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A key challenge to the exploration of electrochemical energy conversion and storage is the ability to

engineer the catalyst with low cost, high activity and high stability. Existing catalysts often contain a high

percentage of noble metals such as Pt and Pd. One important approach to this challenge involves

alloying noble metals with other transition metals in the form of a nanoalloy, which promises not only

significant reduction of noble metals in the catalyst but also enhanced catalytic activity and stability in

comparison with traditional approaches. In this article, some of the recent insights into the structural and

electrocatalytic properties of nanoalloy catalysts in which Pt is alloyed with a second and/or third

transition metal (M/M0 ¼ Co, Fe, V, Ni, Ir, etc.), for electrocatalytic oxygen reduction reaction and ethanol

oxidation reaction in fuel cells, and oxygen reduction and evolution reactions in rechargeable lithium-air

batteries are highlighted. The correlation of the electrocatalytic properties of nanoalloys in these systems

with the atomic-scale chemical/structural ordering in the nanoalloy is an important focal point of the

investigations, which has significant implications for the design of low-cost, active, and durable catalysts

for sustainable energy production and conversion reactions.
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1. Introduction

Signicant advances in research and development have been
made recently in harnessing the catalytic properties of nano-
particles on the energy and environmental fronts.1–4 One
important front involves a global search for sustainable and
green energy, especially sustainable energy production,
conversion, and storage, which are not only environmentally
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Fig. 1 (A) development of catalysts for electrochemical energy conversion and storage and (B) schematic illustrations of nanoalloys in terms of
mixing patterns for ternary systems: ordered or random alloy structures.
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cleaner but also more efficient than conventional fuels. To this
end, one of the biggest challenges is the development of active,
robust, low-cost catalysts, which is the key to electrochemical
energy conversion and storage such as fuel cells and recharge-
able lithium-air batteries (Fig. 1A). The design of nanoalloy
catalysts with controllable sizes, shapes, compositions and
structures is an important pathway towards active, robust, low-
cost catalysts. In contrast to alloy which is a mixture of two or
more metallic species existing either in a complete solid solu-
tion state with a single-phase, partial or phase-segregated state,
nanoalloy differs from bulk alloys in several signicant aspects
in terms of mixing patterns and geometric shapes.5

In comparison with homogenous mixing of metal atoms in a
single-phase alloy, the degree of segregation, mixing and atomic
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This journal is © The Royal Society of Chemistry 2014
ordering depend on a number of factors,5 including relative
strengths of homoatomic vs. heteroatomic bonds, surface
energies of the component element, differences in atomic sizes,
charge transfer between the different atomic species, and
strength of binding to surface ligands or support materials
(Fig. 1B). For electrochemical reaction systems such as fuel cells
and lithium-air batteries, the dissolution of certain metal
components in the alloy (“dealloying”) in the presence of acidic
electrolytes, oen being referred as Pt-skin structure forma-
tion,6–11 could be inuenced strongly by the structural types of
the nanoalloys in terms of structural ordering, disordering,
phase state, or d-band structure, which has attracted a great
deal of attention in electrocatalysis.

A fundamental aspect on electrocatalytic activity and
stability of nanoalloys is related to the metal oxide forma-
tion.12,13 It is hypothesized that the removal of O-containing
intermediates (–O, –OH, –OOH) resulting from the O]O
breaking on the Pt-bridge sites, that recovers the catalytically-
active sites, is possibly more effective by alloying Pt with two
different metal components (M andM0) than with a single metal
component. In addition to the electronic states such as the d-
band centers, geometric factors as well as Pt–Pt distance
change with the composition, computation of the oxygen and
hydroxyl adsorption energies have shown that there is an
approximate linear trend in oxygen reduction activity vs. O or
OH binding energy for a large number of different transition
and noble metals.13 The fundamental understanding is impor-
tant for the exploration of nanoalloy catalysts in energy
conversion and storage devices, which will be the focus of this
article. Some recent insights into the nanostructural charac-
teristics of nanoalloy catalysts will be highlighted for several
types of reactions in fuel cells such as proton exchange
membrane fuel cells (PEMFC) and direct alcohol fuel cells
(DAFC), as well as in rechargeable lithium-air (Li-Air) batteries.
RSC Adv., 2014, 4, 42654–42669 | 42655
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PEMFC has become attractive because of high conversion
efficiency, low pollution, lightweight, high power density, and a
wide range of applications from power sources in automobiles
and space shuttles to power grids for buildings and factories. In
PEMFC, the large overpotential for oxygen reduction reaction
(ORR) at the cathode represents a loss of about 20% from the
theoretical maximum efficiency for the hydrogen/air fuel cells.
Effective catalysts are needed for the reduction of the large
overpotentials. Currently, low activity, poor durability and high
cost of the platinum-based anode and cathode catalysts in
PEMFCs constitute some of the major barriers to the commer-
cialization of fuel cells. The kinetic limitation of the oxygen
reduction at cathode catalysts is another problem for fuel cells
operating at low temperature (<100 �C) because the rate of
breaking O]O bond to form water strongly depends on the
degree of its interaction with adsorption sites of the catalyst.
Many studies focused on understanding the mechanism of
oxygen reduction on Pt–Fe, Pt–Ni, and Pt–Co,14 including CO- or
methanol-tolerant.15 Bulk-melted PtBi, PtIn, and PtPb interme-
tallic phases16 and Ru nanoparticles modied with Pt17 showed
some promises for fuel cell applications. There are many
examples of studying Pt alloys with early transition metals such
as Co, Ni, Fe, Cr, Mn, V, etc. as catalysts for ORR in PEMFCs.18–20

