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Abstract A resurgence of interest in unsupported cata-
lysts, commonly nanostructured Pt or Pt-based catalysts,
for use in low-temperature fuel cells has occurred in recent
years: indeed, the use of unsupported nanostructured cat-
alysts may provide improved long-term stability during
fuel cell operation compared to the carbon-supported cat-
alysts because the carbon corrosion issue is eliminated.
Catalyst utilization can be increased by developing novel
nanostructures with high surface area and/or high catalytic
activity. Indeed, in recent years, the strategy to increase the
catalyst utilization has gone from decreasing the nanopar-
ticle size to tailoring new nanostructures. This work pre-
sents an overview of recent studies on novel metal
nanostructures for their possible use in low-temperature
fuel cells, highlighting that these materials can better per-
form than the commonly utilized carbon-supported cata-
lysts at similar catalyst loadings, having at the same time a
higher stability.

Introduction

Fuel cells convert fuels into electricity directly without the
need for combustion. Low-temperature fuel cells could be
used to provide power for vehicles, portable devices and
small stationary power in a way that is less damaging to the
environment than current powering methods. Conventional
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low-temperature fuel cells such as phosphoric acid fuel
cells (PAFCs) and polymer electrolyte fuel cells (PEMFCs)
are on the verge of entering the market. However, making
fuel cells as common and widely available as the conven-
tional battery or internal combustion engine is proving
difficult because there are several significant challenges
that still need to be overcome, in particular the high cost
of the components and the durability of the fuel cell.
Unsupported platinum was the first practical working
electrocatalyst in low-temperature fuel cells. Pt black
electrodes were initially developed in the early 1960s and
later became the primary electrocatalyst choice for the
electrode. Pt black is metallic platinum with an average
agglomerate size of approximately 1 pm and an electro-
chemical surface area of about 15 m? g~'. The funda-
mental particle size is in the order of 5-50 nm. A typical Pt
black electrode had high Pt loadings (~4 mg cm™%/side)
and also contained a hydrophobic binder, typically poly-
tetrafluoroethylene (PTFE) [1].

Platinum-supported catalysts (Pt particle
2-4 nm) for membrane-based fuel cells emerged in the late
1980s and early 1990s with the promise that they would
lead to low catalyst loadings (low cost) while at the same
time meeting all the performance and durability metrics for
both stationary and transportation applications (40,000 and
5000 h, respectively). These catalysts have since attracted
most of the attention from developers [2, 3]. Using carbon-
supported Pt or Pt-alloys, high performances have been
attained in H,/O, fuel cells with very low loadings of
catalyst (0.1-0.2 mg cm™?) [4, 5].

In contrast to H,/O, fuel cells, direct methanol fuel cell
(DMFC) anodes typically have Pt alloy loadings of several
mg cm 2. A comparative study of the use of supported and
unsupported catalysts for DMFCs by Liu et al. [6] showed
that the performance of 0.46 mg cm > PtRu/C anode is
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comparable to the performance of anodes with 2 mg cm™>

of unsupported PtRu nanoparticles. The very high specific
surface area of the supported PtRu catalyst is the reason for
the higher catalytic activity relative to the unsupported
catalysts.

It is known, however, that Pt-nanoparticle coarsening
and corrosion of carbon support are the major causes for
specific surface area loss of Pt/C catalysts [7-9]. Carbon
corrosion and subsequent platinum sintering are primarily
responsible for performance degradation when fuel cell
stack operation is interrupted; the degradation rate increa-
ses with higher operating voltages. Thus, ongoing research
involves finding catalyst support materials with better
corrosion resistance [10] and strengthening metal—catalyst
support interactions.

A resurgence of interest in unsupported catalysts has
occurred in recent years: indeed, the use of unsupported
nanostructured catalysts may provide improved long-term
stability compared to the carbon-supported catalysts during
fuel cell operation because the carbon corrosion issue is
eliminated. Moreover, in DMFCs, unsupported catalysts
allow very thin catalytic layers to be used, even in presence
of significant loadings (e.g. 2 mgp cm ™). This leads to a
reduction of ohmic drop [11] and facilitates migration of
the reacting species through the catalyst layer [12].

In general, the mass activity (MA, activity mass_l) of a
catalyst is defined as the current normalized by the noble
metal loading or catalyst loading as measured at a specific
potential, and can be expressed as:

MA = SA x SSA (1)

where SA is the specific activity (activity area™'), defined
as the current normalized by the chemical (CSA) or elec-
trochemically active (ECSA) surface area and SSA is the
specific, chemical or electrochemically active, surface area
(area mass~'). The use of ECSA is more appropriate than
CSA for the definition of the SSA area of a catalyst.
Indeed, a not negligible part of noble metal atoms presents
on the catalyst surface are not electrochemically active,
being not accessible to reactants, due to the presence of an
excess of oxides or being localized inside small pores. To
increase catalyst utilization, novel Pt nanostructures with
improved SSA and/or SA have been developed. In the
recent years, the strategy to increase the catalyst utilization
has gone from decreasing the nanoparticle size to tailor
new nanostructures with high surface area and/or high
specific activity. The use of nanostructured Pt and Pt-based
catalysts in fuel cells has only been discussed briefly in
recent reviews of such catalysts [13—16]. In this work, an
overview of recent studies on novel metal nanostructures
for their possible use in low-temperature fuel cells is pre-
sented, highlighting that these materials can perform better
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than the commonly utilized carbon-supported catalysts at
similar catalyst loadings, having at the same time a higher
stability.

Improving mass activity: from the size to the shape
of metal nanostructures

As previously reported the MA can be increased (and thus
the platinum loading can be lowered) by increasing the
specific surface area of the catalysts, i.e. by decreasing the
particle size. It is generally accepted that the oxygen
reduction reaction (ORR) SA changes with particle diam-
eter activity. This in turn means that MA is not simply
inversely proportional to particles size. As a first approxi-
mation, SSA = k 1/d and SA = k' In d, where d is the
particle size, k is the SSA for d = 1 nm and k' is the SA for
d = e = 2.7 nm. By setting the derivative of MA versus
d equal to 0 [d(MA)/d(d) = 0], the value of d for maximum
MA is the exponential e = 2.7. According to literature, the
experimental optimum crystallite size for the ORR on
polycrystalline Pt nanoparticles in acid electrolytes is about
3 nm [17-19]. It was suggested that the change in the
fraction of surface atoms on the {100} and {111} crystal
faces of Pt particles, going from smaller spherical to larger
cubo-octahedral structures, can be correlated to SA and
MA of highly dispersed Pt electrocatalysts. The maximum
in MA was attributed to the maximum in the surface
fraction of Pt atoms on the {100} crystal face, resulting
from the change in surface coordination number with a
change in the particle size [17]. On the other hand,
according to Gamez et al. [20], the particle size effect
results from stronger adsorption of oxygenated intermedi-
ate species on smaller particles, which hinders the ORR.
All these experiments referenced above [17-20] were
measured in H,SO,. It has been suggested that, as sulfate
anions can diffuse from the aqueous electrolyte to the
active layer, the size effect could also partly result from
adsorption of these anions on Pt [21]. A Pt particle size
effect on the ORR, however, was also observed in non-
adsorbing HCIO, [22-24]. The origin of particle size
effects on the ORR in those studies was attributed to
stronger interaction of oxygenated species with smaller
Pt particles, due to the dependence of Pt electronic state
[22, 23] or of the potential of point of zero charge [24] on
particle size. Considering the excellent agreement observed
between the ORR activities measured in HClIO4 and by
PEMEC testing, Gasteiger et al. [25] confirmed that the
same particle size effects were observed in PEMFCs. The
particle size can affect not only the ORR, but also
the methanol oxidation reaction (MOR) [26-28]. The
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dependence of the MOR activity on the particle size was
attributed to the stronger binding of OH and CO (formed
by methanol decomposition) on smaller particles.

In addition to the size, the shape or morphology of a Pt
nanoparticle provides a powerful tool for tuning its elec-
trocatalytic properties. Thus, as well as studies on the
dependence of platinum activity and durability on particle
size, the shape-dependent properties of nanostructured
platinum have also been explored, showing that the cata-
lytic activity can be related to the shape of platinum
nanostructures [13-16, 29]. The use of unsupported, novel
nanostructures with high SSA and/or SA is emerging as an
alternative to conventional methods (reducing particle
size by dispersing a catalyst on a carbon support). Metal
nanostructures with a variety of shapes and morpholo-
gies have been explored, such as nanotubes, nanowires,
nanodendrites, nanoflowers, meso/nanoporous structures,
nanocubes, nanomultioctahedrons, and nanotetraexahe-
drons. It has been found that the catalytic activity of these
metal nanostructures is higher than that of spherical metal
nanoparticles. In the next sections, some novel metal
nanostructures are presented and their catalytic activity and
stability is compared with that of conventional unsupported
and supported nanoparticles. Although these metal nano-
structures can possess both high specific surface area and
high specific activity, they have been separate in two
classes, according to the scheme reported in Fig. 1,
showing the relation between the particle shape and the
mass activity, based on their main characteristics.

