
fects influence many aspects, not only the dispersion of Pt
and the related electrochemically active surface. There is an
influence on the (i) efficiency of the contact with Nafion
and thus on the proton transfer and effectiveness of the
three-phase boundary, as commented above, (ii) resistance
to electron transfer, as indicated by the different value of
the R parameter in Table 1, and (iii) specific characteristics
of the Pt particles. The latter differ not only in terms of
dispersion, but also in terms of the interaction between the
carbon substrate and the metal particles, which in turn in-
fluences the specific characteristics and reactivities of the
supported Pt particles. In fact, the maximum power density
determined in single-cell experiments with pure H2 and O2

feeds at the anode and cathode shows a value about 65%
higher for Pt/d-CNTs with respect to that for Pt/nd-CNTs.
The increase in the maximum power density is significantly
larger than that expected from the differences in the electro-
chemical surface area (Table 1), confirming that additional
effects are present.
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When CO is present together with H2 in the anode feed,

a lowering of the performance of PEM fuel cells is shown
due to the strong chemisorption of CO on the Pt sites,
which inhibits the electrochemical activity in H2 oxidation
to protons and electrons. It is thus interesting to analyze
whether the presence of defects in CNTs influences dif-
ferently the behaviour of the two samples with respect to
that of the experiments with pure H2 flow at the anode.

The maximum value of the power density (MPD) of Pt/
d-CNTs decreases from about 28 to 24 mW/cm2 upon ad-
dition of 50 ppm CO to the H2 feed, i.e. a decrease of less
than 15%. On the contrary, the MPD of Pt/nd-CNTs de-
creases more than 50 % in the presence of CO. These experi-
ments were carried out at low temperature (20 °C), in order
to avoid limitations at the cathode. Therefore, the maximum
value of the power density is limited, but in line with that
observed for commercial Pt/carbon black samples.[244]

It is necessary to analyze whether the maximum power
density (MPD) correlates only with the presence of small
Pt nanoparticles in Pt/CNT samples. By using the experi-
mental distribution of Pt particles, the fraction of the total
surface area that can be attributed to particles below a criti-
cal size (1.5 nm in diameter, for example) can be calculated.
From this value, the electrochemical active surface area
(EAS) of these particles is estimated by multiplying this
fraction by the total measured EAS. This EAS for particles
below 1.5 nm may then be put in relation with the MPD
value for single-cell tests with or without the presence of
CO in the H2 flow. The results are summarized in Fig-
ure 23.

Figure 23. Relation between electrochemical active surface area
(EAS) for particles of diameter less than or equal to 1.5 nm (see
text) and maximum power density (MPD) for single-cell experi-
ments with pure H2 or H2 and CO (50 ppm) feeds at the anode.
Single-element PEM fuel cell: E-TEK Pt/Vulcan XC-72 on CC was
used as the cathode to which oxygen saturated with H2O at room
temp. was fed. Nafion® 115 was used as the membrane. Room
temperature (20 °C), 1 atm, feed of pure H2 (saturated at room
temp. with H2O) at the anode.

Assuming as active only the particles of diameter less
than or equal to 1.5 nm, a linear relationship is observed
for the H2 case, but not when CO is present in the feed.
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This evidences not only the role of CNTs in determining
the dispersion of supported Pt particles, but also the pres-
ence of additional effects in the experiments with CO.

It is known that the CO tolerance of Pt-Ru electrocata-
lysts is related to the formation of Brønsted acid sites (due
to water activation) that catalyze the oxidation of
CO.[242,243] CV tests have evidenced the higher abundance
of surface functional oxygen-containing groups on d-CNTs,
which reasonably act also as anchoring sites for the Pt
nanoparticles. These sites could assist in CO oxidation and
thus improve the CO tolerance of the electrocatalysts, par-
ticularly when very small Pt nanoparticles (�2 nm) are
present, as in the discussed Pt/CNT samples.

Many factors contribute to the single-cell behaviour. It is
thus necessary to consider the complexity of these phenom-
ena in analyzing the use of carbon nanotubes in advanced
electrodes. The results also evidence that specific attention
should be paid to the role of defects, taking into account
that they influence several aspects of the physical electro-
chemistry of the materials and not only the dispersion of
Pt particles, as often assumed.

