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CONSPECTUS

D ue to the increasing worldwide energy demand and environ-
mental concerns, the need for alternative energy sources is
growing stronger, and platinum catalysts in fuel cells may help make
the technologies a reality. However, the pursuit of highly active Pt-
based electrocatalysts continues to be a challenge. Scientists devel-
oping electrocatalysts continue to focus on characterizing and
directing the construction of nanocrystals and advancing their
electrochemical applications. Although chemists have worked on
Pt-based bimetallic (Pt-M) preparations in the past, more recent
research shows that both shape-controlled Pt-M nanocrystals and
the assembly of these nanocrystals into supercrystals are promising
new directions. A solution-based synthesis approach is an effective
technique for preparing crystallographic facet-directed nanocatalysts.
This is aided by careful selection of the metal precursor, capping ligand, reducing agent, and solvent. Incorporating a secondary metal M
into the Pt lattice and manipulating the crystal facets on the surface cooperatively alter the electrocatalytic behavior of these Pt-M
bimetallic nanoarystals. Spedifically, chemists have extensively studied the {111}- and {100}-terminated crystal facets because they
show unique atomic arrangement on surfaces, exhibit different catalytic performance, and possess specific resistance to toxic adsorbed
carbon monoxide (CO,4s). For catalysts to have maximum efficiency, they need to have resistance to CO,4s and other poisonous carbon-
containing intermediates when the catalysts operate under harsh conditions. A necessary design to any synthesis is to dearly understand
and utilize the role of each component in order to successfully induce shape-controlled growth. Since chemists began to understand Pt
nanocrystal shape-dependent electrocatalytic activity, the main obstades blocking proton exchange membrane fuel cells are anode
poisoning, sluggish kinetics at the cathode, and low activity.

In this Account, we discuss the basic concepts in preparation of Pt-M bimetallic nanocrystals, focusing on several immaculate
examples of manipulation at the nanoscale. We briefly introduce the prospects for applying Pt-M nanoaystals as electrocatalysts based
on the electronic and geometric standpoints. In addition, we discuss several key parameters in the solution-based synthesis approach
commonly used to faclitate Pt-M nanocystals, such as reaction temperature and time, the combination of organic amines and acids,
gaseous adsorbates, anionic species, and solvent. Each example features various nanoscale morphologies, such as spheres, cubes,
octahedrons, and tetrahedrons. Additionally, we outline and review the superior electrocatalytic performances of the recently developed
high-index Pt-M nanostructures. Next, we give examples of the electrocatalytic capabilities from these shape-defined Pt-M architectures
by highlighting significant accomplishments in spedific systems. Then, using several typical cases, we summarize electrochemical
evaluations on the Pt-based shape-/composition-dependent nanocatalysts toward reactions on both the anode and the cathode. Lastly,
we provide an outlook of current challenges and promising directions for shape-controlled Pt-M bimetallic electrocatalysts.

Introduction

Itis interesting to seek other energetic resources or different
energy conversion pathways to replace the burning of fossil
fuels, due to the increasing worldwide energy demand and
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environmental concerns. A fuel cell is a device that converts
the chemical energy of a fuel directly into electricity' and is
environmentally benign and efficient.>~® The use of plati-
num (Pt) as catalyst in a fuel cell is essential to increase the
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rate of reactions, including hydrogen or small molecule
oxidation at the anode and oxygen reduction reaction
(ORR) at the cathode. The main obstacles that continue to
hinder progress of electrochemical reactions are slow Kki-
netics at the cathode for ORR and the nonreactive oxyge-
nated species (such as CO,qs) poisoning at the anode.” State-
of-the-art carbon-supported Pt nanocrystals (Pt/C NCs) are
still the effective electrocatalysts in fuel cell technology. Due
to the scarcity of Pt and the fact that there has been little
progress in complete replacement of Pt in fuel cells, how-
ever, dramatic decreases in the amount of Pt are required
and an alternative solution is needed. Therefore, Pt-based
bimetallic (hereafter, denoted as “Pt-binary’) NCs, that is,
Pt alloys with less expensive secondary transition metals,
M, have been proposed as substitutes of the fuel cell catal-
ysts.2~18 Another reason of developing Pt-binary catalysts
is due to their superior catalytic performance compared to
Pt NCs,'? because the incorporation of M in the NC alters
the surface electronic structure of Pt and modifies its d-band
center position. As a result, the interaction between the Pt
surface atoms and poisonous intermediate is weakened
and the resistance to poisonous substances is therefore
enhanced.'%?°