Fig. 1 Scheme of the relation
between the particle shape and
the mass activity of metal
nanostructures

Thermodynamic and Kkinetic aspects affecting the shape
of nanostructures

The control of the size and shape of platinum materials at the
nanoscale can contribute to lowering the amount of Pt uti-
lized, thereby achieving the desired cost reductions [13]. The
shapes of platinum and platinum-based nanoparticles can be
controlled by both thermodynamic and kinetic factors, which
are determined by both the intrinsic structural properties of
platinum and the reaction conditions, for example solvent,
capping agent, and reducing agent [14]. Metal nanoparticles
form facets to minimize surface energy and total excess free
energy. Platinum, which has the face-centered cubic (fcc)
symmetry, is usually bound by three low-index planes,
namely {100}, {110}, and {111} surfaces. The surface
energies (y) of the low-index crystallographic planes are in
the order of y{111} < {100} < y{110}. In general, the
non-spherical particle shape originates from a combination
of the final stability of different facets due to the different
growth rate of {111} and {100} faces. For example, a tet-
rahedron is bounded by {111} facets and a cube is covered by
{100} facets, whereas a cuboctahedron is enclosed by a mix
of {100} and {111} facets. While the “simple” shapes
including tetrahedron, cube, octahedron, and their truncated
forms are morphologies that can be predicted for a fcc
crystal, the introduction of defects can effectively break
down the crystal symmetry resulting in the formation of
shapes with reduced symmetry such as nanorods, plates,
planar tripods, and multipods. Figure 2 shows some possible
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Fig. 2 Selective possible shapes of platinum nanoparticles (a and
b) without defects and bounded by a one group and b two groups of
facets; and (c—f) with different numbers of defects. The notation
(m, n) represents the number of defects m, and different facets n, in
crystals. Reproduced from [14], copyright 2009, with permission from
Elsevier

shapes of platinum nanostructures with {111} and {100}
planes exposed. The blue and yellow colors represent the
{100} and {111} facets, respectively. A shape factor nota-
tion (m, n) is used to describe nanocrystals that have different
numbers of defects m, and facets n. The energetically
favoured shape of an fcc single Pt crystal would be a trun-
cated octahedron with the optimal truncation fulfilling the
condition of y{100}/y{111} = I{100}//{111}, where [ rep-
resents the distance from the facet to the center of the particle
and this parameter reflects the ratio of growth rates along
{100} and {111} directions [30]. The ratio of these two
growth rates can be defined as R, which changes from 0.58
for a cube to 0.87 for a cuboctahedron and eventually to 1.73
for an octahedron. The surface energies and thus growth rates
can be modified by using various capping agents in a shape-
controlled synthesis. Both the selectivity of a capping agent
for a specific facet and its concentration play important roles
in the formation of well-defined polyhedrons. The shapes of
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platinum nanoparticles can be controlled by changes in the
ratio of the concentration of the capping polymer material
to the concentration of the platinum cations used in the
reductive synthesis of colloidal particles. Tetrahedral, cubic,
irregular-prismatic, icosahedral, and cubo-octahedral parti-
cle shapes have been observed, whose distribution was
dependent on the concentration ratio of the capping polymer
material to the platinum cations [31]. The difference between
the rate of the catalytic reduction process of Pt>™ on the
{111} and {100} faces, the competition between the Pt*"
reduction and the capping process on the different nano-
particle surfaces, and the concentration-dependent buffer
action of the polymer itself all control the final distribution of
the different shapes observed.

Multiple factors can affect size and shape of platinum
nanoparticles produced in a solution through the nucleation
and growth process [14]. At initial stages, the zero-valence
metal atoms form through either reduction of ions or bond
breaking of compounds. These metal atoms collide to
produce small clusters that are thermodynamically unstable
and can dissolve before they reach a critical radius or
overcome a critical free energy barrier and become ther-
modynamically stable nuclei. These nuclei grow into
nanoparticles at the consumption of free atoms in solution
or unstable small clusters. The seed structures in the
nucleation step can be influenced by controlling the reac-
tion kinetics. In this way, it is possible to obtain Pt nano-
crystals of different morphologies through the control of
reaction kinetics by varying reduction conditions [13].
When the reduction is relatively fast, the nanocrystallite
seeds tend to grow and form the thermodynamically
favoured shape (i.e., truncated octahedron) in an effort to
minimize the surface energy. When the reduction is slowed
down, the shape of a Pt nanocrystal becomes more sensi-
tive to the capping agent. The promotion or inhibition of
selective growing surfaces or the relative stability of these
surfaces should be the key to achieve a desired shape.
Through the shape-controlled synthesis, it is possible to
address the shape of a nanocrystal to only expose a specific
set of facets.

Synthesis methods of unsupported Pt and Pt-based
catalysts

Conventional unsupported spherical/cubo-octahedral
nanoparticle catalysts

Various methods are utilized for preparing conventional
unsupported spherical/cubo-octahedral nanoparticle cata-
lysts. A commonly used synthesis method is the reduction
of Pt precursors (and M precursors in the case of binary
PtM catalysts) in aqueous solution at low temperature
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(<100 °C) or at intermediate temperature (250-500 °C)
with NaBH,, hydrazine, or hydrogen [32, 33].

Colloid methods are widely used to prepare Pt and Pt-
based catalysts. The polyol process is a technique in which
a polyol such as ethylene glycol is used as both solvent and
reducing agent. A unique property of the polyol process is
that it does not require any type of polymer stabilizer. In
the polyol process using ethylene glycol, metal ions are
reduced to form a metal colloid by receiving the electrons
from the oxidation of ethylene glycol to glycolic acid.
Glycolic acid is present in its deprotonated form as gly-
colate anion in alkaline solution. It is believed that the
glycolate anion acts as a stabilizer by adsorbing the metal
colloids. Stable platinum metal nanoclusters with small
particle size in organic media have been prepared by
heating corresponding metal hydroxide colloids in ethyl-
ene glycol containing NaOH [34]. Bonnemann et al.
[35] developed a colloidal method to prepare unsup-
ported metals and alloys. Metal salts of Groups 6—12 were
reduced using alkali hydrotriorganoborates in hydrocar-
bons between —20 and 80 °C to give boron free powder
metals. The use of tetraalkylammonium hydrotriorganob-
orates as reducing agents leads to colloidal transition
metals in organic phases. These colloids may also be
obtained using conventional reducing agents after first
reacting the metal salts with the stabilizing tetraalkylam-
monium halide. Preparation of nanoparticles using a
microemulsion provides a convenient control of size and
composition. Oil-continuous microemulsions in which
well-defined closed aggregates occur are expected to form
an ideal environment for the formation of very small col-
loidal particles. The reducible ions can be dissolved to high
concentrations in the thermodynamically stable aqueous
“nuclei” of the microemulsion, while the “nuclei” still are
separated. from one another by a non-aqueous environ-
ment. Unsupported Pt—Co catalysts were prepared by
Zhang et al. [36] using a water-in-oil reverse microemul-
sion system, with hydrazine as reducing agent. The
reduction reaction occurs in a confined reaction zone
within the microemulsions. The ultimate nanoparticles
should follow the metal composition in the precursor
solution, without losing control of particle size.

Organometallic compounds as precursors are also used
to prepare unsupported nanosized Pt and Pt-based catalysts.
By thermal decomposition or reducing of organometallic
precursors, small nanoparticles of metal or alloy with
narrow size distribution can be obtained [37, 38].

New unsupported nanostructured catalysts
A number of shapes have been achieved for Pt nano-

structures using different synthesis methods. In general,
shape-controlled Pt nanostructures are synthesized by the

same synthesis methods used to prepare conventional
Pt-based unsupported nanoparticles but in the presence of
organic-capping agents and/or inorganic ions, by electro-
chemical synthesis (exceptional shapes), by template-
assisted synthesis, or by electrochemical dealloying.

Synthesis in the presence of organic-capping agents

organic-capping agents are widely used in shape control of
colloidal platinum nanostructures. Long carbon chains of
organic-capping agents are hydrophobic and have the ste-
reo hindrance effect to prevent direct contacts among rel-
atively high energy surfaces of platinum, stabilizing in this
way Pt nanoparticles. The decrease in total excess free
energy, due to the adsorption of capping agents, effectively
prevents Pt nanoparticles from further growth and Ostwald
ripening. When capping agents adsorb selectively onto
given platinum surfaces, the morphology of the nano-
structures can be controlled. The preferred adsorption onto
one set of surfaces results in different growth rates along
various given crystallographic directions. The solute atoms
would more likely attach to those less protected platinum
surfaces, leading to an anisotropic growth. One key crite-
rion in selecting capping agents for shape control is the
kind of interaction between the capping agents and the
various platinum facets, affecting the adsorption and
desorption processes. Capping agents commonly used in the
synthesis of nanostructurred Pt are poly(vinyl pyrrolidone)
(PVP), sodium polyacrylate, tetradecyltrimethylammonium
bromide (TTAB), oleic acid, and oleylamine. By using PVP,
eventually in the presence of inorganic ions, Pt nanowires,
Pt nanocubes, and Pt nanomultioctahedrons have been
obtained, as well as Pt nanoflowers and Pt nanocubes have
been synthesized with oleylamine as the capping agent. As
previously reported, the concentration of the capping agent
play an important role in the formation of well-defined
polyhedrons. Indeed, the reduction of K,PtCl, by H, gas in
aqueous solutions lead to different shapes of Pt nanostruc-
tures, depending on the concentration of sodium poly-
acrylate [31]. Pt tetrahedrons were stabilized at high
concentrations of sodium polyacrylate. At low concentra-
tions of sodium polyacrylate, instead, formation of cubes
occurred, due to the deposition of Pt atoms on the {111}
facets. When the reduction rate is slowed down, the shape of
a Pt nanocrystal becomes more sensitive to the capping
agent. TTAB is an effective capping agent, which prefer-
entially adsorb to {100} surfaces of platinum in aqueous
solutions. Pt cuboctahedrons and cubes have been prepared
in the presence of TTAB by reducing K,PtCl, with H,
generated in situ from the hydrolysis of NaBH, [39]. The
amount of H, production, which determines the reduc-
tion rate, can be controlled by adjusting the pH. At low pH,
large amount of H, was produced and cuboctahedrons
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were formed at fast reduction rate by taking the
thermodynamically favored shape. At high pH, small
amount of H, was generated and selective growth along
{111} directions of cuboctahedrons led to the formation of
cubes at slow reduction rate. Replacing NaBH, with ascorbic
acid, a milder reducing agent, Pt nanodendrites were
obtained as the final products [39].