Studies on single crystalline thin lms recently revealed that the
addition of an early transition metal to Pt could change the
atomic scale structures (Pt–Pt bond distance and coordination
number) and electronic structures of Pt.21,22 The ORR catalytic
activity of different alloys depend on the type and concentration
of the second metal in the subsurface atomic layers,23–26 and a
combination of the alloy size, shape, and structures.2,4

Alcohol fuel cells, such as direct methanol fuel cell (DMFCs)
and direct ethanol fuel cells (DEFCs), become attractive because
of high conversion efficiency, low pollution, lightweight, high
power density, and applications from small power supplies for
electronic devices such as PCs, notebooks, and cellular phones.
In a typical alcohol fuel cell, oxidation reaction of methanol (in
DMFC) or ethanol (in DEFC) occurs at the anode, where oxygen
reduction reaction occurs at the cathode. In DMFCs, the
oxidation of methanol on a catalyst layer in the presence of
water forms carbon dioxide. Protons (H+) are transported across
the proton exchange membrane (e.g., Naon) to the cathode
where they react with oxygen to produce water. Electrons (6
electrons) are transported through an external circuit, providing
power to the connected load. The thermodynamic potential is
1.21 V. Both the methanol oxidation reaction at the anode and
the oxygen reduction reaction at the cathode are highly irre-
versible and thus there is a loss of about 0.2 V at the anode for
DMFC under open-circuit conditions, and an enhanced loss of
about 0.1 V at the oxygen electrode because of the crossover of
methanol from the anode to the cathode.27 In DEFCs, ethanol is
used instead of the more toxic methanol. Ethanol is an attrac-
tive alternative to methanol. In comparison with methanol,
ethanol is a hydrogen-rich liquid and it has a higher energy
density (8.0 kW h kg�1) compared to methanol (6.1 kW h kg�1).
While ethanol has a 33% higher energy density than methanol,
and can be obtained from renewable resources like sugar cane,
wheat, or corn, a key challenge is the design of catalysts that can
42656 | RSC Adv., 2014, 4, 42654–42669
effectively cleave the C–C bond.28,29 The exploration of such
cathode catalysts for non-aqueous and rechargeable lithium-air
batteries is a recent advent because such batteries promise a
tenfold increase of energy capacities in comparison with
current lithium ion batteries. The major challenges for the
practically viable rechargeable lithium-oxygen battery include
however the unacceptably high overpotentials for the
discharge–charge processes and the difficulty of achieving an
optimal balance between the discharge capacity and the
capacity retention on ‘discharge–charge’ cycling at the cathode.
State-of-the-art Li–oxygen batteries have a full cycle during the
charge process (3–4 V) efficiency of only 60%, largely due to the
large voltages. The need of a catalyst in the air cathode to
reversibly reduce oxygen and re-oxidize the oxide species back
to oxygen largely stems from addressing the large overpotentials
in the discharge–charge reactions, i.e., the ORR on discharge
and the oxygen evolution reaction (OER) on charge. Unlike ORR
at the cathode of a fuel cell, the complication of the deposition
of LiO2 in ORR on the catalyst and the re-oxidation of LiO2 in
OER poses a new challenge for the design of an effective cata-
lyst. The enhancement of the discharge capacity depends on a
combination of factors including the catalyst activity and the
overall catalyst structure. Various catalysts have been found to
play an important role in the performance characteristics.30

