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nanoparticles,"> which are usually supported on porous carbon
particles, are the only electrocatalysts presently used in applied
PEMEFCs, since among all pure metals, platinum supported on
carbon has the highest catalytic activity for the oxygen
reduction reaction (ORR).'*™>* Therefore, intense research
has been undertaken to improve the intrinsic activity of Pt-
based electrocatalysts for the ORR to reduce the Pt loading of
the electrodes without compromising fuel cell performance.

Alloying has become an attractive strategy to develop
advanced Pt-based electrocatalysts,®>>* in which the addition
of another metal can form a Pt alloy®® and thus alter the
availability of active surface sites (the ensemble effect) or the
binding strength of reactants, intermediates, products, and
spectator species (the electronic and/or strain effect).’!
Research on advanced Pt-based alloy electrocatalysts has
recently flourished, and a lar%e number of research papers, as
well as some review papers,>> >® have been dedicated to the
strategic improvement and development of high-performance
carbon-supported Pt-alloy electrocatalysts, rather than tradi-
tional carbon-supported Pt electrocatalysts. It has been
reported in the literature® ~*° that when bifunctional Pt-alloys
were used as cathode catalysts, the best performance was
achieved by alloying Pt with first-row transition metals;*”~*
adding a third element to the respective binary catalysts for
both anode and cathode materials has been attempted to attain
higher catalytic performance.””**™* The enhanced catalytic
activity resulted from the changes of physiochemical properties
of Pt such as the change in Pt—Pt interatomic distance, the
number of Pt nearest neighbors, the Pt 5d band vacancy, and
the Pt-metal content on the particle surface.*

In the synthesis process, catalyst particle size, shape/
morphology/nanostructure, and composition are critical factors
for improving catalytic activity and stability.**>>*~* In the
past several decades, diverse experimental methods have been
proposed to synthesize size-dependent, carbon-supported, Pt-
based alloy nanoparticle catalysts in a variety of shapes, such as
rod, wire, polyhedron, dendrite, dimmer, belt, star, and cage.11
These experimental strategies have included (1) controlling the
size of Pt-based nanocatalysts within a small range of 3—5 nm
to yield a high electrochemical active area and catalytic activity,
(2) controlling the shape of Pt-based catalysts to give more
complex morphologies (e.g, a dendritic morphology), (3)
obtaining high-index facets in nanocatalysts favoring high
activity and stability for fuel cell applications, (4) designing
controlled architectures (e.g, textured structure, such as core—
shell, Pt skin, or Pt monolayer) for Pt-based catalysts, (S5)
developing new support materials with high conductivity,
chemical stability, and surface area,”**' and (6) achieving a
uniform distribution of Pt or Pt-alloy nanoparticles on
advanced support materials with high conductivity.

This review addresses the current development of size-
dependent, shape-selected, and composition-controlled carbon-
supported Pt-alloy electrocatalysts for enhancing electro-
chemical catalytic performance in PEMFCs. It starts with an
overview of carbon support in carbon-supported Pt-alloy
electrocatalysts and then proceeds to the theoretical studies
on the impact of Pt-alloy particle size, shape, and composition,
and the experimental research on the particle size, shape, and
composition of Pt-alloy catalysts, particularly strategies to
control particle size, shape, and composition, and their impacts
on catalyst activity toward the ORR. This review, by examining
the most recent progress and research trends in both theoretical
and experimental studies of carbon-supported Pt-based alloy
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electrocatalysts with uniform sizes, desirable shapes, and
controlled compositions, provides a systematic and compre-
hensive survey of material selection, synthesis methods,
structural characterization, and catalytic performance, with an
empbhasis on their relation to the size, shape, and composition
of catalyst particles.

2. CARBON SUPPORT IN CARBON-SUPPORTED
PT-ALLOY ELECTROCATALYSTS

To improve the catalytic activity, stability, and utilization of Pt-
alloy catalysts, high surface area carbon black particles have
been considered to be the best choice as the electrocatalyst
support due to their large specific surface area favoring the
dispersion of an active component, good electric conductivity,
porous structure, and low cost.**"**~>> The commonly used
carbon support materials, along with some physical properties,
are listed in Table 1.°%7

Table 1. Commonly Used Carbon Materials in PEMFC
Electrocatalyst”

DBP
type of BET surface adsorption
sample suppplier carbon area (m? g™") (units)“
Vulcan XC ~ Cabot Corp.  Furnace 250 190
72 black
Black Pearls  Cabot Corp.  Furnace 1500 330
2000 black
Ketjen Ketjen Black  Furnace 800 360
EC300J] International ~ black
Ketjen EC Ketjen Black ~ Furnace 1270 495
600]D International ~ black
Shawinigan ~ Chevron Acetylene 80
black
Denka black Denka Acetylene 65 165
black

“Reprinted with permission from ref 57. Copyright 2010 Elsevier B.V.
YBET: Brunauer—Emmett—Teller method. “DBP: dibutyl phthalate
number (measure of carbon void volume).

2.1. Interaction of Pt-Alloy with Carbon Support

Generally, Pt-alloy catalysts are deposited on nanostructured
carbon support in order to increase the specific surface area,
which is the prerequisite to obtain an acceptable catalytic
performance.’® " The surface physicochemical properties and
the structure of carbon materials play an important role on the
activity and the stability of the resultant carbon supported Pt-
alloy catalysts because the interaction between carbon and Pt-
alloy can modify the physicochemical and electronic structure
of Pt-alloy which in turn influences the catalytic activity and
durability.*'~¢°

In the research on carbon-supported Pt-alloy catalysts, more
and more attention has been paid to the interaction between
Pt-alloy and carbon support which affects the growth, the
structure, and the disgpersion of Pt-alloy nanoparticles on the
carbon support®”*~® and is closely related to the size, shape,
and composition of Pt-alloy nanoparticles. These effects and
mechanism of interaction, vis-a-vis overall performance, need to
be clearly understood to obtain highly catalytic electrocatalysts
for PEMFC:s. It is well-known that carbon support is not a mere
inert material®® and it can alter the system’s Galvani potential,
raise the electronic density in the catalysts, and lower the Fermi
level, which favor the electron transfer at the electrode—
electrolyte interface and thus accelerate the electrode

processes.””’® In the carbon-supported Pt-alloy system, the
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interaction generally results from the electronic effect of Pt-
alloy clusters and carbon through electron transfer from Pt-
alloy clusters to oxygen atoms adsorbed on carbon surface since
the electron was found transferred from Pt microdeposits to
carbon.”"”* In many cases, chemical bonds can be formed due
to the charge transfer between the contacting phases.

So far varous physical, spectroscopic, and electrochemical
methods have been utilized to investigate the electron
interaction effect of Pt-alloy nanoparticles with carbon support.
Electron-spin-resonance (ESR) studies, for instance, clearly
demonstrated electron donation by Pt to the carbon support.”
This was further supported by X-ray photoelectron spectros-
copy (XPS) studies that showed Pt as an electron donor to
carbon and their interaction was dependent on the Fermi-level
of electrons in both Pt and carbon.”* Specifically in the XPS
studies, the Pt 4f,,, in the carbon-supported Pt system, in
particular with the Pt size in the 1—2 nm range, tended to shift
to higher binding energies with respect to that of unsupported
Pt due to the Pt-carbon electronic effect.”*™”® Compared to the
carbon-supported Pt, the carbon-supported PtRu was also
studied by Antolini et al.”” using XPS. They found a further
shift to higher energy values for the Pt 4f, , of PtRu/C by 0.2—
0.3 eV with respect to pure Pt/C because of an enhanced Pt-
carbon interaction or smaller Pt particle size. They explained
that the presence of Ru precursors and their decomposition
could result in the acid—base properties of the carbon support,
and then enhanced metal—support interaction with a change of
electronic nature of the Pt sites. After the observation by using
a combination of XPS, extended X-ray absorption fine structure
(EXAFS), and ESR measurements on a carbon-supported PtRu
system, Goodenough and Manoharan® concluded that the
synergistic catalytic effect could be attributed to an intra-alloy
electron transfer from Ru to Pt. McBreen and Mukerjee®!
performed Pt X-ray absorption near-edge structure (XANES) at
0.0, 0.24, and 0.54 V at the respective Pt L3 and L2 edge of Pt/
C and PtRu/C catalysts. They found that alloying with Ru can
cause electronic effects on the Pt such as an increase in the
number of Pt d band vacancies and a decrease in the Pt—Pt
distance. To understand and investigate the interaction
between Pt-alloy and carbon support at atomic resolution
structural level, electron microscopy studies such as field
emission transmission electron microscopy (FETEM)** and
probe corrected scanning transmission electron microscopy
(pcSTEM)®* were also performed on PtRu/C and Pd;Pt,/C,
respectively. The result in the former evidenced that the carbon
support may affect the geometry and electronic structure of Pt-
alloy nanoparticles while the data in the latter showed that
some disordered surface atoms, which can form a disordered
shell over a corrugated crystalline core, are susceptible to
atomic rearrangement at the carbon interface, and along with
strong electronic binding of Pd to the 20—50 nm carbon
particles, facilitate strong wetting on the carbon as evidenced by
the acute contact angle (58—76°) formed at the particle—
support interface. The strong wetting interaction for the alloy
can modify the morphology of the particles at the metal—
carbon interface, likely altering the alloy electronic structure
and contributing to the 1.8 fold enhanced ORR activity over
pure Pt.

It can be concluded from the discussion above that the
electrons in a carbon supported Pt-alloy system have been
proved to transfer not only within Pt-alloy, but also from Pt-
alloy to carbon.”'~”® According to Bogotski and Snudkin,**
however, the rise in electron density on Pt-alloy could be
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attributed to carbon support synergism on the basis of changes
in the electronic state of Pt after its deposition, thus enhancing
the electrocatalytic activity. Also, it should be noted that during
supported Pt-alloy catalyst formation, Park et al.** evidenced
the presence of the interaction between metal precursor and
carbon support in the carbon supported Pt—Ru system. They
found that the deposition and dispersion of Pt and Pt—Ru
nanoparticles were largely dependent on the surface chemistry
of carbon support, which was closely related to the anchorage
of metal precursor ions (ie., precursor—support interac-
tion**~*°) and nanoparticles.***” At the same time, the solvent
polarity can impose a significant influence on the deposition
and dispersion of Pt—Ru nanoparticles on carbon support.”

2.2. Loading Methods of Pt-Alloy on Carbon Support

Carbon supported Pt-alloy catalysts in PEMFCs are highly
sophisticated products made from chemicals by various
preparation procedures. To some extent, the loading method
of Pt-alloy on carbon support, coupled with the quality of the
raw materials, can determine the catalytic properties of the final
product.”® The choice of loading method to prepare carbon
supported Pt-alloy catalysts indeed depends on the physical and
chemical characteristics desired in the final composition. It is
reasonably understood that the loading method of Pt-alloy on
carbon is also dependent on the choice of the base materials
and experience shows that several ways of Pt loading can be
considered in the preparation of carbon supported Pt-alloy
catalysts, even for a given selection of the base material.”>"*

In recent years, a number of approaches have been developed
to synthesize nanoparticle based electrocatalysts. Accordingly,
some useful loading methods have also been developed to load
Pt-alloy catalysts onto carbon support.”* Special emphasis has
been placed on the high degree of control over shape, size, and
dispersion of Pt-alloy particles on the carbon support. Of equal
importance is to develop a reproducible low cost loading
method that can be used for the production scale-up. What is
more, the technical target in practical catalyst preparation is
that the production of stable and robust catalysts can preserve
their initial morphologies under fuel cell operation over long
periods, in particular maintaining their narrow Pt-alloy particle
size distribution, regardless of the technology used to load the
Pt-alloy catalysts onto the carbon support. In fact, one
established loading method in the procedures can provide a
strategy which may be advantageous over others, depending on
the end apgplication of the catalyst and the instrumentation
available.”>*

Currently, there have been some loading methods to prepare
Pt-alloy supported on carbon for the PEMFC electrocatalyst
application such as chemical precipitation, sol—gel, impregna-
tion, colloidal, microemulsion, polyol method, microwave
assisted polyol, electrodeposition, pulse electrodeposition,
vapor phase method, sputter deposition technique, cationic
exchange, sonochemistry and sonoelectrochemistry, ultrasonic
spray pyrolysis, supercritical fluids, high energy ball milling,
etc.”>”* Typically, colloidal method is a simple Pt-alloy loading
method similar to the chemical precipitation method in which
with the addition of reducing agent such as NaBH, or
hydrazine, PtM bimetallic alloyed nanoparticles can be directly
reduced and coprecipitated on the carbon support.”® In a
typical colloid experimental procedure of carbon supported Pt-
alloy, some starting materials such as the metal salt, a reducing
agent, and a capping agent have to be mixed while carbon
support is added before or after the formation of the Pt-alloy
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particles. The capping agent can be used to control the size of
Pt-alloy particles and thus prevent agglomeration of the
particles. The production of Pt-alloy nanoparticles depends
on reducing agents and experimental conditions (e.g, pH,
reaction temperature, solvent, etc.). For example in the
preparation of carbon supported PtRu/C catalyst, Watanabe
et al.”® clearly evidenced a formation of colloidal “PtO,” from
chloroplatinic acid (H,PtCls) with the reduction of NaHSO,
and oxidative decomposition with H,0, at pH 5 in the first
step. Then, a brown-colored colloid “RuO,” was formed after
RuCl; was added into the solution. Finally, H, was used to
realize a complete reduction and the carbon-supported PtRu
alloy was formed after the addition of carbon. Compared to the
colloidal method, ultrasonic spray pyrolysis (USP)*>”” is a novel
way for loading Pt-alloy on carbon support. As seen in Figure 1,

Furnace
50-1000 °C

Carrier Bubblers

0

1.7 MHz

Household
Humidifier

Figure 1. Ultrasonic spray pyrolysis (USP) experimental apparatus.
Reprinted with permission from ref 97. Copyright 2007 American
Chemical Society.

an aqueous solution with Pt precursor is atomized into a carrier
gas that is passed through a furnace and then deposited onto a
substrate, where it reacts and forms the final product.””® There
are many advantages in this process: (1) easy formation of
alloys by manipulating the spray solution; (2) facile vacuum/
high-purity target setup; (3) controlled deposition rates; (4)
moderate operation temperatures; (5) low environmental
impact on the process, and (6) favorable scale-up. It is noted
that ultrasonic nebulizers” can be utilized to provide
micrometer- and submicrometer-sized droplets, benefiting
nanoscaled size and size distributions in the carbon supported
Pt-alloy catalysts.

2.3. Impact of Carbon Support on ORR Activity

In current carbon-supported Pt (Pt-alloy) catalysts for PEMFC
application, carbon support is well-known to play a key role in
improving Pt utilization, ORR activity, and stability."®
According to the requirements for electrocatalyst support,™'®
the basic properties of carbon support are (1) high electrical
conductivity, (2) high specific surface area and high porosity,
(3) good interaction of support with Pt (Pt-alloy), and (4) easy
Pt recycling in the used electrocatalyst.'”’ Among various
carbon supports, the correct selection of carbon material is one
of primary importance to realize electrocatalyst application for
the real commercialization of PEMFCs. The carbon support
may not only modify the electronic character of the Pt-alloy>>
but also influence the shape and distribution of the deposited
Pt-alloy particles.'®'* Tt has been found that the specific
surface area, pore size distribution, and surface properties of
carbon material strongly influence the size, size distribution of
Pt-alloy particles, surface structure and morphology, and
alloying degree and therefore the structure and morphology
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of the catalyst, affecting the number of the active sites on the
catalyst surface and thus ORR activity in PEMFCs.”*

Much of the literature has reported the impact of carbon
support on the electrocatalytic activity of the carbon supported
Pt-alloy catalysts.>”'**~'%  Limpattayanate and Hunsom'®’
studied the effect of three carbon materials such as domestic
Hicon Black (HB), multiwalled carbon nanotubes (MWCNT),
and commercial Vulcan XC-72 on catalytic performance of
carbon-supported Pt—Pd catalyst. HB, MWCNT, and Vulcan
XC-72 had the BET surface area of 87, 117, and 217 m* g/,
respectively, while the oxygen surface groups followed the order
of Vulcan X-72 (4.74 mEg g™') < HB (4.95 mEg g7') <
MWCNT (5.03 mEg g™'). With all three carbon-supported
Pt—Pd catalysts being prepared by a seeding and impregnation
method, the Pt—Pd/Vulcan XC-72 showed a better catalyst
dispersion, smaller particle size (~6.78 nm), a higher Pt:Pd
ratio (49.6:50.4), and the highest ORR activity under the PEM
fuel cell testing condition. They concluded that the specific
surface area of the support as well as the oxygen surface groups
affected the particle size and dispersion and catalytic perform-
ance. Gamez et al. also studied the effect of Vulcan XC-72R as a
support in comparison with graphite material (e.g, HSAG 300
Lonza) for Pt—Pd nanoparticles.'” It was concluded that
Vulcan carbon provided significantly higher active surface area
probably due to a good interaction of Pt—Pd with Vulcan than
with HSAG even though the later had a higher surface area than
the former.

