Chapter 4
Synthesis and Electrocatalysis of Pt-Pd
Bimetallic Nanocrystals for Fuel Cells

Ruizhong Zhang and Wei Chen

4.1 Introduction

Over the past few decades, research on novel environment-friendly energy conver-
sion devices and their potential applications has attracted extensive interest due to
the depletion of fossil fuel reserves and thus the growing demand for efficient but
low-cost renewable energy [1, 2]. Fuel cells, such as proton-exchange membrane
fuel cells (PEMFCs), direct methanol fuel cells (DMFCs), and direct formic acid
fuel cells (DFAFCs), have been considered as the most promising power sources
because of high power density, high energy-conversion efficiency, and zero or low
emission of pollutants [3—6]. For fuel cells, platinum (Pt) has received unremitting
interest as an electrocatalyst because of the highest catalytic activity among the
studied catalysts for electro-oxidation of small organic fuels on the anode and
oxygen reduction on the cathode [7-10]. However, several issues arise from
using pure Pt as fuel cell catalysts. First, Pt surfaces are easily self-poisoned by
the strong adsorption of CO intermediates originated from small organic fuel
oxidation, leading to a severe decrease in the catalytic performance [11, 12]. Second,
using Pt as cathodic catalysts in DMFCs, methanol molecules crossover from anode
to cathode may lower the ORR performance because of the mixed potentials formed
from the simultaneous methanol oxidation and oxygen reduction [13—15]. Third,
the limited reserve in nature and the resulting sky-rocketing price of Pt has become
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one of the major barriers for the wide commercialization of fuel cells [16]. To
improve the catalytic activities and lower the costs of catalysts in fuel cells, much
effort has been devoted to combining Pt with another metal that is less constrained
in terms of reserve and economic dependence, to form bimetallic nanocatalysts. As
compared to monometallic Pt, bimetallic Pt-based nanocrystals are expected to
display not only a combination of the properties associated with two distinct metals,
but also new and unexplored properties because of a possible bi-functional mech-
anism or the so-called ligand effect [17-19].

Among the metals around Pt in the periodic table, palladium (Pd) is probably the
best candidate to generate bimetallic electrocatalysts with Pt due to the following
obvious advantages. First, Pd and Pt share the same face-centered cubic (fcc)
structure and almost identical lattice constants (with a mismatch of only 0.77 %),
both of which are beneficial to the formation of Pt-Pd bimetallic nanocrystals with
single crystallinity. Second, the combination of Pt with Pd has a crucial impact on
the electronic structure of Pt, resulting in superior electrocatalytic activities for a
specific reaction owing to the formation of Pt-Pd bonds [20, 21]. According to the
studies by Ngrskov and co-workers [22-25], the strain and electronic coupling
presented in a catalyst play a key role in determining the catalytic properties
because both of the two parameters can result in shifts of the d-band center
(calculated with respect to the Fermi level), which is directly related to the
adsorption energies of reactants on a catalyst as well as their activation barriers.
Of them, a compressive strain tends to down-shift the energy of the d-band center,
causing adsorbates to bind less strongly to the catalyst, while a tensile strain has the
opposite effect. On the other hand, the electronic coupling can result in shifts for the
d-band center due to a change in the density of states near the Fermi level. As for
Pt-Pd bimetallic catalysts, a small compressive strain resulting from their weak
lattice contract can cause a downshift of the d-band center, thus lowering the
binding strength for the adsorbed intermediates. As a consequence, the changes in
the d-band properties of Pt caused by its combination with Pd, and the small
mismatch in the lattice constants between Pt and Pd, makes Pt-Pd bimetallic
nanocrystals attractive catalysts for various reactions. Taking ORR as an example,
the rate-limiting step at high potential is the desorption of intermediates (O, OH,
etc.) produced during the reaction. The weakened binding strength of the interme-
diates on a Pt-Pd bimetallic catalyst can activate the Pt sites required for the
adsorption of O, and then the splitting of the O-O bond, therefore accelerating
the kinetics of oxygen reduction [26]. In addition, a strong interaction between Pt
and Pd due to the formation of Pt-Pd bonds can also change the electronic structure
of Pt, causing the enhanced amount of O, adsorbed on the surface of Pt and thus
improving ORR catalytic activity.

Moreover, it has been identified that the dissolution of Pt is a major reason for
the degradation of catalysts in proton-exchange membrane (PEM) fuel cells due to
the presence of dissolved molecular oxygen, highly aggressive condition in terms of
acidic pH, and the highly positive potential for device operation [27]. Therefore,
compared to other metals such as Ag, Cu, Co or Ni, the use of Pd may also help
minimize the corrosion and loss of catalysts in an acidic environment such as the
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medium of a PEM fuel cell [28]. Especially, the introduction of Pd can prevent the
electrocatalysts from degradation to a certain extent by up-shifting the dissolution
potential of Pt and thus assure long-term stability [29]. From these perspectives, it
has been actively explored Pt-Pd bimetallic catalysts for a variety of reactions with
enhanced performance.

In addition to elemental compositions, the size, shape and structure of Pt-Pd
bimetallic system can also be finely manipulated to further enhance their catalytic
performance. Since electrocatalytic reactions are very sensitive to the exposed
crystal facets and the proportion of atoms located at the facets, edges or corners
of catalysts, recent years tremendous efforts have been devoted to the syntheses of
Pt-Pd bimetallic nanocrystals with well-defined shapes in high yields and purity by
tuning various experimental parameters [30]. By using Pd nanocrystals as the seeds
for overgrowth or sacrificial templates for galvanic replacement, Pt-Pd alloys with
different structures/shapes including alloys, core-shell, dendrities, alternating
multi-shells, and atomic monolayer, can be easily synthesized by different strate-
gies. These preparation methods include co-chemical reduction and its combination
with galvanic replacement to generate alloy nanocrystals, galvanic replacement
between Pd nanocrystals and a Pt salt precursor for generating dendritic
nanostructures, seed-mediated overgrowth for generating core-shell, multi-shell,
and dendritic nanostructures, and a combination of electrochemical deposition and
galvanic replacement for generating Pt monolayer on Pd nanocrystals, etc.

Besides the catalytic activity and costs, the stability and lifetime of an
electrocatalyst are also critical issues for its practical applications in fuel cells.
When Pt-Pd bimetallic nanocrystals are used as fuel cell catalysts, the catalyst
support also plays an important role in determining the catalytic properties. For a
catalyst support, it should have a high surface area for catalyst dispersion, a strong
affinity to immobilize the catalyst particles, a high electrical conductivity to
accelerate electron transfer in redox reactions, and a high electrochemical stability
in acidic or alkaline electrolytes to ensure a stable structure. Up to now, various
carbon materials including traditional carbon materials (e.g., Vulcan XC-72R
carbon black) and nanocarbon materials (e.g., carbon nanotubes, graphene and
ordered mesoporous carbon) have been used for the dispersion of catalyst particles.
However, earlier studies have shown that except for the dissolution and aggregation
of metal nanoparticles, the severe corrosion and oxidation of carbon support
materials in the harsh operating environment could also lead to quick degradation
of the electrocatalytic performance [31, 32]. Therefore, in recent years great efforts
have also been devoted to addressing the challenges of catalyst supports via
developing non-carbon support materials such as metal oxides, electronically
conductive polymer, nitrides and carbides [33].

Herein, we will first summarize recent progress in the development of experi-
mental techniques for the preparation of unsupported/supported Pt-Pd bimetallic
nanocrystals with unique structures, and then focus on their applications in fuel
cells as anode and cathode catalysts.
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4.2 Synthesis of Pt-Pd Bimetallic Nanocrystals

It is well-known that the catalytic activities of nanoparticle electrocatalysts are
strongly dependent on their composition, shapes, size, exposed surface planes and
the interactions between nanocrystals and catalyst supports. In the past few
decades, various methods have been applied in the synthesis of Pt-Pd bimetallic
nanocrystals with structures in the form of alloy, core-shell, dendrities, multi-shells,
and supported monolayer. These well-defined Pt-Pd nanostructures can be gener-
ally prepared through co-chemical reduction, galvanic replacement, seed-mediated
growth and electrochemical deposition synthetic routes. Typically, co-chemical
reduction synthesis of Pt-Pd bimetallic nanocrystals refers to the reduction of
Pt and Pd precursors in the presence of capping agents and/or stabilizers. Pt-Pd
nanoalloys can also be obtained through in sifu oxidation and dissociation of Pd
nanocrystals by galvanic replacement with a Pt salt precursor. For a seed-mediated
growth approach, the well-defined shapes of Pt or Pd as seeds for epitaxial growth
of a Pd or Pt-shell. It is also feasible to control the shell by using electrochemical
deposition methods. In this section, we summarize various leading synthetic tech-
niques and the formation mechanisms for the preparation of Pt-Pd nanocrystals.

4.2.1 Co-chemical Reduction Method

In the past decades, co-chemical reduction has proved to be a straightforward
strategy for the facile synthesis of bimetallic nanocrystals. With this technique, it
is feasible to achieve simultaneous reduction of both Pt and Pd salt precursors in the
presence of a capping agent and/or a stabilizer due to their similar electrochemical
potentials of 0.74 V (versus a reversible hydrogen electrode) for PtCls> /Pt and
0.62 V for PdCl,* /Pd. The obtained Pt-Pd bimetallic nanocrystals are interesting
for various electrocatalytic reactions due to the co-existence of Pt and Pd atoms on
the nanocrystal surfaces [34]. To date, various reducing agents have been used to
co-reduce Pd and Pt salt precursors for the synthesis of Pt-Pd alloy nanocrystals,
including sodium borohydride, alcohol, formic acid, formaldehyde, hydrazine,
ascorbic acid, etc. By using sodium borohydride (NaBH,) as a reductant, Crooks
and coworkers [35] prepared Pt-Pd bimetallic nanoparticles via the co-reduction of
K,PtCl, and K,PdCl, in a poly(amidoamine) dendrimer (G6-OH) aqueous solution.
Two steps are involved in the process: (i) loading Pt and Pd ions into the dentrimers
by fully complexing with the interior amines of dendrimers, and (ii) co-reducing the
complexed Pd and Pt ions by NaBH,. Interestingly, the synthesized bimetallic
Pt-Pd nanoparticles by this process have almost the same diameter (~1.8 nm)
containing an average of 180 atoms but with seven different Pt/Pd ratios. Here,
the dendrimer template plays a vital role in controlling the size of Pt-Pd
nanoparticles (smaller than 3 nm) and the composition variation (molar ratios
adjustable from 1:5 to 5:1). TEM and single-particle energy-dispersive
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spectroscopy (EDS) indicated that the calculated particle diameter and Pt/Pd ratios
in the Pt and Pd precursors are very consistent with the measured ones. Therefore
this dendrimer-templating is a unique method for preparing nanoparticles having
particular Pt/Pd ratios, uniform size and composition. In another work,
one-dimensional ultrathin Pt-Pd alloy nanowires were synthesized in a cetyltri-
methylammonium (CTAB)-assisted water-chloroform micelles system [36]. In this
synthesis, a mixed aqueous solution of Pt and Pd salts was mixed with a chloroform
solution of CTAB, followed by the addition of a NaBH, aqueous solution. In the
mixed solution, the reduction of precursor ions and metal growth occurred in the
swollen wormlike micelle networks of chloroform droplets with the CTAB mole-
cules. Because of the strict limitation of the wormlike micelle networks, the
obtained Pt-Pd nanowires showed an average size of 2.5 nm with a narrow diameter
distribution, and both Pt and Pd can be co-reduced to form alloy with an atomic
ratio of about 1:1, as confirmed by EDX measurements.

When Pt-Pd bimetallic materials are used as fuel cell catalysts, they are usually
dispersed on a catalyst support. Among the used catalyst supports, Vulcan XC-72
carbon black is the most popular carbon support for immobilizing and stabilizing
Pt-Pd nanoparticles [37-44], while carbon nanotubes [45-48], conducting polymer
composite matrix [49], and tungsten carbide [50] have also been explored as
potential supporting materials. For instance, Zhang et al. [51] synthesized a series
of Pd,Pt;_, nanoparticles dispersed on carbon black by reducing the mixture of Pd
(IT) and Pt(IT) precursors by NaBH, in the presence of Vulcan XC-72 carbon. In the
synthesis, EDTA was also used as a chelator for Pd and Pt ions to ensure the
co-reduction of Pd(II) and Pt(II) species. The highly dispersed Pd.Pt,_,
nanoparticles on carbon black exhibited composition-dependent catalytic activity
for formic acid electro-oxidation and the Pd ¢Pty ; nanoparticles with a mean size
of 3.2 nm showed the best performance among the series.