In this article, some of the recent studies aimed at gaining
insights into the structural details of nanoalloy catalysts in
ORR, Ethanol oxidation reaction (EOR), Methanol oxidation
reaction (MOR), and OER reactions relevant to fuel cells and
Li-air batteries are discussed. The focus on the structural
characterization is largely because of the new structural insights
gained in recent years using synchrotron X-ray techniques. In
light of some extensive previous reviews on the alloy catalyst
performance,1–5,11 this article attempts to highlight new insights
from the structural characterization of the nanoalloy catalysts
while providing sufficient discussion on the catalyst
performance.
2. Nanoalloycatalysts and structural
characteristics
Synthesis and processing

The synthesis of molecularly-capped metal nanoparticles as
building blocks for engineering the nanoscale catalytic mate-
rials takes advantage of diverse attributes, including mono-
dispersity, processability, solubility, stability, and self-assembly
capability in terms of size, shape, composition, and surface
properties. Indeed, the preparation of nanoparticles capped in
monolayers, polymers or dendrimers is rapidly emerging,
demonstrating remarkable parallels to catalytic activities for
supported nanoparticles.31–35 One important approach involves
core–shell type synthesis.36–39 The core–shell type nanostructure
can be broadly dened as core and shell of different matters in
close interaction, including inorganic/organic and inorganic/
inorganic combinations.33,40–45 The synthesis of metal nano-
particles in the presence of organic capping agents to form
encapsulated metal nanoparticles has demonstrated promises
This journal is © The Royal Society of Chemistry 2014
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for preparing nanocatalysts with controllable size, shape,
composition and surface properties.33,39,41–45 The strategy based
on molecular encapsulation has been used for the synthesis of
different binary and ternary nanoparticles under controlled
reaction conditions, such as AuM (M ¼ Cu, Ag, etc.), PdM, PtM,
and PtMM0 (M,M0 ¼ Ni, Co, Fe, V, Cu, etc.).46–56 The synthesis of
these nanoalloy particles is in contrast to traditional
approaches to preparing supported nanoparticle catalysts,
which involve co-precipitation, deposition-precipitation, ion-
exchange, impregnation, successive reduction and calcination,
etc.,57–64 and oen have limited ability to control the size and
composition due to the propensity of aggregation.

A key strategy in our approaches to the preparation of
nanocatalysts involves molecularly-mediated synthesis of the
nanoparticles using wet chemical method and post-synthesis
thermochemical processing under controlled temperatures
and atmospheres (Fig. 2 bottom panel). The removal of the
organic encapsulation from metal nanoparticles is also an
important step in the catalyst preparation. Among different
strategies,65 thermochemical processing strategy has demon-
strated not only effective needs in removing the encapsulation,
but also in rening the nanostructural parameters. The
combination of the molecular encapsulation based synthesis
and thermochemical processing strategies thus involves a
sequence of steps for the preparation of nanoalloy catalysts: (1)
chemical synthesis of the metal nanocrystal cores capped with
ligands, (2) assembly of the encapsulated nanoparticles on
supporting materials (e.g., carbon powders, TiO2 or SiO2),47,66–68

and (3) thermal treatment of the supported nanoparticles.69–71

To rmly establish the molecularly-engineered synthesis and
thermochemically-controlled processing pathways for the
preparation of nanoalloy catalysts, there is a clear need to
understand whether alloying or phase-segregation in
Fig. 2 A schematic illustration of molecularly-engineered synthesis and
TEM images showing as-synthesized Pt39Ni22Co39 nanoparticles (3.4 �
American Chemical Society).

This journal is © The Royal Society of Chemistry 2014
multimetallic nanoparticles is different from bulk scale mate-
rials, and how the catalytic activity and stability are inuenced
by size, composition, morphology, support and phases has been
an important focus of the recent research activities. Among a
series of binary and ternary alloy nanoparticles supported on
carbon,47,49,52,72 one example is shown in Fig. 2 for PtNiCo
nanoparticles. The as-synthesized Pt39Ni22Co39 nanoparticles
are highly monodispersed with a good crystallinity with narrow
size distribution.47,72