The catalytic performance of Pt-binary catalysts is depen-
dent on their crystal facet.2° Well-defined shapes of Pt-based
nanocatalysts mimic the catalytic property of the bulk metal
but show superior catalytic activity due to an increased
number of active sites.?' It is therefore a promising route
to “transfer” the active catalytic surface from a single crystal
to more practical nanophase by establishing a shape-control
synthesis strategy. Early research led by El-Sayed et al. shed
light on promising directions in shape-controlled synthesis
of NCs, although they focused on the catalytic properties of
single Pt only, including {111}-bounded nanotetrahedra,
{100}-terminated nanocubes (NCbs), and “near spherical”
NCs containing a mixture of {111} and {100} facets.>**>
Following this work, it was further confirmed that a catalytic
performance is dependent on the surface atom arrange-
ment, that is, morphologic characteristics.>*

In this Account, the mainstay is the shape-control of Pt-M
bimetallic NCs. After a short introduction to bimetallic NCs,
we focus on Pt-M bimetallic NC synthesis with a discussion
on influences from several important chemisorbed species.
A special case concerning high-index Pt-M bimetallic NC
synthesis is then given. Eventually, a general outline on
shape- and composition-dependent electrochemical proper-
ties, current challenges, and future prospects in this field are
provided.
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Pt and Pt—M Bimetallic Nanocatalyst Foresight

In a Pt-M NG, it is known that the atomic packing arrange-
ment of distinct Pt and corresponding M atoms could be
ordered with a stoichiometric local composition?® or distrib-
uted randomly for one another. As for the crystal facets, it is
believed that the surface energy of a face-centered-cubic
(fcg Pt NC in different crystal planes increases in an order
of y(111) < p(100) < p(110) < yp(hk).2® Accordingly, NC
growth may occur by adatom incorporation perpendicular
to high-energy crystal planes that are therefore expected to
rapidly vanish due to their low stability. This leads to an
observation of only low-index facets, although talented synth-
esis has yielded high-index NCs recently (vide infra).>”*®
Theoretical calculations suggested that the size of a Pt cluster
affects its final NC morphology.>® 3" A practical solution
synthesis normally consists of a nucleation stage where the
released metal atoms combine into clusters in various
sizes®? and a NC growth where such clusters find a config-
uration and form “cores” with a specific shape in order to
minimize their overall interfacial free energy.>® The final
shape of a Pt or Pt—M NC is a competition among surface
energies of different facets.

Preparation of Bimetallic Nanocrystals:
A General Case

1. Effects of Foreign Metal, Temperature, Capping Agent,
Reaction Time, and Solvent. To control the shape of NCs, a
foreign metal protocol was used in a solution-based synthesis
of Pt. For example, when iron (Fe) ions such as Fe’* and Fe3*
present in solution, the Pt ions do not reach a critical cluster
concentration as rapidly, allowing an isotropic growth.3* In
addition, silver (Ag) ions were found to preferentially stabilize
specific facets of the Pt NC. By tuning the concentration of Ag*,
a formation of NCs in various morphologies was reported.>> In
a W(CO)e-based synthesis,>® the control of NC shape relies
on a decomposition rate of the metal—carbonyl and com-
petitive nucleation of Pt and M. This has been demon-
strated in synthesis of Pt, Pt;Co, PtsFe, and PtsNi NCbs
(Figure 1).'°37-39 In this example, NCbs were readily formed
in a mixture of oleylamine (OAm) and oleic acid (OA) in a fixed
ratio. The roles of OAm, OA, and their synergistic combination
effect are significant. It is known that OAm possibly slows
down successive NC growth and prevents NC agglomeration.
A small amount of OA improves the OAm's effectiveness,
although itself may hinder the generation of NCbs by causing
a precipitation or producing small irregular NCs.'”3® Synthesis
of PtsNi NCbs required a titration of the Ni-precursor due to the
readiness of Ni in alloying with Pt, ultimately slowing down the
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FIGURE 1. TEM images and diffraction patterns: (a—c) Pt nanocubes; (d—f) PtsCo nanocubes; (g—i) PtsFe nanocubes; and (j—I) PtsNi nanocubes. Data
barsin (a, d, g and j) and (c, f, i, and I) represent 50 and 2 nm, respectively. Adapted with permission from ref 36. Copyright 2009 American Chemical