In addition to strong reducing agents, Pt-Pd bimetallic nanostructures have also
been prepared by a polyol process, in which mild reductants such as ethylene glycol
[52-68], methanol [69], glycerol [70, 71], and 1,4-butanediol [53], have been used.
It is well-known that Pt nanocrystals with different exposed surfaces have different
electronic structures and surface atomic arrangements, and the appropriate crystal
phase and/or composition can greatly enhance reaction kinetics due to the mini-
mized surface energy and total excess free energy. Therefore, much work has been
done to prepare shape-controlled metallic nanostructures with desired exposed
crystal facets. For instance, Lee and co-workers [72] reported a glycerol reduction
method to synthesize Pt-Pd nanoparticles exhibiting dominantly exposed (111)
facets in octahedral shape with complete alloy formation between Pt and Pd
metallic phases. During the fast reduction process, the thermodynamically mini-
mized crystalline surface energy and thus the formation of crystal facets with a low
surface energy in the Pt-Pd structure can improve the electrocatalytic performance
of the obtained carbon supported Pt-Pd nanoparticles composite toward methanol
oxidation. By using a hollow-core mesoporous shell (HCMS) carbon as support,
Berker et al. [65] reported a rapid method to synthesize Pt-Pd/HCMS composite by
the co-reduction of H,PtClg and PdCl, using ethylene glycol as a reducing agent
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under microwave irradiation. It was proposed that the HCMS carbon facilitated the
diffusion of hydrogen and oxygen as well as the water transport within fuel cells,
leading to significantly improved fuel cell performance. Formic acid has also been
used to synthesize Pt-Pd bimetallic nanocrystals [73-75]. Guo et al. [76] demon-
strated a simple procedure to synthesize Pt/Pd hybrid supported on polyaniline
(PANI) nanofibers with high conductivity and surface-to-volume ratios. In this
method, the PANI nanofibers were first synthesized by a wet-chemical approach
and then the as-obtained 1D PANI nanofibers were added into a mixture containing
H,PtClg and H,PdCl,. HCOOH was finally injected into the above mixture to
reduce the precursors at room temperature. The SEM and TEM images shown in
Fig. 4.1a, b indicate that a large number of PANI nanofibers with a diameter of 60—
100 nm have been obtained. Compared with the smooth surface of pristine PANI, a
rougher surface of the as-prepared PANI/Pt and PANI/PtPd indicates that Pt
(Fig. 4.1c, d) and PtPd nanoparticles (Fig. 4.1e, f) have been successfully deposited
on the surface of PANI fibers. Moreover, the corresponding magnified images
further revealed that the small PtPd nanoparticles formed a network and thus
leading to many nanoporous structures on the surface of hybrid nanofibers, which
favor a high electrocatalytic activity.

Most recently, by using graphene as support, Wang and co-workers [77] used the
formic acid method to prepare graphene-supported 1D PtPd nanorods (G-PtPd
NRs) by co-reducing H,PtClg and Pd(NO;), in the presence of HCOOH. In
comparison with the carbon-supported PtPd NRs and graphene-supported Pt NRs,
the G-PtPd NRs showed a larger diameter of about 4.4 nm and a longer length of
about 35 nm measured from the corresponding TEM images. Extended X-ray
absorption fine structure (EXAFS) studies confirmed the formation of G-PtPd
alloy with a Pt-rich inner core and a Pd-rich outer shell. XRD patterns indicated
that the growth of (111) and (220) planes of G-PtPd NRs was promoted for the
alloying of Pt and Pd on graphene support. In addition, the results of X-ray
absorption near edge spectroscopy (XANES) also showed that using graphene as
a support and alloying with Pd synergistically modified the d-band of Pt, and the
total number of unoccupied d-states for G-PtPd was reduced to as low as 0.295. All
these results suggested that the G-PtPd had lower unfilled d-states and more d-band
electrons were transferred from Pd to Pt, resulting in enhanced ORR performance.

Meanwhile, a simple microemulsion method was also developed to construct
Pt-Pd nanoparticles [78, 79]. With this technique, the preparation of metal
nanoparticles is realized by mixing two different micro-emulsions carrying the
specific reactants (metallic salts and reducing agent) dissolved in aqueous phase.
Microemulsion method has been accepted to be a unique method for the production
of metal particles with a very narrow size distribution. For example, Escudero and
coworkers [80] prepared alloyed Pt-Pd nanoparticles by reducing H,PtClg and
PdCl, with hydrazine in a water-in-oil micro-emulsion of water/Berol 050/iso-
octane. The obtained Pt-Pd nanoparticles were smaller than 5 nm and exhibited
potential application in fuel cells.

In recent years, microwave-assisted technique has also been applied to the
synthesis of metal nanoparticles [81]. Compared with the traditional chemical
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Fig. 4.1 (a) SEM and (b) TEM images of PANI nanofibers. (¢, d) TEM images of PANI
nanofiber-supported supra-high density Pt NPs. (e, f) TEM images of PANI nanofiber-supported
Pt/Pd NPs at different magnifications. Reprinted with permission from [76]. Copyright 2009
Wiley-VCH

methods, the microwave heating provides homogeneous reaction conditions and a
fast kinetic process. Zhang and coworkers [82] reported a simple method to
synthesize three-dimensional Pd@Pt core-shell nanostructures with a high yield
via the co-reduction of K,PtCl, and PdCl, in the presence of CTAB by using
ascorbic acid as a reducing agent under microwave irradiation. It was shown that
the long alkyls of CTAB served as a shape-control agent to tailor the structure and
improve the dispersion of nanoparticles in the synthesis. TEM and SEM
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characterizations showed that the morphology of the synthesized Pd@Pt
nanostructures can be easily controlled by changing the molar ratio between Pt
and Pd precursors. And the Pd@Pt morphology was changed from cubic to spher-
ical shapes by decreasing the Pd/Pt molar ratio (3:1 to 1:3). The authors also studied
the shape effect on the eletrocatalytic activity for MOR and ORR, and among the
different Pd@Pt nanostructures, the sample at a Pd/Pt molar ratio of 1:3 exhibited
the best catalytic activity.

Interfacial self-assembly was found to be a simple and effective strategy for the
synthesis of noble metal nanomaterials, and the liquid-liquid, liquid-air and oil-
water-air interfaces have showed promise as flexible 2D platforms for nanoparticles
assembly [83—-87]. Wu et al. [88] prepared macroscopic free-standing Pd/Pt
nanomembranes (Pd/Pt-FNMs) with well-defined monolayer structures as large as
several square centimeters by one-step self-assembly at a water-air interface. In the
synthesis, aqueous solutions of PdCl,, K,PtCls and sodium citrate (Na3;CA) were
mixed in a beaker. Subsequently, the reducing agent NH,OHHCIl was quickly
added into the above solution. After boiling for 15 min and then cooling down to
room temperature, a monolayer of macroscopic Pd/Pt-FNMs floated at the water-air
interface and covered the solution surface of the whole beaker. The composition of
the Pd/Pt-FNMs (Pds3Pty;-FNMs, Pd;;Ptg;-FNMs, and Pd; sPtgs-FNMs) was easily
tuned by adding a different amount of precursors and confirmed by ICP-AES. From
the TEM images, the obtained Pd/Pt-FNMs exhibited similar well-defined mor-
phologies, and Fig. 4.2a—c shows the details of the Pd33Pts;-FNMs. It can be seen
that the Pd/Pt nanoparticles have a uniform size with an average diameter of
9.25 nm. Although no obvious grain boundaries between Pd and Pt are observed
from the high-resolution TEM (HRTEM) measurements (Fig. 4.2d), the bimetallic
nature of the FNMs can be clearly seen from the high-angle annular dark-field
(HDDAF-STEM) image and the nanometer-scale TEM elemental mapping images
(Fig. 4.2e). In the mechanistic study, the authors found that when increasing the
dosage of Na3CA, Pd/Pt nanomembranes failed to form at the water-air interface.
However, with decreasing dosage of Na3CA, highly aggregated nanostructures
were produced. Therefore, the presence of an appropriate dosage of Naz;CA was
believed to be the key to achieve high-quality Pd/Pt-FNMs.

In another study, Sun and coworkers [89] reported an oil-phase method for the
synthesis of polyhedral Pd-Pt alloy nanocrystals with a controlled size (3.5-6.5 nm)
and composition (PdggPt;, to Pd34Ptee). This synthesis involves co-reduction of Pd
(acac), and Pt(acac), with morpholine borane (MB) in oleylamine (OAm) at
different temperatures. The TEM and HAADF-STEM images confirmed the for-
mation of single-crystal nanoparticles in high yield with a uniform size. Both Pd
and Pt are uniformly distributed throughout each particle from EDX mapping
measurements. The linear dependence with a nearly unity slope implies that the
two precursors were co-reduced at the same rate in generating the bimetallic
nanocrystals. The formation of a single complex between the Pt and Pd precursors
with the capping agent facilitates the simultaneous reduction in an elevated
oil-phase. In a typical synthesis, the composition of the Pt-Pd alloy nanocrystals
could be adjusted by controlling the amounts of Pd(acac), and Pt(acac), added into
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Fig. 42 (a—c) TEM images, (d) HRTEM image, and (e) HAADF-STEM image and the
corresponding nanometer-scale TEM elemental mapping (inset) of the Pd;;Ptg;-FNMs. Reprinted
with permission from [88]. Copyright 2012 Wiley-VCH
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the reaction solution. More importantly, at a constant composition, the size of the
Pt-Pd nanocrystals could be easily tuned by varying the temperature at which MB
was injected. When MB was injected at 40, 60 and 80 °C, 6.5, 5 and 4.5 nm Pd¢,Pt3;
nanoparticles can be formed, respectively. The as-synthesized Pt/Pd nanoparticles
exhibited highly composition-dependent catalytic activities and high stability for
methanol oxidation reaction in acid media.

Although great success has been achieved in the synthesis of Pt-Pd alloy
nanoparticles via the afore-mentioned techniques, the products from these synthe-
ses were largely restricted to small nanoparticles (typically less than 5 nm in size)
with poorly defined crystallinity and morphology. By heating an aqueous solution
containing Na,PdCly, K,PtCl, and poly (vinyl pyrrolidone) (PVP) at 80 °C for 18 h,
Xia and coworkers [90] demonstrated a co-reduction approach for the synthesis of
Pt-Pd alloy nanocrystals with well-defined shapes and twinned structures. In this
process, the commercially available PVP was employed as a weak reducing agent
to manipulate the reduction kinetics owing to its hydroxy (OH)-end groups. It was
found that the slow reduction rate associated with the weak reducing power of PVP
is the prerequisite for the formation of Pt-Pd alloy nanocrystals with twinned
structures. From the TEM characterizations in Fig. 4.3a, b, the formed Pt-Pd
nanocrystals are mainly star-shaped decahedra with an average size of 40 nm and
triangular nanoplates with lateral dimensions of 30-50 nm, as well as a small
fraction of other shapes such as octahedra. The compositional line profiles of Pd
and Pt on a star-shaped decahedron shown in Fig. 4.3c indicate the formation of
Pt-Pd alloy. The HRTEM image (Fig. 4.3d) confirms the presence of fivefold twins
from the center of a star-shaped decahedron. In this work, the PVP-mediated slow
reduction rate could help retain the particles at small sizes for a long period of time
before nucleation. During the period, the small particles easily coalesced into larger
particles to reduce surface-to-volume ratio, leading to the formation of twinned
structures. When the reaction was conducted using a relatively high-rate reducing
agent of ethylene glycol, Pt-Pd nanocrystals with a truncated, octahedral shape
were produced, and this fast reduction process favored the formation of Pt-Pd
nanocrystals with a single-crystal structure.

Hydrothermal method is another useful and frequently used technique for the
preparation of Pt-Pd nanocrystals with the advantages of simplicity, free of tem-
plates, and easy shape-control of metal nanocrystals [91-93]. For instance, Yan and
coworkers [94] demonstrated a shape-selective synthesis of Pt-Pd nanotetrahedrons
(NTs) and nanocubes (NCs) with less than 10 nm in size via a one-step hydrother-
mal process by using small ions as efficient facet-selective agents (Fig. 4.4a). With
a combination of Na,C,0, and formaldehyde as the (11 1) facet-selective agent and
reducing agent, single-crystalline Pt-Pd NTs enclosed by four (111) facets with a
shape selectivity of ~70% and an average size of 4.9 nm were produced (Fig. 4.4b).
The selective adsorption of C20427 species on the (111) facets was found to be a
critical factor in directing the formation of Pt-Pd NTs. In comparison, Pt-Pd NCs
(~8.5 nm) with a shape selectivity of about 88 % were produced in the presence of
both large amount of Br and tiny amount of I anions owing to their selective
capping for the (100) facet (Fig. 4.4c). Furthermore, reduction rate dependent on
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Fig. 43 (a, b) TEM images, (c) EDX line-scan, and (d) HRTEM image of Pt-Pd alloy
nanocrystals synthesized by co-reduction of Na,PdCl, and K,PtCl, with PVP in an aqueous
solution. The inset in (b), (¢) and (d) correspond to schematic illustration, the HAADF-STEM
image, and the Fourier transform pattern of the star-shaped decahedron, respectively. Reprinted
with permission from [90]. Copyright 2009 Wiley-VCH

the type of reductant also played a vital role in determining the shape of the Pt-Pd
products. A fast enough reducing rate by using a certain amount of formaldehyde
could improve the shape- and size-uniformity of the obtained Pt-Pd NTs, while a
slow reduction rate (with PVP instead of formaldehyde as the reducing agent) was
found to be beneficial to the formation of regularly shaped Pt-Pd NCs. The
electrocatalytic studies showed that the obtained alloy nanocrystals exhibit
enhanced and facet-dependent catalytic activity and stability for methanol
electrooxidation in the order of NCs>NTs>commercial Pt/C.