2.4. Impact of Carbon Support on Catalyst Stability

Inspite of the positive impact of carbon on the catalytic activity,
the reported oxidation of carbon support may cause a severe
sintering/agglomeration of Pt-alloy nanoparticles under long-
term fuel cell operation''®''! and thus the decrease of
electrocatalytic surface area, resulting in the degradation of
catalyst and the decrease of catalytic activity and fuel cell
performance.”'">™""% The detailed degradation mecha-
nisms''*'"” revealed the transportation of Pt ions through
liquid and/or ionomer and the transportation of electrons
through carbon support, respectively. Pt supported carbon
particles are prone to degradation during fuel starvation due to
the reaction (C + 2H,0 — CO, + 4H" + 4e”) while the
oxidation of carbon is catalyzed by the presence of Pt.'*® The
carbon support can be converted to CO, and Pt may be lost
from the electrode, leading to loss of fuel cell performance.
Also, catalyst sintering or agglomeration is another problem for
the reduction of fuel cell durability because the -catalyst
sintering could reduce the electroactive surface area of the Pt
catalyst, lower the Pt utilization, and degrade its catalytic
activity."'> It has been the durability issue of the PEMFC
electrocatalyst with a carbon support that has been one of the
most important challenges hindering PEMFC commercializa-
tion. Therefore, there have been some research efforts in
developing novel supports that are more durable than carbon
by using composite support or ceramic support.51 However,
this review only focuses on the assessment of carbon-supported
Pt-based alloy electrocatalysts.

3. THEORETICAL STUDIES

Catalysts used for theoretical studies are dominated by
spherical Pt or Pt-alloy nanoparticles supported on standard
or graphitized carbon black, including conventional homoge-
neous Pt and Pt transition-metal alloy nanopar-
ticles'>" 17119120 4nd designer nanoparticles with controlled
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particle size, shape, composition, and spatial distribution to
increase activity and reduce Pt loading,'”"'** It has been
reported that carbon-supported Pt alloy can achieve at least two
to four times greater ORR activity compared to Pt/C catalysts,
due to a positive shift in the onset J)otential for OH,4
formation on the alloy catalyst.'>'**~"*° Theoretical studies
revealed that size, shape, and composition of the Pt-alloy
catalytst particles are three critical factors that contribute to the
improvement of ORR activity.

3.1. Impact of Pt-Alloy Particle Size on ORR Activity

Carbon-supported Pt-alloy catalysts, in the form of nano-
particles, can provide much higher surface area for the reacting
molecules in an electrochemical reaction. Moreover, the Pt-
alloy nanoparticle is often in a crystalline form, with the metal
atoms located in a variety of configurations, such as steps, kinks,
edges, and corners."””""*° Using density functional theory
(DFT) as a research approach, Nerskov et al.'*"'*?
demonstrated theoretically that electrocatalytic activity was
significantly affected by nanoparticle size. They found that, with
increasing particle size, the catalytic rate per surface site of Au
particles sharply increased, whereas a decrease was observed for
Pt particles as the particle size decreased. This difference
resulted from a volcano-shaped relationship between electro-
catalytic activity and the electronic state of the atoms. In Pt
alloys, Pt tends to congregate in the first layer and then be
induced to form a surface strain, which strongly influences its
reactivity, depending on the type of transition metal(s) in the
alloy."??

To improve catalytic performance and conseqzuent enhance-
ment of ORR activity, Jacob and Goddard III"** used highly
dispersed particles rather than extended surfaces, because those
particles provided, overall, a larger reactive surface area for
simultaneous catalytic reactions. The improved reactivity of
nanoparticles was believed to be closely related to particle
properties such as the quantum size effect for small particle
sizes or polymorphic particle shapes."*>'3® The catalyst surface
was related to different surface faces connected via step edges
or kinks, probably resulting in different catalytic reactivities.
Using DFT as a research tool to handle rather small system
sizes (around <100 atoms) in the modeling, they found a more
structured potential energy surface for binding on the alloy
surface than on pure Pt, which could lead to higher localization
of the adsorbents. Also, a strong overlap was examined on the
preferred surface sites for O, and H, as representatives of
charge-donating and charge-accepting adsorbents, respectively.
Both aspects might play a role in enhancing the overall ORR
activity. They thought that the highly dispersed catalysts
including Pt-alloy catalysts were more useful in practical
industrial applications than the semi-infinite surfaces because
the catalysts can provide a larger surface area in which the
catalytic reaction can run simultaneously with higher activities.
The size of these catalyst particles might range from <1 to 5 nm
in diameter, which is strongly dependent on the catalytic effect
of extended surfaces on those nanoparticles.'**

3.2. Impact of Pt-Alloy Particle Shape on ORR Activity

Since the majority of electrocatalytic reactions are structure-
sensitive or site-demanding, it is imperative to fundamentally
understand the relationship between the structure or sha};e of
nanomaterials and their electrocatalytic properties.'>’~"*°
However, in contrast to the growing number of studies on
the correlation between the size of spherical nanoparticles and
their catalytic activity, very little theoretical work has been
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conducted to evaluate the effects of nanoparticle shape on ORR
activity since these structures are not easily accessible.

Mophology control plays a key role in developing high-
performance catalysts with unique physical and chemical
properties as reported in the literature.'*'7*¢ These nano-
structures often correspond to a precise particle shape and
controlled particle size, with different surface areas and
crystallographic facets. The catalytic performance of Pt-based
catalysts was found to be dependent on their crystal facets.'*’
Well-defined shapes of Pt-based nanocatalysts can mimic the
catalytic property of the bulk metal but exhibit superior catalytic
activity due to the manipulation of crystal facet'*”'*® that allow
the fine-tuning of both the selectivity and the reactivity for
many major catalytic reactions, so as to achieve high catalytic
performance.'*~"3* According to proposed mechanisms such
as the uniform sphere model"™> and the hydrocarbon catalysis
model,"** shape as one of the most important surface
properties is strongly related to designed crystal facets which
can provide a large number of active sites located at the edges
or corners of a rough Pt surface and enhance the material’s
catalytic activity, Wang et al.'*® reported the 5- and 9-fold
enhancement of ORR activity for the Pt monolayer on Pd and
Pd;Co cores. Their density functional theory calculations
(DFT) using a nanoparticle model revealed the effect of
nanosize-induced surface contraction on facet-dependent
oxygen binding energy. The moderately compressed {111}
facets were most conducive to ORR on small nanoparticles,
which could result in the compressive strain effect and thus
enhance the ORR activity. In addition, it is suggested that a
nanostructure with high-index facets exhibits higher catalytic
activity than common nanostructures with low-index facets
because more atoms are added at the former’s steps, edges, and
Kinks, 148156158

As mentioned earlier, there have not been enough theoretical
studies to clearly disclose the ORR enhancement mechanism
for the shape-controlled and/or facet-dependent Pt-alloy
catalysts. In fact, shape-controlled Pt-alloy catalysts are much
more complicated and challenging than Pt catalysts for the
theoretical studies and the experimental preparation and
characterization. In the experimental sections of this review,
some typical shapes such as core—shell, Pt monolayer/skin, and
crystal facet will be discussed on the enhancement of ORR
activity for carbon-supported Pt-alloy catalysts. However, there
is a lack of theoretical studies with regard to these shapes.

3.3. Impact of Pt-Alloy Composition on ORR Activity

To date, many carbon-supported Pt-alloy catalysts (PtM/C, M

Co, 159160 N 160 Gy, 159 Fe, 1627164 (1165 7y 166 pg 167168
W,' etc.) have been successfully synthesized. With the
addition of a metal (M), the Pt content in the catalyst
decreases, as does the cost of materials. The formation of Pt-
alloying can result in two key changes favorable to the
enhancement of Pt-alloy catalysts. One is that the alloying of Pt
might change the electronic properties of Pt while the other is
that the adsorption properties of Pt may be altered by alloying
Pt, which is closely related to ORR."** However, the
relationship between electrocatalytic activity and alloy
composition in Pt-alloy catalysts does not follow a simple
monotonic trend, since the concentration of different alloying
elements can substantially affect the catalytic performance due
to the resulting changes in intrinsic properties (e.g., electronic
structure and surface segregation).lw’17
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Figure 2. Reaction schemes proposed for the ORR by Wroblowa et al.
O, can be electrochemically reduced either directly to water with a rate
constant of k; without the formation of intermediate H,O, ,4 (so-called
“direct” 4e” reduction) or with a rate constant k, (“series” 2e”
reduction). The adsorbed peroxide can be electrochemically reduced
to water, with a rate constant k; (“series” 4e” pathway), catalytically
(chemically) decomposed on the electrode surface (k,), or desorbed
into the bulk of the solution (k;). Reprinted with permission from ref
24S. Copyright 2001 Wiley Interscience.

To understand theoretically the effect of Pt-alloy composi-
tion on ORR activity, Paulus et al.'”' calculated theoretical
atomic densities for two selected carbon-supported PtM alloy
catalysts (M = Ni, Co) with fixed atomic ratios of Pt to M (3:1
and 1:3, respectively) and a total metal content of 20 wt %.
After the comparison of theoretical atomic densities and the
experimentally determined active surface areas, they found that
the difference in alloy composition and the corresponding
hydrogen adsorption pseudocapacitance indeed influenced the
number of Pt surface atoms and the surface composition. Using
the analysis of temperature-dependent oxygen reduction Tafel
plot, they obtained the activation energies for the ORR on
carbon-supported Pt-alloy catalysts in 0.1 M HCIO,, as
presented in Table 2,'"”"' and revealed the following order

Table 2. Activation Energies for the ORR on Carbon-
Supported Pt-Alloy Catalysts in 0.1 M HCIO,*

activation energy

catalyst potential (V) kJ/mol eV
Pt/C 0.93 21 0.22
Pt;Ni/C 0.93 24 0.25
PtCo/C 0.93 24 0.25
Pt;Co/C 0.93 25 0.26
Pt/C 0.88 20 0.21
Pt;Ni/C 0.88 22 0.23
PtCo/C 0.88 28 0.29
Pt;Co/C 0.88 28 0.29
Pt/C 0.83 23 0.24
Pt;Ni/C 0.83 26 0.27
PtCo/C 0.83 24 0.25
Pt;Co/C 0.83 26 0.27

“From the work of Paulus et al.'”" Reprinted with permission from ref
172. Copyright 2005 American Chemical Society.

of increasing catalytic activity: Pt/C < Pt;Ni;/C < Pt;Co,/C <
Pt;Co,/C. This clearly suggested that the Pt alloy’s
composition substantially affected its ORR activity.

To further examine the correlation between Pt-allo
composition and electrocatalytic activity, Wang et al.'"’>'”
followed the materials’ compositional evolution and the
formation of Pt-skeleton nanostructures, using atomic-level
microscopic analysis of the compositional profiles and modeling
of the nanoparticle structures. Differences in the Pt-alloy
composition affected the structure and thus resulted in different
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properties, as the researchers revealed through studying
Pt Ni,_,/C alloy catalysts. Using Monte Carlo simulations,
they monitored structural changes in simulated 5 nm PtNi
particles during Ni dissolution on the surface (see Figure 3).
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Figure 3. Monte Carlo simulation of the nanostructure evolution of
PtNi NPs in an electrochemical environment. (a) Initial and final
cofigurations of the PtNi NP. The simulated NP has a cuboctahedral
shape and contains 4033 atoms (~5 nm) in the initial configuration. In
the final configuration, the Ni atoms exposed to the electrochemical
environment have been dissolved, forming a Pt,Ni,_, (y > 0.5 here)
NP. (b) Calculated Ni concentration in the final configuration of the
Pt—Ni NP, under the assumption that the dissolution of Ni atoms is
driven by a chemical potential of A y at T = 300 K. The symbol “x” in
the figure marks the results from experiments. Reprinted with
permission from ref 173. Copyright 2011 Wiley Interscience.

They found that the catalytic properties were determined by
the thickness of the Pt skeleton layer, which depended on the
initial composition of the Pt-bimetallic alloy catalysts."”> The
intermediate composition with a Pt:Ni ratio of 1:1 exhibited the
highest ORR activity (see Figure 4)."”° Matanovi¢ et al.'”* also
selected three different Pt—Ni alloys—Pt;Ni;, Pt;Ni;, and
Pt;Ni;—to study the correlation between structure, reactivity,
and stability using periodic DFT calculation. They found that
the catalytic activity for Pt—Ni alloys increased in the order of
Pt < Pt;Ni; < Pt;Ni; < Pt;Ni;, and they also confirmed that the
Pt—Ni alloy catalyst with an atomic ratio of 1:1 had the
maximum ORR activity. They assumed that the improved
catalytic activity of this Pt—Ni alloy catalyst was due to the
modification of the electronic structure of the platinum atoms
on the surface, induced by a specific distribution of nickel
atoms in the layers directly below.

It should be noted that, in many cases, some mismatches
exist between the theoretical and experimental studies on the
ORR activity of carbon-supported Pt-alloy electrocatalysts. For
instance, the theoretical studies conducted by Paulus et al.'”!
with the atomic ratio of Pt:Co from 3:1 to 1:1 showed that the
catalytic activity increased in the order of Pt;Co,/C < Pt,Co,/
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Figure 4. Composition dependence of Pt alloy electrocatalysts. (A)
The dependence of ORR catalytic activity and the ratio of Ni
preserved after electrochemical measurements on the initial alloy
composition for PtNi,_,/C nanocatalysts. (B) Composition line
profiles for PtNi,_,/C nanocatalysts after ORR measurements.
Reprinted with permission from ref 170. Copyright 2012 American
Chemical Society.

C while the experimental results'’® in Strasser’s group exhibited
the reverse activity order: Pt;Co,;/C < Pt;Co,/C. Another
example was the carbon-supported Pt—Ni electrocatalyst. The
theoretical results from Matanovié et al.'’”'7* showed higher
ORR activity for the Pt:Ni ratio of 1:1 than the Pt:Ni ratio of
3:1 but the experimental results from Sung’s group'”® revealed
that the ORR activity order was Pt;Ni;/C > Pt;Ni;/C. These
mismatches basically resulted from the differences in research
conditions between the theoretical and experimental studies.
Therefore, it is important to check the experimental conditions
while comparing theoretical with experimental studies. The
detailed discussion on the experimental studies of carbon-
supported Pt-alloy electrocatalysts will be presented below.

4. EXPERIMENTAL STUDIES ON THE CONTROL OF
CARBON-SUPPORTED PT-ALLOY PARTICLE SIZE

4.1. Importance of Particle Size and Distribution

Some of the most important challenges in synthesizing carbon-
supported Pt-alloy nanoparticles are the diverse nucleation and
growth rates of different elements, which are directly related to
the formed nanol};artide size and size distribution, and thus to
ORR activity.'””"”® Typically, the reduction of the Pt precursor
(e.g, platinum acetylacetonate, Pt(acac),) occurs faster than
that of some 3d transition metals such as Mn, Fe, Ni, Co, and
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Cu, in the synthesis of carbon-supported Pt-alloy particles
because Pt has a much higher reduction potential (Pt** + 2e~
< Pt, E° = +1.2 V) than 3d transition metals (E® = —0.2 ~
—0.4 V)."”° As a result, the precious metal is prone to nucleate
first and grow into separate nanoparticles or form Pt-rich
regions in the product.'’”'®

In fact, multiple factors can affect the size of Pt-alloy
nanoparticles formed in solution during the crystal nucleation
and growth process. In the synthesis of carbon-supported Pt-
alloy nanoparticles, nucleation can be induced by increasing
temperature, adding a precursor, and adding a secondary metal
precursor.'””"*1 1% According to Lamer’s plot,'®' both a fast
nucleation step and gradual growth on formed nuclei can result
in a monodispersed and homogeneous alloy nanomaterial,
which is particularly advantageous for the synthesis of Pt-alloy
nanoparticles with high catalytic activity.'**'*5~'%

In a conventional nucleation and growth process, some metal
atoms, which form through either the reduction of metal
precursors or bond breakage in compounds, collide to produce
small, thermodynamically unstable clusters and then dissolve
before they reach a critical radius or form thermodynamically
stable nuclei by overcoming a critical free energy barrier. These
latter nuclei grow into nanoparticles by consuming free atoms
in solution or in unstable small clusters."” "> According to
classical nucleation theory, three key variables control the rate
of nucleation: temperature, surface free energy, and degree of
supersaturation.'> High surface free energy results in large
critical radius and high critical free energy, which creates serious
difficulty for the formation of clusters and nuclei in nucleation.
High reaction temperature and a high degree of solute
supersaturation (ie., the ratio of saturation solute concen-
trations to equilibrium solute concentration) can accelerate
nucleation."”*™"*® For colloidal synthesis, the degree of
supersaturation varies throughout the nucleation and growth
stages and can be described as a function of reaction time.'®!
Separation of the nucleation and growth steps is critical to
prepare homogeneous nanoparticles. “Burst nucleation”, ie.,
forced nucleation occurring in a very short period of time, is the
most effective strategy for the synthesis of highly uniform
nanoparticles using a colloidal chemical approach.'®"'?>19719

4.2. Approaches to Control Particle Size

A broad size distribution and relatively large particle size will
lead to nonuniform chemical composition among alloy
nanoparticles and thus decrease the catalyst’s ORR activity.'””
Therefore, an appropriate particle size, especially 2—S5 nm, is of
key importance for Pt-alloy catalysts to achieve high ORR
activity in PEMFCs.">"** However, it is not easy to control
particle size and size distribution, since very small particles (<2
nm) are significantly prone to agglomeration or corrosion
under practical synthesis conditions. Recently, much research
has been devoted to developing various new methods to reduce
Pt-alloy size and narrow down particle size distribution to
enhance catalytic performance, including thermal evaporation
in a vacuum, electron-beam lithography and pulsed laser
deposition, buffer-layer assisted growth, chemical vapor
deposition, gas condensation, ionized cluster beam deposition,
electrochemical deposition, sol—gel or colloidal techniques,
deposition—precipitation and impregnation, and the use of
molecular cluster precursors.”®’ In these methods, protective
agents, heat treatment temperature, reactant composition, and
pH are the critical factors in controllin§ the size and
morphology of synthesized nanoparticles.**"
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4.2.1. Protective Agents. In general, protective agents are
used to stabilize nanostructured colloidal metal and prevent
algglomeration.202_204 The two main mechanisms for stabiliza-
tion against aggregationzos’206 are shown in Figure S.
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Figure 5. (A) Electrostatic stabilization of nanostructured metal
colloids, (B) steric stabilization of nanostructured metal colloids.
Reprinted with permission from ref 205. Copyright 2008 Wiley
Interscience.