Aer the thermochemical processing which removes the
capping molecules and rene the nanoparticle structure, the
HAADF (high-angle annular dark eld) image reveals high
crystallinity and the Pt, Ni and Co metal distribution across the
entirenanoparticle. For AuPt and PdCu nanoalloys,48,56,73,74 these
nanoparticles display crystalline characteristics and largely
uniform distributions of the two metal components. In our
recent studies,69,73,74 carbon-supported AuPt nanoparticles have
been shown to exhibit single-phase alloying characteristics but
also a controllable degree of partial alloying or phase segrega-
tion depending on the thermochemical processing conditions.
The fully alloyed AuPt nanoparticles have a uniform distribu-
tion of the two metals across the nanoparticles. The bimetallic
nanoparticles are not only crystalline with highly-faceted
surfaces, but also have a uniform distribution of Au and Pt.
Nanoparticles of other compositions8,73,74 have also exhibited
similar morphological characteristics. Similar nanocrystalline
features and relatively uniform bimetallic distribution have also
been observed for PdCu nanoparticles,56 revealing that the
bimetallic nanoparticle is basically a uniform alloy across the
entire nanoparticle. Some of the nanoalloy catalysts prepared by
certain combinations of the molecular encapsulation based
synthesis and the thermochemical processing strategies are
discussed next in terms of the alloying or phase-segregation
thermochemical processing of nanoalloy catalysts. Example TEM/HR-
0.4 nm). (Reproduced from ref. 72 with permission. Copyright 2012,

RSC Adv., 2014, 4, 42654–42669 | 42657
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structures, focusing on the electrocatalytic reactions in corre-
lation with the atomic-scale structural properties.
Structural characteristics

One of the key structural characteristics is the atomic-scale
chemical and structural ordering of the nanoalloys in the
thermochemically processed state, which is central to the
exploration of the catalytic properties. Synchrotron X-ray tech-
niques, including HE-XRD/PDFs and XAFS, have been demon-
strated to be powerful for gaining insights into both extended
and local atomic structures of nanoalloys. The HE-XRD/PDF
study can be coupled with 3D simulations for determining the
overall atomic-scale structure across the nanoalloy particle,
including details of the chemical ordering. XANES/EXAFS is
another powerful technique for determining the near neighbor
metal–metal coordination, metal oxide content, electronic
properties and charge transfer phenomena in the studied alloys
in terms of local structural congurations. The combination of
these two techniques provide information for short-range
interatomic bonding and coordination structure about a
specic atom as well as more extended structural/chemical
ordering across the entire nanoparticle, regardless of whether
the particle is crystalline or amorphous.75,76

For binary PtM and ternary PtMM0 (M/M0 ¼ Co, Fe, V, Ni, etc.)
supported on carbon, the manipulation of the thermochemical
processing parameters can effectively rene the detailed atomic
structures.47,49,53 For example, Pt39Ni22Co39/C catalyst, aer the
thermal treatment at different temperatures ranging from 400
to 926 �C, showed a single-phase alloy at all treatment
temperatures.77 However, a detailed analysis revealed a trend of
lattice shrinking as the thermal treatment temperature is
increased, showing a decrease of lattice constant from 0.385 nm
for 400 �C to 0.377 nm for 926 �C. For Pt45V18Co37/C catalyst,49

the results revealed a gradual phase state transition from a
random alloy fcc-type or chemically ordered alloy fct-type
structure at 400 �C to chemically ordered fct structure at
>400 �C where Pt, Co and V atoms are not randomly distributed
within the nanoparticles but assume preferential ordering with
respect to each other. The phase transition from a random alloy
to a chemically ordered alloy type structure is oen accompa-
nied by a shrinking of the distances between the metal atoms.78

The HE-XRD/PDF results for PtIrCo/C, PtIr/C and PtCo/C
catalysts treated from 400 and 800 �C (Fig. 3A and B) showed
clear differences in crystallinity in terms of the sharpness of the
peaks.51 The PtIrCo catalyst at 400 �C are broad indicating a
great structural disorder, and remains structurally quite disor-
dered even when treated at 800 �C. The fcc-lattice model ts
conrm the single phase state for the nanocatalysts. A shrinking
of the lattice parameter from 3.797 to 3.737 Å is observed with
increasing the temperature for PtIrCo catalysts, and from 3.874
at 400 �C to 3.867 Å at 800 �C for PtCo/C.72,79,80 In contrast, the
fcc-lattice parameter is found to increase from 3.877 to 3.880 Å
with the temperature of treatment for PtIr/C. By closely exam-
ining the low-r part of the atomic PDFs, there is a clear evolution
of the rst-neighbor metal–metal distances with the tempera-
ture, showing rst-neighbor metal–metal distance shrinking for
42658 | RSC Adv., 2014, 4, 42654–42669
the case of PtIrCo and PtCo and expansion in the case of PtIr.
The rst neighbor metal–metal bond distances in the ternary
catalyst are also shown to be considerably shorter than those in
the binary ones.