Besides the intrinsic catalytic properties of catalysts, the support used also plays
important roles in determining their catalytic performance. Due to the high elec-
tronic conductivity and large surface area, graphene has been recently used as a
support material for Pt-Pd nanocrystals dispersion. Our group developed a facile
hydrothermal method for the one-pot fabrication of reduced graphene oxide (rGO)-
supported Pt-Pd alloy nanocubes (PtPd/rGO) [95]. In a typical procedure, Pd(acac),
and Pt(acac), were mixed with PVP, and Nal in DMF solution of graphene oxide.
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Fig. 4.4 (a) Schematic illustration of shape-controlled synthesis of Pt-Pd alloy nanocrystals with
tetrahedral and cubic shapes. (b, ¢) TEM images of Pt-Pd tetrahedrons and cubes, respectively.
The insets in (b) and (c) show the percentages of the alloy tetrahedrons and cubes, respectively.
Reprinted with permission from [94]. Copyright 2011 American Chemical Society

After ultrasonic treatment, the mixed solution was then transferred to a Teflon-lined
stainless steel autoclave and heated at 150 °C for 8 h. In this process, two key steps
were included: (1) the reduction of graphene oxide (GO) and the nucleation of
nanocrystals attached onto the surface of rGO, and (2) the gradual nuclei growth
into cubic shapes under the protection of PVP. From HRTEM images and elemental
mapping shown in Fig. 4.5a—g, single-crystalline Pt-Pd nanocubes with shape
selectivity of 82% and an average size of 8.5 nm were uniformly distributed on
the rGO surface. More recently, using GO as both a support material and a
structure- and/or morphology-directing agent, rGO-supported PtPd concave
nanocubes have also been successfully synthesized through a simple hydrothermal
process [96]. In sharp contrast, only cubic PtPd alloy nanocrystals were obtained in
the absence of GO. The as-prepared PtPd concave nanocubes exhibited enhanced
electrocatalytic activity and durability toward methanol oxidation owing to the
exposed high-index facets of {730} and the strong interaction between the catalysts
and graphene support.
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Fig. 4.5 (a—c) High-resolution TEM micrographs of the PtPd alloy nanocubes supported on rGO
at different magnifications. The inset in (c¢) shows the FFT pattern of an individual PtPd nano-
crystal. (d) The high-angle annular dark-field (HAADF)-STEM image of PtPd/rGO and the
corresponding elemental mapping of (e) Pt, (f) Pd, and (g) the overlay. Reprinted with permission
from [95]. Copyright 2013 American Chemical Society

4.2.2 Galvanic Replacement and Its Combination
with Chemical Reduction

Galvanic replacement is a simple and popular route for controllably constructing
various types of bimetallic nanocrystals. Compared with the co-chemical reduction
method, galvanic replacement is based on an etching process without using haz-
ardous reducing agents. Therefore, this technique is considered to be a green
method for nanocrystals preparation. A galvanic replacement reaction is driven
by the different electrochemical potentials between a sacrificial metal template and
another metal ion in a solution phase. Typically, this process involves oxidation and
dissolution of the template accompanied by reduction of another metal ions and
deposition of the resultant atoms on the surface of template. Moreover, the size and
morphology of the final product can be easily manipulated by using sacrificial
templates with different size and shape and/or by controlling the extent of replace-
ment reaction.

In recent years, galvanic replacement has been applied to the synthesis of
supported- and unsupported-PtPd bimetallic nanocrystals [97-100]. By using Ag
nanowires as sacrificial templates, Chen et al. [101] synthesized Pt-Pd nanotubes
(PtPd NTs) with an average diameter of 45 nm, wall thickness of 7 nm and length of
10 um. In this synthesis, Ag nanowires were first prepared via a polyol method, and
the PtPd NTs were subsequently obtained by a galvanic replacement reaction
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between Ag nanowires and the mixture of Pt(CH3COQO), and Pd(CH3COO), in an
aqueous solution. The as-prepared supportless-PtPd NTs exhibited enhanced cata-
lytic activity and much improved durability for ORR compared to Pt NTs and the
commercial Pt/C, which can be ascribed to their unique dimensions
(i.e. micrometer-sized length) and anisotropic morphologies.

In theory, galvanic replacement reaction can occur between any pair of metals
with appropriate difference in their redox potentials. In spite of the large difference
in redox potential between PtC1627ﬂ3t and PdCl427ﬂ3d, it was found that no obvious
galvanic replacement reaction occurs between Pd nanocrystals and PtCle>  ions
unless under special reaction conditions. Xia and co-workers [102, 103] reported
that the presence of Br ions could promote the initiation of galvanic replacement
between PtCls®” ions and Pd nanocrystals. Interestingly, the Br -induced galvanic
replacement exhibited a preferential selectivity towards the (100) facets of Pd
nanocrystals, resulting in the formation of Pt-Pd bimetallic nanocrystals with a
concave structure due to the simultaneous dissolution of Pd atoms from the (100)
facets and deposition of Pt atoms on the (11 1) facets. Figure 4.6 shows the typical
TEM images of Pt-Pd nanocrystals synthesized via galvanic replacement reaction
with different reaction times using Pd nanocubes as templates. As illustrated by the
schematic drawings in the insets, the Pt-Pd nanocrystals evolved from Pd truncated
cubes to Pt-Pd concave cubes and Pt-Pd octapods. The Pt-Pd nanocrystals can also
be manipulated in terms of both morphology and size by using Pd templates with
different sizes and shapes [102]. More interestingly, when a reducing agent of citric
acid (CA) was introduced into the above system, Pt-Pd bimetallic nanocages rather
than concave nanocrystals were generated [103]. In the process, it was suggested
that two important stages were included: (1) Br -induced selective galvanic
replacement reaction between (100) facets of Pd nanocubes and PtC1427, resulting
in the formation of Pt-Pd concave nanocubes; (2) co-reduction of Pd** ions evolved
from the galvanic replacement, together with PtCl,>” ions remained in the solution
by CA into atoms and the subsequent deposition of these atoms on the side faces of
the concave nanocubes. Thus, Pt-Pd alloy nanocages with cubic morphology could
be easily obtained via a combination of Pd dissolution (related to galvanic replace-
ment) and the following Pt-Pd overgrowth (due to co-reduction).

In a recent study [104], our group also investigated the galvanic replacement
between Pd nanowires and PtClg>~ in aqueous solution. PtPd alloy nanorods with a
porous structure were successfully synthesized through this bromide-induced gal-
vanic replacement route. The obtained PtPd nanorods showed much larger electro-
chemically accessible surface area compared with the Pd nanowires and
commercial Pt/C, making them promising for application in fuel cells as cathode
catalysts.

Despite great success achieved in the synthesis of Pt-Pd nanostructures via the
afore-mentioned strategies, a key procedure for the synthesis of Pd templates is
required. Zheng and co-workers [105] reported a one-pot fabrication of hollow
Pt-Pd nanocubes by using a mixed precursors of Pd(acac), and Pt(acac),, with a
PVP and Nal solution in DMF. In this synthesis, because of the strong coordination
of I ions to Pd*" ions, the addition of I” ions into the mixture of Pd(acac), and
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Fig. 4.6 TEM images of Pt-Pd nanocrystals in the form of nanocubes, concave nanocubes, and
octapods that were formed through bromide-induced galvanic replacement at various reaction
times: (a) 0.5, (b) 4, (¢) 9, and (d) 20 h. The yellow, blue and red balls represent Pd atoms, Pt
atoms, and Br  ions, respectively. Reprinted with permission from [102]. Copyright 2011 Amer-
ican Chemical Society

Pt(acac), can generate the new dominating precursors of Pdl; and Pt(acac),. In the
DMF solution, Pdl, is more favorably reduced to form Pd nanocubes, and the
galvanic replacement between temporal Pd nanocubes and Pt** species occurred
subsequently to produce hollow Pt/Pd nanocubes. In addition to the use of iodide
ions as the shape controller, the authors also demonstrated that acetylacetonate
precursors can alter the reduction kinetics of metal cations and thus control the
one-pot synthesis of Pt-Pd hollow nanocubes. Compared to solid Pt-Pd nanocubes,
the hollow Pt-Pd nanocubes with increased accessible surface area exhibited
improved catalytic activity towards formic acid electrooxidation.
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4.2.3 Seed-Mediated Growth

Morphological control of nanocrystals has become increasingly important, as many
of their physical and chemical properties are highly shape-dependent. As a conve-
nient and versatile synthesis method, seed-mediated growth is probably the most
powerful route for the synthesis of bimetallic heterostructures with controlled
morphology. In a seed-mediated growth process, a pre-synthesized seed of one
metal is significant to serve as initial sites for the nucleation and growth of a second
metal. During nucleation, the second metal can follow two different pathways by
homogeneous and heterogeneous nucleation. Because the activation energy for
nucleation on a pre-synthesized seed is prominently lower than that in a homoge-
neous nucleation process, the heterogeneous nucleation is always thermodynami-
cally more favorable than homogeneous nucleation as long as the seed-mediated
growth proceeds at a relatively slow rate under mild conditions, such as using weak
reducing agent and at low temperature.

For seed-mediated growth, there are three major growth modes corresponding to
the products with three distinct structures: (i) Frank-vander Merwe mode (or layer-
by-layer growth) for core-shell nanocrystals, (ii) Volmer-Weber mode (or island
growth) for hybrid structures, and (iii) Stranski-Krastanow mode (or island-on-
wetting-layer growth) for branched structures [106]. According to the previously
demonstrated results [107], the nucleation and growth mode of the second metal
over the seed metal are mainly manipulated by various physical parameters,
including lattice match, difference in bond dissociation energy and electronegativ-
ity between these two metals. As for Pt and Pd, due to the negligible lattice
mismatch (only 0.77%) and the lack of galvanic replacement unless under the
modified conditions (the presence of Br, I ions, etc.), the growth mode of Pd
atoms on preformed Pt metal seeds (or Pt atoms on Pd seeds) is mainly determined
by the bond dissociation energy.

Controllable synthesis of Pt-Pd bimetallic nanocrystals has been attracting
increasing attention due to their novel catalytic properties which are distinctly
different from those of their monometallic counterparts. Particularly, recent
advances reveal that Pt-Pd bimetallic nanoelectrocatalysts with a core-shell struc-
ture have been recognized as a promising alternative to commercial catalysts for
effectively improving the catalytic activity and durability for fuel cell application.
To this end, a lot of studies have been performed to synthesize high-efficiency
bimetallic Pt-Pd nanoelectrocatalysts with well-defined core-shell structures
[108-115]. By manipulating the reaction kinetics, the growth and nucleation of
Pt-Pd core-shell nanocrystals can be directed to a layer-by-layer epitaxial mode,
leading to the formation of Pt-Pd core-shell nanocrystals. Yang and coworkers
[116] developed a facile method for the synthesis of Pt-Pd core-shell cubes,
cuboctahedra and octahedra through epitaxial growth of Pd on Pt cubic seeds.
This process proceeded through reducing K,PdCl, by ascorbic acid with Pt
nanocubes (9.5 nm in edge length) as seeds and tetradecyltrimethylammonium
bromide (TTAB) as a surfactant agent in an aqueous solution. Interestingly, in
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Fig. 4.7 SEM (the first column), TEM (the second column), HAADF-STEM (the third column)
images of Pt-Pd core—shell nanocubes (a, b, ¢), cuboctahedra (e, f, g) and octahedral (i, j, k), and
the modeled orientation (the fourth column) of the core and shell of Pt-Pd nanocubes (d), Pt-Pd
cuboctahedra (h) and octahedral (1), respectively. Reprinted with permission from [116]. Copyright
2007 Nature Publishing Group

this synthesis, the authors found that by using different controlled facets of Pt cubic
nanocrystals as nucleation centers for the overgrowth of Pd metal, shape-controlled
Pt-Pd heterostructures can be obtained. The epitaxial growth of cubic Pd shells on
cubic Pt seeds along the (100) and (111) directions resulted in the formation of
Pt-Pd core-shell cubes. However, cuboctahedrally and octahedrally shaped Pd
shells were formed upon addition of increasing amount of NO, which can alter
the growth rates along the (100) and (111) directions to produce Pt-Pd core-shell
cuboctahedron and octahedron. Both scanning electron microscopy (SEM)
(Fig. 4.7a, e, 1) and the corresponding transmission electron microscopy (TEM)
(Fig. 4.7b, f, j) images clearly show the overall cubic, cuboctahedral and octahedral
morphologies and monodispersity of the Pt-Pd products. Moreover, from the
HAADF-STEM images, the Pt cores and the shaped Pd shells are discernible,
demonstrating the layer-by-layer epitaxial growth on Pt nanocubes. As illustrated
by the schematic drawings in Fig. 4.7d, h, 1, the products evolved from Pt nanocubes
to Pt-Pd cubes, cuboctahedra and octahedra along the (100) and (111) directions
with different growth rates. This method and concept could also be used to
synthesize other metal nanostructures such as FePt, CoPt, with desirable
morphology.
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In another study, Wang and coworkers [117] prepared Pt-Pd petal-like nanotubes
via a wet-chemical strategy, in which the Pt nanotubes with petal-like surface was
first synthesized using ultrathin Te nanowires as sacrificial templates and an
effective epitaxial growth was further employed to deposit thin Pd nanoshells on
the novel Pt nanotubes. It was found that the thickness of the Pd nanoshells can be
easily controlled through the synthetic parameters (the amount of added Pd precur-
sor, etc.). The obtained one-dimensional bimetallic Pt-Pd nanotubes with small
diameter and nanometer-sized wall thickness demonstrated promising application
in fuel cells as effective electrocatalysts.