Society.

reaction Kinetics and generating {100}-terminated low-energy
facets.” It was hypothesized that OAm/OA and the yielded W°
act as reducing agent at high temperature, and are essential in
shape-control of the binary NCs. Not only were NCbs prepared
using this approach, but also PtzNi nano-octahedra can be
fabricated through the same one-pot synthesis in which a slow
addition of the Ni precursor must be avoided (Figure 2). The wo
is reactive and causes a rapid reduction of Pt**, preserving Pt
for a specific growth mode along the NC surface.>” In another
instance, Cr(CO)g was used to prepare Pt NCs.*° Due to the
susceptibility of Cr being oxidized, it was removed from the Pt
lattice and remained as an ionic species in solution.*° Such a
role of foreign metal Cr can be further confirmed in the
following preparation: when Cr(CO)s was used to prepare Pt
nanowires, less than 1% Cr could be detected in the prod-
ucts,*' indicating its propensity of reducing Pt ions rather than
“alloying” with Pt.

The next example is a synthesis of PtFe NCs in which the
temperatures for Fe(CO)s decomposition and that for Pt
nucleation match very well (Figure 3a—d).** To ensure an
equal concentration of Fe- and Pt-atom generated prior to

the conucleation stage, 1,2-hexadecanediol was used to
enhance the reduction of Pt*>* from its precursor in addition
to OAmM/OA. Cubic PtFe NCs were further prepared using a
similar system, but the addition sequence of OAm/OA and
Fe/Ptratio in the precursors were altered.*® A hot injection of
Mn,(CO); o stock solution into a mixture containing Pt, OAm,
and OA in benzyl ether at an elevated temperature could
also generate a formation Pt—Mn NCbs (Figure 3e and f).
However, a room temperature injection only resulted in
spherical Pt—Mn NCs that are terminated with a mixture of
{111} and {100} facets.** It was also reported that Pt;Sn
spherical NCs could be generated via a simultaneous hot-
injection of both precursors to a solution containing OAm/
OA (ca. 1.5:1 in mol ratio).*> As an additional example with
respect to the growth time, Pt3Co truncated nano-octahedra
were prepared using Co,(CO)g, in the presence of hexade-
canediol and OAmM/OA (ca. 8:1 in mol ratio). By simply
increasing the reaction time from 30 to 90 min at 200 °C,
truncated nano-octahedra could be converted to NCbs.*® As
for the solvent effect, Pt—Zn spherical NCs were prepared in
OAmM/OA (ca. 6:1 in mol ratio) at 350 °C. NCbs could be
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FIGURE 2. EM images of Pt;Ni nano-octahedra. (a) Field-emission SEM image; (b) HRSEM image; (c) 3D image of an octahedron; (d) TEM image;
(e) HRTEM image of single nanocrystal. Adapted with permission from ref 37. Copyright 2010 American Chemical Society.

further harvested when benzyl ether was introduced in the
system and the volume of OAmM/OA was reduced by half
(Figure 3g—j). The high temperature, appropriate ratio be-
tween OAmM/OA and noncoordination solvent benzyl ether
was quintessential in generating the NCbs as well as incor-
porating Zn atoms into the Pt lattice.*” Recently, Pt;Pb
spherical NCs were prepared through hot injection of a
strong reducing agent in the presence of OAmM/OA (ca. 6:1
in volume ratio) at 180 °C. Alternately, the use of R-NH, and
R-COOH led to nanorods.*® A noble gas stream was used in
above syntheses.