Electrostatic stabilization is one of the mechanisms: the
attraction of van der Waals forces is counterbalanced by the
repulsion of the Coulomb forces acting between the negatively
charged colloidal particles (see Figure SA).”%° Some typical
ionic protective agents include sodium acetate (SA), citric acid
(CA), citrate, tetraoctylammonium bromide (TOAB), adecyl-
trimethylammonium bromide (CTAB), dodecyldimethyl (3-
sulfo-propyl) ammonium hydroxide (SB12), sodium bis(2-
ethylhexyl) sulfosuccinate (AOT), sodium dodecyl sulfate
(SDS),*" triton X-100, oleic acid, and oleylamine (OAM).
Steric stabilization is the other mechanism (Figure SB),%
which can be achieved by the coordination of sterically
demanding nonionic surfactants or polymers that produce
strong repulsion between particles and droplets as protective
shields on a metallic surface. The main types of protective
agents for steric stabilization are polymers (e.g., poly(N-vinyl-2-
pyrrolidone); poly(vinyl alcohol); N-dodecil-N,N-dimethyl-3-
amino-1-propan sulfonate; Pluronic F127); P, N, and S donors
(e.g, phosphanes, amines, thioethers); solvents such as THF,
THF/MeOH, and propylene carbonate; long-chain alcohols;
surfactants; and organometallics.

Jeon et al.”® investigated the effect of SA on the particle size
of 40 wt % Pt;Ni,/C catalyst. They prepared the catalyst using
a borohydride reduction method in anhydrous ethanol solvent,
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with a molar ratio of SA to total metal of 22:1. Figure 6 shows
TEM images of the catalyst before and after heat treatment at

Figure 6. TEM images of 40 wt % Pt;Ni,/C catalyst (A) as-prepared
sample and (B) sample heated for 3 h in Ar atmosphere. Reprinted
with permission from ref 207. Copyright 2009 American Chemical
Society.

300 °C for 3 h under Ar atmosphere. The average size of the
obtained Pt—Ni particles was approximately 3.4 nm, regardless
of heat treatment, since 300 °C was not sufficient to sinter
carbon-supported Pt—Ni alloy nanoparticles and thus resulted
in incomplete alloying (~35%). It should be mentioned that as
a stabilizer, SA was helpful in protecting the formed
nanoparticles, which had a controlled size and shape, as no
marked changes in their shape or size were observed during the
TEM analysis after heat treatment.

Compared to SA, CA is well-known for its dual functions as a
reducing and stabilizing agent in nanocolloidal chemis-
try.>**7*!% In particular, the three carboxyl anions of CA can
be adsorbed onto the surface of metal particles and exert either
hydrophobic or Coulombic effects on the particles, thereby
stabilizing nanoparticles.”’" So far, various carbon-supported
Pt-alloy catalysts have been successfully synthesized with CA as
a stabilizer, including PtCo, PtCu, and PtAu.?'>72!¢ Rao et
al>' utilized CA as a stabilizer to investigate its effect on the
size of 40 wt % Pt,Co,/C catalysts with different Pt:Co atomic
ratios of 1:1, 2:1, 3:1, and 4:1. In the presence of citric acid, a
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series of Pt,Co,/C catalysts were prepared by borohydride
reduction method. Based on the Debye—Scherrer equation,”"”
all catalysts showed an average size of 6.0 nm. No size
difference was found for various catalysts due to the identical
conditions maintained during the preparation procedure.

To understand the effects of different stabilizers on Pt-alloy
size, Kim et al.>'® employed SA, OAM, TOAB, and CTAB as
stabilizing agents to synthesize 40 wt % Pt;Co,/C electro-
catalysts via a borohydride reduction method in an argon
atmosphere at room temperature. They found that the particle
sizes of 40 wt % Pt;Co,/C were smaller than those of
commercial 40 wt %Pt/C; when the amount of stabilizer was
15 times the total moles of Pt and Co, the order of sizes was
commercial (3.3 nm) > SA-15 (2.7 nm) > TOAB-15 (2.5 nm)
> OAM-15 (2.2 nm). In the case of CTAB, the amount of
stabilizer was 25 times the total moles of Pt and Co (designated
CTAB-25) and yielded a synthesized particle size of 2.2 nm. In
addition to the effects of stabilizing agents, Kim et al.*'® also
studied the effect of heat treatment temperature on particle
size. The optimum heat treatment temperature for each
stabilizer was determined by temperature-programmed reduc-
tion from 30 to 1000 °C at a heating rate of 5 °C/min. After
the heat treatment, XRD spectra (see Figure 8A,B) indicated
that the sizes of most of the particles had grown substantially,
from 2.7 to 10.6 nm (SA-15), 2.2 to 7.6 nm (OAM-15), and 2.5
to 5.0 nm (TOAB-15). However, the size of the CTAB-
mediated Pt;Co,/C catalyst increased only slightly from 2.2 to
2.8 nm, because it had a lower annealing temperature of 250
°C, at which agglomeration was not induced. The TEM results
in Figure 7C show that the CTAB-mediated Pt;Co,/C catalyst
has a narrower size distribution, with maximum counts at 2.5
nm, compared to commercial Pt/C, whose particle size ranges
from 1 to more than S nm, with maximum counts at 2.5—3.5
nm. It was thus concluded that CTAB is the most appropriate
stabilizer for the fabrication of the Pt;Co,/C catalyst because
the dispersion of Pt—Co particles on the carbon support is
much more uniform than in a commercial Pt/C catalyst.

Poly(N-vinyl-2-pyrrolidone) (PVP) is a linear polymer that
has been used as a typical protecting agent, via steric
stabilization, against the agglomeration of metal colloids by
forming a complex with metal ions before the reduction
reaction occurs.”'? For example, Wu et al.>** employed PVP as
a stabilizer in combination with different additives (benzoic
acid, aniline, or potassium bromide) to prepare a series of
water-soluble carbon-supported Pt—Ni nanocrystals with differ-
ent shapes, e.g, octahedron, truncated octahedron, and cube
corresponding to the use of benzoic acid, aniline, and potassium
bromide, respectively. They found that the Pt—Ni nanocrystals
with three different shapes showed different average particle
size of 11.8, 12.5, and 16.1 nm, respectively. Generally, particle
size can be well controlled by tuning the concentration of the
polymer stabilizer:**"*** the better the stabilization effect (i.e.,
the higher the PVP concentration), the smaller the metal
particles. However, some polymers, including PVP, bind too
strongly bound to the nanoparticle surface to be removed,
which can result in decreased catalytic performance.***
Therefore, it is necessary to completely get rid of the polymer
(stabilizer) in practical fabrication.

4.2.2. pH Control. In addition to the use of protecting
agents, pH control is another strategy that can help to control
particle size in the synthesis of Pt-based nanoparticle
catalysts.”***** Fang et al.* developed a homogeneous
deposition (HD) strategy for the synthesis of carbon-supported
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Figure 7. (A) XRD spectra for as-prepared Pt;Co,/C catalysts, (B)
XRD spectra for heat-treated Pt;Co,/C catalysts, (C) particle size and
TEM images for heat-treated CTAB-mediated Pt;Co,/C catalysts.
Reprinted with permission from ref 218. Copyright 2011 Elsevier B.V.

Pt nanoparticles, in which a gradual increase in pH was realized
by in situ hydrolysis of urea. As a result, a Pt complex species
with small particle sizes was uniformly deposited onto the
carbon support. A subsequent uniform reduction of the
deposited Pt complex species by ethylene glycol (EG) in a
polyol process gave further control over the size and dispersion
of Pt nanoparticles. It was found that when the amount of urea
in the starting Pt-salt aqueous solution was increased the size of
the Pt complex species decreased, as did that of the metallic Pt
nanoparticles, as shown in Figure 8. The decrease in the size of
the Pt complex species was attributed to two factors: the steric
contraction effect, resulting from the substitution of H,O and/
or CI” by OH", which reduced the ionic radius of the Pt
complex species; and the electrostatic charge repulsion effect,
which limited the growth of the Pt complex species with more
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Figure 8. pH values and sizes of Pt(IV) complex species and metal
nanoparticles versus amount of urea added. Solution series 1: urea-
carbon solutions. Solution series 2: Pt(IV)-urea-carbon solutions.
Reprinted with permission from ref 4. Copyright 2009 American
Chemical Society.

negative charges. Kim et al>® employed an HD strategy to
synthesize carbon-supported 40 wt % Pt—Ru catalysts under
various initial pH conditions. They reported that the initial pH
value in the starting solution had a significant influence on the
Pt—Ru alloy particle size. With an initial pH of 9—10, the
supported Pt—Ru catalyst had the smallest particle size.
Rusnaeni et al.*** employed 1, S, 10, and 25 mL of NaOH to
adjust the pH of a metal precursor reduction solution to 7, 10,
12, and 13, respectively, in an EG-assisted polyol approach to
prepare 30 wt % PtNi/C catalyst. Figure 9 shows the effect of

Particle size (nm)

0 5 10 15 20 25 30
Vol. NaOH (mL)
Figure 9. Effect of pH on particle size of prepared 30 wt % PtNi/C

catalysts. Reprinted with permission from ref 225. Copyright 2010
Asian Network for Scientific Information.

pH variation on particle size. The largest improvement in
particle size reduction was observed in a pH range of 7—10. It
was concluded that the glycolate anion concentration
determined the process of nucleation and growth.”>**® The
formation step of nucleation was too slow to match the growth
step because the glycolate anion concentration was too low at a

pH of around 7. A consistent nanoparticle size was achieved in
a pH range of 10—12 due to the good balance between the
formation and growth steps. However, at a pH of around 13,
the nanocrystal growth stopped. In comparison with carbon-
supported Pt—Ni alloy nanoparticle catalysts made by the
polyol approach, a carbon-supported core—shell Pt—Co alloy
catalyst that had been prepared via reduction reaction and
subsequent electrolysis deposition was also found to be
sensitive to pH. Table 3 compares the properties of various
PtCo/C catalysts (prepared in pH 4.0, 2.5, and 1.5,
respectively) and those of Pt/C.**’ It is evident that, with a
decrease in pH, the size of the Pt—Co alloy particles increased
from 2.5 to 3.1 nm. It has thus been proven that pH is a key
factor influencing the particle size of synthesized Pt-based
nanoparticle catalysts.

4.2.3. Composition. Composition is one of the most
important factors affecting the size of as-synthesized Pt-alloy
particles.>®*2723% The size of binary Pt alloys is closely related
to the type of the second metal.”®" It was observed that the
addition of Fe (at atomic ratios of Pt to Fe from 3:1 to 1:6)
could effectively prevent Pt particles from agglomerating and
decrease the particle size of Pt—Fe/C from 4.4 to 3.2 nm, based
on the Pt (220) diffraction peak in XRD spectra. In particular,
Pt—Fe nanoparticles made with a Pt to Fe atomic ratio of 1:6
had a size distribution in the range of 2—6 nm, even after heat
treatment at 900 °C under H,/Ar atmosphere. Recently,
Strasser et al.'”> synthesized a series of PtCo/C nanoparticle
catalysts with 28.2 wt % Pt loading through a freeze-drying
method, followed by annealing at 250 °C for 2 h and at 800 °C
for 7 h under a 4 vol % H,/96 vol % Ar atmosphere. When a
high surface area carbon (HSAC) was used as the support, they
found that the particle size of the PtCo/C alloy increased from
3.6 to 4.0 nm as the Co to Pt ratio decreased from 3:1 to 1:3
(see Figure 10). However, for a group of dealloyed Pt,Ni,_,/C
(D-Pt,Ni,_,/C) nanoparticle catalysts,>* it was discovered that
the D-Pt,Ni,_,/C catalyst displayed the smallest particle size
(~4.7 £ 0.7 nm) among three Ni-rich dealloyed core—shell
catalysts (D-PtNi/C, D-PtNi;/C, and D-PtNi;/C), as shown in
Figure 11. These results suggest that Ni content has a strong
influence on Pt—Ni alloy particle size. Notably, increasing the
proportion of the second metal does not monotonically reduce
the size of Pt-alloy nanoparticles; their size also often depends
on the reaction conditions (e.g, the synthesis method and heat
treatment), in addition to the type of second metal and its
content.

4.2.4. Heat Treatment. Heat treatment has been
extensively studied as a means of controlling particle size in
the synthesis of various carbon-supported PtM (M =V, Co, Fe,
Ni, Cu, Ti, Pd, and Cr) alloy catalysts.233 The role of heat
treatment is mainly to assist alloy formation by increasing the
mobility of the supported Pt. However, high-temperature heat

Table 3. Comparison of the Properties of Various PtCo/C (Nominal Ratio 1:3) and Pt/Catalysts”

particle size® lattice parameter

catalyst  pH (nm)

PtCo/C 4.0 2.5 3.881 2.744
PtCo/C 2.5 2.6 3.849 2.722
PtCo/C 1.5 3.1 3.920 2.770
Pt/C 2.5 3.931 2.780

Pt—Pt interatomic distance

metal loading® Pt:Co (real atomic specific activity, j,

(%) ratio) (mA/cm?p,
17.4 1:2.8 0.555
16.3 1:2.2 0.894
11.2 9:1 0.497
22.1 0.230

“Reprinted with permission from ref 227. Copyright 2010 Elsevier B.V. PEstimate from XRD data using Scherrer formula. “Determined by TGA

analysis without any correction. “Based on EDX analysis.
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Figure 10. Histograms of particle size distribution and corresponding
TEM images for as-synthesized PtCo; PtCo, and Pt;Co alloy
nanoparticles. The average particle size (davg) was determined from
TEM images by counting more than 400 particles. Reprinted with

permission from ref 175. Copyright 2012 The Electrochemical Society.

treatment can cause agglomeration of particles, reduction of
specific surface area, and broadening of particle size
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supported on carbon. Reprinted with permission from ref 232.
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distribution.?>*"23° Table 4 summarizes the effect of heat

treatment on the particle size, lattice constant, and alloying
degree of various reported carbon-supported PtM alloy
catalysts.*>3>15%23772%" Obviously, the particle size consider-
ably increases with the heat treatment temperature. The degree
of alloying is found to be dependent on the lattice constant and
is also a function of the treatment temperature, while the lattice
constant decreases with increasing temperature. Therefore, the
degree of alloying can be controlled by adjusting the heat
treatment temperature, even though high temperature may
increase the particle size. It should be noted that the effect of
heat treatment temperature on lattice constant and particle size
is often intertwined with the synthesis methods and conditions.
For example, heat-treated PtCo/C alloys prepared at a pH of
around 2 exhibited bigger particles sizes, more ordered
structure, and greater alloying degree than those pre;)ared at
a pH of around 11 using a physicochemical method.**®