Since Pt is extremely rare and expensive, it has been shown that deposition of Pt
on Pd single-crystal surface can reduce the cost of materials while enhance their
catalytic activity. By reducing H,PtClg with citric acid (CA) in the presence of Pd
nanoplates as seeds and PVP as a stabilizing agent in an aqueous solution, Xia and
coworkers synthesized Pd-Pt core-shell nanoplates with hexagonal and triangular
shapes through layer-by-layer epitaxial growth of Pt on Pd nanoplates [118]. When
AA was used instead of CA in this process, Pt-Pd nanodendrities rather than Pt-Pd
core-shell structures were produced, indicating that the slow reduction rate associ-
ated with the weak reducing ability of CA played a vital role in achieving the
epitaxial growth of Pt shells on Pd nanoplates. Furthermore, Pd-Pt core-shell
structures with different shapes, such as regular octahedra, truncated octahedra
and cubes, could also be obtained from the epitaxial growth of Pt on well-defined
Pd nanocrystals [119]. The epitaxial growth of Pt shells on regular and truncated
octahedra of Pd at slow reducing resulted in the formation of Pd-Pt core-shell
octahedra. However, an incomplete octahedral Pt shell was formed when the Pd
cube was used as a seed.

Most recently, by using rGO as a support, Bai et al. [120] developed a unique
synthetic approach to prepare core-shell-like Pt-Pd-rGO stack structures. Two
important steps (Fig. 4.8a) were suggested to be involved in the synthesis: (i) In
situ growth of Pd nanocubes on rGO sheets via the co-reduction of K,PdCl, and GO
nanosheets by using ascorbic acid as a reducing agent, and (ii) Pt shells were coated
onto the Pd nanocrystals by reducing H,PtClg in DMF. As shown in Fig. 4.8b, c,
cubic nanocrystals with an average shell thickness of about 2 nm are dispersed on
rGO sheets. HRTEM images in Fig. 4.8d show that the Pt shell is a single crystal
enclosed by (100) facets, forming a perfect interface with the Pd nanocrystal.
STEM and EDX mapping studies further confirm that Pt and Pd are enriched in
the shells and cores, respectively. Importantly, the thickness of the Pt shell in the
Pd-Pt-rGO stack structure can be controlled by simply changing the ratio of rGO-Pd
to Pt precursors. Moreover, Pt can be selectively deposited on Pd nanocubes rather
than on rGO sheets. In the synthesis of Pd-Pt-rGO structure, the potential difference
of rGO and Pd causes the electrons accumulation on Pd surfaces, and then Pt can be
preferentially reduced on the Pd surfaces with a relatively high electron density.
Meanwhile, the more negative potential of rGO (0.38 V vs. SHE) than Pd (0.62 V
vs. SHE) could provide a steady electron supply to prevent the oxidation of Pd in
the redox reactions. All these results clearly demonstrate that rGO played a key role
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Fig. 4.8 (a) Schematic illustration of the synthesis of Pt-Pd-rGO structures. (b, ¢) TEM images of
the Pt-Pd-rGO structure at different magnifications. (d) HRTEM image of a Pt-Pd nanocrystal
supported on rGO. (e) STEM image and (f-h) EDS mapping profiles of a single Pt-Pd nanocrystal
on rGO: (f) Pd (green), (g) Pt (red), and (h) Pt-Pd-STEM overlay. Reprinted with permission from
[120]. Copyright 2014 Wiley-VCH

in manipulating the reaction kinetics to generate layer-by-layer epitaxial growth of
Pt on Pd nanocrystals.

The layer-by-layer growth strategy was also extended to prepare Pt-Pd multi-
shelled nanocrystals with alternating shells of Pt and Pd. Xia and coworkers [121]
demonstrated a facile method for the heteroepitaxial growth of Pt-Pd nanocrystals
with multi-shelled structures by sequentially adding Pt and Pd salt precursors into
an aqueous solution containing Pt or Pd seeds with CA as both capping and
reducing agents. Figure 4.9a shows a schematic of this synthesis starting from a
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Fig. 4.9 (a) Schematic illustration of layer-by-layer epitaxial growth of Pt-Pd multi-shelled
nanocrystals on a Pd cuboctahedral seed. (b) TEM image of Pd cuboctahedra of 9 nm in size
that serve as seeds for the overgrowth steps. (c—e) TEM images of Pd@Pt (c), Pd@Pt@Pd (d), and
Pd@Pt@Pd@Pt (e) nanocrystals prepared by reducing K,PtCl, with citric acid (CA) as a reducing
agent in the presence of cuboctahedral seeds of Pd. The insets show TEM images of individual
nanocrystals at a higher magnification. Reprinted with permission from [121]. Copy right 2011
American Chemical Society

cuboctahedral Pd seed. The TEM images in Fig. 4.9b—e clearly shows a set of
products obtained at different stages of this heteroepitaxial growth process, with
the shape evolving from cuboctahedra to octahedra. The morphological transition
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from cuboctahedra to octahedra derived from the preferential adsorption of CA on
(111) facets of Pt, resulting in a faster growth rate along the Pt(100) direction than
the (111) facets. The thickness of Pd and Pt shells could be independently manip-
ulated by varying the amounts of Pd and Pt salt precursors added in the reaction
solution. The core-shell nanocrystals with Pt and Pd shells can be repeated more
times to generate larger and more complex Pd-Pt multi-shell nanocrystals. In
addition to the use of Pd cuboctahedra as seeds for the alternating deposition of
Pt and Pd shells, the authors found that Pd octahedra/plates and Pt cubes can also be
employed as seeds to prepare Pt-Pd multi-shelled nanocrystals with other different
shapes. For instance, starting from seeds of cubic Pt nanocrystals, Pt-Pd multi-shell
nanocrystals composing of alternating Pd and Pt shells were also obtained, except
for a morphological transition from cubes to octahedra owing to extensive over-
growth. All of these studies clearly demonstrated that the use of CA as both
reducing and capping agents is the key to the successful synthesis of the multi-
shelled nanocrystals. As a relatively weak reducing agent, CA can produce Pt and
Pd atoms at the right place to ensure layer-by-layer epitaxial growth of both metals.
The synthetic technique presented here can be used to prepare multi-shelled
nanostructures with other compositions and morphologies for various applications.

Except for the afore-mentioned layer-by-layer growth mode, the island-on-
wetting-layer mode is another preferred process for the growth of Pd on Pt seeds
due to the following order in bond dissociation energy: Ep,_p, (307 kJ/mol) > Ep_pq
(191 kJ/mol) > Epq.pq (136 kJ/mol), resulting in the formation of Pt-Pd branched
structures. Among various Pt-Pd heteronanostructures, Pt-on-Pd nanodendrites
with highly branched shapes have received great interest because of their unique
properties originating from the electronic coupling between the metals and a wide
variety of promising applications in catalysis. Xia and coworkers [122] developed a
facile, seed-mediated approach to the synthesis of Pt-Pd nanodendrites consisting of
a dense array of Pt branches on a Pd nanocrystal core. In the synthesis, Pd truncated
octahedra with an average size of 9 nm were used as seeds to direct the dendritic
growth of Pt upon the reduction of K,PtCl, by L-ascorbic acid (AA) in an aqueous
solution containing PVP. It was proposed that the high initial supersaturation of Pt
atoms associated with fast reduction by AA was probably responsible for the
branched growth of Pt. In the reaction system, once Pt has nucleated on the surface
of a Pd nanocrystal upon fast reduction by AA, the Pt nuclei can serve as catalytic
sites for further reduction of the Pt precursor and create favorable sites for atomic
addition. Growth preferentially occurs on the Pt nuclei, and deposition proceeds
along the developing Pt branches. And the spatially separated Pt branches structures
could be generated due to the multiple nucleation sites provided by truncated
octahedral Pd seeds. The TEM images of the product showed that numerous Pt
branches have grown from each Pd core, resulting in the formation of Pt-Pd
nanodendrites. HRTEM characterizations clearly revealed the continuous lattice
fringes from the Pd core to the Pt branches, further indicating the Pt branches were
epitaxially nucleated and grown on the Pd seeds. The authors also found that the
generated product has a high surface area and particularly active facets, providing a
promising application in fuel cells. Furthermore, by using differently shaped Pd
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seeds and mediated growth mechanism, other Pt-Pd dendritic nanostructures have
also been generated [123, 124]. For example, Wang and coworkers [125] synthe-
sized ultralong Pt-Pd bimetallic nanowires with a 100% yield by employing Pd
nanowires as seeds to direct the dendritic growth of Pt upon the reduction of
K,PtCl, by AA in aqueous solution. Interestingly, the as-prepared Pt-Pd nanowires
have the cores of Pd nanowires and shells of dendritic Pt, and the small single-
crystal Pt nanobranches interweave with each other, resulting in nanopores on the
surface of Pd nanowires. Due to the unique nanostructure, the synthesized Pt-Pd
nanowires exhibited a high surface area and enhanced electrocatalytic activity
towards methanol oxidation reaction.

In another study, Yang et al. [126] demonstrated an oil-phase synthetic approach
for the synthesis of Pt-Pd branched nanostructures by reducing Pt(acac), in a
mixture of diphenyl ether and oleylamine with 5 nm Pd nanoparticles as seeds
under an argon atmosphere at 180 °C. As shown in Fig. 4.10a, the branched arms of
Pt with an average diameter of 3 nm are distributed evenly on the surface of Pd

Fig. 4.10 Representative (a) TEM, (b) HRTEM (c) HAADF-STEM image and (d, e) EDX
mapping of Pd-Pt bimetallic nanodendrites synthesized by reducing Pt(acac), in a mixture of
diphenyl ether and oleyamine in the presence of preformed Pd nanoparticles. Reprinted with
permission from [126]. Copyright 2009 American Chemical Society
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nanoparticles, generating Pt-Pd nanodendrite structures. From the HRTEM image
(Fig. 4.10b), the synthesized nanoparticles show well-defined crystalline fringes
and the Pt branches grew along the (111) crystal planes on the Pd seed. From the
representative STEM and the corresponding EDX maps (Fig. 4.10c—e), Pt is
dispersed throughout the entire particle, including the branches, whereas Pd could
only be detected in the core region, indicating the formation of Pt-Pd dendritic
structures.

Graphene nanosheets have been studied extensively owing to its unique elec-
tronic, thermal, mechanical properties arising from its strictly 2D structure. Partic-
ularly, its unique structure and the resulting properties endow it to be a promising
2D supporting material to load metal nanoparticles for application in fuel cells. By
using graphene sheets as support, Wang and coworkers [127] constructed high-
quality 3D Pt-on-Pd bimetallic nanodendrites supported on PVP-functionalized
graphene nanosheets. In the synthetic process, the PVP-functionalized graphene
was first obtained under the reduction of hydrazine. Pd/graphene seeds were then
synthesized using HCOOH as reducing agent at room temperature. Finally, Pt-on-
Pd nanodendrites supported on graphene sheets were produced by using graphene
sheets-supported Pd nanoparticles as seeds to direct the dendritic growth of Pt upon
the reduction of K,PtCl, by ascorbic acid in an aqueous solution. The TEM results
indicated that the Pt-on-Pd bimetallic nanodendrites with an average size of 15 nm
were dispersed on graphene sheets, in which Pt branches with an average diameter
of about 3-5 nm were distributed evenly on the surface of a Pd nanoparticle.
Importantly, the number of Pt branches could be easily controlled through simply
manipulating the reaction parameters. For example, lower concentrations of
graphene can lead to relatively lower amounts of Pd nanoparticles adsorbed on
the surface of graphene nanosheets, thus resulting in Pt-on-Pd bimetallic
nanodentrites with more Pt branches supported on the graphene sheets. More
importantly, because the small single-crystal Pt nanobranches with porous structure
and good dispersion were directly grown onto the surface of graphene nanosheets,
the obtained hybrids exhibited an enlarged electrochemical surface area as high as
81.6 m?/g. All these unique structural features together with the synergetic effects
of the Pt-Pd and the enhanced electron transfer stemming from graphene support
are highly favorable for the application of the graphene nanosheets-supported 3D
Pt-on-Pd bimetallic nanodendrites in fuel cells, with a much higher catalytic
activity than conventional E-TEK Pt/C electrocatalysts for methanol electro-
oxidation.

In spite of the significant achievement in the synthesis of Pt-on-Pd nanodendritic
structures via the aforementioned seed-mediated growth strategy, the involved
processes of the syntheses were strongly dependent on the use of faceted Pd
seeds to direct the subsequent growth of Pt branches. Without the well-defined Pd
seeds, both the particle size and shape of the Pt-on-Pd nanodendrites are usually
uncontrollable. Recently, without using any pre-synthesized Pd seeds, organic
solvent and high temperature, Wang et al. [128] proposed a simple approach for
one-step direct synthesis of Pt-on-Pd nanodendrites in aqueous solution at room
temperature. In the synthesis, a block copolymer (Pluronic P123) was employed to
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mediate the reduction of K,PtCl, and Na,PdCl, by using AA as a reducing agent for
30 min at room temperature. It was found that the as-prepared product consists of
well-dispersed nanodendrites with Pd interior and dendritic Pt exterior, in which the
Pt nanoarms have widths of 3 nm branching in various directions. The preferential
reduction of the Pd precursor by AA caused by the different reduction kinetics of Pd
and Pt complex with AA was found to a key factor in directing the formation of Pt-
on-Pd nanodendrites. The formed Pd nanoparticles can serve as in situ seeds for the
subsequent deposition of Pt. Moreover, the use of Pluronic P123 and the selected
concentration (0.87 mM) also played critical roles in the synthesis of Pt-on-Pd
nanodendrites. In comparison, aggregated Pt-Pd nanoclusters were obtained with an
increase/decrease of the Pluronic P123 concentration or replacing Pluronic P123
with Pluronic F68. A surfactant of PVP was found to be unfavorable for the
formation of Pt-on-Pd nanodendrites. Most importantly, by a simple control of
the mole ratios of the Pt and Pd precursors in the reaction solution, Pt-on-Pd
nanodendrites with a designed Pt and Pd content could be obtained. In comparison
with the two-step seed-mediated methods, this rational block copolymer-mediated
synthesis could trigger the facile creation of novel bimetallic heterostructures with
designed compositions and desired properties.