Synthesis in the presence of inorganic ions

Inorganic ions play increasingly important roles in the
design of shape-controlled platinum nanoparticles. Similar
to the role of adsorptive organic molecules, these inorganic
species show preferred adsorption to specific facets of
platinum. Unlike their organic counterparts though, such
interactions can either promote or inhibit the further growth
along given directions. Silver and iron species are the most
used inorganic ions in the synthesis of nanostructured Pt.
Silver adsorbs preferentially on {100} surfaces in the form
of either Ag’ or Agi™, enhances the crystal growth rate
along {100}, and essentially determines the shape and
surface structure of the Pt nanocrystals [40]. Cubic, cubo-
octahedral, and octahedral shapes of Pt nanoparticles have
been prepared by adding different amount of silver ions in
the reaction mixtures [40]. Chen et al. [41] observed that
the shape of Pt® nanostructures obtained by polyol syn-
thesis can be altered by introducing trace amount of Fe(Il)
and Fe(Ill) ions, which mediate the reduction rates of
Pt(IV) species on various surfaces of platinum differently.
Kinetic control is achieved by coupling the reduction with
an Fe"/Fe™ redox reaction. The iron species play a key role
in inducing the formation of multioctahedral structures by
decreasing the concentration of Pt atoms and keeping a low
concentration for the Pt seeds during the reaction [42]. This
condition favors the overgrowth of Pt seeds along their
corners and thus the formation of multiarmed nanocrystals.
The size of the multioctahedral Pt nanocrystals can be
controlled by varying the concentration of FeCl; and/or the
reaction temperature.

Electrochemical synthesis of exceptional shapes

Many unconventional polyhedrons, that is, tetrahexahe-
drons bound by {hk0}, trapezohedrons by {hkk}, trisocta-
hedrons by {hhl}, and hexoctahedron by {hkl} with
h > k > [, are hard to produce using an ordinary chemical
method as their surface energies are too high. Nevertheless,
Pt nanocrystals in the tetrahexahedral shape have recently
been obtained by electrochemically treating spherical par-
ticles of Pt deposited on glassy carbon with a square-wave
potential in the presence of ascorbic acid and sulfuric acid
[43]. For a tetrahexahedron, the nanocrystal exhibits O,
symmetry and is enclosed by 24 high-index facets, which
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can be viewed as a cube with each face capped by a
square-based pyramid. In the electrochemical treatment,
the square-wave potential was believed to mediate the
adsorption behavior of oxygen on various facets of Pt
particles, leading to the formation of such an exceptional
shape. The oxygen atoms could preferentially adsorb onto
the high-index facets and preserve these surfaces. In con-
trast, it was difficult for the oxygen atoms to absorb onto
the low-index facets. Instead, they simply displaced the Pt
atoms on these surfaces, resulting in disappearance of these
facets.

Template-assisted synthesis

In recent years, many research activity focused on the syn-
thesis of new ordered porous materials by utilization of
porous matrices as templates [44]. Unlike the previously
described synthesis methods, which chemically or electro-
chemically promote or inhibit the growth of the nanostruc-
ture along given directions, affecting the thermodynamic or
kinetic parameters of Pt growth, templates offer confined
spaces and/or functionalized structures for the growth of
platinum. Templates can be classified into two main cate-
gories: hard and soft templates. In general, hard templates
(carbon nanotubes, mesoporous silica, and anodic aluminum
oxide) have been successfully used to prepare platinum and
platinum alloy nanotubes and nanowires, whereas soft tem-
plates (liquid crystal-templating materials, micelle, reverse
micelle, microemulsion, and liposome) have been utilized to
synthesize mesoporous platinum and platinum nanoden-
drites. The obtained Pt nanostructures are polycrystalline
and have controllable pore sizes, high surface areas, and
large pore volumes.

Electrochemical dealloying

Dealloying is a selective corrosion process where the less-
noble constituent of an alloy is removed, usually by dis-
solving it in a corrosive environment with an applied
potential (electrochemical dealloying) or without (chemical
dealloying). By controlling the temperature of dealloying,
the amount of the alloying metal, the potential applied, the
time of dealloying, and the corrosive used, the size of the
pores and ligaments within the porous material can be fine-
tuned. Electrochemical dealloying leads to a 3-dimensional
nanoporous structure formed of nanocrystalline foam
ligaments.

Metal nanostructures with high specific surface area

To date, efforts are addressed to the development of
techniques to produce catalysts with a high surface area to
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achieve high catalytic performance and utilization
efficiency. Metal nanostructure with high specific surface
area can be in form of hollow microsphere (mesoporous Pt
[45] and Pt nanotubes [46]), foamlike nanospheres, and
nanosheets (Pt dendritic sheets [47]) or linear structure
arrays (Pt and Pd nanowires [48, 49]). Hollow structures
with at least one nanoscaled dimension could combine both
advantages of the dimensions and high space utilizations,
and offer a uniquely high surface area compared to their
solid counterparts. Commonly, these materials are poly-
crystalline, and, as a consequence are not selective.

Nanostructures with unique structural geometry
One-dimensional structures: nanotubes and nanowires

Nanotubes (NTs) and nanowires (NWs) have attracted
significant interest as a result of their peculiar properties,
imposed by the anisotropy of their one-dimensional (1D)
geometry. Conventional platinum nanotubes (PtNTs) are
made of seamless cylinders of platinum networks. The
tubular structure of platinum nanotubes makes them unique
among different forms of platinum. Because of their unique
combination of dimensions at multiple length scales,
nanotubes can provide high platinum surface area as a
result of having nanometer-sized wall thicknesses. At the
same time, these materials have the potential to eliminate
or significantly reduce degradation pathways observed in
Pt/C by support corrosion. Moreover, the micrometer-sized
length of the PtNTs makes them less vulnerable to disso-
lution. Platinum nanowires (PtNWs) and palladium nano-
wires (PANWSs) are a class of one-dimensional nanomaterials
with a high aspect ratio and solid core. The co-existence of
both the hollow (nanotubes) and solid (nanowires) filled
structures was observed in Pt samples generated from
membrane templates [50]. In effect, nanotubes and nano-
wires represent different stages of Pt nanostructure growth.
Either nanotubes or nanowires of PtRu alloys can be obtained
by electro-codeposition through a porous membrane,
depending on the metal precursor concentration in the
electrolyte [51]. Synthesis of PtNTs is commonly realized
through two methods, either galvanic displacement or using
selected templates [15]. A relatively high yield of nanotubes
is obtained with the galvanic displacement approach, how-
ever, the dimensions and wall thickness of the resultant
hollow structures cannot be independently varied. The
template-assisted approach, on the other hand, seems to be
more beneficial in forming nanotubes with controllable wall
thickness. For the synthesis of PtINWs with well-controlled
aspect ratio, several routes have been proposed such as the
template-assisted method and the colloidal route using sur-
factants/capping molecules. In former case, both soft
(micelle) and hard templates (carbon nanotubes, mesoporous

silica, and porous alumina membrane) have been
successfully used for preparing PtNWs. This route provides
several distinct advantages over the latter method, offering a
convenient way for producing structurally uniform and often
periodically aligned materials in template matrices. In gen-
eral, these structures are polycrystalline. The high catalytic
activity of these 1D nanostructured materials is due not only
to their high surface area, but also to their structural geom-
etry. Among the different nanostructured Pt materials, PtNts
and PtNWs presented the highest stability upon potential
cycling.

In some works, the chance to substitute carbon-sup-
ported Pt with PtNTs as catalysts in low-temperature fuel
cells has been investigated. The catalytic activity and sta-
bility of PtNTs has been compared to that of conventional
unsupported and carbon-supported Pt. Chen et al. [46]
found that both the mass activity and the specific activity
for oxygen reduction of PtNTs, synthesized by galvanic
replacement using silver nanowires as the substrate, are
higher than those of commercial platinum-black and Pt/C
catalysts. Durability tests showed a significant decrease of
platinum ECSA for platinum-black and Pt/C, and only a
small decrease for PtNTs; PINT ECSA only decreased
about 20% after 1,000 cycles, while platinum-black and
Pt/C catalysts had an ECSA loss of about 51 and 90%,
respectively. Following repetitive potential cycling (RPC),
the particle size of the Pt/C catalyst increased from 2-5 to
10-20 nm, confirming that the major cause for the ECSA
loss of Pt/C is platinum nanoparticle ripening and to aggre-
gation owing to carbon corrosion, and the particle size of
platinum-black increased from 5-10 to 10-25 nm, as a result
of surface-energy minimization and Ostwald ripening.
Conversely, there was no noticeable morphological change
for the PtNTs. Using the same synthesis method, Bi and Lu
[52] obtained PtNTs with uniform density of nanoshells and
highly crystalline walls throughout the tubes. PtNTs ECSA
was higher than that of Pt/C, and the MOR activity of PtNTs
was nearly four times higher than that of Pt/C. Ordered
polycrystalline Pt [53] and Pt—Cu [54] nanotube arrays
were fabricated by one-step electrodeposition utilizing
nanochannel alumina (NCA) templates. Scanning electron
microscopy (SEM) images of the PtNT arrays are shown in
Fig. 3. Figure 3a shows the surface of the free-standing
PtNTs with length of about 750 nm after completely dis-
solving the NCA template. The inset in Fig. 3a shows the
SEM image of the NCA template filled with PtNT arrays: it
can be seen that the PtNTs replicate the pore sizes and
shapes. Figure 3b shows a high magnification SEM image
of the oblique view of the PtNTs. PtNTs have rough sur-
faces, and dispersed nanosized particles can be observed
on both the inner and outer surfaces, revealing that the
PtNTs are formed by the inhomogeneous accumulation of
nanoparticles. The oxidation peak currents for ethanol
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Fig. 3 SEM images of Pt nanotube arrays: a low magnification; b high magnification. Reproduced from [53], copyright 2009, with permission

from Elsevier

electro-oxidation on the PtNT array electrode were about 1.7
times those on the commercial PtRu/C electrode, making it a
promising catalyst for direct ethanol fuel cells (DEFCs).
Recently, Gorzny et al. [55] used a novel method for the
synthesis of platinum-tobacco mosaic virus (Pt-TMV)
nanotubes. A platinum salt was reduced to its metallic form
on the external surface of a rod-shaped TMV by methanol.
The ECSA of the Pt-TMV nanotubes was in the range
14-32 m* g~'. When used as a catalyst for methanol oxi-
dation, these Pt nanotubes displayed a 65% increase in the
mass activity compared to that of Pt nanoparticles. Stability
tests showed that, while Pt-TMV nanotubes lose between 8
and 24% of their ECSA, Pt nanoparticles lose 50-65% of
their ECSA after 400 cycles.