4.3. Effect of Particle Size on ORR Activity

It is well-known that the mass activity of a catalyst for the ORR
is inversely proportional to the particle size, while the sgeciﬁc
activity is assumed to be independent of the particle size.”** To
establish a fundamental connection between the ORR activity
and the particle size of Pt-based alloys, Markovi¢ et al.”*
started with two model electrode systems, Pt single crystal and
Pt-based bimetallic surfaces, in which particle size was coupled
with the corresponding particle shape. According to their
proposed ORR mechanism (see Figure 2),** the significant
improvement in the ORR within Pt-based alloy systems
primarily resulted from the inhibition of Pt—OH formation
on Pt surrounded by “oxide”-covered Ni and Co atoms beyond
0.8 V. The intrinsic activity of Pt for the ORR of supported Pt-
alloy catalysts depended on both particle size and shape.**”***
In addition, the effect of particle size on the ORR kinetics was
related to the specific adsorption of Nafion polymer electrolyte
in the catalyst electrode. Ultimately, they reported that,
compared to the PtNi alloy, the PtCo alloy was a promising
catalyst for the ORR due to two reasons: (i) the amount of Pt
may substantially be reduced (by ca. 25—50%) and (i) the
activity can be significantly improved after alloying. Pt modified
with pseudomorphic Pd metal film was the best catalyst for O,
reduction in alkaline solution.''®'”*

DOI: 10.1021/cr500519c
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Table 4. Effect of Heat Treatment on Structural Parameters of Reported PtM/C Catalysts®

second metal (M) in Pt- heat-treatment treatment temperature/time period particle size” lattice crystal year,
no. M/C (Pt:M) conditions (T (°C)/t (h)) (nm) constant (A) structure alloying refs
1 vV (1:1) as-prepared furnace 34 3.8834 22 2002,
Ar/H,) 500/2 3.9 3.8800 25 237
800/2 5.4 3.8686 fee, P,V 33
2 Co (3:1) furnace (N,/10% H,) 600/2.5 3.83 3.855 fec, Pt;M 2000,
700/2.5 2.95 3.876 61° S
900/2.5 6.60 3.866 79¢
1100/2.5 8.63 3.868 75¢
3 Cr (3:1) 700/2.5 4.23 3.903 39°
900/2.5 6.23 3.884 78¢
1100/2.5 10.4 3.883 81°¢
4 Ni (3:1) 700/2.5 4.62 3.858 53¢
900/2.5 6.35 3.841 70¢
1100/2.5 10.2 3.836 75¢
S Co? (3:1) as-prepared furnace 34 3.925 1990,
700/2 8.4 3.870 fec, Pt,Co 238
900/2 8.0 3.867
1200/2 12.0 3.864 Fce, Pt;Co
6 Co® (3:1) as-prepared furnace <2.5 3.927
700/2 2.5 3.894
900/2 4.1 3.907
1200/2 104 3910
7 Co (3:1) furnace (H,) 550/3 39 3911 7 2004,
900/3 6.8 3.897 35 239
8 Co (3:1) as-prepared 1.8 3.501 79 2007,
240
furnace (H,) 400/2 9.6 3.90
furnace (air/H,) 200/1 (air)+300/1 (H,) 83 3.90
9 Co (5:1) as-prepared furnace 3.6 2002,
Ar/10%H,) 241
200/1 4.9
900/1 6.6
10 Cu (3:1) as-prepared furnace 4.7 3.86 fec, Pt;Cu 2006,
Ar/10%H,) 242
300/1 6.9 3.86
600/1 17.1 3.88
900/1 29.6 3.85
11 Fe (1:1) as-prepared furnace 6.2 3.848(1) Tetragonal 2005,
‘Ar/10%H,) 159
500/1 6.3 3.847(1)
600/1 6.5 3.845(2)
800/1 6.8 3.848(1)
12 Co (1:1) as-prepared furnace 5.5 3.782(1)
Ar/10%H,) 650/1 5.8 3.780(2)
13 T as-prepared furnace 4.8 3.926 1986,
He) 700/2 11.0 3916 243
900/2 12.5 3.907 Pt;Ti
1200/2 14.4 3.906 Pt;Ti
14 T as-prepared furnace <4.0 3.927
Hie) 700/2 5.0 3.922
900/2 7.0 3.922
1200/2 28.0 3.908 Pt;Ti

“Surface area measured by CO chemisorption. “Measured by XRD. “According to ref 39. 9Acidic route: Co(OH), + HCI (pH 2). °Alkaline route:

Co(NO,), + NH,OH (pH 11)./Methanol: water solution (1:1) Methanol: water solution (1:1), pH 10.

Carbon-supported PtM bimetallic catalysts alloyed with
various transition metals, such as Co, Ni, Cu, Fe, V, Cr, Zr,
Mn, Ag, W, etc., have been extensively studied, and it has been
found that the ORR activity of PtM is at least twice that of pure
Pt.'>171249725 Javasayee et al.>** prepared a series of PtM/C
(M = Co, Ni, and Cu, 10 wt % Pt) alloy catalysts using an
annealing treatment under a H,/Ar atmosphere at 350 and 900
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°C, respectively. They found that the annealing temperature
significantly influenced the alloying phase and the particle size,
thus improving the electrocatalytic activity (see Table S). They
also found that a dealloying process during electrochemical
measurement with 0.5 M HCIO, led to decreased particle sizes
close to 3 nm, and as a result, the PtM/C catalysts exhibited 3—
4.5 times higher mass activity than pure Pt/C. They concluded

DOI: 10.1021/cr500519c
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Table S. Compositional, Structural, and Morphological Analyses of Carbon Supported PtM (M = Co, Ni, and Cu) Catalysts”

catalyst (EDS based

anneal. temp.

Pt:M composition,

lattice constant, a

composition (°C) XRD (A)
Pt/C 350 100:0 3.92
Pt/C 600 100:0 3.92
Pt/C 950 100:0 3.92
Pt;5Co,s/C 350 81:19 3.85
Pt;,Co,5/C 950 81:19 3.85
Pt,,Cogy/C 350
Pt,,Cog/C 950 15:85/- 3.58/3.54
Pt;sNi,s/C 350 100:0/60:40 3.92/3.75
Pt,¢Ni,,/C 950 80:20 3.84
PtgoNigy/C 350 100:0/60:40 3.91/3.75
PtyNigo/C 350 50:50/0:100 3.72/3.52
Pt,(Nigo/C 950 12:88/- 3.57/3.53
Pt,Cu,s/C 350 81:19 3.86
Pt,5Cu,/C 950 77.5:22.5 3.85
Pt;sCugs/C 350 Fm3m 23:77 Fm3m 3.68
Pm-3m 10:90 Pm-3m 3.64
Pt;sCuqs/C 950 Pm-3m 10:90 Pm-3m 3.64

crystallite size, dyrp  particle size fresh, drgy  particle size aged, drpy

(nm (nm (nm
2 23 +08 6+3
6 4+1 7+2
13.8 9+2 11+3
43 3+1 7+2
7.2 6+2 72
4+£2 9+2
9.2 9+2 10 +£2
3.5/54 3+1
8.3 10+1 11+3
5.7/13
13 8+3 9+3
3 3x1 8+2
9.2 10+3 10+3
5.4/6 6+1 7+2
11.7 8+1 8+3

“Reprinted with permission from ref 254. Copyright 2012 Elsevier B.V. dypp, of HiSPEC 4000 (40%Pt on Vulcan XC-72R) = 4.5 nm.

Table 6. Particle Size, Mass Activity, Coulombic Charges (Qw, Qs), and Pt Surface Area (Scv) for Pure Pt and PtM Catalysts”

no catalysts particle size (A) mass activity (A/g Pt)
1 PtV 36 40.9
2 PtCr 38 61.0
3 PtMn 48 37.1
4 PtFe 45 56.2
N PtCo 39 44.0
6 PtNi 37 S1.0
7 PtCu 43 31.2
8 PtZr 38 42.8
9 PtAg 60 34.0
10 PtW 63 339
11 Pt 31 29.1

Coulombic charge (C/g Pt)

wa st Qs/Qw Pt surface area (Scv)® (m?/g Pt)
73.0 384 0.520 53.5
92.0 55.0 0.598 70.0
74.3 38.6 0.520 53.8
93.0 55.0 0.591 70.5
95.1 44.7 0.470 66.6
85.4 47.0 0.550 63.0
70.4 311 0.442 48.3
88.6 41.8 0.472 62.1
93.9 384 0.409 63.0
84.2 35.5 0.422 57.0
83.8 36.1 0.431 57.1

“Calculated from the current measured at 0.8 V after the oxygen reduction test for 140 min. bQw; 80—180 mV, Qs; 180—400 mV, CV conditions;
scan rate = 30 mV/s, scan from 50 mV to 1000 mV in 2.5 M H,SO, at 25 °C. “Calculated from the sum of Qw and Qs with 210 pC/cm?.

that the catalyst with a particle size less than 3.5 nm displayed
the lowest mass activity among the synthesized catalysts,
showing about 1.5 times higher mass activity than Pt. In
addition to evaluating the catalyst activity of these PtM/C
catalysts in relation to particle size, they also examined their
durability through a scan test of 1000 cyclic voltammograms
(CVs) and analyzed particle sizes before and after. It was
observed that for both Pt and Pt alloys particle size was
significantly greater after the durability tests.

Watanabe’s group”® synthesized a series of carbon-
supported PtM (M =V, Ni, Cr, Co, and Fe) catalysts with a
Pt:M atomic ratio of 50:50 using a nanocapsule approach.
Specifically, the catalysts were prepared by the simultaneous
reduction of platinum acetylacetonate and the second metal
acetylacetonate within nanocapsules formed in diphenyl ether
in the presence of carbon black. The PtM alloy particles were
found to be highly dispersed on carbon black and had a narrow
particle size distribution (2.0—2.5 nm), regardless of the
catalyst loading (which ranged from 10 to S5 wt % on carbon
black). The area-specific ORR activities of Nafion-coated PtM/
C catalysts in O,-saturated 0.1 M HCIO, solution were found
to be 1.3 to 1.8 times higher than that of Pt/C, with the ORR
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activity increasing in the order of Pt/C < PtNi/C < PtFe/C <
PtCo/C < PtV/C < PtCr/C.

Sung et al >3 prepared a series of Pt;M/C (M =V, Cr, Mn,
Fe, Co, Ni, Cu, Zr, Ag, and W) catalysts with a relatively large
particle size (ranging from 3.8—6.3 nm) via an impregnation
method with subsequent heat treatment at 900 °C for 2 h. In
contrast to Pt/C catalyst, whose maximum mass activity was
normally obtained with particle sizes around 3.5 nm,**° all the
PtM/C catalysts Sung’s group synthesized exhibited higher
mass activity than Pt/C, as shown in Table 6. They speculated
that the amount of the Coulombic charge of strongly adsorbed
hydrogen (Qs) was affected by the particle size as well as by the
amount of an certain active plane (i.e., the (100) plane);>> the
catalytic activity of Pt bimetal alloys for the ORR was correlated
with the Pt site that was responsible for the strongly adsorbed
hydrogen in the cyclic voltammogram.*’

To reduce the Pt loading without compromising the
catalyst’s performance, some noble metals, such as Pd and
Ru, have been applied to synthesize Pt-noble metal alloys
instead of Pt-transition metal alloys. The use of Pd is of interest
since, first, it is at least 50 times more abundant on the earth
than Pt and, second, it is in the same family as Pt in the periodic

DOI: 10.1021/cr500519c
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Table 7. Typical Shapes of Pt Alloy Nanoparticles Supported on Carbon®

year,
no. metal precursor reducing agent surfactant additive synthesis condition Pt alloy shape refs
1 KPtCl, CoCl, NaBH, TOAB pH RT Pt,Co, c/s 2010,
227
2 PtCl, CuCl, hydrazine, H, 800 °C/6 h under 7%H, Pt,Cu, C/S 2010,
281
3 H,PtCl-6H,0, CoCl,: NaBH,, EG PVA, PVP NaOH reflux, 1 h Pt,Co c/s 2013,
6H,0 282
4 H,PtCl, nickel(Il) acetate 1,2 PDO, oleic acid, PVP NaOH reflux, 2 h PtNi, C/S 2012,
NaBH, 283
S H,PtCl, HAuCl, NaBH, decanethiol oleylamine 280 °C, 300—800 °C Pt oAU, C/S 2010,
284
6 H,PtCl,2H,0, AgNO, NaBH,, EG sodium citrate KOH 90 °C/4h Pt,Ag, C/S 2012,
285
7 Pt(acac),, Ni(acac), oleylamine oleylamine, oleic acid W(CO), 130 °C, 230 °C Pt;Ni; Cand O 2010,
286
8  Pt(acac), Ni(acac), Fe(a- CO oleylamine, oleic acid l-adamantan, 210 °C under CO PtM, (M=Nj, Cand O 2011,
cac);, Co(acac),, Pd(a- acetic acid, Co, Fe, Pd) 287

cac),,
9  Pt(acac),, Ni(acac), TBAB, hexade- amines ACA 190 °C/1 h Pt;Ni; TO 2010,
canediol 288
10  Pt(acac),, Ni(acac), DMF 200 °C/24 h Pt;Ni;, Pt,Ni; C, CT; O, 2012,
TO 289
11 Pt(acac),, Ni(acac), CO, H, 200 °C Pt, {Ni; (¢} 2014,
290
12 Pt(acac),, Ni(acac),, Cco oleylamin (OAm), oleic acid 210 °C Pt;Ni,, ICO 2012,
HAuCl,, Pd(acac),, (0A) Pt,Pd,, 291

Pt Au,

13 K,PtCl, palladium nitrate ~ NaBH, octadecylamine, dodecyltrime-  H,SO, RT Pt-mono- Nw, C/S 2011,
thylammonium bromide layer/Pd 292
14  H,PtCl, NiCl, oleylamine 240 °C, 280 °C Pt,Ni, C, con- 2014,
cave T 293
15 Pt(acac)s CoCl, NaBH, Sodium dioctyl sulfosuccinate RT PtM (M=Co, SP 2008,
Cr(NO;);, FeCl, (AOT), 1-butanol Cr, Fe) 294
16  H,PtCq, Ni(NO;); oleylamine 160 °C, 270 °C PtNi NF 2014,
295
17 K,PtCl,, Na,PdCl, ascorbic acid Pluronic F127 RT, potential cycling PtPd NC 2013,
(AA) treatment 296
18  Pt(acac),, Cu(acac), oleylamine 180 °C, 220 °C PtCu NF 2014,
297
19 H,PtCly CuCl, H, 60 °C, 300 °C, 1000 °C  PtCu HOL 2012,
298

“C/S = core/shell structure; C = cubic; O = octahedral; T = tetrahedral; CT = cuboctahedral; ICO = icosahedral; NW = nanowire; TO = truncated
octahedral; SP = spherical particle; NF = nanoframe; NC = nanocage; HOL = hollow structure. EG = ethylene glycol; PDO = propanediol; TOAB =
tetraoctylammonium bromide; TBAB = borane-tert-butylamine complex; ACA = adamantanecarboxylic acid; PDDA = poly-
(diallyldimethylammonium chloride); NPS = poly(oxyethylene)Snonylphenol ether; NP9 = poly(oxyethylene)9nonyl phenol ether. RT = room
temperature.

table and thus may offer some advantages over other metals. first deposited Co onto 28.2 wt % Pt/C (Carbon, TEC10E30E)
Maghsodi et al.**® used NaBH, as a reducing agent to obtain to obtain PtCo;/C alloy via an impregnation method with an
carbon-supported 40 wt % Pt—Pd catalysts. Although the annealing step in a reductive atmosphere (4 vol % H,/96 vol %
calculated crystallite size of Pt—Pd alloy in PtPd/C was around Ar) at 650 °C, 800 and 900 °C, respectively.”®> An

7.8 nm, which was bigger than the Pt in 20 wt % Pt/C prepared electrochemical leaching (dealloying) process was then
by the same method (around 6.3 nm), the 40 wt % PtPd/C employed to leach out the non-noble element and produce
catalyst showed better ORR activity, as a result of the weakened the core—shell structure with its Pt-rich shell and stable
O—0 bond on the Pd-modified Pt nanoparticles, the synergistic intermetallic PtCoj core. It was found that when the annealing
effect between Pt and Pd nanoparticles, and the uniform temperature was increased, the particle sizes of the core—shell
dispersion of Pd and Pt on the carbon support. Interestingly, structured Pt—Co alloy catalysts and their catalytic activities
using Pd as the second metal in PtM/C catalyst was found not toward the ORR increased due to the formation of a mixture of
only to enhance the ORR activity but also to increase the alloy phases (i.e., ordered and disordered) in the Pt—Co alloy

catalyst’s methanol tolerance.>***% core.****%* For example, after heat treatment at 800 °C for 7 h,

Among various carbon-supported PtM nanoparticle alloy the dealloyed PtCo/C catalyst showed a particle size of only 2.2

catalysts, core—shell structured alloy catalysts with M or PtM nm, favoring the balance between mass and specific ORR
alloy as the core and Pt as the shell have been found to exhibit activity. It was also reported that the catalyst was three times
considerably higher performance for the ORR than pure Pt/C. more active on the basis of equivalent Pt mass activity (~380
Strasser’s groupzm’262 has synthesized a series of core—shell mA mgp, ') and four to five times more active in terms of

structured PtM/C (M = Co, Cu) catalysts with PtM alloy as electrochemical active surface area (ECSA)-based specific
the core and Pt as the shell through a dealloying process. They activity (~804 yA cmp,?) than 28.2 wt % pure Pt/C, due to
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geometric strain effects. Later, their group used this electro-
chemical dealloying method to prepare the core—shell
structured PtNi/C catalysts and ternary Pt-based electro-
catalysts; they obtained high ORR activities (>500 mA
mgp, ' at 0.9 V under single-cell test) 21265266 and stable
catalytig zéctivity by keeping the particle size in the range of 5—
10 nm.