In addition to seed-mediated growth involving direct reduction of a second metal
onto pre-formed seeds, Beer and co-workers [129] recently reported a novel anion
coordination route to control the formation of bimetallic core-shell nanoparticles
for any two noble-metals including Pt and Pd. This method uses ligand-based
supramolecular forces to ensure surface segregation of the shell metal onto the
pre-formed core before its reduction. And four different types of bimetallic core-
shell nanoparticles (Au-Pd, Pd-Au, Pt-Pd and Pd-Pt) with an average size of less
than 5 nm have been synthesized by using this new protocol. The success of this
synthesis was based on the ability to anchor metal ions to the pre-formed seeds
through amides-chlorometallates anion coordination by hydrogen bonding before
reduction occurred. This work not only provides novel core-shell nanoparticles with
small size (<5 nm), but also offers an impetus for the exploitation of supramolec-
ular interactions in the design and synthesis of structured nanoparticles with
controlled composition.

4.2.4 Electrochemical Deposition and Its Combination
with Galvanic Replacement

In recent years, to improve the mass activity of shaped nanocrystals, much work has
focused on the crystallographic orientation of metal atoms at the surface of
nanocrystals [30, 130]. Owing to the simplicity and no need of templates, electro-
chemical deposition is a useful approach to prepare Pt-Pd bimetallic nanocrystals
with decorated surface by Pt or Pd adatoms and consequently with enhanced
electrochemical properties [131-144]. For example, Feliu and coworkers [145]
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have successfully electrodeposited Pd adatom on cubic Pt nanoparticles as an anode
electrocatalyst toward formic acid oxidation in fuel cells. The authors proposed that
the amounts of Pd on the Pt surfaces can be easily monitored in situ by observing
the voltammetric changes during the deposition process. Compared with the
Pd-modified quasispherical Pt nanoparticle, the Pd adatoms-decorated Pt(100)
nanoparticles exhibited enhanced catalytic activity for formic acid electrooxidation.
In the Pd adatoms-decorated Pt(100) nanoparticles, the high fraction of Pt(100)
sites can decrease surface poising, lower onset potential and thus greatly improve
the kinetics of formic acid oxidation over Pt surface.

In addition, the nanostructure of Pd nanocrystals covered by a Pt monolayer shell
has also attracted much attention because in such structure all Pt atoms located on
the surface of Pd core can be sufficiently utilized and thus improved Pt mass activity
can be achieved. DFT calculations demonstrated that the strong interaction between
the Pt monolayer and the base metal also plays a vital role in determining the
structure and properties of the Pt monolayer. In this case, the electrocatalytic
properties of the Pt monolayer can be easily manipulated by changing the base
metal. For example, the electrocatalytic activity of a Pt monolayer on different base
metals for ORR exhibited a volcano-type dependence [146]. Pd substrate was
thought not only to apply a compressive strain upon the Pt monolayer but also to
impart a so-called “ligand-effect”, leading to lowered energy of the weighted center
of the Pt d-band. Therefore, the Pd(111) decorated with Pt monolayer is located at
the top of the volcano curve with the highest ORR activity. The extremely low Pt
loading together with a perfect catalytic activity make the Pt-monolayer decorated
Pd nanocrystals very attractive for practical applications in fuel cells.

Recently, much work has been done to prepare Pt monolayer-decorated Pd
nanocrystals with improved electrocatalytic properties [147—-150]. For example,
Adzic and coworkers [151] reported a simple approach for the synthesis of a Pt
monolayer on a Pd base metal by first electrochemically depositing a monolayer of
Cu atoms on Pd cores through Cu underpotential deposition (UPD), followed by
the controlled displacement of these adatoms with Pt via galvanic exchange.
Figure 4.11a schematically illustrates the key steps for the growth of a Pt
monolayer on a Pd core. The Z-contrast image from HAADF-STEM (Fig. 4.11b)
demonstrates the formation of a bright shell on the relatively darker nanoparticle
core. The EDX line-scan analysis (Fig. 4.11c) shows that the Pt trace has two peaks
in two sides, while the Pd trace has one peak in the center, further confirming the
formation of a Pt monolayer on the Pd core. In addition, the thickness of the Pt shell
could be gradually increased with repeated UPD and galvanic replacement
processes.

Although outstanding ORR activities have been achieved with the afore-
mentioned OD core-shell catalysts, 1D nanostructures are characterized by their
uniquely anisotropic nature, which imparts advantageous structural and electronic
factors in the catalytic reduction of oxygen. In particular, Koenigsmann et al. [152]
designed a Pd nanowire core-Pt monolayer shell structure with enhanced
electrocatalytic activity and durability by successfully combining the uniquely
advantageous core-shell motif with the electrocatalytic advantages of ultrathin 1D
nanostuctures. In their synthesis, the ultrathin Pd nanowires (~2 nm) were first
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Fig. 4.11 (a) A schematic of the two major steps involved in the synthesis of a Pt monolayer on a
Pd core through a combination of electrochemical deposition and galvanic replacement.
(b) HAADF-STEM image and (c¢) the EDX line-scanning profile showing the formation of a
Pt monolayer on a Pd nanoparticle. Reprinted with permission from [151]. Copyright 2010
Wiley-VCH

synthesized, and the deposition of Pt onto the surface of the treated Pd nanowires
was achieved by Cu UPD followed by galvanic displacement of the Cu adatoms
with Pt**. Importantly, the use of ultrathin nanowires with a diameter below 5 nm in
this work could maximize the surface area-to-volume ratio, achieving higher mass
activity compared with conventional commercial Pt nanoparticles, and core-shell
nanoparticles. Moreover, in the obtained Pd nanowire core-Pt monolayer shell
structure, a contraction of the core nanowire surface would be highly advantageous
for ORR electrocatalysis, because this would enhance the strain-induced contrac-
tion of the Pt monolayer and therefore improve the inherent ORR activity. In
addition, by varying the shape of the Pd cores (Pd cubes, octahedra or rods), the
morphology-tailored core-shell nanoparticles could also be obtained by the same
way [150, 153, 154].

In addition to the methods listed above, the synthesis of Pt-Pd (or supported
Pt-Pd) bimetallic nanocrystals can also be achieved by other techniques, such as
thermal treatment [155-160], plasma sputtering [161, 162], electroless deposition
[163, 164], and supercritical CO, deposition [165, 166].
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4.3 Applications of Unsupported/Supported Pt-Pd
Bimetallic Nanocrystals as Electrocatalysts in Fuel
Cells

4.3.1 Alcohol Oxidation Reaction

Among the various fuel cell technologies, direct methanol fuel cells (DMFCs) have
attracted special interests because of their ability to utilize methanol as a liquid fuel,
which can be easily and safely stored as well as transport comparing with hydrogen-
based counterparts [167, 168]. Moreover, methanol can be directly prepared either
from natural gas or renewable biomass and thus ideally meet the future power needs
with a high energy efficiency of 600 Wh/kg [169]. More importantly, DMFCs have
the unique advantage of operation at near ambient temperatures between 40 and
80 °C, which is much lower than the normal operating temperatures for solid oxide
fuel cells (800—-1000 °C). Therefore, DMFCs technology represents a potentially
effective fuel cell candidate for future applications in the automotive, portable
power generating, and electronics industries [170]. However, it is significant to
note that large portions of the cost of DMFCs can be attributed to the high loading
of expensive electrocatalysts that are at the heart of the device itself. Meanwhile,
the slow anode reaction and methanol crossover reaction at the cathode are also the
vital limitation to the widespread application of DMFCs. Hence, lowering the costs
and improving efficiency of the catalysts have become two critical technological
issues towards the development of practical and inexpensive DMFCs.

The process of methanol oxidation reaction (MOR) at the anode in DMFCs
includes the methanol adsorption and the subsequent dissociation into adsorbed
intermediates [171]. According to the dual-pathway mechanism, CO is a poisoning
intermediate species, which can largely reduce the catalytic activity of catalysts,
especially Pt-based catalysts. To eliminate the CO poisoning to catalysts, oxygen-
containing surface species (e.g, OH) formed on adjacent catalyst sites are usually
needed to remove CO adsorbed on the catalyst surface (CO,q). Thus, to catalyze the
methanol oxidation efficiently, catalysts with multiple active sites are required for
the adsorption of methanol and formation of OH species. Therefore, a significant
amount of work has been dedicated to the synthesis of Pt-based nanostructures
combining with another metal so as to improve CO-tolerance. Among these, Pt-Pd
bimetallic nanocrystals represent an active and durable catalysts for methanol
oxidation.

Effectively controlling the size and shape of Pt-Pd bimetallic nanocrystals can
provide a great opportunity to improve their catalytic properties and increase their
mass or specific activity [57, 100, 110]. Huang and coworkers [115] employed a
seed-mediated growth method to synthesize Pt-Pd core-shell nanocrystals with
different Pd shell thicknesses. The catalytic activities of the different sizes
(i.e. Pd shell thickness) of Pt-Pd nanocrystals at Pd/Pt ratios from 1/6 to 2/3 for
MOR in alkaline media were compared in CV measurements. It was found that the
Pt-Pd core-shell nanocrystals with a Pd/Pt ratio of 1/3 (near monolayer Pd shell)
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yield the highest current density and the most negative potential for the oxidation
peak in the forward sweep due to the highest tolerance of the sample to CO
poisoning. Such results demonstrate the importance of Pd shell thickness of the
core-shell nanocrystals in the manipulation of the catalytic performance for fuel cell
applications.

To enhance the mass activity of Pt, the core-shell type of nanocrystal catalysts
with a Pt shell have also been developed to remarkably reduce Pt loading.
Yamauchi and coworkers [128] synthesized Pt-on-Pd nanodendrites and studied
their catalytic properties for methanol oxidation reaction in acid condition. The
electrochemical measurements showed that the forward peak current density of
MOR on Pt-on-Pd (0.49 A/mgp,) is much higher than that of Pt nanodendrites
(0.21 A/mgp,) and Pt black (0.11 A/mgp,), and at any oxidation current density, the
corresponding oxidation potentials on the Pt-on-Pd nanodendrites are obviously
lower than those on the Pt dendrites and Pt black, indicating that Pt-on-Pd
nanodendrites has the highest activity for methanol oxidation. It was found that
the formation of the inserted pseudo-Pd-Pt alloy heterointerface plays a critical role
in reducing the electronic binding energy in Pt and facilitating the C-H cleavage
reaction in methanol decomposition. Furthermore, the various atomic steps exposed
on the Pt branch surface can act as highly active sites for the methanol oxidation
reaction. Therefore, superior catalytic activity was exhibited through this open
dendritic structure with the designed Pt and Pd ratios. In addition, nanostructures
with high aspect ratios such as nanowires, nanotubes and nanorods can provide
improved mass transport and higher electrochemical active surface area than those
of low aspect-ratio nanoparticles [172]. For example, Guo et al. [125]. investigated
the activity of the ultralong Pt-Pd bimetallic nanowires for methanol oxidation
reaction. By comparing with other catalysts, the Pt-Pd nanowires exhibited much
larger electrochemical surface area (ECSA) (90.7 m?/ g) than those of E-TEK Pt/C
catalyst (53.5 m?/g) and mesoporous Pt with giant mesocages (74 m?/g). Compared
to the commercial E-TEK catalyst, a significant enhancement of the peak current
and a negative shift of the onset potential of methanol oxidation were achieved on
the Pt-Pd nanowires. Moreover, it should be noted that the Pt-Pd nanowires also
exhibited much higher mass activity and stability than some state-of-art Pt-based
nanomaterials.