In general, the improved activity of the Pt nanotubes
was ascribed to their high surface area, high Pt utilization
and the exposure of certain crystal facets. Furthermore,
these Pt nanotubes, like carbon nanotubes, have an aniso-
tropic morphology and inner walls that can improve mass
transport and catalyst utilization for the electrocatalytic
reactions. It is important to point out, however, that all the
catalytic activity and stability tests on these PtNTs have
been carried out by cyclic voltammetry (CV) in acid or
alkaline medium, and none of these nanostructures has
been tested in a fuel cell.

Various articles have addressed the possible use of
PtNWs and PANWs as catalysts for methanol and ethanol
oxidation in low-temperature fuel cells. Highly ordered
PtNWs [56] and PANWs [49] arrays were prepared by
electrodeposition, using anodic aluminum oxide (AAO) as
a template. PtINWs and PdNWs presented a uniform
diameter, retaining the size and near cylindrical shape of
the pores of the template. The Pt nanowire array electrode
showed higher MOR activity than flat Pt and good stability
[56]. In the same way, the Pd nanowire arrays presented
high ECSA and showed excellent activity for the ethanol
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oxidation reaction (EOR) in alkaline media. The EOR
activity of PANW arrays was not only higher than that of
Pd film, but also higher than that of commercial PtRu/C
[49]. PtNWs with high MOR activity [57] and PANWs with
high EOR activity [58] were synthesized by electrodepos-
ition of Pt precursors containing PVP, and by using hex-
agonal mesophases as templates, respectively. The high
catalytic activity of PtNW and PANW arrays may be
attributed to the micrometer sized pores and channels in
nanowire arrays. They allow liquid fuels to diffuse into and
products diffuse out of the catalyst layer of the catalysts
layer much easier, therefore, the utilization efficiency of
catalysts gets higher. Thus, Pt and Pd nanowire arrays
could have good potential applications in direct alcohol
fuel cells (DAFCs). Kim et al. [59] prepared Pt nanowires
by treating electrospun PVP-Pt composite fibers at high
temperatures in an air atmosphere. The electrospun PVP-Pt
composite fibers thermally decompose at 250 °C, which
leads to the removal of 98 wt% of the PVP and the
simultaneous reduction of the Pt precursor to a Pt nano-
wire. Furthermore, polymer fibers subjected to a pyroliza-
tion process in nitrogen followed by exposure to an air
atmosphere enhance the surface area of the Pt nanowires,
leading to a high MOR activity. Song et al. [48] synthe-
sized PtINW networks with uniform wire diameters by
using a network of wormlike micelles as a soft template for
metal growth. Transmission electron microscopy (TEM)
images revealed the presence of abundant PtINWs in a low-
magnification image (Fig. 4a). At higher magnification
(Fig. 4b), the nanowires are seen to interconnect to form
large extended wire networks. A high-resolution TEM
(HR-TEM) image (Fig. 4c) shows that the interconnected
nanowires are polycrystalline as revealed by the varied
orientations of the atomic lattice fringes along an individ-
ual continuous wire. The SEM image in Fig. 4d shows how
the nanowire network forms a three-dimensional porous
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Fig. 4 TEM images (a, b), HRTEM image (c), and SEM image
(d) of the platinum-nanowire network. Reaction conditions: 20 mM
Pt(II) and 40 mM CTAB in 10 mL of chloroform; 30 mM NaBHj, in

mass and also verifies that the diameters of the PtNWs are
uniform. The PtINW network presented a high electroactive
surface area (32 m® g~ '), comparable to that of mesopor-
ous Pt. Polycrystalline PtNWs were prepared via a tem-
plate-synthesis method by electrodeposition of platinum
within pores of a track-etched polycarbonate membrane
[60]. The electrocatalytic activities of PtNWs, Pt/C, and Pt
black were compared by varying the Pt content on the
electrode from 0.2 to ca. 3 mgp, cm 2. For high Pt load-
ings, the PtNWs showed the highest mass activities and
stability for hydrogen and methanol electro-oxidation.
Thus, Pt nanowires may be promising electrocatalysts for
DAFCs requiring high Pt content. Preferentially oriented
{100} PtNW arrays were synthesized by the use of a
potentiostatic deposition through a porous AAO membrane
[61]. PtNWs showed an increased resistance to ECSA loss
upon RPC in acidic solution, as compared to Pt black. The
RPC, however, leads to a strong perturbation of platinum
surfaces and the preferential {100} orientation was no

100 mL of water; stirring at 1,000 rpm. Reproduced from [48],
copyright 2007, with permission from the American Chemical
Society

longer observed. Although the mechanisms underlying the
formation of preferentially oriented {100} surface remain
to be elucidated, these PtNWs seem an ideal choice of
material in the case of surface structure sensitive electro-
catalytic reactions which require high roughness factors
(specific surface area to geometrical surface area ratios)
coupled with preferential {100} platinum surfaces. Yuan
et al. [62] synthesized branched Rh/Pt bimetallic ultrathin
nanowires with nodes and stems by a seed displacement,
epitaxial growth method. Rh/Pt nanowires presented
enhanced electrocatalytic performance and selectivity
toward ethanol oxidation than commercial Pt black. The
selectivity to the complete oxidation of ethanol to CO, of
Rh/Pt nanowires was at least 2.69 times higher than that
measured on commercial Pt black. Koenigsmann et al. [63]
employed an acid-wash protocol to obtain highly exfoli-
ated, crystalline PtNWs with a diameter of 1.3 4+ 0.4 nm.
The ORR activity of these PtNWs was nearly four times
greater than that of analogous, unsupported platinum
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nanotubes and seven times greater than that of commercial
Pt/C.

Liang et al. [64] and Du [65] tested PtNWs as electrode
materials in DMFCs and PEMFCs, respectively. Liang
et al. [64] proposed a new DMFC anode structure con-
sisting of PtNWs electrochemically deposited into a partial
layer of a Nafion membrane. The platinum-nanowire net-
work formed not only provides the electron conduction
paths but also functions as the catalyst for the MOR, while
the remaining part of the membrane with no Pt keeps on the
function as the electrolyte. The Pt-Nafion integrated elec-
trode possessed a larger ECSA than the conventional
E-TEK electrode. The DMFC with this new anode struc-
ture presented a lower rate of methanol crossover as the
result of the incorporation of PtNWs into the hydrophilic
pores of the membrane. DMFC tests further showed that
the integrated electrode better performs than the conven-
tional electrode.

Du developed a very simple and effective process for
preparing gas diffusion electrodes (GDEs) in PEMFCs
[65]. PtNWs were grown on the carbon fibers in the carbon
paper by reducing H,PtClg with formic acid in the presence
of PVP at room temperature, without using any template or
catalyst. The PtINWs were uniformly distributed on the
support surface, with a length of 100—150 nm. Impedance
spectroscopy and polarization curve measurements in a
PEMFC showed that the as-prepared GDE possess a lower
charge transfer resistance and a higher power density than
the conventional GDE. The excellent performance obtained
and the simple steps made the process a promising tech-
nique for preparing GDEs in PEMFCs for commercial
applications.

Bi- and three-dimensional branched structures:
nanodendrites and nanoflowers

Because of their higher structural complexity and surface
area compared to nanowires and nanotubes, these branched
nanostructures have potential applications as catalysts and
electrocatalysts.

Nanodendrites (NDs) are structures developing a typical
multi-branching tree-like form. These structures form a
natural fractal pattern. Dendritic nanostructures can be
formed by metals, such as Pt and Pd, and metal oxides.
Among various tactics, design and synthesis of platinum
nanodendrites (PtNDs) with interconnected arms provid a
promising strategy to improve the specific surface area of
platinum nanomaterials. Furthermore, the presence of open
dendritic nanostructures in the PtNDs structures can con-
tribute to the high accessibility of guest species, and the
rich edges and corner atoms derived from the dendritic
structures of the PtNDs are highly desired for enhancing
the catalytic performance [66]. Song et al. [47] reported the
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synthesis of novel dendritic platinum sheets by the reduc-
tion of a metal complex with ascorbic acid in the presence
of liposomes. Variation of the reaction conditions, includ-
ing incorporation of a tin porphyrin photocatalyst within
the liposomal bilayer to initiate seed-particle growth,
allows access to a diverse range of platinum nanostruc-
tures, including dendritic nanosheets of uniform diameters
and convoluted foamlike structures composed of interwo-
ven dendritic nanosheets. All of these materials are com-
posed of flat or convoluted dendritic sheets of platinum
metal that are nominally 2-nm thick with 3—-4-nm wide
arms and 1-2-nm arm spacings. The platinum foams are
very attractive from the standpoint of electrocatalytic
reactions such as in PEMFC applications. The ECSA of Pt
black (ETEK) and Pt nanospheres with 140-nm and 78-nm
liposomes were 15.5, 16.8, and 18.1 m> g_l, respectively.
Not only they have high ECSA, but the extended open
dendritic structures may provide better current conductivity
than Pt black nanoparticles. These platinum foam nano-
spheres have the same ORR activity than commercial
platinum-black. To determine whether the ripening-resis-
tant dendritic platinum nanostructures might be durable in
electrocatalytic applications, flat dendritic Pt nanosheets
(Fig. 5a) and foamlike Pt nanospheres (Fig. 5b,c) com-
posed of convoluted dendritic nanosheets were fabricated
into fuel cell MEAs and the durabilities of the MEAs were
evaluated [67]. The foamlike nanospheres were investi-
gated because the interior nanosheets are locked into a rigid
structure. Thus, the rapid particle-like ripening processes
that may occur at the interfaces between stacked flat Pt
dendritic sheets should be largely eliminated. The changes
in the current densities of the MEAs during nominal 75 h
fuel cell tests at 0.5 V are shown in Fig. 6a. After a brief
initial increase in current density, the MEA made from the
foamlike Pt nanospheres (magenta line) exhibits no current
degradation over the course of the test. Conversely, the
decline in current density for the Pt black MEA (black line)
was 47% in 70 h. The current density for the flat Pt
nanosheets (cyan line) exhibits an intermediate decrease of
20% in 75 h. Cross-section high-angle annular dark-field
(HAADF) scanning TEM images of the 7 mgp, cm 2
MEAs after the 75 h runs (Fig. 6b—d) confirm that all three
Pt nanomaterials are structurally modified during MEA
operation (compare Fig. 5Sa with 6c¢, Fig. 5b with 6b, and
Fig. 5d with 6d). The images also confirm the formation of
holes in the nanosheets; close examination of the images
shows that the flat nanosheets and nanospheres retain their
overall structures (Fig. 6b, c) but the spaces between the
arms of the dendritic sheets are partially filled in leaving
many 2-5 nm pores that are visible as dark spots in
Fig. 6b, c. This is in contrast with the particles of Pt black,
which fuse and grow in size giving particles ranging from
10 to 30 nm in diameter (Fig. 6d). The Pt nanospheres
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Fig. 5 a Bright-field TEM image of flat dendritic platinum nano-
sheets, b, ¢ HAADF scanning TEM dark-field images of foamlike Pt
nanospheres composed of convoluted dendritic platinum nanosheets,