A final important consideration regards the influence of
defects on the durability of electrocatalysts supported on
CNFs or CNTs, a relevant issue for practical applica-
tions.[244,245] The corrosion of carbon materials usually initi-
ates at defect sites.[246,247] Therefore, the presence of defects
is beneficial on one side, but could be negative on the other
side. However, data on the role of defects in CNT/CNF and
electrode stability are quite limited. Shao et al.,[245] analyz-
ing the effect of the use of CNTs, concluded that they im-
prove the durability of catalysts for PEM fuel cells with
respect to Vulcan XC-72 carbon black. This was related
only to the higher resistance of CNTs towards surface oxi-
dation with respect to carbon black.[248] This property de-
pends clearly on the specific CNT characteristics and the
number of defects as well.

On the other hand, the number and type of defects also
influence the rate of Pt ripening and anchorage to the sup-
port. In fact, there are two mechanisms of sintering of Pt
particles, particularly under application of a potential: (a)
Ostwald ripening on carbon at the nanometre scale and (b)
migration of soluble Pt species in the ionomer phase at the
micrometre scale, chemical reduction of these species and
crossover over the membrane, and finally, precipitation of
Pt particles in the cathode ionomer phase, which reduces
the amount of Pt on C.[249] Moreover, a stronger interaction
of Pt with the CNF surface with respect to that of carbon
black was reported,[247,250] although not related to the spe-
cific nature of surface functional groups.

Grolleau et al.[251] recently reported the behaviour of Pt
particles dispersed on two different Vulcan XC72 carbon
supports. One was used after thermal treatment at 400 °C
under a nitrogen atmosphere, the other after oxidation of
its surface by HNO3. TEM results indicated that the mean
particle size was a little higher on the non-oxidized support
(Pt/XC72) than that on the functionalized one (Pt/XC72
HNO3), 2.5 and 2.0 nm, respectively. However, potential cy-
cles from 0.05 to 1.25 V vs. RHE led to a higher increase
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in the particle size when the catalyst was dispersed on the
functionalized support, reaching after 400 potential cycles
5.5 nm versus 4.0 nm with the nonfunctionalized one. These
results indicate a negative role of the oxidized functional
groups on the Pt sintering upon potential cycling. On the
other hand, the results cannot be extrapolated to CNTs or
CNFs, because of the different nanostructure of carbon
black and the presence of sulfur, as well. Therefore, the
question of whether the carbon nanostructure influences
positively or negatively the stability of PEM electrodes is
still open.

It must be finally cited that a new interesting area of
development is the direct nanostructuration of noble met-
als. Chien and Jeng[14] proposed a 3D nanonetwork of Pt
and Pt-Ru catalysts for cathode use in direct methanol fuel
cells (DMFC). The catalysts are prepared in the void spaces
of a self-assembled, layered template of polystyrene (PS)
nanospheres by chemical reduction deposition. Removal of
the template by thermal decomposition resulted in the for-
mation of a nanonetwork catalyst with sizes of network
frames and hollow holes of around 10–200 nm. Physical
and electrochemical characterizations demonstrated that
such nanostructured catalysts have distinctive characteris-
tics including robust structures, spacious hollows, con-
nected flow channels, large surface areas and high electroca-
talytic activities. The prepared Pt and Pt-Ru nanonetwork
catalysts were applied to a single-cell DMFC as cathode
and anode catalysts, respectively, with a low catalyst loading
of 0.2 mg/cm2 for each. Results indicated that a good cell
performance is obtained with high normalized power densi-
ties. The maximal normalized power density at 60 °C was
about 3–4 times that of a DMFC used for comparison that
had conventional catalysts with a high catalyst loading of
4.0 mg/cm2. However, substantial improvements are still re-
quired, in both catalyst loading and electrode size, for more
practical applications.

Sun et al.[199] instead investigated the use of Pt nanowires
on carbon black for the oxygen reduction reaction (ORR)
in PEM fuel cells. The addition of carbon black to an aque-
ous solution of H2PtCl6 and HCOOH resulted in the direct
growth of Pt nanowires on the nanospheres of the carbon
support. In these nanostructures, the high-surface-area car-
bon black (Vulcan XC72) serves as the core, and the electro-
catalytically active Pt nanowires are grown radially from
the surface of the carbon particles. These Pt nanowire/C
nanocomposites show enhanced catalytic activity for the
ORR relative to a state-of-the-art Pt/C catalyst made of Pt
nanoparticles. The surface of carbon spheres is densely cov-
ered by packed arrays of Pt nanowires. Most of the
nanowires are 10–30 nm in length, but some of them can
reach up to a hundred nanometres. Some nanowires as-
semble into flower-like 3D superstructures on carbon
spheres. No data have been reported on stability, which
could be a problem for this type of electrocatalysts.