It has been well-documented that the catalytic activities of bimetallic
nanocrystals are strongly dependent on their compositions [139, 173]. Sun and
co-workers [89] studied polyhedral Pt-Pd bimetallic nanoparticles with the compo-
sitions ranging from PdggPt;, to Pd;4Ptee as anode catalysts for methanol oxidation
reaction. As shown in Fig. 4.12a, as compared to pure Pd nanoparticles, both peak
potentials and current densities of MOR change with the Pt content in the Pt-Pd
nanoparticles. The plots of peak potentials and peak current densities versus Pt
atomic % in the nanoparticles (Fig. 4.12b) showed a composition-dependent MOR
activity and the catalyst having 40—60 % Pt exhibited the maximum activity plateau.
Cai and coworkers [82] synthesized three-dimensional Pt-Pd core-shell
nanostructures by using a one-step microwave heating method. It was found that
the Pt-Pd nanostructure with a Pd/Pt molar ratio of 1:3 exhibited the highest
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Fig. 4.12 (a) J-V curves of MOR on Pd, BASF Pt and Pd-Pt catalysts with different compositions
in 0.1 M HCIO4 and 0.1 M methanol. (b) Methanol oxidation peak current density and peak
potential vs the Pt atomic % in the Pt-Pd nanoparticles. Reprinted with permission from
[89]. Copyright 2011 American Chemical Society

electrocatalytic activity toward methanol oxidation as compared to Pt, Pd and other
Pt-Pd nanostructures. Moreover, the Pt-Pd nanostructure with a Pd/Pt molar ratio of
1:3 also exhibited high stability due to its enhanced tolerance to intermediate
species during the methanol oxidation. Jin and coworkers [88] investigated the
catalytic activity of the assembled free-standing Pt-Pd nanomembranes (PdPt-
FNMs) for methanol oxidation in alkaline condition. By using the hydrogen
adsorption-desorption method, the PdPt-FNMs have much higher ECSA values
(PdssPt;-—~FNMs (48.01 m?%/g), Pds3Pte;—FNMs (52.04 m?%/g), Pd,sPtgs—FNMs
(50.55 mz/g)) than commercial Pt black (22.94 mz/g), indicating the enhanced
active sites on PdPt—-FNMs for the electrooxidation of methanol. By comparing
the CVs of methanol oxidation, the Pd;;Pts;—FNMs exhibited the best catalytic
performance with the most negative onset potential and the largest current density
among the PdPt-FNMs with different compositions and commercial Pt black.
Moreover, the PtPd-FNMs showed higher stability than commercial Pt black after
CV cycling tests, and the Pd;;Ptg;—FNMs exhibited the highest stability with the
least loss of the electrocatalytic activity among the studied PdPt-FNMs. The
enhanced MOR activity of all the above-mentioned Pt-Pd bimetallic nanocrystals
can be explained by the bifunctional methanol oxidation mechanism. In the Pt-Pd
nanocrystals, Pd is mainly responsible for the water dehydrogenation to form
Pd-OH, while Pt catalyzes the methanol dehydrogenation to form Pt-CO. The
reaction between Pd-OH and Pt-CO produces CO, to regain the active metal
surfaces. However, without Pd, the water dehydrogenation on Pt occurs at a higher
potential, making the oxidation process sluggish. The activity also decreases with
the excessive Pd due to the lack of Pt for methanol dehydrogenation.

In the synthesis, metal nanoparticles are usually formed with certain facets to
minimize surface energy and the total free energy. On different crystal surfaces of
Pt-Pd materials, the electronic structures and atomic arrangements are quite differ-
ent, and the appropriate crystal phase is able to greatly enhance reaction kinetics
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Fig. 4.13 (a) Stable CV curves obtained from the Pt-Pd NCs, NTs, and Pt/C in 0.1 M HCIO,4 and
1 M CH;OH at a sweep rate of 50 mV/s. (b) CV curves obtained from different electrocatalysts
after 4000 additional cycles. Reprinted with permission from [94]. Copyright 2011 American
Chemical Society

[113]. Yin et al. [94] have successfully prepared the mono-disperse single-crystal-
line sub-10 nm Pt-Pd nanotetrahedra (NTs) and nanocubes (NCs). The single-
crystalline Pt-Pd NTs are enclosed by four (111) facets, while the Pt-Pd NCs are
enclosed by (100) facets. As shown in Fig. 4.13a, both the Pt-Pd NCs and NTs
exhibited high catalytic activities towards methanol electrooxidation in acid elec-
trolyte. As compared the peak voltage (E;=0.85 V) and the peak current density
J;=0.51 mA/cmz) for Pt/C, more negative E; and much larger J; in a forward scan
were obtained with 0.85 V and 1.49 mA/cm? for Pt-Pd NCs, and with 0.84 V and
1.12 mA/cm? for Pt-Pd NTs, respectively. Moreover, the ratio of the current density
values in two sequential forward (positive) and backward (negative) sweeps (J¢/Jp,)
is considered to be an important indicator of the catalyst tolerance to poisoning
species. The different J;/J,, values for Pt-Pd NCs (2.5) and NTs (1.4) confirmed that
different reaction pathways might be adopted on the (100) or (111) surfaces.
Meanwhile, due to the more durable nature of the (111) facet of Pt-based
nanocrystals, the Pt-Pd NTs remained higher activities than both Pt-Pd NCs and
Pt/C after repeating the CV sweeps for over 4000 cycles (Fig. 4.13b). The different
electrocatalytic performances of the Pt-Pd NCs and NTs demonstrate the facet-
sensitive nature of methanol oxidation on Pt-Pd nanocrystals.

In another study, Lee et al. [72] synthesized octahedral Pt-Pd nanoparticles with
exposed (111) facets as anode catalysts for methanol oxidation. The octahedral
Pt-Pd alloy with dominantly exposed (11 1) facets exhibited an enhanced catalytic
performance with lower onset and peak potentials, and higher current density as
compared to polycrystalline Pt/C for MOR. Moreover, a higher ratio of the forward
to the reverse anodic peak current density than that of commercial Pt/C indicates
less accumulation of residues on the Pt-Pd octahedron during the forward anodic
scan. In addition, the remained size and morphology of the well-defined Pt-Pd alloy
octahedron compared to the massive agglomeration of Pt/C after the stability test
further confirmed the superior electrocatalytic activity and stability of the Pt-Pd
bimetallic nanocrystals for MOR. All these studies indicate that shape-controlled
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synthesis of facet-sensitive multi-metal nanocrystals can open up new opportunities
for Pt-Pd nanocrystals with potential applications.

To further improve the catalytic activity of the Pt-Pd bimetallic nanocrystals and
lower the usage of noble metals, loading of catalysts on the surface of suitable
supporting materials is highly desirable [43, 54, 81, 96, 174, 175]. Wang and
coworkers [127] investigated the catalytic activity of three-dimensional Pt-on-Pd
bimetallic nanodendrites supported on graphene nanosheets (TP-BNGN). By com-
paring with the carbon nanofiber- or CNT-supported Pt nanoparticles, CNT/Pt
composite and commercial E-TEK Pt/C catalysts, the TP-BNGN exhibited much
improved catalytic activity for MOR with much higher mass current density, more
negative onset oxidation potential and more efficient removal of the poisoning
species on the catalyst surface. Recently, we studied the catalytic activities of
rGO-supported Pt-Pd nanocubes (PtPd/rGO) for methanol oxidation in acid
medium [95]. As shown in Fig. 4.14, compared with the unsupported PtPd alloy
nanocubes and commercial Pt/C catalysts, the PtPd/rGO showed enhanced
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Fig. 4.14 CVs of the unsupported and rGO-supported (PtPd/rGO) PtPd alloy nanocubes, and the
commercial Pt/C catalysts in (a) 0.1 M HCIO, solution, and (b) 0.1 M HCIO4+1.0 M CH30H
solution. (¢) Chronoamperometric curves of methanol oxidation at 0.62 V in 0.1 M HCIO4+1.0 M
CH;0H solution after the CO stripping treatment. Potential scan rate 50 mV/s. All currents were
normalized to the total mass of noble metals (Pt and Pd). (d) Comparison of mass and specific
activities of the three catalysts for methanol oxidation. Reprinted with permission from [95]. Copy-
right 2013 American Chemical Society
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electrocatalytic performance with increased ECSA, lower negative onset potential
and higher current density for methanol oxidation. Furthermore, the PtPd/rGO
exhibited high durability during the methanol oxidation. All these studies indicate
that graphene sheets can be used as excellent catalyst support for enhancing the
catalytic performance and improving the stability of Pt-Pd bimetallic catalysts.

With a high surface area, good electrical conductivity, light weight, high chem-
ical stability and inherent size and hollow geometry, carbon nanotubes (CNTs) are
one of the most attractive nanomaterials used as an efficient catalyst support in fuel
cells. Wai and coworkers [166] studied the catalytic activity of Pt-Pd nanoparticles
supported on multi-walled carbon nanotubes (MWCNT) for methanol electro-
oxidation. From the CVs of methanol oxidation, compared to MWCNT-supported
monometallic nanoparticles, the Pt-PA/MWCNTSs exhibited much lower onset
potential and higher ratio of the forward scan peak current over the backward
scan peak current, indicating the Pt-Pd/MWCNTs catalysts are more efficient at
lowering the adsorbed carbon monoxide and thus show an enhanced catalytic
activity for MOR.

In addition, conducting polymer nanostructures have recently received special
attention as supporting nanomaterials owing to their highly n-conjugated polymeric
chains, unique electrical properties, and controlled morphologies. Recently, Wang
and coworkers [76] reported a 1D nanoelectrocatalyst based on polyaniline (PANI)
nanofiber-supported Pt-Pd hybrid nanoparticles for methanol oxidation reaction.
From the CV measurements, the current density of MOR on the PANI nanofiber-
supported Pt-Pd nanoparticles catalyst was 2.99 times higher than that of E-TEK
Pt/C catalyst for MOR. And the hybrid catalyst exhibited a higher ratio (1.98) of the
forward oxidation current peak to the reverse current peak compared to commercial
E-TEK Pt/C (1.08), revealing the more effective removal of the poisoning species
on the surface of PANI nanofiber-supported Pt-Pd nanoparticles. The enhanced
catalytic activity of PANI nanofiber-supported Pt-Pd can be ascribed to the high
conductivity of PANI support in acidic conditions and the supra-high density
distribution of small Pt-Pd nanoparticles on the surface of PANI nanofibers. In
another work, highly dispersed Pt-Pd nanoparticles supported on polypyrrole (Ppy)
film were fabricated by electrochemical deposition method [137]. Because of the
uniform dispersion of Pt-Pd nanoparticles in the Ppy film, the synergistic effect of
the Pt and Pd and the effective reduction of CO species, the Ppy-supported Pt-Pd
nanoparticles showed remarkably improved electrocatalytic performance for meth-
anol oxidation reaction. Galal et al. [140] synthesized Pt-Pd nanoparticles
supported on poly(3-methylthiophene) (PMT) films via electro-deposition method.
The voltammetric measurements indicated a higher activity of PMT-supported
Pt-Pd nanoparticles than other types of deposited substrates such as Pt and glassy
carbon, for methanol oxidation. Moreover, it was also found that the thickness of
PTM in the Pt-Pd/PTM hybrid has an obvious effect on the catalytic performance,
and the best activity was obtained at the relatively thinner films.

Direct ethanol fuel cells (DEFCs) have also attracted enormous attention due
to the higher theoretical energy density but less toxicity of ethanol as compared to
methanol. Moreover, ethanol can be synthesized directly from biomass, whereas
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methanol is most commonly generated from natural gas, an abundant but
non-renewable source [176]. For ethanol oxidation on Pt-based electrocatalysts,
several reaction mechanisms have been proposed with complex processes
[177, 178]. According to the mechanisms, it is widely accepted that the electro-
oxidation of ethanol can only occur with a multifunctional electrocatalyst. Platinum
itself is known to be rapidly poisoned on its surface by strongly adsorbed species
coming from the dissociative adsorption of the ethanol molecule. So other metals
modified with Pt can activate water at low potentials to produce oxygenated species
(e.g. adsorbed OH), and these OH species are necessary to oxidize the species from
the dissociation of ethanol to carbon dioxide. Moreover, unlike methanol oxidation,
the oxidation of ethanol is more difficult with the necessity to break the C-C bond to
obtain its complete oxidation. Except for the formation of adsorbed CO, acetalde-
hyde, acetic acid, or CO, can be formed through different reaction pathways during
ethanol electro-oxidation reaction. In the past years, Pt-Pd bimetallic nanocrystals
have been recognized as a promising alternative to commercial catalysts for
effectively improving the activity and durability for ethanol electro-oxidation
[64, 142, 155]. For example, Guo et al. [117] synthesized Pt-Pd bimetallic
nanotubes with petal-like surface and further studied their catalytic activity for
ethanol oxidation in alkaline media. Figure 4.15a compares the CVs of Pt-Pd
bimetallic nanotubes with petal-like surfaces (PBNPSs, curve a), Pt nanotubes
with petal-like surfaces (PNPSs, curve b) and E-TEK Pd/C (curve c) electrodes in
a No-saturated 0.5 M H,SO, solution. It can be seen that the reduction peak
potential of PA(OH), shifts positively on the PBPNSs (0.48 V vs. Ag/AgCl) as
compared with E-TEK Pd/C (0.38 V vs. Ag/AgCl), indicating the reduced
oxophilicity and weakened chemisorpotion with oxygen-containing species on
PBNPSs catalyst. Furthermore, from the CVs of ethanol oxidation shown in
Fig. 4.15b (specific activity), ¢ (mass activity), the PBNPSs (curve a) exhibit
much higher specific and mass activities, which are about 3.7 and 3.1 times larger
than PNPSs (curve b), demonstrating the importance of thin Pd shells for enhancing
ethanol electro-oxidation. Meanwhile, from Fig. 4.15b, c, the PBNPSs also show
higher specific (3.05 times) and mass (3.7 times) activities than the E-TEK Pd/C
catalyst. In addition, after 1800 s continuous operating (Fig. 4.15d), the specific
activities of PBNPSs (curve a) are much higher than those of the PNPSs (curve b)
and commercial Pd/C (curve c), suggesting that the PBNPSs catalyst has great
stability in ethanol oxidation reaction.