likely showed less structural changes than the flat nano-
sheets because the convoluted sheets inside the spheres are
protected from the rapid ripening that would result from
nanosheet stacking. Both the dendritic nanostructures are
superior to unsupported Pt black, where the structural
changes are dominated by rapid interfacial ripening result-
ing in the greatest loss of surface area. Pd—Pt bimetallic
nanodendrites consisting of a dense array of Pt branches
on a Pd core were synthesized by reducing K,PtCl, with
L-ascorbic acid in the presence of uniform Pd nanocrystal
seeds [68, 69]. The Pt branches supported on faceted Pd
nanocrystals exhibited relatively large surface areas and
certain active facets (particularly the {111} facet). MA for
the ORR of Pd-Pt nanodendrites was 2.5 times higher than
that of Pt/C and five times higher than that of Pt black [68].
The Pd—Pt nanodendrites were also more active for formic
acid oxidation than foam-like Pt nanostructures prepared in
the absence of Pd seeds under otherwise identical condi-
tions [69]. Lin et al. [70], employing different temperatures

and d bright-field TEM image of HiSPEC 1,000 Pt black. Reproduced
from [67], copyright 2009, with permission from the American
Chemical Society

and concentrations of sodium dodecyl sulfate, obtained Pt
nanosponges, Pt nanonetworks, and Pt nanodendrites from
the reduction of H,PtCls via galvanic replacement reac-
tions with Te nanowires. The ratio of the forward anodic
peak current density (/s) to the backward anodic peak
current density (/,) can be used to describe the suitability
of a catalyst for methanol oxidation. A low [/l ratio
indicates poor electro-oxidation of methanol to carbon
dioxide during the forward scan, and excessive accumu-
lation of carbonaceous intermediates on the catalyst
surface. A high [/I, ratio shows the converse case. Pt
nanodendrite-, Pt nanosponge-, and Pt nanonetwork-coated
electrodes featured I¢/I, ratios of 2.88, 2.66, and 2.18,
respectively. Thus, the MOR activity follows the order Pt
nanodendrites > Pt nanosponges > Pt nanonetworks. The
I/l ratios of Pt nanosponge- and nanodendrite-coated
electrodes decreased by less than 10% after 500 scans,
whereas that of Pt nanonetwork-coated electrode decreased
by 20%.
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Fig. 6 a Durability tests of
MEAs at 0.5 V for the 7 mgp,
cm™? loadings of dendritic Pt
nanospheres (magenta),
nanosheets (cyan), and
platinum-black (black). Dark-
field TEM images of sections of
the MEA made with the Pt
nanospheres (b), flat nanosheets
(¢), and Pt black (d) after
nominal 75 h runs. Both the
nanospheres and the flat
nanosheets show dark circular
nanoscale pores in the dendritic
sheets. Reproduced from [67],
copyright 2009, with permission
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Among various nano-architectures, recently nanoflowers
(NFs) have emerged as compelling materials because such
structured nanomaterials possess porous nature, providing
high surface areas and also active centers for electro-
catalysis. Teng et al. [71] prepared flowerlike porous
platinum nanostructured catalysts by means of a self-
organization process at low temperature. The amount of
platinum precursor was one of the key factors in the syn-
thesis of platinum nanoflowers (PtNFs). As both kinetic
and thermodynamic processes were likely involved in this
reaction, the concentration of the precursor could affect the
growth of Pt nanoparticles during and after the formation
of interconnected nanostructures. The average diameter of
the PtNFs was 36 nm. The MOR activity of the nano-
structured catalysts was ca. 60 % greater than that of a
commercial Pt/C.

Sun et al. [72] synthesized three-dimensional (3D) PtNFs
via a simple chemical reduction of H,PtCl with formic acid
at room temperature, using neither template nor surfactant.
The PtNFs were composed of metallic Pt nanowires.
Numerous nanowires, with lengths of 100-200 nm, were
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assembled into 3D flower-like superstructures. They
investigated the effect of reaction temperature on the mor-
phology of the nanostructures. When the synthesis was
performed at 80 °C, the reduction was much faster than at
room temperature, and only individual nanoparticles were
formed. These observations indicate that a more rapid
reduction at higher temperature favors the formation of
nanoparticles, suppressing the growth of nanowires. The Pt
nanowires were deposited onto carbon paper, which can be
used in fuel cells as the charge-collecting electrode. On
deposition, they form 3D nanoflowers through a self-orga-
nization process, without any functionalization of the
carbon paper support. PtNFs adhered to carbon paper,
exhibiting an enlarged ECSA, comparable to that of a
commercial Pt/C electrode (~ 65 m’ gfl). Tiwari et al. [73]
synthesiszed 3D PtNFs by a potentiostatic pulse plating
method on a silicon substrate. Electrochemical study
showed that the nanostructured Pt catalyst has a higher
activity toward methanol and CO oxidation due to prefer-
ential {100} and {110} surface orientations and high sur-
face area of the PtNFs as compared with the Pt thin film
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Fig. 7 SEM images of Pt nanostructures electrodeposited on ITO at
—0.2 V under various conditions: 1 in 3.0 mM H,PtClg + 0.5 M
H,S0Oy, electrolyte for 25 s (a), 400 s (b), 1,000 s (c), 4,000 s (d), and

catalyst. Zhang et al. [74] reported a one-step preparation of
porous PtNFs on a clean indium tin oxide (ITO) glass
substrate using an electrochemical deposition method. The
dynamic growing processes of the PtNFs were character-
ized by time-coursed SEM measurements (Fig. 7a—e). It
was found that the quasi-spherical studded particles were
initially formed at the earlier stages (Fig. 7a), which acted
as the nuclei for subsequently producing PtNFs. When the
deposition time reached to 400 s, many pricks started to
form and extruded from the surfaces of the studded

10,000 s (e), and 2 in 3.0 mM H,PtClg + 0.1 M KClI electrolyte for
2,000 s (f). Insets are at higher magnifications. Reproduced from [74],
copyright 2010, with permission from Elsevier

spherical particles (Fig. 7b). Further prolonging the growth
time to 1,000 s, the perfect PtNFs were formed on the
surface of ITO (Fig. 7c). After 1,000 s (Fig. 7d, e), the
petals of PtNFs changed gradually, becoming larger with
the deposition time. The MOR activity and stability of the
PtNFs was much higher than that of Pt nanoparticles. The
superior catalytic properties of PtNFs were mainly attrib-
uted to their different favorably exposed facets and their
increased electrochemical active surface area. A 3D Pd
flowerlike nanostructure was synthesized by a modified
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polyol process without using a template [75]. A very fast
autocatalytic reduction of Pd ions in the second step of the
reaction played an important role in the formation of the
nanostructure. By the directing effect of oleylamine, three-
dimensional Pd nanoflowers were obtained. The porous Pd
nanoflowers were more active and more stable than Pd
nanoparticles for methanol electro-oxidation in alkaline
medium.

Porous structures
Mesoporous Pt and PtRu catalysts

There has been considerable research into the production of
ordered mesoporous materials (MPm) (i.e. materials with
pores in the 2-50 nm range) through directed templating
techniques [76]. Initial work concentrated on the produc-
tion of metal oxides with well-defined pore sizes. This
approach has been significantly broadened by the intro-
duction of liquid crystal-templating materials [77]. Porous
platinum films have been produced through either chemical
or electrochemical reduction of a system composed of a
lyotropic liquid crystal and H,PtClg [78, 79]. Such porous
platinum films have roughness factors of over 200, and are
composed of film or particles which typically contain a
regular array of cylindrical pores of 1-10 nm in diameter
separated by walls of the same thickness [80], as illustrated
in Fig. 8a. A TEM image of a Pt mesoporous material is
shown in Fig. 8b. In general, significantly increased sur-
face areas were observed compared to employing a plating
bath without structure-directing agents. For example, an
active surface area increase of 65% for Pt was achieved by
liquid crystal-templating compared to depositing in an
aqueous electrolyte without a surfactant. The combination
of high surface areas, uniform pore diameters, and large
particles makes the metallic system of considerable interest
for applications in fuel cells. Jiang and Kucernak prepared
mesoporous Pt and PtRu alloy from both chemical and
electrochemical reduction of H,PtCls and RuCl; (only
for PtRu) in a normal topology hexagonal mesophase