5. EXPERIMENTAL STUDIES ON THE CONTROL OF
CARBON-SUPPORTED PT-ALLOY PARTICLE SHAPE

Electrocatalytic activity is shape-dependent, since the electro-
catalytic reaction is sensitive to catalyst structure and the
reaction rate varies significantly with catalyst shape and/or
crystallographic facets.”*”>% It has been proven that the Pt-
alloy nanostructure in Pt alloy supported on carbon exhibits
different electrocatalytic activities in its various facets.'*’

5.1. Importance of Particle Shape

Among recent research efforts to design and synthesize high-
performance carbon-supported Pt-alloy nanoparticle electro-
catalysts for the ORR, controlling garticle shape has been one
of the most important strategies.'”>* Generally, the shape of
nanoparticles in carbon-supported Pt-alloy catalysts is deter-
mined by thermodynamics and kinetics during the synthesis
process: it is also dependent on the intrinsic structural
properties of the Pt alloy and the reactants, such as the
solvent, capping agent, and reducing agent, used in the
synthesis process.”*’°">"* During the formation of Pt-alloy
nanoparticles, some facets similar to the three basal low-index
planes in the formation of platinum (ie., (100), (110), and
(111)) often form to minimize surface energy and total excess
free energy. Plane (111) has the lowest surface energy while
plane (110) has the highest.””**”* Interestingly, Stamenkovic et
al.'"*” found that the different planes of a Pt alloy exhibited
different ORR activities.

It is well-known that synthesis conditions, such as reactant
type and concentration, reaction time and temperature, are also
very important in controlling particle shape. In particular, there
are a variety of choices when selecting Pt precursors, solvents
(e.g., water or organic solvents), reducing agents, surfactants,
and additives.”’*">’® For platinum precursors, the choices
include chloroplatinic acid hexahydrate (H,PtCl-6H,0),
potassium hexachloroplatinate (K,PtCl), potassium tetrachlor-
oplatinate (K,PtCl,), platinum acetylacetonate (Pt(acac),), and
tetraammineplatinum(II) chloride hydrate (Pt(NH;),Cl,
x«H,0). A broad range of reducing agents can be utilized in
the synthesis of shape-dependent Pt-alloy nanopar-
ticles,""'#*”7727 guch as borohydride, hydrazine, hydrogen,
citrate, and ascorbic acid; polyols, diols, or amines also can be
used as reducing agents in special organic systems.221’280 In
addition to Pt precursors and reducing agents, some chemicals,
including polymers, surfactants, inorganic and organic mole-
cules, as well as ions, can be used as protecting agents that not
only are able to restrict particle aggregation and particle size
growth but also can contribute to the formation of unique
anisotropic shapes by altering the natural growth of the Pt-alloy.

The ideal predetermined shapes of Pt-alloy nanoparticles
may have certain low-index planes for high performance. Table
7 presents some typical shapes of carbon-supported Pt-alloy
nanoparticle electrocatalysts, gathered from selected re-
ports.?7*%' 2% I contrast to the shapes of the Pt nano-
particles shown in Figure 12,'* the shapes of the Pt alloys seem
to lack variety, probably because, on the one hand, it is not easy
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Figure 12. Possible shapes of platinum nanoparticles. Reprinted with
permission from ref 12. Copyright 2009 Elsevier B.V.

to control particle shape in the synthesis of Pt alloys supported
on carbon, and on the other hand, only a few of the expected
shapes of Pt alloys can achieve high catalytic activity.
Furthermore, those predetermined shapes must be stable in
the physicochemical circumstances of fuel cell operating
conditions. Zhang et al.**® developed a simple wet-chemical
approach to prepare monodispersed Pt;Ni nanoctahedra and
nanocubes terminated with {111} and {100} facets, respec-
tively. Table 7 shows the synthesis conditions and shapes of
their catalysts together with catalysts made by other groups, and
Figure 13 shows SEM and TEM images of their Pt;Ni
nanoctahedra and nanocubes.”*® The Pt,Ni nanoctahedra could
be assembled into a multilayered superlattice with characteristic
dimensions on the order of micrometers. Arrays of rhombus
projection images clearly indicated that all of the octahedral
nanocrystals were patterned on the grid (and on the SEM
substrate) in {110} projected orientation with an average side
length of ~10.6 + 0.3 nm.”® Using a projection along a
direction of (110), high-resolution TEM (HRTEM) images
showed a {111}-d-spacing of ~2.23 A, which corresponded well
with the lattice spacing of Pt;Ni (110). No structural defects in
the crystal cores, such as dislocations or lattice distortions, were
observable in the HRTEM images. Therefore, they believed
that the nanocrystals were dominated by {111}-terminated
faces. In these same images they also observed a highly
crystalline cube that had clearly resolved lattice fringes with a
{200}-d-spacing of ~1.94 A. The extended Pt;Ni (111) surfaces
possessed enhanced ORR catalytic activity compared to state-
of-the-art carbon-supported Pt nanoparticle catalysts. Hence,
the design and synthesis of advanced Pt alloys with well-
controlled shapes is very important for improving ORR activity.

5.2. Approaches to Control Particle Shape

5.2.1. Organic Capping Agents. It is well-known that
organic capping agents play a significant role in the synthesis of

DOI: 10.1021/cr500519c
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Figure 13. (a—e) Images of Pt;Ni nanoctahedra. (f—j) Images of Pt;Ni nanocubes. (a, f) Field-emission SEM images. (b, g) High-resolution SEM
images. (c) 3D image of an octahedron. (d, (i) TEM images. (e, j) High-resolution TEM images of single nanocrystals. (h) 3D image of a cube.
Reprinted with permission from ref 286. Copyright 2010 American Chemical Society.

shape-controlled colloidal metal nanoparticles.””> Binary Pt-
based nanocrystals have been extensively investigated since they
are highly tunable and are superior to their monometallic
counterparts.’® 3> In general, long hydrophobic carbon
chains of organic capping agents can provide a steric barrier
to prevent direct contact between relatively high energy
metallic surfaces and therefore stabilize the metal nanoparticles.
Because the capping agent is adsorbed, the total excess free
energy decreases, thus preventing the metal nanoparticles from
further growth and aggregation. In other words, the
morphology of the nanocrystals can be well controlled once a
capping agent is selectively adsorbed onto the surface of the
metal nanoparticles.””> A capping agent can be selectively
adsorbed onto a specific type of facet, since different crystal
facets have different atomic arrangement and electronic
structures, which bring about the relative growth rates along
particular crystallographic directions. However, the solute
atoms are more likely to attach to less protected metal surfaces,
resulting in anisotropic growth. Therefore, it is very important
to select the proper capping agent for shape-controlled
synthesis to ensure proper interaction between the guest
molecules and the various metal facets during the adsorption/
desorption process.l‘u’z'03

Given the effect of organic capping agents on the shapes of
particles during synthesis, some efforts have been made to
prepare Pt-alloy nanocrystals with special shapes. To improve
ORR activity in PEMFCs, Wu et al.**® successfully prepared
carbon-supported truncated-octahedral Pt;Ni (t,0-Pt;Ni) nano-
particle catalysts with a dominant exposure of {111} facets by a
facile colloidal approach. To control the shape of the
synthesized nanocrystals, long-alkane-chain amines were used
as the main capping agent, while adamantanecarboxylic acid
(ACA) or adamantaneacetic acid (AAA) was employed to
control the reaction kinetics.***3%° Figure 14 shows TEM
images of cubic and truncated-octahedral nanocrystals.”*® The
population of the truncated-octahedral shape depended on the
types and amounts of reducing and capping agents used. Wu et
al.**® believed that the two types of long-alkane-chain amines
resulted in different portions of truncated octahedral: when
hexadecylamine was used as a capping agent, a small portion of
cubes was observed (Figure 1S5a,b) while the use of
dodecylamine led to 100% truncated-octahedral nanocrystals
of Pt;Ni, as shown in Figure 14c. In addition to the use of
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Figure 14. TEM images of Pt;Ni nanocrystals with truncated
octahedron populations of (a) 70%, (b) 90%, and (c) 100%. (d)
High-resolution TEM image of a truncated octahedron showing the
(111) lattice. Reprinted with permission from ref 288. Copyright 2010
American Chemical Society.

different alkane chain lengths, a combination of strong (borane-
tert-butylamine complex, TBAB) and mild (hexadecanediol)
reducing agents was used to effectively adjust the nucleation
and growth rate.

In contrast to the nonhydrolytic system mentioned above, an
aqueous solution was used by Shao’s group306 to prepare a sub-
10 nm bimetallic core—shell Pd@Pt nanocrystal. In this
method, nontoxic poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) [Pluronic F127
(PEO,goPPO4PEO;(s)] amphiphilic triblock copolymer was
used as the reducing agent, stabilizer, and caFoping agent to
fabricate a dendritic core—shell structure.*””>'° The compo-
sition of the PA@Pt nanocrystals determined the growth mode
of the Pt shell and the corresponding morphology. Using
HRTEM and high-angle annular dark-field scanning TEM with
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Figure 15. Two Pd—Pt bimetallic nanocrystals consisting of a Pd core
and a Pt shell with different Pt:Pd molar ratios. Reprinted with
permission from ref 306. Copyright 2013 American Chemical Society.

an energy-dispersive X-ray (EDX) spectra (HAADF-STEM-
EDX), two Pd—Pt bimetallic nanocrystals consisting of a Pd
core and a Pt shell with different Pt/Pd molar ratios were
identified (see Figure 15). Notably, this was the first time that
PEO—PPO—PEO copolymer had been utilized as a reductant
to prepare core—shell nanocrystals. Shao’s group believed that
PEO segments in the PEO—PPO—PEO triblock copolymer
were able to reduce metal ions, thus forming cavities
(pseudocrown ethers) binding PACL>~ from the starting
precursors: the bound PdCl,>~ ions might then be reduced
via oxidation of the oxyethylene segments by the metal
center.’'*'* Spherical Pd nanocrystals with an average particle
size of 496 nm were observed in TEM images. These Pd
nanocrystals were used as seeds for the overgrowth of Pt by
injecting a given amount of K,PtCl, aqueous solution into the
Pd colloid solution. Pt atoms were then reduced from PtCl,>~
ions by F127 deposited on the surface of the Pd monocrystals
to form the core—shell structure of Pd core and Pt shell.
5.2.2. Inorganic lons and Molecules. Similar to organic
capping agents, inorganic ions and other small molecules can
also prevent metal nanoparticle size from increasing and affect
the shape of formed metal nanoparticles.*>~>** However, after
they are adsorbed onto specific facets of metal nanoparticles,
inorganic species cannot afford the counterpart in the
interaction to promote or inhibit further growth along given
directions.”*>*"**!'> Typically, inorganic ions such as Br~ and I~
in a solution of KBr and KI have proven to be as the
adsorption/protective agents on the surface of Pt—Pd alloy
nanoparticles, favoring the stabilization of the (100) facet and
thus the formation of monodispersed sub-10 nm Pt—Pd
tetrahedrons and cubes.**® Moreover, PVP was found to be
suitable only as an alternative reducing agent, while form-
aldehyde was found to have a negative effect on the formation
of regularly shaped PtPd nanocrystals due to the possible
strong adsorption of several intermediate chemical species,
decomposed from formaldehyde, on the (111) surface.’*"**
5.2.3. Templating Approaches. Template assisted-syn-
thesis approaches have been considered effective ways to
prepare shape-controlled Pt-based alloys, evidenced by the
successful synthesis of various Pt nanostructures, typically in
polycrystalline form, using a template.>* >*® Both chemical
and physical templates can offer confined spaces and/or
functionalized structures for the formation and growth of a
Pt alloy.**”~** The templates are often classified into two basic
categories: hard and soft.**'™*** The hard templates (e.g,
anodic aluminum oxide (AAQ), mesoporous silica, and
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lithographically patterned templates) consist of spatially well-
defined physical structures, while the soft templates include
self-assembled and self-organized structures in solution, such as
micelle, reverse micelle, microemulsion, and liposome.
Compared to hard templates, soft templates are more common
in actual synthesis because they, especially surfactant molecules,
can often provide hydrophilic heads and lipophilic long carbon
tails favorin§ the formation of shape-controlled Pt alloys.

Sui et al.”** successfully synthesized PtFe nanotubes using
AAO membrane as a hard template. Specifically, they first
employed electrodeposition to deposit PtFe inside the AAQ,
then carried out a wet etching process using NaOH aqueous
solution to remove the AAO template. However, this method
was relatively complex, allowing no further electrochemical
investigation to evaluate the catalyst’s structure and perform-
ance. Cheng et al>*® prepared nest-like Ni;_,Pt, spheres of
submicrometer sizes through a template-replacement route in
which poly(styrene-co-methacrylic acid) (PSA) was employed
as a soft template. The replacement reaction between K,PtClg
and Ni led to the formation of Ni,_,Pt,, which was directly
deposited onto the surface of the PSA. After the formation of a
Ni,_,Pt,-PSA core—shell structure, the final Ni,_ Pt alloy
hollow spheres were obtained by completely dissolving the PSA
core template in toluene.

5.3. Effect of Particle Shape on ORR Activity

In recent years, precise shape-controlled Pt-based alloy
electrocatalysts have exhibited great potential to deliver
superior ORR activity in PEMFCs and thus have become a
leading focus of research. Novel-shaped nanoparticles often
exhibit unique physical and chemical properties. In addition,
shaped Pt-based alloy nanostructures often present unusually
high catalytic activity.

5.3.1. Crystal Facet. It has been well evidenced that the
catalytic activity of Pt-based nanocatalysts strongly depends on
their crystal facets.'*” The obtained shape of a Pt or Pt-alloy
nanocrystals is a competition in surface energies among
different facets because nanocrystal growth may occur by
adatom incorporation perpendicular to high-energy crystal
planes with a low stability.>**3® For a specific synthetic method,
the specific facets in crystal growth dominantly determine the
final shape of nanocrystals."®"**7>*® On the basis of the
relationship between shape and facet in Pt-alloy nanocrystals,
well-controlled shapes of Pt-based nanocatalysts can not only
retain the catalytic property of the bulk metal but also greatly
enhance the catalytic activity because the facet can increase the
number of Pt active sites.”* **3*'73* Wang et al. reported that
a nanocube Pt catalyst was four times more active for the ORR
than a Pt nanoparticle, since Pt{111} facets can provide optimal
binding energy between platinum atoms and the adsorbed
species for ORR.>*3!

Wu et al.**® reported truncated-octahedral Pt;Ni (t,0-Pt;Ni)
catalysts with a particle size of 5—7 nm that had a dominant
exposure of {111} facets. Three sets of Pt;Ni nanocrystals were
generated with various mixtures of truncated octahedral
(exposing both {111} and {100} facets) and cubes (exposing
only {100} facets). They have developed a correlation of the
area-specific and mass activities with the fraction of {111}
surfaces of these Pt;Ni catalysts and concluded that the
observed differences in the mass and area-specific ORR
activities increased almost proportionally with the increase in
the fraction of {111} surfaces over the entire surface areas of
the carbon-supported Pt;Ni catalysts. Also, the ORR mass
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activity (~530 mA mg™'p,) of carbon-supported Pt;Ni catalyst
showed values that were 4 times higher than that of the
standard Pt/C catalyst (~140 mA mg 'p,). Since {111} facet
has the lowest surface energy among the low-index facets, face-
centered cubic (fcc) of crystals always tends to grow along the
(100) direction into an octahedron-like shape. It is a real
challenge to obtain the desired shapes of single-facet surface.
To solve this problem, Zhang et al.**® used tungsten carbonyl
(W(CO)g) as the decelerator to develop the Pt;Ni nano-
octahedra and nanocube with {111} facets and {100} facets
exposed, respectively. At a similar size, a comparison of ORR
activity between Pt;Ni nano-octahedra and nanocubes revealed
that the former was ~5-fold higher than the latter. Importantly,
the specific and mass activities of carbon-supported Pt;Ni nano-
octahedra were found to be ~7 and ~4 times, respectively,
higher than those of the commercial Pt/C catalysts.
Considering that an over 7-fold improvement in area-specific
activity for ORR was successfully achieved by changing the
morphology from the (100) to (111) Pt;Ni single crystal
surfaces,'* Wu et al.>*” utilized CO as a gas reducing agent and
made two Pt;Ni nanocrystals with octahedral and cubic
morphologies. According to their results of XRD and
HRTEM, the cubic shape was bound by the {100} facets,
while the octahedral shape was bound by {111} facets. The
adsorption of CO on {100} facets was found to be stronger
than on {111} facets, which favors the formation of the
octahedral shape in the synthsis process. They showed that the
ORR activity increased with the change of shapes from cube to
octahedron and the ORR specific activity of the octahedral
Pt;Ni achieved a five-time improvement over that of the
commonly used Pt/C (~0.20 mA cm™%,,). The ORR activity of
this octahedral Pt;Ni catalyst (~440 mA mg~'p,) is about three
times that of the reference Pt/C (~140 mA mg™'p,). However,
the absolute values of the specific activities of the nanocrystals
were still in the same range as that observed on extended Pt-
alloy single crystal surfaces'*’” due to several probable factors
such as facet size effect, impurities and defects in the
nanocrystal surface, incomplete formation of smooth and
segregated Pt layers on the facet surfaces although the {111}
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facets of thenanocrystals showed much higher specific activity
than the {100} facets.