Recently, Lee and co-workers [144] prepared bimetallic Pt-Pd alloy
nanoparticles on a Nafion-graphene film by a simple electrochemical deposition
method. Due to the synergistic effects of the PtPd nanoparticles and the enhanced
electron transfer originating from graphene, the hybrid exhibited efficient catalytic
activity and stability toward ethanol electro-oxidation in alkaline media. Datta
et al. [49] successfully incorporated Pt-Pd bimetallic nanocrystallites into poly-
vinyl carbazole (PNVC) cross-linked with V,05 (PNVC-V,05) and investigated its
electrocatalytic activity for ethanol oxidation in alkaline condition. As compared to
the Pt/C, PtPd/C and Pt/PNVC-V,Os, the PtPd/PNVC-V,05 catalyst exhibited
enhanced electrocatalytic performance with increased electrochemical active
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Fig. 4.15 (a) CVs of the PBNPSs (curve a), PNPSs (curve b) and E-TEK Pd/C (curve c)
electrodes in a 0.5 M H,SO, solution; CVs ((b): specific activity; (¢): mass activity) of the
PBNPSs (curve a), PNPSs (curve b) and E-TEK Pd/C (curve c) electrodes in a 0.5 M H,SO,+
1 M ethanol solution at the scan rate of 50 mV/s; (d) Current density-time curves (specific activity)
of the PBNPSs (curve a), PNPSs (curve b) and E-TEK Pd/C (curve c) electrodes in a 0.5 M NaOH
+1 M ethanol solution at —0.2 V. Reprinted with permission from [117]. Copyright 2010 Royal
Society of Chemistry

surface area, lower onset potential, and larger current density of ethanol oxidation.
This study indicates that PNVC-V,05 polymer-metal composite can serve as a
promising catalyst supporting material for fuel cells.

4.3.2 Formic Acid Oxidation Reaction (FAOR)

Formic acid is a liquid at room temperature, and dilute formic acid is recognized as
a safe fuel used in low-temperature fuel cells. As compared to traditional hydrogen
fuel, aqueous solutions of formic acid exhibit the advantages of ease of transpor-
tation, storage and handling. Moreover, direct formic acid fuel cells (DFAFCs)
have a smaller crossover of formic acid than that of methanol fuels in DMFCs,
which simultaneously improves fuel utilization and enables the use of thinner
membranes. In addition, DFAFCs has a theoretical open circuit voltage (OCV) of
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about 1.48 or 1.45 V, which is higher than hydrogen-oxygen (1.23 V) and
methanol-oxygen (1.18 V) fuel cells [179-181]. For formic acid oxidation, a
so-called dual pathway mechanism has been commonly accepted: (i) direct path-
way (dehydrogenation pathway), which involves the removal of two
hydrogen atoms from formic acid molecule to directly produce CO, (HCOOH—
CO,+2H"+2¢"), and (ii) indirect pathway (dehydration pathway), which involves
the dehydration of formic acid to yield a poisonous intermediate CO species
(CO,4s) and then further oxidation to CO, (HCOOH— CO,4s+H,0—CO,+2H*
+2e ). On the basis of such a mechanism, to enhance fuel cell efficiency and avoid
poisoning, the materials on which the direct dehydrogenation pathway predomi-
nantly occurs or have high CO tolerance are ideal anode catalysts for formic acid
oxidation. Pt-Pd bimetallic catalysts are considered as a substitute of platinum in
fuel cells due to their attractive performance and better CO tolerance during formic
acid oxidation than that of Pt catalysts [69, 135, 182].

By controlling the crystallographic orientation of the surface atoms, Pt-Pd
bimetallic nanocrystals with enhanced electrochemical properties can be designed
[124, 173]. For instance, by using highly faceted cubic Pt as seeds to direct the
epitaxial overgrowth of Pd, Yang and coworkers [116] prepared shape-controlled
Pt-Pd heterostructures and studied their catalytic activities for formic acid electro-
oxidation. From the CVs of formic acid oxidation shown in Fig. 4.16, (100)-facets
terminated cubic Pt-Pd core-shell particles (Fig. 4.16a) exhibit a much higher peak
current that is five times of that from the (111)-facets terminated Pt-Pd octahedra
(Fig. 4.16¢), whereas the octahedral Pt-Pd shows a lower peak potential (0.15 V)
than the cubic Pt-Pd (0.36 V). Moreover, the Pt-Pd cubes show a sharper peak at
0.47 V in the negative scan than the octahedra, and the Pt-Pd cuboctahedra show
intermediate catalytic properties between the cubes and octahedra (Fig. 4.16b). The
surface-dependent properties can be ascribed to the different arrangement of atoms
at the surface of different shaped Pt-Pd nanocrystals, and thus the corresponding
surface energy affects adsorption, surface diffusion, intermediate formation, chem-
ical rearrangements and finally desorption of the products in the formic acid
oxidation.

In another work, Pt-Pd binary nanoparticles were fabricated by decorating Pd on
the well-defined Pt(100) single crystal surface via a seed-mediated growth process
[123]. Because the presence of adsorbed Pd on Pt(100) can minimize CO formation
at low potential, and thus decrease the self-poisoning and lower the oxidation
potential, the prepared Pt-Pd nanoparticles showed remarkably enhanced
electrocatalytic performance for formic acid oxidation. Feliu and coworkers [145]
prepared Pd adatom-modified (100) preferentially oriented cubic Pt nanoparticles
by an electrochemical deposition approach using a reductant- and surfactant-free
process. In electrochemical measurements, the formic acid oxidation current was
strongly inhibited in the positive scan on the bare cubic Pt nanoparticles owing to
the almost complete poisoning of (100) surface sites by CO. After the incorporation
of Pd, the formic acid oxidation was enhanced. However, due to the lower fraction
of Pt(100) sites in the quasispherical Pt nanoparticles, the current density obtained
from the cubic Pt nanoparticles is higher than that from quasispherical Pt
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Fig. 4.16 Electrocatalytic activities of the Pt-Pd binary metal nanocrystals for formic acid
oxidation. (a—c) Cyclic voltammograms for cubes (a), cuboctahedra (b) and octahedra (c¢) in
0.1 M H,SO,4 and 0.2 M formic acid at a sweep rate of 50 mV/s. Reprinted with permission
from [116]. Copyright 2007 Nature Publishing Group

nanoparticles. Moreover, the Pd adatom-decorated cubic Pt nanoparticles exhibited
high stability during the formic acid oxidation. Such results indicate that modifi-
cation of shape-controlled Pt by surface adatoms is an efficient strategy to enhance
their electrocatalytic activities.

It was also found that the catalytic activities of Pt-Pd bimetallic nanocrystals
towards formic acid electro-oxidation depend on their compositions
[67, 183]. Zheng and coworkers [111] reported that Pt can be alloyed into the Pd
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nanospheres and the Pt-Pd nanoparticles with a molar ratio of Pd/Pt=3:1 exhibited
the highest activity for electrocatalytic oxidation of formic acid. Cai and coworkers
[51] synthesized a series of Pd,Pt;_, (x=0.5-1) nanoparticles dispersed on carbon
black support and studied their catalytic activities for formic acid oxidation.
Figure 4.17a compares the CVs of formic acid oxidation on different compositions
of Pd,Pt;_,/C catalysts in 0.5 M H,SO, solution containing 0.5 M formic acid (FA).
Obviously, the peak current density (ip) of FA oxidation is x-dependent, and the
Pdy 0Pty 1/C shows the highest i, which is nearly twice as high as that of Pd/C and
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six times of that of commercial Pt/C. The larger gap of negatively shifted peak
potentials (Fig. 4.17b) between Pd/C and Pdy¢Pty;/C but smaller difference
between Pd,Pt,_,/C catalysts demonstrate the synergistic effect of Pd and Pt sites
in the FA electro-oxidation. Moreover, after 1000 s stability test, the oxidation
current density on Pd oPty ;/C is the highest among the Pd,Pt;_,/C catalysts, which
is 2.4- and 3.6-fold larger than those of commercial Pd/C and Pt/C, respectively.

Carbon nanotubes have also exhibited their potential applications as catalyst
supports in fuel cells [71]. Chen and coworkers [99] studied the catalytic properties
of hollow Pt-Pd nanospheres dispersed on carbon nanotubes. The electrochemical
measurements showed that the prepared hybrids have enhanced activity with a high
peak current and steady-state current toward formic acid oxidation as compared to
commercial Pt/C and E-TEK PtRu/C. In another study, Pt,Pd, alloy nanoparticles
supported on carbon nanotubes were also studied as anode catalysts for FAOR
[59]. It was found that the catalytic activity and stability of the CNT-supported
catalysts increase with more Pd content in the catalysts. In addition, titanium [92]
and conductive polymer (polythiophene) [138] were also employed as support
materials to disperse Pt-Pd bimetallic nanocrystal with enhanced electrocatalytic
activities for formic acid oxidation.

4.3.3 Oxygen Reduction Reaction (ORR)

Oxygen reduction reaction (ORR) on cathode plays a crucial role in manipulating
the performance of a fuel cell. Whereas much progress has been achieved on
cathodic catalysts in the past few decades, the inherently slow reaction kinetics of
ORR and the large overpotential still prevent the fuel cells from being scaled-up for
commercial applications. The ORR has complicated reaction pathways
and involves a multi-electron transfer process in which O, is converted into H,O
or OH , depending on the solution used in the electrochemical studies. In an acidic
solution, O, can be reduced in an efficient 4¢  process and converted into H,O: O, +
4e —2H,0. Meanwhile, O, may also undergo a less efficiently partial 2e reduc-
tion to form hydrogen peroxide, H,O,, followed by another 2e  reduction to convert
H,0, into H,O: 0,+2H"* + 2¢" —H,0,; H,0,+2H" + 2¢ —2H,0. In alkaline
solution, O, can be reduced by a 4e process to form hydroxide, OH : O,+2H,0+
4e” —40H, or by two 2e processes to form HO, and then OH : O,+H,0+2¢e"™
—HO, +OH ; HO, +H,0+2e —30H . In addition, under common ORR con-
ditions, oxygen may be converted into different intermediates, such as oxygenated
(0), hydroxyl (OH) and superhydroxyl (OOH) species, which are very difficult to
be detected experimentally [184].

The kinetic parameters of ORR can be determined using the rotating disk
electrode (RDE) technique. The kinetic current density and the electron transfer
numbers can be derived from the following equations: [14]
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1 1 1 1 1
T=E =t (4.1)
J Jx J. Jx B”?

B = 0.2nF(Dy)""Cy (4.2)
jx = nFkCo (4.3)

where j is the measured current density, jx and j; are the kinetic and diffusion
limitation current densities, o is the electrode rotating rate, n represents the number
of electrons transferred per oxygen molecule, F is the Faraday constant (F=
96,485 C/mol), Dy is the diffusion coefficient of O,, v is the kinetic viscosity of
the electrolyte, and Cy is the bulk concentration of O, dissolved in the electrolyte.
The constant 0.2 is used when the rotation speed is expressed in rpm. According to
Eqgs. 4.1-4.3, the number of electron transfer (#) and kinetic current density (jx) can
be obtained from the slope and intercept of the Koutecky-Levich plots, respec-
tively. In addition, rotating ring-disk electrode (RRDE) can also be used to evaluate
the ORR performance of a catalyst. Electron transfer number (n) and the H,O,
percentage (H,0,%) generated at the disk electrode can be calculated from the ring
and disk current as the following equations (ip and ig represent the disk and ring
current, and N is the RRDE collection efficiency) [185]:

4
n=—2 (4.4)
ip + lR/N
200ix /N
Hy0,% = — R 4.5
20:% ip + ig/N (45)

At present, because of the outstanding catalytic properties, Pt has been the most
widely used electrocatalyst to speed up oxygen reduction at cathode. However,
despite extensive research efforts, the sluggish oxygen reduction kinetics at the
cathode, high cost, low stability and limited supply of platinum still largely restrict
the wide spread commercialization of fuel cells. Moreover, the state-of-art com-
mercial catalysts are usually prepared by dispersing Pt nanoparticles (2-5 nm) on
carbon supports, whose electrochemical surface areas and catalytic efficiency
degrade over time owing to the corrosion of the carbon supports and the dissolution,
aggregation of Pt nanoparticles during the catalysis processes. This has posed
tremendous challenges in the development of Pt-based catalysts for practical fuel-
cell applications. The combination of Pd with Pt can downshift the d-band center of
Pt catalyst, leading to a lower degree of adsorption of oxygenated spectator species
(such as OH ) and an increase of the number of active sites accessible to oxygen,
Pt-Pd bimetallic nanocrystals have been accepted as one type of the most active and
effective cathodic catalysts for oxygen reduction reaction.