2. Effect of CO Reduction. Another substantial study in
terms of Pt-based shape-controlled NCs was based on the
work of carbon monoxide (CO) reducing/binding effects. It
was reported that Pt NCbs could be facilitated in the pres-
ence of CO with a fixed ratio of OAm/OA and an optimized
period of growth time.*®° It was suggested that CO func-
tions as a reducing agent rather than a capping ligand.*° A
continuation of this work led to a gas-template synthesis of
shape-controlled Pt-M (M = Ni, Co, Fe, Pd) NCs when addi-
tional solvent/capping ligands were also involved in some
cases.®' To prepare Pt—Ni NCbs, for instance, reaction mix-
tures were preplaced in an oil bath at 130 °C under argon

1870 = ACCOUNTS OF CHEMICAL RESEARCH = 1867-1877 = 2013 = Vol. 46, No. 8

atmosphere, and then transferred to a second oil bath at
210 °C under CO atmosphere for 30 min. OAm and OA (ca.
9:1 in volume ratio) were employed to help facilitate the
{100}-endosed Pt—Ni NCbs. Conversely, in order to prepare
Pt—Ni (or Pt—Co) nano-octahedra, an equal volume of diphenyl
ether was used in place of OA while all other reaction
conditions remained the same.>' This protocol was also
applied to syntheses of Pt—Au, Pt—Ni, and Pt—Pd nanoico-
sahedra (Figure 4).>? It was believed that CO could assist in
developing Pt-based NCs in certain shape.*9>"

3. Effect of Anionic Species. Halogen ions can also
stabilize {100} crystal planes of metal NCs,>*~>° such as
~55 nm Ag NCbs in an aqueous system. The mechanism of
formation entails the chemisorption of Br— ions on the {100}
crystal surface and prevents further addition of metal ions
thereafter.>* Sub-25 nm Pd and Pt NCbs and nanorods were
shown to have stabilized crystal planes in the presence of
these halogen ions and poly(vinyl pyrrolidone) (PVP). Speci-
fically, Br~ ions show the most pronounced effects on {100}
stabilization. In a polyol synthesis, these ions could act as
{100}-stabilizers as well as oxidative etchants.>®> Such a
function of halogen ions was extended beyond single metal
systems, resulting in pristine bimetallic NCbs such as 10 nm
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FIGURE 3. (a) TEM micrograph of a 3D assembly of 6-nm as-synthe-
sized FesoPtsq particles; (b) TEM micrograph of a 3D assembly of 6 nm
FesoPtso sample after replacing ligand replacement; () HRSEM image of
annealed Fes,Pt;g hanocrystal assembly; (d) HRTEM image of 4 nm
Fes,Pt4s annealed nanocrystals. Adapted with permission from ref 42.
Copyright 2000 American Association for the Advancement of Science.
TEM images of Pt—Mn nanocubes (e) and a large area of self-assembly
(f). Adapted with permission from ref 44. Copyright 2010 American
Chemical Society. (g,h) TEM images of cubic Pt—Zn NCs and (i,j) TEM
images of spherical Pt—Zn nanocrystals. Insets in (b) and (d) are graphic
models of Pt—Zn cubic nanocrystals and spherical nanocrystals. The
gray and blue balls represent Zn and Pt atoms, respectively. Scale bars:
(gi) 10 nm and (h,j) 50 nm. Adapted with permission from ref 47.
Copyright 2012 American Chemical Society.
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FIGURE 4. EM images of PtsNi NCs. (a) TEM and SEM (inset); and (b—g)
HRTEM micrographs and 3D models of Pt3Ni icosahedral nanocrystals
at two different orientations, respectively. The scale bars correspond to
2 nm. Adapted with permission from ref 52. Copyright 2012 American
Chemical Society.