Fig. 8 a Schematic diagram of
the geometry of the mesoporous
platinum catalyst; b TEM image
of one particle of the
mesoporous platinum catalyst.
Reproduced from [80],
copyright 2003, with permission
from Elsevier
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[45, 81-83]. The nanostructured Pt was characterized by a
high ECSA of 34.7 m* g~ ', higher than that of platinized
platinum. Electrodeposited PtRu from the liquid crystalline
phases consisted of aggregated microspheres with a narrow
particle size distribution ranging over 0.5-1.0 pm. It is
important to note that these particles are not solid, but have
a mesoporous morphology, i.e., each sphere is porous like a
sponge [45]. The specific electrochemical surface area of
mesoporous PtRu microspheres measured using both the
CO adsorption and underpotential deposited Cu stripping
techniques is 78-81 m? g~ ', much larger than that of
unsupported precious metal catalysts produced using
standard techniques [45]. Both the average diameter of the
pores and the thickness of their walls separating them were
2.4 nm. On the basis of the pore size and wall thickness, a
mesoporous PtRu film with perfect hexagonal nanostruc-
ture would be expected to contain 77.4 vol% PtRu and
22.6 vol% pores. These materials provided high activity
toward HCOOH and CH;OH oxidation reaction and tol-
erance to CO poisoning [81-83]. The mass and specific
surface area activities toward methanol oxidation for the
mesoporous PtRu material were higher than those of
ultrafine conventional PtRu electrocatalysts. During meth-
anol oxidation there was insignificant formation of CO
poisons on these mesoporous Pt and PtRu catalysts, ascri-
bed to the morphology of the material. Successively, they
reported the synthesis of PtRu electrocatalyst with ordered
porous structure by a solid template route using mesopor-
ous SBA-12 silica [84]. The resultant PtRu material dem-
onstrated regular pore-wall nanostructure, with both the
average wall thickness and average diameter of the pores
around 3.0 nm, and high activity toward methanol electro-
oxidation. Park et al. [85] and Planes et al. [86] evaluated
electrodeposited mesoporous Pt (MPPt) electrodes by the
liquid crystal-templating method as catalysts for CO and
methanol electro-oxidation. Electrochemical analysis

revealed a mass activity for MOR higher than that of
nonporous Pt [85] or similar to Pt/C [86]. The high current
densities, however, are related to low CO, conversion
efficiencies, as was established by using differential
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electrochemical mass spectrometry in a thin layer flow cell
configuration (TLFC-DEMS) [86]. These results were
explained considering the especially accessible porous
structure of the MPPt, where the possibility of readsorption
of partially oxidized products is low.

By the liquid crystal-assisted potentiostatic deposition of
platinum, Bauer et al. [87] obtained particles with diame-
ters of about 50 nm and a mesoporous fine structure,
reproducing the bulk templating pattern formed by the
hexagonal micellar phase. The ORR activity was improved
at potentials more negative than 0.95 V versus RHE for the
templated catalyst compared to Pt prepared without struc-
ture-forming additives. This improvement was partially
due to the ~2.7 times larger active Pt surface area and was
also a result of the improved intrinsic activity, as indicated
by the exchange current density and the surface specific
activity.

Nanoporous Pt, Pt-based, and Pd catalysts

Nanoporous materials (NPm) are a subset of porous
materials, typically with porosity (volume ratio of pore
space to the total volume of the material) greater than 0.4,
and pore diameters between 1 and 100 nm. There is not a
clear distinction between mesoporous and nanoporous
materials. In general, nanoporous materials present a more
wide and disordered pore distribution than mesoporous
materials. This difference is related to their preparation
method: while mesoporous metals are formed by using
through directed templating techniques, resulting in an
ordered porous structure, nanoporous catalysts are gener-
ally prepared by either electrochemical dealloying, such as

Fig. 9 a Bright-field TEM and
b HRTEM micrograph of
hierarchical nanoporous Pd. The
inset is a selected-area electron
diffraction pattern. ¢ EDX
spectrum of nanoporous Pd.
Reproduced from [92],
copyright 2008, with permission
from the American Chemical
Society

from Cug 75Pty2s [88] and ZnPt [89] alloys, or hydrother-
mally assisted seed growth [90].

Electrochemical dealloying was used to prepare nano-
porous platinum (NPPt) [91] and palladium (NPPd)
[92-94] structures. Liu et al. [91] obtained NPPt films with
a very high surface area by a selective anodic dissolution of
Cu from a PtCu alloy. The surface area of the dealloyed
NPPt film was highly enhanced by up to 500 times com-
pared with that of a polycrystalline platinum electrode.
This NPPt film exhibited remarkable ORR and MOR
activities, with promising applications in fuel cells. Yu
et al. [92] synthesized NPPd by electrochemically deal-
loying multicomponent Pd;oNisoP,o metallic glass ribbons.
Figure 9a shows a bright-field TEM image of the fully
dealloyed sample. The size of the large pores is about
30-60 nm, and the ligaments among those big pores con-
tain a large number of small pores with a size of about
5 nm. The atomic structure of the nanoporous Pd was
revealed by HRTEM. The ligaments are found to be
comprised of nanocrystals with a grain size of about 5 nm
(Fig. 9b). Both the selected-area electron diffraction pat-
tern (inset of Fig. 9b) and energy dispersive X-ray (EDX)
spectrum (Fig. 9¢) prove that the nanocrystalline phase is
fcc Pd with a small amount of residual Ni. The fully
dealloyed sample showed high activity for formic acid
electro-oxidation, with a broad anodic peak centered at
~0.36 V (vs. RHE), much lower than those from single-
crystalline palladium electrodes and a commercial Pd/C
catalyst. Wang et al. [93, 94] synthesized NPPd with
ultrafine ligament size by dealloying of an Al-Pd alloy in
an alkaline solution. Electrochemical measurements indi-
cated that NPPd has significantly high ECSA (23 m* g™,

Cowunts
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and high catalytic activity for electro-oxidation of metha-
nol, ethanol, and formic acid. Peng et al. [90] prepared
three-dimensional NPPt network electrodes by a hydro-
thermal-assisted seed growth process. Electrochemical
studies showed that the actual surface area of the NPPt
network electrode is over 20 times larger than that of a
polycrystalline Pt electrode and that the NPPt network
electrode has a much higher MOR activity. The same
research group reported on the direct growth of nanoporous
Pt and Pt-M networks (where M = Ru, Ir, Pb or Pd) on Ti
substrates using the novel one-step hydrothermal method
[95]. The active surface areas of the nanoporous Pt-con-
taining electrodes were much larger than that of the poly-
crystalline Pt electrode. All the nanoporous electrodes
showed higher electrocatalytic performance toward meth-
anol and formic acid oxidation than that of the polycrys-
talline Pt electrode.

Xu and Lin [96] prepared a nanoporous Pty oPd, ; alloy
film with high surface area by multi-cycle CV electrode-
position on a glassy carbon surface at room temperature.
The method is simple, cost-effective, and adaptable. This
homogeneous nanostructured Pty oPd, ; alloy film exhibited
high ORR and MOR activity. Nanoporous Pt—Co alloy
nanowires with different morphologies and controllable
compositions were obtained by dealloying electrodeposited
Pt;Cog9 nanowires in the presence of porous alumina
templates in a mild acidic medium [97]. These nanoporous
Pt—Co alloy nanowires showed an enhanced electrocata-
lytic activity toward methanol oxidation in comparison to
state-of-the art Pt/C catalysts. The ECSA of nanoporous
Pt—Co nanowires increased with dealloying time, going
from 19.4 m* g=' for 10 min dealloying to 46.4 m* g~'
for 15 h dealloying.

Metal nanostructures with high specific activity

The shape of Pt nanocrystals plays an important role in
determining the performance of an electrocatalyst. In
general, the intrinsic reactivity and selectivity of Pt cata-
lysts are controlled by the crystalline structures and
morphologies of the particles. Different facets on Pt
nanoparticles have different catalytic activities toward fuel
cell reactions, due to the distinct adsorption properties of
the different chemical species on these facets. In oxygen
reduction measurements, the most commonly used elec-
trolytes are HClO, and H,SO,. In the non-adsorbing
HCIO,4, the ORR activity decreased in the order of
{110} > {111} > {100} due to the decreased interaction
strength between O, and different surface structures and
increased adsorption of the OH species on these surfaces
[98, 99]. For the adsorbing H,SO,, instead, the ORR
activity decreased in the order of {110} > {100} > {111},
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by the adsorption and inhibiting effect of bi-sulfate anion
on the {111} facets [100].

The oxidation reactions of fuels commonly used in low-
temperature fuel cells, such as methanol, formic acid,
ethanol, and dimethyl ether, on platinum surfaces are
structure sensitive reactions. For methanol oxidation, it has
been reported that the Pt {100} facet is more active than
the Pt {111} facet [101, 102]. Similarly, formic acid oxi-
dation on the three basal planes of Pt has also been studied
and the results demonstrate that the {100} surface is more
active than {111} [103]. Tong et al. [104] examined the
electro-oxidation of dimethyl ether on Pt{hki} and dem-
onstrate that it is an extremely structure sensitive reaction
which takes place almost exclusively on surface sites with
{100} symmetry.

Besides the different effect of the three basal low-index
planes, oxygen reduction and formic acid, methanol and
ethanol electro-oxidation are also influenced by stepped
surfaces [105-108]. Stepped surfaces, irrespective of their
step site symmetry, showed higher catalytic activity on
oxygen reduction than those on basal low-index surfaces
[105, 106]. These kind of studies are relevant not only from
a fundamental point of view but also from a practical one,
because in practical applications the stepped surfaces may
be considered as models for surface defects always present
on dispersed electrodes. However, little is known about the
surface atomic structure of nanoparticles with sizes of
practical relevance, which limits the application of funda-
mental understanding in the reaction mechanisms estab-
lished on single-crystal surfaces to the development of
active, nanoscale catalysts. Recently, Lee et al. [109, 110]
characterize and quantify the role of surface steps on Pt
nanoparticles in CO and methanol oxidation and in oxygen
reduction with sizes of practical relevance. They show that
increasing surface steps on Pt nanoparticles of ~2 nm lead
to enhance the activity of electrochemical oxidation of CO
and methanol electro-oxidation [109]. Conversely, they
found that the ORR activity is not influenced by surface
steps [110]. Furthermore, some nanostructures enclosed
within high-index facets could contain more unsaturated
atomic steps, edges, and kinks, which are believed to be
more catalytically active than the commonly formed
nanostructures within low-index facets [13, 111]. On these
bases, Pt and Pt-based nanoparticles with certain facets
were used for the oxygen electro-reduction and for some
electrocatalytic oxidation reactions such as methanol, for-
mic acid and ethanol.