Recently, Chen et al.*®® obtained a nanoframed Pt;Ni/C
catalyst by the control of structure at the atomic level. In the
first step, solid PtNi; polyhedral nanoparticles were prepared
and then a chemical evolution was used to form the open-cell
three-dimensional (3D) nanoframe structure. Finally, carbon
and PtNi; were combined for the preparation of Pt;Ni/C
catalysts. The shape polyhedral PtNi; should have a single
crystalline face-centered cubic atomic structure, which could be
enclosed by the {111} planes offering a large active area
because Pt;Ni {111} crystal surface with only the active {111}
facets being reported to exhibit an exceptionally high ORR
activity of 18 mA cm™2,.'*" After a selective corrosion, the
formed 3D Pt;Ni nanoframes were composed of eight facets in
each frame while the surface of each edge was rich in single-
crystalline Pt, favoring oxygen reduction and hydrogen
evolution reactions. The corrosion process hollowed out the
nanoparticles spontaneously in air and resulted in a desired Pt-
skin, Pt—Ni core—shell surface structrure (see Figure 16). The
final carbon supported Pt;Ni nanoframes showed more than 22
times the catalytic activity (5.7 A mg™'p,) of conventional Pt/C
catalyst at 0.9 V.

Beside the effect of facets on the ORR activity of Pt—Ni alloy
supported on carbon, Wang et al.'®® also systematically
investigated the effects of Pt shell thickness, facets, and particle
size on the specific and mass activities via stepwise deposition
of a Pt monolayer on Pd and Pd;Co cores. Their results
showed that the specific activity of the Pt-monolayer catalysts
on 4 nm Pd and 4.6 nm Pd;Co cores was about 5- and 9-fold
enhanced, respectively, over that of 3 nm Pt nanoparticles while
only the 2- and 3-fold enhancements in specific activity can be
attributed to the nanosize- and lattice mismatch-induced
contraction in {111} facets. The ORR effect of facet was also
studied in other PtM (M = Cu, Mn) alloy nanocrystals
supported on carbon. For example, using an interior erosion
method, Han et al.”*” obtained polyhedral Cu;Pt nanoframes
with a core—shell structure, which was also a single crystalline
face-centered cubic atomic structure enclosed by the {111}
planes. After incorporation of carbon, carbon supported Cu;Pt
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catalyst exhibited a superior ORR activity. Kang and Murray>*®

showed that the cubic Mn—Pt nanocrystals gave a higher ORR
activity than the spherical MnPt nanocrystals in H,SO, while
the spherical nanocrystals were more active in HCIO,. This
indicated that the ORR activity of Mn—Pt nanocrystals was
higher on {111} facet than on {100} facet in HCIO,, whereas
the ORR activity was higher on {100} facet than on {111} facet
in H,SO,. This also suggested that the catalytic evaluation of
facet-dependent Pt-alloy nanocrystals also depended on the
reaction medium, which was in agreement with the results on
the catalytic activity of single Pt nanocrystals.**”*** These
results for unsupported PtM alloy with different facets are very
interesting, but these two research groups did not provide any
activities of carbon-supported PtM alloy in their studies.
5.3.2. Pt Monolayer/Skin. To reduce Pt content and
enhance catalytic activity, Adzic et al.>** reported a series of Pt-
monolayer fuel cell electrocatalysts, in which a Pt monolayer
deposited on carbon-supported metal or metal-alloy nano-
particles resulted in the highest Pt utilization because almost
every Pt atom on the surface participated in the electrocatalytic
reactions. The Pt monolayer deposition process involved the
galvanic displacement of a Cu monolayer by Pt,** as shown in
Figure 17. Some Pt monolayer (Ptyy) electrocatalysts have
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Figure 17. Synthesis mode for Pt monolayer catalyst on non-noble
metal—noble metal substrate. Reprinted with permission from ref 349.
Copyright 2007 Springer.

exhibited excellent activities because the interaction between
the Pt monolayer and the substrate material induced a
synergistic effect on the ORR kinetics.>*°~>** When Pt atoms
deposit onto a foreign metal or alloy, the Pt surface undergoes
compression or extension due to the difference in their atomic
radii, inducing a D-band center shift and thus affecting the
catalyst’s activity.”> Moreover, the electronic (ligand) effect
from the electronic coupling between the Ptyy and its
supporting substrate also plays a role in determining the
catalytic activity.>**>* Based on density function theory (DFT)
calculations, it was proven that the binding energies and
reactivity of small adsorbates are strongly correlated with the
position of the d-band center on strained surfaces and metal
overlayers.355_357 Adzic et al>* synthesized Pt/Pd/C and Pt/
Pd;Fe/C catalysts with a Pt monolayer. According to the ORR
polarization curves of these two catalysts obtained in 0.1 M
HCIO, solution at 1600 rpm, as presented in Figure 18a, the
total noble mass-specific activity of Pt/Pd;Fe/C was about five
times larger than that of Pt/C at 0.8 V, as depicted in Figure
18b, while Pt/Pd/C had an enhancement factor of 3. In
addition, they also synthesized and tested similar core—shell
structured catalysts with a Pt monolayer on top of either Ir or
Pd;Co/C. When normalized in terms of Pt content, the mass
activities of these two catalysts were 1.01 and 0.57 A mg™,
respectively.

Among Pty electrocatalysts, those using Pd as the substrate
were found to be the most active and durable,>*® exhibiting the
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Figure 18. (a) Polarization curves for the ORR on Pt/Pd/C, Pt/
Pd;Fe/C, and Pt/C electrocatalysts, and (b) the total noble-metal
mass-specific activities of these electrocatalysts at 0.8 and 0.85 V in 0.1
M HCIO,,. It should be noted that, for all polarization curves, their top
baselines around or above 1 V showed an irregularity, indicating an
improper preparation of sample under RDE test. Reprinted with
permission from ref 349. Copyright 2007 Springer.

highest activity, even higher than Pt (111).331%®% To further
enhance the ORR activity and durability, Adzic’s group®’
introduced bromide ions as an agent to effectively reduce the
number of low-coordination sites on Pd and Pd-alloy
nanoparticles and to obtain a smooth Pd nanoparticle surface
with an increased number of (111)-oriented facets, since a low
number of coordination sites and high percentage of atoms on
faceted surfaces were found to play decisive roles in improving
the activity and durability of ORR electrocatalysts with
nanoparticle sizes below 10 nm.>*® After post-treatment with
Br~, Pty /Br-treated Pd/C showed a 1.5-fold enhancement in
specific and Pt mass activities for the ORR compared with
Pty /Pd/C. Adzic et al>* also deposited amorphous Au
clusters onto carbon-supported Pt nanoparticles through
galvanic replacement reactions to mitigate the dissolution of
Pt electrocatalysts; after potential cycling between 0.6 and 1.1 V
for over 30 000 cycles, no loss in ORR activity was observed. In
addition, they also selected a series of single metal elements
such as Au, Pd, Rh, Ir, Os, or Re, as the alternative M
component in the deposition of mixed Pt-M monolayers (six
couples) on Pd(111) and carbon-supported Pd nanoparticles
for rotating disk tests. It was found that the total noble-metal
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mass activity of (PtygReq;)ni/Pd,/C was 4—4.5 times higher
than Pt/C commercial catalyst.****’

In addition to Pty electrocatalysts, Pt-skin electrocatalysts
with multiple layers (at least two) of Pt on top of a carbon-
supported metal or metal-alloy have become other attractive
possibilities for electrocatalyst systems.**" By comparing the
surface properties of well-defined bulk PtNi (Pt-skeleton
surface) and PtCo alloys (Pt-skin surface), Stamenkovic et
al."*” found that the ORR kinetics was dependent on the
arrangement of Pt on the surface region. The catalytic activity
at different surfaces was in the order of Pt, . < Pt-skeleton <
Pt-skin. Also, the bulky 30 nm Pt;Ni{111} catalyst showed a
10-fold improvement in ORR activity compared to Pt{111}
catalyst and was 90 times more active than current state-of-the-
art Pt/C catalysts for PEMFCs. This catalyst has been studied
as the most active cathode catalyst to date.'*” Villullas’s group
evaluated the nanoscale Pt-skin effects on the ORR activity of
carbon-supported PtFe nanocatalysts, in which a ratio of Pt to
Fe ratio of 3:1 was used and a thermal treatment**>™>%* was
conducted to promote Pt surface segregation and thus to form
a Pt-skin. They observed an almost 2-fold enhancement of
intrinsic ORR activity due to Pt-skin effects, resulting in lattice
contractions,353’365 electronic effects,366 changes in the Pt—Pt
distance, and increased Pt d-electron vacancy.”®” % Okaya et
al.*”® developed a two-step method to form a two-monolayer
Pt-skin layer (Pt, ;) on Pt,Co core particles supported on
graphitized carbon black (GCB; see Figure 19). Based on the
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Figure 19. Preparation protocol of Pt, y;-PtCo/GCB and PtCo/GCB
catalysts. Reprinted with permission from ref 370. Copyright 2012
American Chemical Society.

nanocapsules formed by the surfactants oleic acid and
oleylamine,”*>*”" the average diameter of the synthesized
PtCo core was 2 and 3 nm, respectively. The Pt skin was then
formed on the surface of the PtCo core in the second step.””!
Electrochemical evaluation showed that, on the one hand, Co
dissolution from the PtCo particles during the ORR was
considerably suppressed by the stabilized Pt-skin structure (as
per the nature of a core—shell structured Pt alloy), and on the
other hand, the kinetically controlled mass activity (MA,) for
the ORR of Pt, ,;-PtCo/GCB (PtCo core size of 2 nm) at E =
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0.85 V versus reversible hydrogen electrode (RHE) was about
two times larger than that for a standard commercial Pt/CB
catalyst at 80—90 °C.

5.3.3. Core—Shell Structure. To obtain a typical core—
shell structure for PtM alloy nanoparticles, one basic strategy is
to introduce large amounts of M core particles into reaction
mixtures in the presence of mild reducing agents or small
amounts of Pt metal precursors.'* In this way, Pt should be
preferentially deposited onto the metal particle core M in a
layer-by-layer fashion or Frank-van der Merwe (FM) model
(see Figure 20), since the lattice mismatch between Pt and M is

FM Mode

Metal

/
Pt shell

Figure 20. Layer-by-layer model for PtM core—shell structure.
Reprinted with permission from ref 12. Copyright 2009 Elsevier B.V.

small, and the sum of the surface energy of the depositing metal
and the interfacial energy is less than the surface energy of the
M substrate metal.'>*7*737%

Wang et al.*”® synthesized a Pt;Co/C nanoparticle catalyst
with a core—shell structure by a one-step impregnation
reduction method®’~*! at different temperatures under a
flowing H,/N, mixed gas atmosphere. After heat treatment at
700 °C, the mean particle size of the synthesized Pt;Co/C was
5 nm, which was slightly smaller than the value calculated from
XRD results. This core—shell structure was composed of Pt;Co
ordered intermetallic cores with two to three atomic-layer Pt
shells (Pt;Co@Pt). They believed that the L12 ordered
intermetallic cores along the [001] zone axis (see Figure 21)
directly resulted in the material’s high catalytic performance.
Testing yielded a mass activity of 520 mA mg 'p, at 0.9 V in
O,-saturated 0.1 M HCIO, at room temperature, with a
rotation rate of 1600 rpm and a sweep rate of S mV s™'; this
was the highest activity among carbon-supported Pt—Co
systems reported in the literature for similar testing conditions.
These Pt;Co/C catalysts exhibited over 200% increase in mass
activity and over 300% increase in specfic activity when
compared with disordered Pt;Co alloy nanoparticles as well as
Pt/C particles. In addition to Co, other metals, such as Ay
Ag,285 Cu,*'™* Ni,**? and Pd,****** have also been used as the
core inside a Pt shell.

Choi et al.*** employed 6 nm Pd nanoparticles as seed cores
to prepare a series of Ketjenblack carbon-supported Pd@Pt, (x
1.0, 1.5, and 2.0) nanoparticles with various Pt shell
thicknesses by adjusting the amount of Pt precursor. These
Pd@Pt/C nanoparticles exhibited enhanced electrochemical
activity and superior stability toward the ORR compared to Pt/
C catalyst, due to the former’s lower OH,4 bonding strength.
Based on ORR measurements in O,-saturated 0.1 M HCIO, at
a scan rate of 20 mV-s~! and a rotation rate of 1600 rpm, Pd@
Ptys/C showed the highest mass activity among the various
catalysts prepared, whereas Pd@Pt,;/C demonstrated the
hi§hest enhancement in specific activity. Interestingly, Liu et
al.>®* prepared PdPt-alloy/C, Pd(core)-Pt(shell)/C, and Pt-
(core)-Pd(shell)/C nanoparticles, by a coreduction and
sequential approach using PVP as a protective stabilizer and
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Figure 21. (a) XRD patterns of Pt/C, Pt3Co/C-400, and Pt3Co/C-
700. The inset shows the enlarged region of the Pt(220) diffraction
peaks, with the black dotted line corresponding to the peak position of
pure Pt. The red vertical lines indicate the peak positions of the
intermetallic Pt3Co reflections (PDF card # 04-004-5243). (b)
Atomic-resolution ADF-STEM image of Pt;Co/C after Richardson-
Lucy deconvolution, with yellow arrows indicating the Pt-rich shell. A
smaller particle (lower left) overlaps the larger particle in projection.
The inset shows the projected unit cell along the [001] axis. (c)
Diffractogram of the center particle in (b), (d). A crop of the super
lattice feature from (b), (e). A simulated ADF-STEM image of L1,
ordered Pt;Co along [001] using a simple incoherent linear imaging
model. (f) Multislice simulated ADF-STEM (100 kV, probe-forming
angle = 27.8 mrad, ADF collection angles = 98—295 mrad) image of
the idealized nanoparticle shown in (b). (g) Idealized atomic structure
of the Pt;Co core—shell nanoparticle. The white and blue spheres in
(e) and (g) represent Pt and Co atoms, respectively. Reprinted with
permission from ref 376. Copyright 2013 Nature Publishing Group.

EG as a reducing reagent, then compared their ORR activity
with that of Pt/C, Pd/C, and PdPt bialloy/C in fuel cells.
Figure 22 illustrates the proposed structures of the three
bimetallic nanoparticles. The average particle sizes for the as-
synthesized PdPt-alloy, Pd(core)-Pt(shell), Pt(core)-Pd(shell),
and Pd and Pt samples were 11.2, 8.1, 7.6, 6.5, and 7.2 nm,
respectively. The bimetallic nanoparticles, irrespective of alloys
or core—shell assemblies, had larger sizes than monometallic Pd
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Figure 22. Proposed structures of the bimetallic nanoparticles in (a)
PdPt alloy/C, (b) Pd(core)-Pt(shell)/C, and (c) Pt(core)-Pd(shell)/
C catalysts. Reprinted with permission from ref 384. Copyright 2012
American Chemical Society.

and Pt nanoparticles. The Pt surface-enriched catalysts, such as
PdPt-alloy/C and Pd(core)-Pt(shell)/C, exhibited a higher Pt-
based mass activity than the other Pt catalysts, as shown in
Figure 23. However, neither the electronic (ligand) effect nor
the compressive strain effect was significantly observed in their
characterizations. The establishment of reliable design and
characterization methods is highly necessary for the develop-
ment of low Pt-loading, robust electrocatalysts to be utilized in
next-generation fuel cell cathode catalysts.
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Figure 23. Linear scan voltammograms with anodic sweep of 10 mV
s! at 1600 rpm, and Koutecky—Levich plots (inset) of the catalysts:
(1) PdPt alloy/C (black), (2) Pd(core)-Pt(shell)/C (red), (3)
Pt(core)-Pd(shell)/C (blue), (4) Pd/C (olive), and (5) Pt/C
(cyan). It should be noted that, for all polarization curves, their top
baselines around or above 1 V showed an irregularity, indicating an
improper preparation of sample under RDE test. Reprinted with
permission from ref 384. Copyright 2012 American Chemical Society.
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In addition to the sequential reduction method, a chemical or
electrochemical dealloying method has also been developed to
prepare core—shell structured PtM/C (M = Co, Ni, Cu, Cr, Fe,
etc.) nanoparticle catalysts.”®' 2938538 Arico’s group devel-
oped a two-step synthetic route to prepare 50 wt % Pt;Co/C
nanoparticle catalysts.**”>* In the first step, Ketjenblack EC
(KB) carbon black (BET area of 850 m* g”') and self-prepared
NagPt(SO,), were used to prepare amorphous PtO,/C via a
sulfite complex route,”® while in the second step, carbon-
supported Pt—Co alloy was formed by cobalt impregnation and
carbon thermal reduction at 600 °C in an Ar atmosphere. Then,
a subsequent preleaching of the final PtCo/C catalyst at 80 °C
in 0.5 M HCIO,""” was carried out to promote Pt enrichment
in the outermost layers, which is similar to a dealloying process
for obtaining a core—shell structured PtCo alloy. It was found
that after the preleaching step the alloy size of 50 wt % PtCo/C
decreased from 3.1 to 2.9 nm, a finding verified through their
TEM images.”® However, the alloy size of the preleached 50
wt % PtCo/C sample slightly increased from 2.9 to 4.2 nm
when the thermal reduction temperature was changed from 600
to 800 °C.**” When evaluated in a § cm? single-cell test at 80
°C under H,/0O, and 100% relative humidity, the preleached 50
wt % PtCo/C sample was found to have a mass activity of 360
mA mg~' at 0.9 V.