Pt—Pd NCbs (Figure 5b).>° The trick to success in this process
is a fine-tuning of the Br /I~ ratio (Figure 5b and d).>®
Moreovet, as shown in Figure 5a, ¢, and e,>° it is possible
to facilitate {111}-bounded Pt—Pd nanotetrahedra in a
similar system when formaldehyde and oxalate ions were
used as the reducing agent and capping ligand, respectively.
Finally, this strategy was extended to an organic solution-
based system, where alkyl ammonium salts were imple-
mented to yield halogen ions that served as a crystal surface
stabilizing agent. As an example, PtCu NCbs were prepared
in an organic system containing dodecanethiol and OAm,
where tetraoctylammonium bromide was utilized as a sta-
bilizing agent.'”

High-Index Nanocrystals: A Special Case

It was suggested that high-index-surface terminated NCs
could enhance their catalytic performance.®® Sun et al.
demonstrated their preparation of high-index Pt tetrahexa-
hedral (THH) NCs using an electrochemical square-wave
potential (ESWP) method.?® One of the driving forces of the
Pt THH formation is the surface Pt—0O, exchange interaction.
Using deep eutectic solvents as a medium, seeds are not
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FIGURE 5. TEM images: (a) the Pt—Pd nanotetrahedrons; (b) nanocubes; () HRTEM image of a single Pt—Pd nanotetrahedron; (d) HRTEM image of a
single nanocube; (e) Schematic illustration of shape-selective synthesis of Pt—Pd nanotehedrons and nanocubes. Adapted with permission from

ref 55. Copyright 2011 American Chemical Society.

necessary and the morphology of {910}-faceted Pt THH NCs
can be controlled by adjusting the upper and lower cycling
potentials.>” Pt high-index facets, such as {510}, {720}, and
{830}, have been determined on Pt concave NCbs prepared
through a reduction reaction in an aqueous solution
(Figure 6a—0),>® and these high-index Pt NCs exhibit com-
paratively enhanced electrocatalytic activity (Figure 6d).>
Since Pt-binary NCs were poised as superior electrocatalysts,
their concave NCbs were assumed to possess promising
electrochemical performance and have been proved. For
instance, high-index Pt—Pd concave NCbs with different
contents of Pt were prepared through a site-selective galva-
nic replacement reaction between PtCls> ions and Pd NCbs
(Figure 6€).>° Their ORR performance with 3.4 wt % Pt
exhibited the largest specific electrochemical surface area
and was four times more active than the commercial Pt/C
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catalyst on the basis of equivalent Pt mass (Figure 6f). An-
other example is the preparation of high-index Pt—Cu and
Pt—Pd—Cu concave NCbs.?® In this hydrothermal-assisted
process, the abundance of Br~ species in solution could alter
the reaction kinetics by inhibiting the growth on {100}
crystal planes. As a result, concentration of [PtBr,]* might
be higher near the (100) facets, and Cu atoms could be easily
oxidized and then dissolved into the solution, forming a
concave structure.®® As shown in Figure 6g and h, both
specific and mass activities for methanol oxidation reaction
(MOR) on these concave structures are superior to those of
low-indexed NCbs. Surface segregation of Pt and M may also
be achieved by dealloying methods, such as acid dissolution
of a less noble metal or potential cycling. In either case,
enhanced catalytic activity was determined compared to
that of the state-of-the-art Pt/C. MOR evaluations on PtCo
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FIGURE 6. Concave nanocubes. (a,b) Theoretical relationship between interfacial angles and high-index factes; () HRTEM image of a Pt concave
nanocube; (d) specific activities of Pt NCs at 0.9 V vs RHE. The metal loading on the glassy carbon electrode was 15.3 mg cm 2. Adapted with
permission from ref 58. Copyright 2011 Wiley. (e) High-angle annular dark-field scanning TEM image of Pt—Pd concave nanocubes; (f) mass activities
of Pt—Pd NCs (normalized by the weight of Pt) at 0.9 V vs RHE. For comparison, Pt/C was included. Adapted with permission from ref 59. Copyright
2011 American Chemical Society. (g) Specific activities and (h) mass activities of Pt, Pt—Cu, and Pt—Pd—Cu low-indexed nanocubes and high-index
concave nanocubes for methanol oxidation reaction. For comparison, Pt/Cwas included. Adapted with permission from ref 60. Copyright 2012 Wiley.

nanowires®! and ORR evaluation on Pt—Ni spherical NCs®?
prepared through an integration of the dealloying and other
technique are impressive examples.