The enhancement of the Pt mass or specific activity for ORR can be achieved by
controlling the composition of the alloyed Pt-Pd nanomaterials [38—40, 56, 60, 73].
Cooks and coworkers [35] prepared Pt-Pd bimetallic nanoparticles (~1.8 nm)
containing an average of 180 atoms with seven different Pt:Pd ratios
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(G6-OHPt,Pd; 39—, DENs, n=180, 150, 120, 90, 60, 30 and 0) by a dendrimer
templating method. From the results of CV and rotating disk voltammetry mea-
surements shown in Fig. 4.18, as compared to the equivalent monometallic Pt DENs
catalyst, the maximum relative mass activity enhancement of 240% was obtained
from the bimetallic PtPd DENs containing 17-33 % Pd. And the G6-OH (Pt;5¢Pd3)
DENSs exhibited the most active ORR performance with the most positive onset
potential, the highest kinetic current density and an efficient 4¢ oxygen reduction
process. Huang and coworkers studied the ORR activity of the Pt-Pd bimetallic
nanocrystals with different compositions [115]. It was found that the bimetallic
Pt-Pd nanocrystals have higher ORR activity than that of commercially available Pt
black and Pd black in acid solution, and the bimetallic nanocrystals with Pd/Pt ratio
of 1/3 gave the highest ORR activity. Lee et al. [70] reported that the Pt-Pd
nanocatalysts deposited on Vulcan XC-72R carbon support with a molar ratio of
1:3 exhibited much enhanced catalytic activity toward oxygen reduction reaction in
comparison with commercial Pt/C. By using carbon nanotubes as supports for
electrocatalyst, Ghosh et al. [55] investigated the catalytic properties of multiwalled
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carbon nanotubes (MCNTs)-supported Pt-Pd nanoparticles with different compo-
sitions. The electrochemical measurements showed that the Pt4sPds4 nanoparticles
supported on MCNTs have an enhanced electrocatalytic activity toward ORR with
specific and mass activities of 378 pA/cmzp[_pd and 64 pA/ugp.pq at 0.8 V, as
compared to 150 uA/cmzpt,pd and 26.5 pA/ugp,.pq for Ptg4Pd3e, 33 uA/cmzpt,pd and
4.5 pA/pugppq for Pt,gPd;,, and 142 pA/cmzpt,pd and 45.7 pA/ugp.pq for commer-
cial Pt black. Moreover, the Pt;cPds4/MCNTs exhibited high stability and tolerance
to methanol during the oxygen reduction. The synergistic effect between Pt and Pd
and the strong MCNT-catalyst interaction was believed to enhance the overall
catalytic performance of the catalysts.

In addition to composition, the catalytic activities of Pt-Pd bimetallic
nanocrystals toward ORR are also dependent on their shapes. Pt-Pd core-shell
nanocrystals are a class of electrocatalysts for ORR with an enhanced performance.
For example, Iwasawa and coworkers [114] investigated the catalytic activities of
three types of bimetallic Pt-Pd nanoparticles, Pt/C, Pd (core)-Pt (shell), and Pt
(core)-Pd (shell) for ORR. By comparing the CVs, the Pt/C, PdPt alloy/C, and Pd
(core)-Pt (shell)/C catalysts with Pt-enriched surfaces showed much higher ORR
specific activities than the Pd/C and Pt (core)-Pd (shell)/C catalysts with
Pd-enriched surfaces. And the Pt surface-enriched bimetallic catalysts with a
core-shell structure showed higher Pt-based mass activity than the Pt monometal
catalyst. Moreover, after 1000 cycles of CV test, the loss of ECSA is less than 20%
for Pd (core)-Pt (shell)/C and PdPt alloy/C with Pt-enriched surfaces, while drop as
large as 53.8% and 41.6% for Pd/C and Pt (core)-Pd (shell)/C with Pd-enriched
surfaces, suggesting that Pt surface-enriched catalysts have great stability in ORR.

Pt monolayer deposited on Pd provides another promising core-shell structure to
enhance the ORR activity through the strong interaction between these two metals,
as well as the reduction of Pt loading down to a minimum level [110, 146, 148, 150,
186, 187]. Adzic and coworkers [153] reported a synthesis of well-defined Pd core-
Pt monolayer shell nanocatalysts for ORR. It was found that the optimized Pt
monolayer on commercial Pd nanoparticles exhibited outstanding mass and area-
specific ORR activities of 0.96 A/mgp and 0.5 mA/cm?, respectively. The signif-
icant enhancement in activity could be attributed to the uniquely advantageous
core-shell motif. In the structure, the Pd core imparts a compressive strain and a
so-called “ligand-effect” upon the Pt monolayer, which can effectively lower the
energy of the Pt d-band and thus directly weaken its interaction with OH,4s group,
thereby yielding improved ORR activity. Sasaki et al. [151] investigated the
catalytic performance of a Pd core-protected Pt monolayer shell catalyst for
ORR. Compared to commercial Pt/Ketjen black and Pt/C, the Pd nanoparticles
covered by a Pt monolayer (Pt ML/Pd/C) exhibited much higher electrocatalytic
durability. The mass activity of the Pt ML/Pd/C decreased by 37% after
100,000 cycles of stability tests, while the mass activity of Pt/C lost almost 70%
after 60,000 potential cycles and the Pt/Ketjen black carbon experienced more than
40% loss after only 10,000 cycles. Surprisingly, due to the effect of potential
cycling on the particle size distribution, the Pt mass activity of PtML/Pd/C
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Fig. 4.19 Cyclic voltammograms (a) obtained for the ozone- and acid-treated Pt-PdANW/C core-
shell nanowires, after Pt monolayer deposition, loaded separately onto a GCE in a 0.1 M HCIO,
solution at 20 mV/s. (b) The polarization curves for the treated Pt-Pd/C core-shell nanowire
composites were both obtained on a glassy carbon rotating disk electrode. Curves (anodic sweep
direction) were collected using a rotation rate of 1600 rpm in a 0.1 M HCIO, solution at 20 °C.
Kinetic current vs potential plots (inset) of treated Pt-Pd/C composites and commercial carbon
supported Pt nanoparticles are also presented. Reprinted with permission from [152]. Copyright
2011 American Chemical society

increased from the initial 3-fold to 5-fold enhancement over that of Pt/C after
60,000 cycles.

In another work, Adzic and coworkers [152] reported the deposition of a
monolayer quantity of Pt onto the surface of the treated Pd nanowires/C
(Pd NW/C) composites by Cu UPD followed by galvanic replacement of the Cu
adatoms with Pt*", and their electrocatalytic activity for ORR in acid condition. As
shown in Fig. 4.19a, b, the ultrathin Pt monolayer shell-Pd nanowire core catalyst
(Pt-Pd NW/C) displayed dramatically enhanced ORR activity compared to the Pd
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NW/C and commercial Pt nanoparticles. Moreover, the ozone-treated Pt-Pd NW/C
exhibited much higher area-specific (0.77 mA/cm?) and mass-specific
(1.83 A/mgp,) activities than those of acid-treated Pt-Pd nanowires (0.70 mA/cm?
and 1.47 A/mgp,). Such results indicate that the ozone treatment for Pd NW before
Cu UPD can lead to the exceptional enhancement in the catalytic activity of Pt-Pd
nanowires. Most importantly, after the accelerated durability half-cell test, the
ozone-treated Pt-Pd nanowires still maintained excellent electrochemical durability
and the area-specific activity increased by 1.5-fold.

Pt-Pd nanodendrites are another novel structure imparting its enhanced ORR
activity by maximizing the expression of certain highly active facets and improving
surface area. Xia and coworkers [122] synthesized Pt-Pd bimetallic nanodendrites
consisting of a dense array of Pt branches on a Pd core, and investigated their
catalytic activity for ORR in acid conditions. The calculated ECSA of the Pt-Pd
nanodendrites (57.1 m?/ gpy) 1s much larger than that of commercial Pt black catalyst
(19.1 mz/gpt), but is lower than that of Pt/C catalyst (74 mz/gpt). It was found that
the mass activity from the Pt-Pd nanodendrites (0.241 mA/pgp,) is 2.5- and 5-fold
larger, respectively, than those of state-of-art Pt/C and the first-generation
supportless Pt-black catalyst at room temperature. Moreover, at 60 °C, the Pt
mass activity of the Pt-Pd nanodendrites (0.433 mA/ugp,) was still greater than
that of the Pt/C catalyst (0.204 mA/ugp) and the Pt black (0.078 mA/ugp,).
In addition to mass activity, Pt-Pd nanodendrites exhibited a specific activity of
3.1-3.4-fold that of the Pt/C catalyst and 1.7-2.0-fold that of the Pt black depending
on the temperature, indicating a superior capability of the Pt-Pd nanodendrites in
accelerating ORR. The high ORR activity of the Pt-Pd nanodendrites can be
attributed to the high and accessible surface area of the dendritic morphology
and the preferential exposure of (111) facets along with some (110) and high-
index (311) facets on the Pt branches that are particularly active towards ORR. In
another work, Yang and coworkers [126] reported the synthesis of Pt-on-Pd
heteronanostructure supported on carbon black. The as-synthesized nanostructure
showed much larger electrochemically active surface area as compared to E-TEK
Pt/C (20 wt%Pt) catalyst (Fig. 4.20a). From Fig. 4.20b, it can be seen that the
incorporation of Pd also greatly altered the ability to absorb hydroxyl species
(OH,q4s, E>0.6 V) compared to E-TEK Pt/C (20 wt%Pt) catalyst, and the Pt-on-
Pd catalyst exhibited much faster hydroxyl desorption ability with positively shifted
onset and peak potentials in the backward sweep. As shown in Fig. 4.20c, d, the
Pt-on-Pd catalyst shows a more positive onset potential and higher activity than the
commercially pure Pt. Moreover, after 30,000 cyclic voltammetry cycling, the
Pt-on-Pd catalyst lost only 12 % of the initial ECSA and showed a small degradation
of 9 mV in the half-wave potential, while a loss of 39% of the initial ECSA and a
large decrease of 35 mV in the half-wave potential for Pt/C catalyst, suggesting the
enhanced stability of Pt-on-Pd/C catalyst for ORR.

In addition, the ORR catalytic activities of Pt-Pd bimetallic nanostructures with
other specific size and morphologies such as hollow urchin-like [97], bowl-like
[100], and rods [77], were also investigated. Yan et al. [101] found that Pt-Pd
nanotubes exhibited much enhanced ORR mass/specific activity, and improved
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Fig. 4.20 (a) CVs, (b) hydroxyl surface coverage (Oop), (¢) ORR polarization curves, and (d)
specific kinetic current densities (ix) for carbon-supported Pt-on-Pd and Pt catalysts. Reprinted
with permission from [126]. Copyright 2009 American Chemical Society

stability in acid electrolyte as compared to commercial Pt/C and Pt black catalysts.
As reported by Xia and coworkers in another work [102], Pt-Pd concave cubes with
different weight percentages of Pt can be prepared by using bromide-induced
galvanic replacement method. It was found that the ORR activities of the Pt-Pd
concave nanocubes on the basis of Pt mass monotonically increase with decreasing
Pt weight percentage. And the Pt-Pd concave nanocubes with a Pt weight percent-
age of 3.4 showed the highest mass activity for ORR, which is 4 times higher than
that of the Pt/C catalyst in terms of equivalent Pt mass. In a recent work from our
group [104], Pt-Pd porous nanorods (PtPd PNRs) were successfully synthesized
through a bromide-induced galvanic replacement reaction between Pd nanowires
(Pd NWs) and K,PtClg. The unique porous Pt-Pd nanorods showed greatly
enhanced ORR activity with the highest limiting current densities and the most
positive onset potential compared to those obtained from the original Pd NWs and
commercial Pt/C catalyst. In addition to the improved catalytic activity, the PtPd
PNRs also showed excellent durability in ORR (Fig. 4.21a—d) with only 5.88 % loss
of the initial ECSA after the accelerated durability tests (1000 potential cycles),
whereas 21.6% and 40.4 % of their original ECSA were lost for the Pd NWs and
commercial Pt/C catalyst, respectively. The enhanced catalytic activity of PtPd
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Fig. 4.21 Cyclic voltammograms recorded on Pd NWs (a), Pt/C (b) and PtPd PNRs (c) before
(black curves) and after 1000 cycles (red curves) of the accelerated durability test, in 0.1 M HCIO,
solution with a potential scan rate of 0.1 V/s. (d) Comparison of the electrochemical surface area
(ECSA) before and after 1000 cycles of the accelerated durability tests on the PtPd PNRs, Pd NWs,
and commercial Pt/C catalyst, respectively. Reprinted with permission from [104]. Copyright
2013 Elsevier

PNRs toward ORR with efficient 4e  pathway can be ascribed to its high specific
surface area, unique one-dimensional morphology and the alloy structure.

4.4 Conclusion

Over the past several years, Pt-Pd bimetallic nanocrystals have received great
attention owing to their attractive properties and extensive applications in fuel
cells. In this chapter, the recent development related to the synthesis of Pt-Pd
bimetallic nanocrystals with different structures, including Pt-Pd alloys, core-
shell, multi-shells, dendrites and supported monolayer has been extensively
reviewed. Furthermore, a number of strategies based on co-chemical reduction,
galvanic displacement, seed-mediated growth and the combination of these
methods used to control the formation of Pt-Pd bimetallic nanocrystals with a
specific structure have been discussed. Finally, the application of Pt-Pd
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(or supported Pt-Pd) bimetallic nanocrystals in fuel cells as catalysts for fuels
oxidation at anode and oxygen reduction reaction at cathode was summarized.

Despite substantial progress that has been made in designing Pt-Pd bimetallic
electrocatalysts and understanding their electrocatalytic mechanism, the develop-
ment of new methodologies, the rational control on size, shape, structure and
composition of bimetallic nanocrystals, in-depth understanding of the structure-
catalytic property relationship, and the exploration of more extensive applications
of bimetallic nanocrystals in fuel cells still need to be continuously studied.
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