Pt and Pt-based nanocubes
Nanocubes (NCs) are cubic shape nanostructures with 6

facets, 8 corners, and 12 edges. The cubic structure has
{100} surface plane and fcc crystal structure. Synthesis of
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platinum nanocubes (PtNCs) involves the reduction of a Pt
salt using sodium borohydride, alcohol, or hydrogen in the
presence of a surfactant, preferably anionic or cationic type
[15]. However, the resultant structures are often non-uni-
formly faceted. As a result, a different strategy based on the
polyol method has been reported for the formation of
regular nanocubes. In this route PVP is used as the capping
agent, in addition to foreign metal species such as Ag and
Fe ions for controlling the shape and surface structure [40].
Pt and Pt-based nanocubes showed higher activity for
oxygen reduction and methanol, ethanol and dimethyl
ether oxidation than homologous polycrystalline spherical
nanoparticles [112-120]. Wang et al. [112] synthesized
monodisperse 8§ nm PtNCs by dissolving Pt(acac),, oleic
acid, and oleylamine in 1-octadecene and heating the
solution in the presence of Fe(CO)s. Figure 10a shows the
TEM image of the as synthesized 8 nm nanocubes. They
are nearly 100% in cubic (or cube like) shape. HRTEM
image of a single PtNC (Fig. 10b) shows the Pt lattice
fringes with the interfringe distance measured to be
0.19 nm, close to the lattice spacing of the {100} planes at
0.196 nm in the fcc Pt crystal. Figure 10c shows the XRD
pattern of the 8 nm PtNCs. Slow evaporation of the hexane
dispersion of the 8 nm Pt nanocubes on a silicon substrate
led to a textured assembly, as shown in Fig. 10d. The
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Fig. 10 a TEM image of the 8 nm Pt nanocubes; b HRTEM image of
a single Pt nanocube; ¢ XRD pattern of the 8 nm Pt nanocube array;
and d XRD pattern of the self-assembled 8 nm Pt nanocubes showing
(100) texture. Reproduced from Ref. 112, copyright 2007, with
permission from the American Chemical Society

strong {200} peak in the diffraction pattern indicates that
the Pt nanocubes align flat on the substrate. This further
proves that the nanocubes have a very narrow shape dis-
tribution. The nanocubes on a carbon paper showed an
enhanced specific activity toward ORR in H,SO,, over two
times as high as that from the commercial spherical 3 nm
Pt nanoparticles. Using the method previously described,
the same researchers synthesized monodisperse Pt nano-
particles with controlled sizes (3-7 nm) and shapes
(polyhedron, truncated cube, and cube) [113]. The ORR
activity in H,SO,4 of 7 nm platinum nanocubes was four
times than that of 3 nm polyhedral (or 5 nm truncated
cubic) Pt nanoparticles, indicating a dominant effect of the
shape. This result was ascribed to the high exposure of the
Pt{100} facets, as in HSO, the ORR activity on the {100}
facets is considerably higher than that on the {111} facets
[99, 100]. Han et al. [114] prepared PtNCs with particle
size of about 3.6 nm by means of PVP and Fe>" ion con-
trollers in polyol process. The PtNCs with dominant {100}
faces showed lower onset potential and higher current
density for methanol and ethanol electrooxidation than
polycrystalline Pt. They considered that the edge of stepped
{100} faces in the Pt nanocube catalyst leads to an easier
breakage of C—C of CH3CH,OH compared to polycrys-
talline Pt. Xu et al. [115] and Yang et al. [116] compared
methanol oxidation on cubic and spherical Pt—-Cu nano-
particles. They found that the catalytic activity strongly
depends on the particle surface structure. For methanol
oxidation, cubic nanostructured Pt—Cu catalysts presented a
higher activity than spherical Pt—Cu nanoparticles, imply-
ing that the {100}-terminated Pt—Cu nanocubes offer a
higher activity toward methanol oxidation than those with
mixed crystallographic facets. For formic acid oxidation,
instead, spherical Pt—Cu nanoparticles were the most active
catalysts at low potentials, whereas cubic nanostructured
Pt—Cu catalysts showed the highest activity at high
potentials [115]. Lu et al. [117] synthesized PtNCs with
preferential {100} surfaces by a colloidal method. The
catalytic activity of Pt nanocubes for dimethyl ether elec-
tro-oxidation was nearly three times higher than that on
commercial available Pt black catalyst. Potential step
experiment confirmed that the direct oxidation of dimethyl
ether occurs exclusively on long-range ordered {100} ter-
race sites. After potential step to 1.2 V, the PINC surfaces
were reconstructed and the activity for dimethyl ether
electro-oxidation decreased. Nogami et al. [118] synthe-
sized single-crystalline platinum nanocubes with porous
morphology by using PVP as the capping agent, and eth-
ylene glycol and HCI as the reducing agents of H,PtCls and
investigated their MOR activity. By controlling the mate-
rial concentrations and reaction conditions, Pt single
crystals of about 5 nm in size with {100} facets, stacked
one on top of the other, forming porous nanocubes of
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20-80 nm in length, were obtained. For comparison with
the porous single-crystalline particles, nonporous and
polycrystalline Pt particles were prepared, by reducing
H,PtClg using AgNO; instead of HCI, forming spherical Pt
particles with a diameter of ~8 nm. The mass current
density for the MOR of the porous single-crystalline Pt
nanoparticles was about three times larger than the current
density for the nonporous Pt nanoparticles. The activity
enhancement of the porous single-crystalline Pt nanocubes
could arise from the assembly of all {100} facets of single
crystals in addition to the large surface area of the porous
particles. Kang et al. [119] and Choi et al. [120] synthe-
sized Mn-Pt and PtyCo nanocubes from platinum acetyl-
acetonate and manganese or cobalt carbonyl in the
presence of oleic acid and oleylamine, respectively. The
electrocatalytic activity for oxygen reduction and formic
acid and methanol oxidation of the Mn—Pt nanocubes and
spheres were compared. The catalytic activity of Mn—-Pt
was shape-dependent. The Mn—Pt nanocubes were more
active for formic acid and methanol oxidation than spher-
ical Mn-Pt, and were particularly promising for methanol
oxidation. Mn—Pt nanocubes showed higher ORR activity

than spherical Mn-Pt in H,SO,, while the spherical
nanoparticles were more active in HClO,4. This implies
that, as in the case of Pt [99, 100], the ORR activity of Mn—
Pt is higher on {111} than on {100} in HCIO,, but higher
on {100} than on {111} in H,SO,4 because of sulfate anion
adsorption. Analogously, Choi et al. [120] found that the
catalytic activity of PtyCo nanocubes in H,SOy is signifi-
cantly higher than that of spherical PtyCo.

Pt nanomultioctahedrons

Lim et al. [42] synthesized highly faceted Pt nanocrystals
with a large number of interconnected arms in a quasi-
octahedral shape simply by reducing Pt precursor with PVP
in the presence of FeCl;. Electron microscopy studies
revealed that the MOHPt nanocrystals have a large number
of edge, corner, and surface step atoms. TEM image in
Fig. 11a shows that the Pt MOH mainly contained Pt nano-
crystals in a multiarmed morphology. The average particle
size was 20 nm, and the number of arms on each nanocrystal
ranged from a few to over 10. The inset of Fig. 11a shows the
TEM image of a single Pt nanocrystal with six arms. The

Fig. 11 a TEM and (b, ¢) (HR-TEM) images of multioctahedral Pt
nanocrystals synthesized by heating an aqueous solution containing
7.4 mM H,PtClg, 37 mM PVP, and 36.4 uM FeCl; at 100 °C for
24 h. In ¢, the atomic steps on the Pt {111} surfaces are indicated by
red arrows. d TEM and SEM (insef) images of Pt nanocrystals
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prepared under the same conditions as in (a) except that the
concentration of FeCl; was increased to 91 uM. Reproduced from
[42], copyright 2008, with permission from the American Chemical
Society
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arms take a quasi-octahedral shape and are perpendicular to
each other. Figure 11b shows a HRTEM image of a single
MOHPt nanocrystal recorded along the [011] zone axis.
Most of the exposed facets are {111} although some of the
corners are truncated by {100} facets (see Fig. 11c). The
fringes with lattice spacings of 0.19 and 0.23 nm can be
indexed as {200} and {111} of fcc Pt, respectively. The
MOHPt nanocrystals exhibited rough surfaces with a large
number of atomic steps as shown in Fig. 11c. When the
reaction was conducted in the presence of 91 uM FeCl;
while maintaining the same concentrations for H,PtCls and
PVP, the reaction was further slowed down. Interestingly,
TEM and SEM images of the resulting product revealed that
the sample contained MOHPt nanocrystals with an increased
average size of 40 nm (Fig. 11d). It can be seen that the
number of arms in the Pt nanocrystals increased drastically
up to 30—40. These MOHPt nanocrystals exhibited improved
ORR specific activity and durability than a commercial Pt/C.
The specific activity of 20 nm Pt multioctahedrons in
HC10,, was 2.7 times higher than that of a commercial Pt/C
(20 wt% 3.2 nm Pt particle size) catalyst. The higher specific
activity of the 20 nm Pt multioctahedrons could be attributed
to the preferential exposure of {111} facets rich of surface
steps on their surfaces compared to Pt nanoparticles on Pt/C
catalyst which usually take the shape of a cubo-octahedron
with mixed {111} and {100} facets. Being high {111}
exposure good for oxygen reduction, but not for methanol
oxidation, these nanostructures can be used as ORR metha-
nol tolerant catalysts in DMFCs. However, the mass activity
of 20 nm MOHPts was nearly the same as that of 3.2 nm Pt/C
catalyst, due to smaller ECSA. Durability tests were per-
formed by RPC between 0.6 and 1.1 V in HCIO, solution at
room temperature. After 4,000 cycles, the 20 nm MOHPts
showed a slight loss of 5.7% in ECSA, while Pt/C showed a
more significant loss of 34%. The higher durability of MO-
HPts was attributed to the unique morphology, that is, a
highly branched structure of interconnected octahedral arms.