Electroless deposition is another method that has been
employed to synthesize core—shell structured PtCo/C nano-
particle catalysts.”””**' 3% Cobalt nanoparticles were first
loaded onto a carbon support, then electroless deposition was
performed simply by mixing the resulting Co/C with Pt
precursor. The Co atoms on the surface of the Co nanoparticles
were replaced by Pt atoms to form an outermost Pt shell
following the replacement reaction (Co + PtCl,*~ — Co®" + Pt
+ 4ClI7), which occurred spontaneously because the standard
reduction potential of PtCl,>"/Pt (0.67 V vs SHE) is higher
than that of Co?*/Co (—0.277 V vs SHE). In this method, the
pH value of the synthesis solution determined the Pt to Co
ratio and the thickness of the Pt layer outside of the Co core. As
the pH value decreased from 4 to 1.5, the crystal size of the Pt—
Co alloy changed from 2.5 to 3.1 nm with a Pt to Co nominal
molar ratio of 1:3. It was found that the core—shell structured
PtCo/C catalyst made using the above method had a similar
crystallite size (~2.5 nm) as that of Pt/C catalyst, based on
XRD analysis, and its intrinsic activity for the ORR was found
to be two to four times higher than that of Pt/C.**’

6. EXPERIMENTAL STUDIES ON THE CONTROL OF
CARBON-SUPPORTED PT-ALLOY COMPOSITION

6.1. Composition and Formation of Pt Alloys

Carbon-supported Pt-alloy systems are known as solid
solutions of Pt and other metal(s), among which carbon-
supported Pt-based bimetallic alloys are popular electrocatalysts
in PEMFCs.">*7%%%7 To obtain low-cost, high-performance
ORR electrocatalysts, suitable metal combinations and
optimum compositions of Pt-based alloys have been extensively
studied. Pt alloys can be generally divided into three forms,
according to their crystalline order: random, clustered, and
ordered, as shown in Figure 24."> With the long-range atomic
orders, the alloy can be defined as an intermetallic compound
(or simply “intermetallic”).*"**® It is very important to control
the composition of Pt alloys and their corresponding structures,
as doing so can essentially determine the intrinsic electro-
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Figure 24. Schematic representation of three types of Pt alloys:
random, clustered, and ordered forms. Reprinted with permission from
ref 12. Copyright 2009 Elsevier B.V.

chemical catalytic properties of a carbon-supported Pt-alloy
system in a PEMFC electrocatalyst.

The formation of Pt alloys during the synthesis process is
closely controlled by temperature."”'****? According to the
theory of excess Gibbs free energy,"™*'*® high temperatures
can result in entropy making more of a contribution than
enthalpy to the change in internal energy; consequently, the
excess free energy becomes negative, leading to the formation
of alloys. Conversely, alloys will not form in a system that has a
positive excess Gibbs free energy at a low synthesis temper-
ature. When both metals are immiscible, a miscibility gap forms
in the area of nonalloy in the two metals’ bulk phase diagram.
Generally, the formation of a nonalloy in the synthesis of
carbon-supported Pt-based nanoparticle catalysts is not often
expected to improve catalytic performance. In terms of the
behavioral relationship between excess Gibbs free energy and
entropy/enthalpy, the random atomic arrangement in a
bimetallic Pt-alloy system should correspond to the lowest
excess Gibbs free energy. In addition, the size difference
between Pt and other metals can result in strain formation in Pt
alloys, which is one of the most important factors affecting their
catalytic activity toward oxygen reduction.”***>**® Further-
more, the areas of ordered arrangement or/and disordered
arrangement in the composition of a Pt alloy play an important
role in determining the catalytic activity of fuel cell electro-
catalysts. 2637641402 gynthesis conditions, including temper-
ature, time, the size of the other metal atom, and the ratio of
starting materials, determine the local atomic arrangement in
the Pt alloy. In particular, the initial ratio of the starting
materials dictates the Pt alloy’s composition.

One of the major factors limiting PEMFC commercialization
is the high cost of Pt catalysts used in the electrodes, as this
represents about 30—40% of the total cost of the fuel cell. To
reduce the Pt content and, at the same time, substantially alter
the surface electronic properties and boost catalytic perform-
ance, non-Pt metals, especially non-noble metals, have often
been employed.**> Therefore, composition control is an
important subject for obtaining designed Pt-alloy nanoparticles
with high catalytic activity for the ORR in PEMFCs.

6.2. Approaches to Control Pt-Alloy Composition
6.2.1. Colloidal Pt Alloys. The colloidal chemical synthesis

method is the most popular approach for producing carbon-
supported PtM (M = Co, Cu, Fe, Ni, Pd, Ry, etc.) nanoparticle
catalysts; ***~**° the solute atoms of Pt and another metal can
be reduced simultaneously in solution at both nucleation and
growth stages and at designed concentrations to obtain
nanoalloys. Usually, thermally decomposable metal precursors
are considered good candidates for preparing of Pt alloys by the
colloidal method, since they can be reduced to the
corresponding metals. Pt ion is reduced more easily than
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Table 8. Composition of Carbon-Supported Binary PtM; (M = Co, Ni, and Cu) Nanoparticle Fuel Cell Cathode Electrocatalysts

after Electrochemical Dealloying®

ICP composition

nominal EDS composition (as  XPS composition (as (after dealloying)
composition  prepared) (at. %) prepared) (at. %) (at. %)

Pt

PtysCoys PtysCozy Pt,,Cosg Ptg;Coyy

Pt,sNiys DPt;gNig, Pt3sNig, Ptg,Nig

PtysCuys Pt3sCugs Ptg;Cuy3

“Reprinted with permission from ref 261. Copyright 2011 Elsevier B.V.

XPS composition specific
(after dealloying) ECSAIPt mass activity® acitivty®0.9 V
(at. %) (m? g p) 09V (A mg_IPt) (HA cm ™)
63 0.104 166
Pt Coy, 70 0346 491
Pt.,Niy; 111 0275 248
PtysCu, 72 0.340 472

other metal ions due to its higher standard reduction
potential >*® To make Pt-alloy nanoparticles with predeter-
mined compositions, a strong reducing agent—such as sodium
borohydride, hydrazine, or hydrogen—is often introduced to
reduce all the metal precursors simultaneously at the proper
rates (ie, coreduction).****'9™** The disadvantage of the
coreduction colloidal approach is that it is difficult to synthesize
monodispersed alloy nanoparticles of controlled size and
composition without using special agents (e.g, a template).
Interestingly, counterions and solvents can change the redox
potentials and thus the reduction reaction rates of given metal
ions. This kind of tuning of the reaction kinetics favors the
formation of Pt-alloy nanostructures with designed composi-
tions, resulting to some extent in their high -catalytic
performance in PEMFCs. Therefore, selecting proper metal
precursors, coupled with suitable reaction conditions, can lead
to an appropriate reduction rate of metal ions in the synthesis
of alloy nanoparticles.*'> Lee et al.*'® synthesized a
monodispersed nanoparticle electrocatalyst of Pt—Ru sup-
ported on Vulcan carbon through the coreduction of platinum
acetylacetonate (Pt(acac),) and ruthenium acetylacetonate
(Ru(acac);) using 1,2-hexadecanediol as the reducing agent
and oleic acid as the surfactants.*'” In their work, it was a
typical long-chain diol, like 1,2-hexadecanediol, coupled with
surfactants in organic solvents, that facilitated the control of the
nucleation and growth processes, ' 85189416418

In the colloidal coreduction method, the selection of the
anions in the metal precursors is important. For instance,
carbonyl groups are often used in nonhydrolytic media because
their decomposition products during thermal treatment are
generally quite clean, which is favorable for controlling the
reaction kinetics in colloid synthesis. For example, Santiago et
al>* synthesized carbon-supported Pt,,Coy, nanoparticles
from platinum(II) acetylacetonate (Pt(acac),) and cobalt(II)
acetylacetonate (Co(acac),) during thermal decomposition,
achieving not only the desired composition but also a very
small particle size of 1.9 + 0.2 nm with a narrow distribution.

6.2.2. Platinum Intermetallic Compounds. A Pt
intermetallic compound is a solid solution with a range of
possible compositions, in which different metal elements,
including Pt, are ordered into different sites in the structure,
with distinct local environments and often a well-defined and
fixed stoichiometry.*'” The ordered arrangement of an
intermetallic compound can often destroy the original crystal
structures of the corresponding pure metals, resulting in an
asymmetrical arrangement. Although previous work reported
low activities for ordered Pt-alloy catalysts such as Pt—Co
catalysts, due to particle sintering during high-temperature
annealing, attention has recently been given to the ordered
alloy phase of Pt intermetallic compounds in an effort to
explore more active carbon-supported Pt-alloy catalysts with

3455

superior catalytic performance.”****° It is believed that with a
definite composition and structure ordered intermetallic phases
could provide predictable control over structural, geometric,
and electronic effects.”*°~*** Usually, a sphere can be more
easily controlled than other shapes in the case of Pt-alloy
nanoparticles supported on carbon. Wang et al.*’® successfully
synthesized an ordered Pt;Co alloy with an intermetallic core,
and a platinum shell two to three atoms thick, using a colloidal
method with H,PtCly-H,0 and CoCl,yH,0 as the metal
precursors. This ordered intermetallic phase was different from
the disordered alloy phase, in which all columns have equal
intensity and lack the (001) super period. Later, Botton’s group
developed a wet impregnation technique to synthesize a new
structurally ordered intermetallic core—shell Pt;Fe,/C alloy
catalysts, with an ordered Pt;Fe, core encapsulated within a
bilayer Pt-rich shell.*** To obtain chemically ordered Pt—Fe
alloy phases, an annealing step was required at 800 °C under 8
vol % H,/Ar. So far, the sphere has remained as an easily
controlled shape for the formation of intermetallic nanostruc-
tures.

6.3. Effect of Composition on ORR Activity

As with particle size and shape, alloy composition plays an
important role in improving the catalytic performance of Pt-
alloy catalysts supported on carbon. It was found that
controlling the composition by fine-tuning the stoichiometric
ratio of all the metal precursors (ie., the ratio of Pt to other
metals) had direct impacts on the ORR activitj, the selectivity,
and the durability of Pt-alloy catalysts.'*#3=*3°

To examine the effects of atomic ratios on catalytic activity,
certain metals, such as Co, Cr, Fe, Ni, and Mn, have been
studied in Pt-based bimetallic alloy catalysts supported on
carbon (i.e, PtM/C). It was found that PtM alloys with an
atomic ratio of 3:1 exhibited 1.2—5.0 times higher specific
activity and mass activity than Pt/C.'>'7V36843L%2 paylus et
al.'”" studied carbon-supported Pt—Ni (molar ratio of Pt:Ni =
1:1) and carbon-supported Pt—Co (molar ratio of Pt:Co = 3:1)
alloy catalysts, respectively, and found that in comparison with
pure Pt the activity (per Pt surface atom) was enhanced ca. 1.5
times for 25 at. % Ni or Co in Pt;M/C (M = Ni or Co)
catalysts with 20 wt % metal loading. Interestingly, Jeon et al.'”®
found that thermal treatment induced dealloying of carbon-
supported Pt—Ni alloy nanoparticles with various compositions
of 3:1, 1:1, and 2:3. After heat treatment, the ORR activity of
carbon-supported Pt—Ni alloy catalysts was enhanced due to
phase separation between Pt and NiO, while the activity of as-
prepared carbon-supported Pt—Ni alloy nanoparticles showed a
monotonic dependence on Pt content. In particular, the mass-
specfic activities (A g 'pp;) at 0.85 V vs SHE followed a
descending order of Pt/C (70.1) > Pt;Ni;/C (49.0) > Pt;Ni,/
C (26.2) > Pt,Ni;/C (3.2), and in a heat-treated state, the
order was PtNi;/C (123.4) > Pt;Ni;/C (1144) > Pt/C >
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Table 9. Synthesis Method, Mass Activity, Cathode Loading, Fuel Cell Performance of Typical Carbon Supported Pt-Alloy Nanoparticle Catalysts®

no.

“RH = relative humidity. “In mA mg~'p at 0.9 V. “In mgp, cm ™2

sample

Pt;Co,/C, (S0 wt %
Pt)

Pd@Pt, s/C (40 wt %
metal)

Pt;Co,/C (50 wt %
Pt)

PtCu,/C,
PtNi,/C,
Pt/C

Pt,;CuyCog/C,
Pt,sCo,5/C,

Pt,,CuqCo,0/C,
Pt;yCuyCo4o/C,
(20—28 wt % Pt)

Pt;Co,/C, (50 wt %
Pt)

Pty /Pd/C

Pt;M,/C (M=Nj, Cr,
Co) (15 wt % Pt)

synthesis method

chemical precipi-
tation

chemical precipi-
tation

chemical precipi-
tation

chemical precipi-
tation

impregnation
method

chemical precipi-
tation

underpotential
method
(UPD)

unknown meth-
od from ETEK
Inc.

ORR z}yctivi—
ty!

260 (MEA,
80 °C, 3
bar)

490500
(RDE)

360 (MEA,
80 °C)

>440
(RDE),

>440 (RDE)

490 (RDE),
340 (RDE),
370 (RDE),
390 (RDE)

>360 (RDE)

>250 (RDE)

cathode loa-
ding®
0.3

03,03

0.1

0.1
0.4

0.150,
0.146,

0.183,
0.150

0.3

(1) 0.077;
(2) 0.099

0.3

fuel cell performance

(80 °C, 100% RH, H,/0,): (1) at 1, 1.5, 2, and 3 bar, current density of 0.9, 1.1, 1.2, and 1.4 A cm™ at 0.6 V, respectively; (2) maximum power
densities of 850 mW cm™ at 3 bar.

(80 °C, 100% RH, ambient pressure, H,/O,): (1) current density of 0.61 A cm™ at 0.6 V; (2) maximum power density of 612 mW cm™% (3) at the
same activation polarization, the current density of Pd@Pt, 5/C is about 1.5 times higher than that of the Pt/C at 0.9 V versus RHE.

(1) (80 °C, 100% RH, 3 bar <abs>, H,/O,): current density of 0.65—1.31 A cm™2 at 0.6 V and maximum power density of 885 mW cm ™% (2) (80
°C, 33% RH, 3 bar <abs>, 1 M H,SO,, H,/O,): current density of 1.0—1.4 A cm™ at 0.6 V and maximum power density of 840 mW cm™>.

(80 °C, 100% RH, 170 KPa, H,/air): (1) initial performance of PtNiy/C matched or exceeded that of Pt/C catalyst at all points of the polarization
curve. For instance, the current density of PtNi;/C was about 1 A cm™ at 0.7 V (2) the PtCu,/C showed very poor performance, particularly at
high current density (1.05 A cm™ at 0.6 V).

(80)°C, 100% RH, H,/0,): at 1 A cm™, Pt,yCuyoCogo/C (0.815 V) > PtyyCu10C040/C (0.808 V) > PtyoCugsCo0s0/C (0.802 V) > Pt,Co,s/C (0.771
v

(1) (110 °C, 25% RH, 1.5 bar, H,/0,): current density of 0.5 A cm™ at 0.6 V and maximum power densities of 700 mW cm™>; (2) (110 °C, 50%
RH, 1.5 bar, H,/O,): current density of 0.7 A cm ™ at 0.6 V and maximum power densities of 800 mW cm™%; after 1500 cycles, the peak power
density decreased by about 49%. (3) (130 °C, 100% RH, 3 bar, H,/O,): current density of 1.59 A cm™* and maximum power density exceeding
1000 mW cm™2 After 1500 cycles, the particle size of metal increased from 2.9 to 3.7 nm at 0.9—0.7 V/cell.