Other authors investigated the use of electrodes based on
Pt nanowires,[252–256] observing in general interesting prop-
erties related to the unique physicochemical and electronic
properties arising from the inherent anisotropic 1D nanos-
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tructure, such as charge-transfer facilitation, more efficient
use of Pt and a better interface.

Metallic nanowires could be produced also by using
mesoporous materials as template. Choi and Woo[257] re-
ported the synthesis of Pt-Ru nanowires with SBA-15 as
template and compared them with the behaviour of com-
mercial Pt-Ru black. TEM and XRD data of the synthe-
sized material show that in this network structure the Pt-
Ru nanowires are interconnected through smaller ones. The
catalytic activity, measured by cyclic voltammetry (CV) for
MeOH electrooxidation on this material, is lower than that
of commercial Pt-Ru black at potentials below 550 mV vs.
RHE. In contrast, a direct-MeOH fuel cell with the nanos-
tructured product as anode material shows a higher per-
formance than that of a cell with Pt-Ru black, because the
network structure leads to effective mass transfer in the
membrane electrode assembly.

Zhao et al.[258] instead synthesized a Pt nanowire array
electrode by electrodeposition of Pt into the pores of an
anodic Al oxide (AAO) template. TEM analysis showed
that the nanowires have a uniform diameter of about
30 nm. The brush-shaped Pt nanowire array electrode can
be seen by field emission SEM. The Pt nanowire array elec-
trode showed good performance in the electrooxidation of
MeOH. Chen et al.[259] proposed a new class of cathode
catalysts based on supportless Pt and Pt-Pd nanotubes.
These materials have good durability and high catalytic ac-
tivity. These catalysts may overcome the degradation that
affects current Pt/C and Pt-black catalysts.

The nanostructuration of Pt, in the form of nanowires
or 3D nanonetworks is thus a novel, interesting area in the
field of PEM fuel cells, particularly for direct alcohol appli-
cations. A better understanding of the role of nanoarchitec-
ture, however, is necessary.

6. Conclusions and Perspectives

The field of nanostructured electrodes for applications
ranging from energy storage (Li-ion batteries, supercapaci-
tors) to energy conversion (fuel cells, solar devices) is an
area of growing interest from both the fundamental and
the application points of view. This microreview examines
a series of selected aspects related to the role of nanostruc-
ture and nanoarchitecture in novel Li-ion batteries, solar
devices and fuel cells based on metal oxides (TiO2, V2O5),
carbon nanotubes and nanofibres and their hybrid materi-
als, as well as their use to support noble metal particles.

Notwithstanding the great progress made in these fields
in the recent years, it is notable that the decrease in the size
to nanodimensions opens new problems in understanding.
The developments have been in large partly driven by phe-
nomenological investigations and were material-oriented.
The next necessary step is a more in-depth understanding
of the complex phenomena at the foundation of the physi-
cal electrochemistry and reaction/transport kinetics during
the operation of the systems. Some of the areas in which a
better understanding is necessary have been highlighted.
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It was also evidenced that many simultaneous effects

contribute to determining the overall behaviour and thus
the optimization of the performance and nanoarchitecture
of the materials requires understanding this complexity.

In conclusion, this is an exciting area of inorganic chem-
istry with relevant implications to implement sustainable
energy. Together with catalysis, with which it shares many
aspects, it is one of the fields of nanomaterials, which can
better demonstrate the direct link between progress in
nanodesign and benefits in terms of large-scale applications.
However, further progress in the area can be achieved only
with a better understanding of the relationship between
hierarchical organization and nanosize-dependent effects
and performance.

This would require the integrated use of several advanced
physicochemical characterization methods, but the key de-
velopment is to emphasize the use of in situ methodologies
to characterize the nanomaterials in the presence of an ap-
plied voltage and a reactive environment. Significant pro-
gresses has been made recently in the field of heterogeneous
catalysis, and these results should be used to characterize
the behaviour of electrodes. In addition, many of the pro-
cesses are time-dependent, and thus time-resolved charac-
terization techniques have to be used. Initial interesting
attempts in this direction show the need to progress in this
area.

It is also necessary to progress in the real understanding
of the role of nanoarchitecture on the reactivity and per-
formance of these electrodes by the development of more
focused methodologies. The need for a better understanding
of charge transport in relation to nanostructure has to be
pointed out, in particular.
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