Pt nanotetraexahedrons

A number of unconventional shapes covered by high-index
facets have been observed in minerals of noble metals.
There are four typical single-crystal shapes with high-index
surfaces: tetrahexahedron covered by {hk0}, trapezohedron
by {hkk}, trisoctahedron by {hhl}, and hexoctahedron by
{hkl} with, h > k > [) [121]. For example, the tetrahexa-
hedron (THH) with O, symmetry is bound by 24 high-
index planes of {h#k0}, which can be considered as a cube
with each face capped by a square-based pyramid. In
general, these unconventional shapes are hard to produce
using an ordinary chemical method as their surface ener-
gies are too high. However, Tian et al. [43] obtained
platinum THH nanoparticles by an electrochemical

treatment of Pt nanospheres supported on glassy carbon by
a square-wave potential. The activity per unit surface area
for the electro-oxidation of ethanol and formic acid was
superior to that of Pt nanospheres and the commercial
3.2 nm Pt/C catalysts. The enhancement varied from 200 to
400%, depending on electrode potential. This enhanced
catalytic activity may be attributed to the high density of
stepped atoms on the surfaces of THH Pt nanocrystals.

Conclusions

Unsupported platinum-black nanoparticles were the first-
generation low-temperature fuel cell catalysts used in a
practical system. These catalysts are more durable than
carbon-supported platinum, but suffer from low surface
area and low utilization, leading to expensive fuel cells. By
taking advantage of the recent advances in nanotechnology,
a new generation of unsupported catalysts with high SSA,
such as metal NTs, NWs, NDs, and NFs, was introduced,
having, because of their unique nanostructures, the poten-
tial to combine the advantages of unsupported and carbon-
supported catalysts while overcoming their drawbacks. In
particular, they possess high surface area, high utilization,
high activity, and high stability.

An interesting comparison can be made between fuel cell-
unsupported catalysts and carbon supports for fuel cell cat-
alysts. In both cases, due to their high surface area and/or
stability, nanotube and mesoporous materials have been
proposed as substitutes of conventional materials, that is,
spherical metal nanoparticles and carbon blacks, respec-
tively. In both cases, directly for the metal nanostructures,
and indirectly for the carbon nanostructures, by increasing
metal dispersion with the decrease of the size of supported
metal particle [122], an increase of the specific surface area,
and, as a consequence, of the catalytic activity of the cata-
lysts is attained.

Meso/nanoporous metal structures possess very high
surface area, and, as a consequence, high catalytic activity
than conventional non-porous catalysts. Their stability,
however, has not been tested: due to the high porosity,
likely their stability could be low.

Metal nanocrystals with well-defined and controllable
shapes to improve their SA have been obtained by a number
of chemical routes. Conventional metal polyhedrons, such as
cubes, octahedrons, and tetrahedrons, and their overgrown
structures, such as multipods, have all been obtained in
reasonably high yields, as well as some unconventional
shapes, such as tetrahexahedrons. Compared to commer-
cially available catalysts, these well-defined nanocrystals
exhibit greatly enhanced activity and selectivity for a range
of reactions. The advances in shape-controlled synthesis of
Pt nanocrystals provide an opportunity to engineer their
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catalytic properties for various electrochemical reactions.
Different studies suggested that the shape of a metal nano-
crystal affects not only the catalytic reactivity, but also the
catalytic selectivity: this feature is important for an eventual
use of these nanostructures as oxygen reduction alcohol
tolerant catalysts in DAFCs. For example, the exposure of
{111} facet is positive for oxygen reduction, but not for
methanol oxidation, so nanostructures with high {111}
exposure, such as tetrahedrons and octahedrons, can be used
as ORR methanol tolerant catalyst in DMFCs. In general,
metal nanocrystals enclosed by high-index facets exhibit
much higher catalytic activity than those enclosed by low-
index facets. A main goal is to tailor the surface structure of
the nanocrystals in such a way to increase the electrode
activity and durability. It is worth noting that the capping
agents used in the production of Pt nanocrystals may alter
their characteristics. How the sizes, shapes, surface struc-
tures, and capping agents affect the catalytic and electro-
catalytic properties of Pt nanocrystals has to be fully

understood yet. Then, it will become possible to design a
next-generation of electrocatalysts for a suitable use in low-
temperature fuel cells. The results of Wang et al. [113]
summarize the key issue of this work: the change of particle
shape has a higher effect on the catalytic activity of the
nanostructured catalysts than the reduction of the size.

The characteristics of these metal nanostructures, the
ECSA values and their catalytic activity, and stability in fuel
cell conditions are summarized in Table 1.Figure 12ashows
the number of papers reporting tests as fuel cell catalysts on
metal nanostructures for type of nanostructure: NWs and
NCs were the most studied structures, while only one paper
was addressed to the activity of MOH and THH structures,
respectively. Thus, it is important to confirm the encouraging
results reported for these nanocrystals by other works on
their shape-electrocatalytic activity relationship. Moreover,
unlike the specific activity, the mass activity of Pt MOH and
THH is the same or lower than that of conventional Pt/C,
owing to their lower ECSA [42, 43]. Therefore, there is still

Table 1 Physical and morphological characteristics, ECSA values, and electrochemical properties of metal nanostructures

Catalyst Physical and morphological characteristics =~ ECSA (best  Electrochemical properties References
values)
m? g !
Pt and Pt—Cu Polycrystalline materials with high surface 32 Higher MOR, EOR and ORR activity [46, 52-55]
nanotubes area, anisotropic morphology and inner than Pt/C and unsupported

walls, exposure of certain crystal facets

Pt and Pd nanowires Extended polycrystalline nanowire network,

high surface area

Dendritic Pt structures

crystal facets. High surface area

Pt nanoflowers 3D porous flower-like superstructures, high
surface area, exposure of certain crystal

facets.

Mesoporous Pt and
PtRu nanostructures

High surface area, highly porous structure

Nanoporous Pt, Pd and High surface area, highly porous structure

Pt-based
nanostructures

Pt and Pt-based Cubic shape nanostructures with dominant
nanocubes {100} faces

Branched structure of interconnected
octahedral arms. High ratio between
exposed {111} and {100} facets and
presence of surface steps

Pt multioctahedrons

Pt tetrahexahedrons
and high density of stepped atoms on
surfaces.

Conventional

unsupported Pt
5-6 nm

Presence of open dendritic nanostructures and
edges and corner atoms, exposure of certain

High-index {730}, {210}, and/or {520} faces

spherical Pt. High stability

32 Higher MOR and EOR activity of
PtNWs and PANWs than
conventional Pt and Pd,
respectively. High stability

[48, 49, 56-65]

18 Higher ORR activity and stability [47, 67-70]
than Pt/C and Pt black
65 Higher MOR activity than [71-75]
conventional Pt nanoparticles
80 Higher MOR, EOR and ORR activity [45, 81-87]
than conventional unsupported
catalysts. Low metal poisoning
46 Higher MOR, EOR, FAOR and ORR [90-97]
activity than conventional catalysts.
- Higher MOR, EOR and DME [112-120]
activity than spherical catalysts.
Higher ORR activity only in H,SO,4
- Higher ORR specific activity and [42]
stability than Pt/C
- Higher EOR and FAOR specific [43]
activity than Pt/C
15.5 Lower mass activity and higher [47]

stability than Pt/C
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much room regarding the optimization of the type of
materials, and further attempts have to address to improve
the synthesis technique so obtain Pt MOH and THH nano-
crystals with smaller particle size. As can be seen in Fig. 12b,

(a)

12

10

Paper number
[+2]
1

i 11

NW NC MPm NPm NT NF ND MOH THH

Paper numbers
o
1

2002 2004 2006 2008 2010
Year

Paper numbers

Tests in fuel cell Other tests

Fig. 12 Number of papers reporting tests as fuel cell catalysts on
metal nanostructures for type of nanostructure (a), for year (b), and
for type of test (c). * At 31/09/2010

the number of these papers considerably increased in the last
years: the growing interest on these nanostructures as fuel
cells catalysts is demonstrated by the fact that ca. 55% of the
papers have been published in the years 2009 and 2010.
However, as shown in Fig. 12c, only in a very few number of
papers these nanostructure have been tested in fuel cells. To
confirm the excellent results obtained by electrochemical
measurements such as CV and CA, tests in PEMFCs and in
DAFC have to be carried out to evaluate their catalytic
activity and selectivity in practical applications.

A considerable problem is that the surface structure of
the nanostructured catalysts with improved SA can be
unstable during PEM fuel cell reactions, especially those
with high-index planes and unsaturated atomic steps,
edges, and kinks, all of which are active sites for crystal
growth. Due to the morphological changes that Pt nano-
structured catalysts undergo during fuel cell operation,
these facets may easily be deactivated, resulting in degra-
dation of their catalytic activity [111]. Therefore, future
research has to be addressed to achievement of means of
overcoming the poor thermal and mechanical stability of
some of these structures without altering symmetry and
stoichiometry.

Moreover, Pt and Pt-based nanocubes have been proposed
as catalyst for oxygen reduction on the basis of experiments
in H,SO,, where the {100} facet is more active than the
{111} facet. However, excellent agreement observed
between the ORR activities measured in HC1O,4, where the
{111} facet is more active than the {100} facet, and by tests
in PEMFCs [25]. Thus, in PEMFCs the use of Pt nanocubes
sa catalysts for the ORR is not appropriate, whereas tetra-
hedral and octahedral Pt nanocrystals, enclosed by {111}
facets, are suitable catalysts for oxygen reduction. A recent
work of Zhang et al. [123] goes in this direction: they syn-
thesized monodisperse Pt;Ni nanoctahedrons and nano-
cubes, enclosed by {111} and {100} facets, respectively, via
a high-temperature organic solution chemistry approach.
They found that the ORR activity in HCIO,4 solution on the
Pt;Ni nanoctahedrons is ~ 5-fold higher than that of nano-
cubes with a similar size. Future works should be addressed
to the synthesis of stable tetrahedral and octahedral Pt
nanocrystals with small particle size.
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