1) (0.6 A cm™2, 80 °C, Pt/C anode): the cell voltage loss of about 120 mV after 1,000 h while the cell voltage loss of 140 mV after 2,900 h. (2
g g
(0.417 A cm™, 80 °C, PtRu/C anode): catalyst performance of 0.47 kW g~'}, after 450 h (the test was terminated when the membrane failed).
yst p 8

(95 °C, 100% RH, ambient pressure, H,/O,): current density order at 0.6 V is PtCr/C (2.1 A cm™2) > PtCo/C
(1.9 A cm™) > PtNi/C (1.85 A cm™) > Pt/C (1.4 A cm™2)

year,
refs

2013,
389

2013,
383

2012,
387

2012,
434

2011,
265

2010,
388

2007,
349

1993,
251
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Pt,Ni;/C (24.5). To study the effect of composition on
catalytic activity, Strasser’s group used an impregnation method
to prepare a series of high-surface-area carbon-supported Pt—
Co alloy nanoparticle catalysts with atomic ratios of 1:3, 1:1,
and 3:1."7 After electrochemical treatment in 0.1 M HCIO,,
the Pt-based mass activities increased S-fold from Pt/C to
Pt,Co;/C in the order of Pt/C < Pt;Co,/C < Pt;Co,/C <
Pt;Co;/C, with similar particle sizes of 3—4 nm. Using
electrochemical dealloying, Strasser’s group also studied a
series of PtM;/C systems with different metals as the second
alloy elements (M = Cu, Co, and Ni).”® They examined the
composition of PtM; using EDS (energy dispersive spectros-
copy), XPS (X-ray photoelectron spectroscopy), and ICP-MS
(inductively coupled plasma-mass spectroscopy; see Table 8)
and found that the dissolution of 3d metals resulted in
compositional changes. The degree of dealloying of Pt—Co and
Pt—Ni binary systems was lower than that of Pt—Cu
compounds, as evidenced by the presence of around 15-20
at. % non-noble metals near the surface and in the bulk of the
dealloyed particles, whereas under the same dealloying
conditions, Pt—Cu formed core—shell structures with a Pt-
rich surface and a Pt—Cu core. The dealloyed binary PtM;
catalysts showed a more than 3-fold improvement in the ORR
activity for M = Co, Cu, and close to a 3-fold improvement for
M = Ni in terms of the Pt-mass activity (~0.275 A mg™'p,) in
single fuel cell tests, in comparison with the performance of a
4S5 wt % Pt/C reference cathode catalyst. Improvement in the
surface-area-normalized specific activity (~0.248 A cm™2p,) was
similar. To further improve electrocatalyst performance,
Strasser’s group developed a robust, facile, and surfactant-free
solvothermal method to synthesize shape- and size-controlled
octahedral Pt—Ni nanoparticles supported on Vulcan XC72.4*
They found that the reaction time was a critical parameter to
tune the surface Pt:Ni composition and to optimize the ORR
activity with a fixed molar ratio of Pt:Ni of 1:3. When the
reaction time was increased to 42 h, the near-surface Pt at. %
increased from 30 to 41 even though the size, shape, and bulk
composition of the two Pt—Ni nanoparticles (Pt:Ni = 46:54)
were identical. Moreover, the Pt—Ni/C nanoparticles (~9.5
nm) obtained after 42 h reached a 10-fold surface area-specific
activity (~3.14 mA-cmp,>) as well as an unprecedented 10-fold
Pt-based mass activity (1.45 X 10° mA mg™'y,), approaching
the theoretically predicted limits and outperforming a state-of-
the-art Pt electrocatalyst. EDX analysis of the active ORR-
tested Pt—Ni electrocatalyst revealed that the final bulk
composition of the Pt—Ni alloy had changed to about
Pt,sNi,s during the electrochemical dealloying process, similar
to that of the ideal bulk composition of the highly active
extended (111) surface.**?

In addition to Stressor’s group, other research groups have
also made remarkable efforts to synthesize carbon-supported
Pt-based nanoparticle catalysts and have investigated the
relationship between the composition and ORR activity of
electrocatalysts for PEMFC applications. For example,
Carpenter’s group developed a carbon-supported, dealloyed
Pt—Cu nanoparticle catalyst”®' by a chemical dealloying
method. They found that after dealloying the Pt:Cu molar
ratio had changed from 0.3 to 1.8 due to the removal of copper
in the dealloying process. The composition of Pt increased
from 20 to 29 wt % while the Cu content decreased from 20 to
5.4 wt %. Dealloying resulted in an increase in mass activity
from 0.21 to 0.29 A mg™'p, at 0.90 V, and an increase in specific
activity from 300 to 580 A cm?,. Using fast Fourier
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transforms (FFT), they also revealed that most of the dealloyed
Pt—Cu particles were disordered face-centered cubic (FCC) Pt-
rich crystals with an Fm3m symmetry that was favorable for
improving catalytic activity. General Motors Company434
studied the effect of dealloying time on the activity of
Pt;Ni;/C catalysts. It was found that the Pt content increased
and the catalytic activity decreased when the catalyst dealloying
time increased from 12 to 72 h. These research results suggest
that there is a close set of relationships among catalyst
composition, dealloying time, and ORR activity.

In addition to 3d transition metals, the noble metal Pd has
also been utilized to make Pt—Pd alloy electrocatalysts
supported on carbon for fuel cell applications. Zhang et al.**®
prepared sub-10 nm carbon-supported Pd(core)@Pt(shell)
supported on carbon nanocatalysts by an aqueous-phase
synthesis method and compared them with traditional Pt—Pd
bulk alloys supported on carbon. They controlled the growth
mode and morphology of the Pt shell on the Pd surface by
simply adjusting the nominal Pt:Pd molar ratio. The RDE test
results in 0.1 M HCIO, for catalysts with Pt:Pd molar ratios of
1:3, 1:2, 2:3, 1:1, and 1:2 revealed dependence on the Pt shell
morphology with Pd,@Pt,/C (molar ratio of Pt:Pd = 1:2)
having the highest mass activity and Pd;@Pt,/C (molar ratio of
Pt:Pd = 2:1) having the best area-specific activity; both values
were significantly better than those of commercial Pt/C
catalysts. Furthermore, the Pd,@Pt;/C catalyst presented
superior activity and durability in single H,/O, fuel cell testing
at very low Pt loadings (~0.15 mgpg,p cm ™).

7. FUEL CELL PERFORMANCE OF CARBON
SUPPORTED PT-ALLOY ELECTROCATALYSTS

The evaluation of carbon supported Pt-alloy nanocatalysts in an
operating fuel cell is very important to validate the overall
performance of the catalyst. In a PEMFC, the cathode ORR is
known 6 or more orders of magnitude slower than the anode
hydrogen oxidation reaction'*"?”® and thus results in a
limitation of the overall fuel cell performance. Hence,
considerable research effort has been already put on the
development and improvement of cathode catalysts and
electrodes. According to the US DOE 2017 targets,121’435’436
the power densities of MEAs should be able to reach a rated
stack power of 8.0 kW g™';, at a total (anode and cathode)
platinum group metals (PGM) loading of 0.125 mg cm ™2 The
MEA is required to produce at least 0.6 V at 1.5-2 A cm ™.
Furthermore, the catalyst must maintain the catalytic activity
over ~5000 h at 80 °C.

Although many scientists were able to obtain carbon
supported Pt-alloy catalysts with a two or more fold higher
ORR activity, measured by the rotating disk electrode (RDE)
technique, than that of the commercial Pt/C, the performance
of H,/0, (or air)-PEMFCs with MEAs fabricated with these
catalysts did not show direct correlation with the performance
obtained through RDE tests, and as a result, these catalysts still
need to be improved in order to meet the requirements of
commercial PEMFCs in terms of cost, durability, power
density, and Pt loading. It is widely expected that the fuel cell
performance will be improved by applying the highly active
carbon supported Pt-alloy catalysts in the fabrication of MEA.
These alloy catalysts are often prepared by different size, shape,
and/or composition-controlled synthesis routes for the achieve-
ment of high ORR activity. Table 9 lists the synthesis method,
ORR activity through RDE tests, cathode loading, and fuel cell
performance for some size, shape, and/or composition-
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controlled carbon supported Pt-alloy catalysts surveyed in this
review that were evaluated in both RDE tests and operating fuel
cells. It can be seen that almost all PtM/C (M = Co, Pd, Cu,
Ni, and Cr) catalyst samples in Table 9 exhibited an ORR
activity above 250 mA mg~'p, along with a Pt loading of 15—50
wt % on the carbon support. At the cathode loading of 0.077—
0.37 mgp, cm™” in the MEA, the tested current density was
found to be dependent on some factors such as temperature,
pressure, and relative humidity (RH). It is also evidenced in the
literature®®*”*%® that under fuel cell operation the particle size
and lattice parameters in crystal increased to some extent over
time during the degradation test, indicating a moderate
dealloying for the Pt-alloy catalyst with nonprecious metals
like Co. But this dissolution of nonprecious metal(s) is not
beneficial to the stability of Pt-alloy and results in a
deteriorating fuel cell performance, in particular under the
long-term operation of fuel cells.

Therefore, for the preparation of carbon supported Pt-alloy
catalysts by a size, shape, and composition-controlled route, the
addition of a preleaching procedure can be beneficial for
reducing the contamination during the fuel cell operation. The
increase of particle size and the change of crystal parameters
after the degradation suggest that the carbon supported Pt-alloy
catalyst should not only be able to exhibit a high ORR activity
but also have a physicochemical and electrochemical stability so
that the catalyst can be utilized in the commercial PEMFC with

a low PGM loading equal to or lower than 0.125 mg cm™2

8. CONCLUSIONS

The ORR at the cathode is the rate-determining step in the
whole set of fuel cell reactions due to its sluggishness in
comparison with the anode reaction. To date, Pt-based catalysts
have been considered the most practical for the ORR. However,
due to the high cost and limited supply of Pt, reducing Pt
loading in the catalyst layer and thus the cost of the PEMFCs
has become one of the key targets to achieve their widespread
commercialization. The most common strategy in Pt load
reduction is alloying Pt with other metal elements to form Pt-
alloy catalysts. The use of metal alloys not only reduces the
noble metal content but also increases the catalytic activity
toward the ORR. To date, significant progress has been made
in the preparation and evaluation of Pt-based nanostructured
alloy electrocatalysts, and their catalytic activities toward the
ORR have been revealed to be strongly dependent on the size
and size distribution, shape, and composition of the alloy
nanoparticles.

In an attempt to provide general observations on the current
status of catalyst development as well as future research
directions, this review broadly examined the most recent
progress and research trends in the development of carbon-
supported Pt-based alloy electrocatalysts with desirable shapes,
uniform sizes, and controlled compositions, through both
theoretical and experimental studies reported in the literature.
Particularly in the review of experimental studies, systematic
and comparative examinations have been carried out in terms of
material selection, synthesis methods, structural character-
ization, and catalytic performance evaluation in relation to
the size, shape, and composition of catalyst particles. It was
concluded in this review refining the parameters of Pt-alloy
nanoparticles (such as shape, size, and composition) could be
used to precisely control their microstructure and properties
and, consequently, to enhance the catalytic activity of
electrocatalysts for the ORR. In general, the size and size
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distribution of Pt-alloy nanoparticles can be controlled at the
molecular (nanometer) level. Particles with optimal size and
uniform size distribution, coupled with desirable shape and
composition, can yield a tremendous advantage over conven-
tional Pt-alloy bulk catalysts in terms of ORR activity because
of the former’s much larger active surface area to volume ratio.
Although the size, shape, and composition of Pt-alloy
nanoparticles are all key parameters in the design and
preparation of Pt-alloy nanocatalysts, a desirable particle
shape (e.g, octahedral, tetrahedral, cubic, etc.) has been
recognized to play a more dominant role in the improvement
of ORR catalysis in PEMFCs. With more and more recent
discoveries in the development of advanced Pt-based catalysts,
the catalytic activity of monodispersed Pt-alloy nanoparticle
catalysts supported on carbon is often found to depend on Pt-
alloy shape, and optimal ORR activity can be achieved by
controlling this shape. In particular, the core—shell structured
Pt-alloy nanoparticles have been intensively studied. In the
preparation of core—shell structured catalysts, Pt (or Pt alloy) is
deposited on other MPt or non-Pt metal nanoparticle cores,
followed by a dealloying process (or replacement reaction) to
form the Pt or Pt-alloy shell. Core—shell structured Pt-alloy
nanocatalysts have been proven capable of greatly enhancing
not only the ORR activity but also the catalyst durability due to
the electronic and strain effects that arise on the nanostructured
surface, which can be adjusted by the selection of various
materials and different synthesis routes.

Despite the exciting progress made in the past decade in
terms of correlating the size, shape, and composition of carbon-
supported Pt-based electrocatalysts with their electrocatalytic
properties for the ORR, there is still a noticeable lack of mass
production techniques for manufacturing high-quality, mono-
dispersed Pt-alloy catalysts with optimized structural parame-
ters, such as optimal size, desired shape, and controllable
composition. Therefore, significant challenges still remain in
developing facile and efficient methods for the synthesis of a
designed Pt-alloy nanostructure with uniform particle size,
desirable shape, and favorable composition. The requisite
synthesis method needs not only to enable the precise tuning of
catalyst parameters (e.g., size, shape, and composition) but also
to be feasible for practical mass production. This review reveals
that materials selection and synthesis methods both play a key
role in the formation of desirable catalyst structures with
enhanced ORR activity. In terms of synthesis methods, many
approaches for preparing advanced Pt-based catalysts have been
studied and reported, such as surfactant-free solvothermal
methods, electrochemical dealloying methods, electrochemical
deposition methods, freeze-drying methods, and wet chemical
methods (e.g., aqueous-phase synthesis, colloid chemical
methods, impregnation reduction methods, microemulsion
methods, and coreduction methods). Among these approaches,
wet chemical synthesis has been employed the most. In wet
chemical synthesis, the chemistry of liquid—solid interfaces
(e.g., the chemical reactivity of crystal planes) plays an essential
role in the size- and direction-controlled growth of nano-
strucures for catalysts, under a set of reaction conditions that
include protective agent, reaction medium, pH value, pressure,
and temperature. A number of issues are key for synthesizing a
desirable catalyst with high ORR activity: (1) chemical
compatibility among the different solid components; (2)
structural (lattice) compatibility among the different solid
phases in a designed nanocomposite; (3) the surface chemistry
of adsorbed ligands and surfactants on the studied materials;
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(4) the chemical stability of the resultant nanostructures in
their synthesis environments; and (S) the stability of the
prepared nanocatalyst product under ORR catalysis conditions.
All these factors dictate what materials and synthetic strategy
will be selected, so as to achieve technological breakthroughs in
the microstructure and performance of ORR catalysts.

Based on the issues examined in this review, several
important future research directions are proposed to under-
stand the relationship between microstructure and ORR activity
and to design highly active, carbon-supported Pt-based alloy
electrocatalysts:

(1) Developing a fundamental understanding of the
electronic and lattice structures of well-defined crystal surfaces
or designed Pt-alloy nanocrystals and of their various
properties, such as lattice shrinking, the skin effect, and d-
band vacancy, to identify the correlations between ORR activity
and catalyst features such as particle size, shape, and
composition. Theoretical studies and modeling can play a
guiding role in this effort.

(2) Developing new approaches to synthesize monodis-
persed and optimally sized nanostructured carbon-supported
Pt-based alloy catalysts with desirable shape to obtain high
activity and good durability. In particular, three major strategies
can be considered. One is to obtain monodispersed, size-
controlled Pt-alloy nanoparticle catalysts with rich, high-index
facets; a second is to prepare Pt-alloy nanoparticle catalysts
with diverse morphologies and compositions corresponding to
high-index facets; and a third is to uniformly distribute and
effectively connect Pt-alloy nanoparticles on the surface of
carbon supports with the expected size, shape, and nanostruc-
ture. Carbon-supported Pt-alloy nanoparticle catalysts with
well-defined morphologies can effectively enhance their
performance in fuel cell applications. When preparing
monodispersed and optimally sized Pt-alloy nanostructures,
the experimental conditions should be carefully controlled.

(3) Optimizing the catalyst structure by tuning the size,
shape, and composition of catalysts to achieve the best design.
It is well-known that the composition of Pt alloys can play an
important role in balancing high catalytic activity and stability.
From an engineering perspective, nanoscale Pt-alloy phases and
their corresponding structures (e.g., the core—shell structure)
can be successfully controlled by a high-throughput,
combinatorial screening method that can identify the
combinations of alloy phases and compositions, thereby
achieving an optimized balance between catalytic activity and

stability.
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