Evaluation on Electrochemical Property of
Bimetallic Nanocrystals

As mentioned, incorporating M into Pt lattices may improve
their catalytic performance through bifunctional and electronic
structure alteration mechanisms. As an example of MOR, M is

mainly responsible for the water dehydration to form M—OH
transition state while Pt catalyzes most methanol to form
Pt—CO4qs according to the bifunctional mechanism.®® Electro-
chemical evaluation on Pt—Pd bimetallic NCs for MOR supports
this argument,®* indicating that the activity and stability to-
ward MOR are highly dependent on the composition of
electrocatalysts.®* The peak potentials and peak current den-
sities of MOR show a “maximum activity plateau” for Pt—Pd
catalyst with 40—60% Pt, as presented in Figure 7a and b.
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FIGURE 7. (a) J—V curves reflecting methanol oxidation catalysis of nanoparticle catalysts in 0.1 M HCIO4 + 0.1 M methanol; (b) methanol oxidation
peak current density and peak potential vs the Pt atomic % in Pt—Pd nanoparticles. Adapted with permission from ref 64. Copyright 2011 American
Chemical Sodiety. (¢) Cyclic voltammorgrams of Pt;Co (solid line) and Pt nanocubes (dotted line) in 0.1 M HCIO, (scan rate: 0.1 V s™); (d) cyclic
voltammorgrams of methanol oxidation on Pt;Co (solid line) and Pt nanocubes (dotted line) in 0.1 M HCIO4 +1 M MeOH (scan rate: 0.02 Vs™').

Adapted with permission from ref 39. Copyright 2010 Wiley.

Due to the presence of Pd, the water dehydrogenation on Pt
occurs at a lower potential, thereby providing an effective
oxidation reaction overall.?* In Pt;Sn, adsorption between Pt
and CO is weakened due to the presence of Sn, and it was
believed that such bimetallic NCs are more active toward MOR
and CO oxidation.*> According to the electronic structure
change theory, on the other hand, the d-band center of Pt
largely shifts, partially due to the presence of M. This resultsin a
lower adsorption energy of poisonous carbon intermediates.®®
It has been demonstrated that {100}-terminated Pt;Co NCbs
possess a higher activity of MOR compared to Pt NCbs.>° The
former exhibits a superior current density at a lower onset
potential with respect to the Pt NCbs (Figure 7c and d).

Pt—Cu NCbs, as an example, show improved methanol
and formic acid oxidation activities compared to those with
other shapes, indicating that the oxidation activity of small
organic species is strongly dependent on the surface struc-
ture of Pt-binary catalysts.?° As shown in Figure 8a and b, the
MOR activity follows an order of Pt—Cu NCbs > Pt—Cu
nanospheres > Pt nanospheres in HCIO,4, suggesting that
the {100}-bounded Pt—Cu NCbs offer a greater activity
enhancement than those with mixed facets.'” At the cath-
ode, ORR activities of Pt3Ni NCbs and nano-octahedra were
also comparatively explored,®” showing that the mass/
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specific ORR activities of the nano-octahedra are ~2.8/
~5.0 times of that of the PtzNi NCbs and ~3.6/~6.5 times
of Pt NCbs at 0.9 V/RHE (Figure 8c and d).3” The specific and
mass activities of such Pt;Ni nano-octahedra loaded on
active carbon are ~7 and ~4 times higher than those of
state-of-the-art Pt/C catalysts, respectively. Pt;Co truncated
nano-octahedra also exhibit ORR improvements with a supe-
rior activity compared to PtzCo NCbs and to Pt/C*° These
studies confirmed the strong shape-dependent ORR activity
of Pt-binary NCs with respect to exposed planes in HCIO,4
electrolyte, and the results are consistent with the conclusion
from extended surface studies (Figure 8e and f).'>%®

It should be pointed out that the catalytic evaluation is
also dependent on the reaction medium. It was reported that
an activity sequence on Pt(hkl) for the ORR is Pt(111) <
Pt(100) < Pt(110) in HxSO4,%” whereas the order in 0.1 M
KOH is Pt(100) < Pt(110) < Pt(111),°® and in nonadsorbing
HCIO, electrolyte it is Pt(100) < Pt(110) < Pt(111).99 IN H,S0,,
Pt {100} facets are more active toward ORR than in HCIO,4
due to the bisulfate anion adsorption.”® Pt{111} surfaces
reveal a higher ORR activity compared to other low-index
surfaces in KOH and especially in HCIO4 due to selective
adsorption of OH,4s on Pt{111} surfaces where the threat of
irreversible surface damage during O, adsorption is also
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FIGURE 8. (a) Cyclic voltammorgrams of methanol oxidation on Pt—Cu
NCbs (—), Pt—Cu nanospheres (— — —), and Pt nanospheres (—-—-— )in
0.1 M HCIO4 + 1 M MeOH (scan rate: 0.02 V s™); (b) chronoampero-
metric results of MeOH oxidation at 0.8 V on Pt—Cu nanicubes, Pt—Cu
nanospheres, and Pt nanospheresin 0.1 MHCIO4 + 1 M MeOH. Adapted
with permission from ref 17. Copyright 2009 Wiley. () Polarization
curves for ORR on Pt3Ni nano-octahedra, PtsNi nanocubes, and Pt
nanocubes supported on a rotating GC disk electrode; (d) comparison of
the ORR activities on the three types of catalysts. Specific and mass
activities were measured at 0.9 V vs RHE at 295 K. Adapted with
permission from ref 37. Copyright 2010 American Chemical Society. (e)
Surface structure on a nano-octahedron of PtsNi; (f) surface structure of a
nanocube of Pt, Pt—Cu, or Pt3Ni.

prevented. Such a medium-dependent change was also
observed in Pt-binary systems. Pt—Mn NCbs exhibit a higher
ORR spedcific activity in HSO4 than in HCIO,4, although they
already present a higher activity for MOR than state-of-
the-art Pt/C and spherical Pt—Mn NCs do.**

In contrast with low-index facets({100}, {110}, and
{111}), high-index surfaces {hkl} are the key to boost
catalytic performance owing to the large number of exposed
atomic steps, edges, and Kkinks. Pt concave NCbs bound by
{720} facets do demonstrate greater ORR specific activity
than Pt NCbs and nanocuboctahedra, which expose low-
index facets only.>® MOR activity of Pt—Ni bimetallic “nano-
bundles”, depicted as a branched structure containing
stepped surfaces, is ~3.6 times of that of Pt NCs due to its
high density of atomic surface steps existing along the
“nanobundles’.”! Pt—Pd bimetallic nanodendrites were 2.5
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times more active on the basis of equivalent Pt mass for the
ORR than state-of-the-art Pt/C catalyst,”*> and Pt-on-Pd bi-
metallic heteronanostructures demonstrated a long-term
stability.”® The high-index facets {hk0} class of Pt—Cu and
Pt—Pd—Cu concave NCbs also presented superior MOR
activities.®® Their catalytic discussion has been given above
(Figure 6f, g).

Current Challenges and Highlights

In comparison with single metallic NCs, preparation of Pt-
binary NCs is much more complicated and challenging. It
was demonstrated that shape-controlled Pt and Pt-M NCs
could offer great advantages in improving the performance
of fuel cell nanocatalysts. However, activity enhancement
by a factor of 5—10 remains elusive for ORR, in comparison
with the bulk extended surface catalysts. To minimize the
gap and improve stability, further improvement on Pt-based
NCs is expected. One of the proposed strategies is to mimic
the extended Pt-skin surface and to create Pt-binary NCs
with more active atomic sites for promotion of electrocata-
Iytic performance. Selective and high-index crystallographic
facet synthesis of Pt-binary NCs might be an interesting
direction to facilitate electrocatalysts used in near future fuel
cell technology set-ups.
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research grant.
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