The high-energy XRD experiments were also used to guide
the Reverse Monte Carlo (RMC) simulations, as shown in
Fig. 3C for a representative of snap shots of the atomic cong-
urations. Each of the congurations has the real stoichiometry
and size of the nanoalloy and atomic PDFs computed from the
congurations match the experimental PDF data very well.
Pt45Ir55 catalyst treated at 400 �C is a random alloy of Pt and Ir
whereas that at 800 �C tends to segregate into a structure with Ir
core and Pt enriched surface. This nding is qualitatively in
agreement with the XPS based analysis of the relative surface
composition, which showed a 16% increase in Pt upon treat-
ment at 800 �C. Pt73Co27 catalyst treated at 400 �C features an
alloy where Co atoms show some preference to the center of the
nanoparticles whereas that at 800 �C, features an alloy with Co
atoms being somewhat closer to surface of the particle. In
comparison, the Pt25Ir20Co55 catalyst treated at 400 �C features
an alloy where Co and Ir species tend to occupy the inner part of
the nanoparticles while Pt atoms show some preference to the
surface of the nanoparticles. The ternary catalyst treated at 800
�C features a rather random type of alloy where Co, Pt and Ir
atoms are almost uniformly distributed across the nano-
particles, a nding that was qualitatively in agreement with the
small changes derived from the XPS analysis of the relative
surface composition. These results reveal that the atomic
distribution across the nanoparticles depends strongly on the
binary/ternary composition and the thermochemical treatment
temperature.

Another interesting example demonstrating the power of
HE-XRD/PDFs in gaining atomic-scale insights into the nano-
alloy structure is the AuPt nanoparticle system.48 AuPt nano-
alloys are analyzed using element-specic resonant HE-XRD
technique. Both HE-XRD coupled with atomic PDFs (Fig. 4) and
computer simulations prove the formation of Pt–Au alloys in
particles less than 10 nm in size.

The bonding lengths in the alloys differing in 0.1 Å leads to
extra structural distortion as compared to pure Pt and Au
particles. In the nanoalloys, Au–Au and Pt–Pt bond lengths
differing by 0.1 Å are revealed. The results demonstrate the
presence of extra structural distortions for AuPt nanoparticles
as compared to pure Pt and Au nanoparticles. Pt–Pt and Pt–Au
pairs were identied in the rst coordination shell of Pt atoms,
providing atomic-scale insights into the alloy characteristic for
the AuPt nanoparticles. RMC renedmodels are also used to aid
the analysis of the alloy structures. Pure Au and Pt nanoparticles
are used to produce model congurations for AumPt100-m
nanoparticles where Au and Pt atoms show various patterns of
chemical order–disorder effects. All peaks in the partial Au–Au
PDFs for AumPt100-m nanoparticles are with largely diminished
areas corresponding to reduced Au–Au coordination numbers
that are characteristic of random type Pt–Au alloys. The alloying
of Pt and Au occurs not only within a wide range of Pt–Au
concentrations but is also stable in nanoparticles of different
sizes. Importantly, the alloying characteristics of the less than 5
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 (A) HR-XRD (l¼ 0.1080 Å) experimental patterns for Pt45Ir55/C (a and b), Pt73Co27/C (c and d) and Pt25Ir20Co55/C (e and f)treated at 400 (a,
c, e) and 800 �C (b, d, f). (B) FCC-lattice constrained model fits (lines in red) to the experimental (symbols) atomic PDFs. The goodness-of-fit
factors, Rw, and the refined fcc lattice parameters, a, are shown by each data set. (C) RMC (Reverse Monte Carlo simulation) constructed models
for Pt45Ir55, Pt73Co27, and Pt25Ir20Co55 processed at 400 �C. (Pt atoms: green, Ir atoms: orange, and Co atoms: blue). Note that the sizes of atoms
are drawn not to scale to fit in the picture frame. (Reproduced from ref. 51 with permission. Copyright 2013, American Chemical Society).
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nm sized AuPt particles were found to remain unchanged for a
long period of time under ambient conditions, demonstrating
structural stability of the nanoalloy.
Fig. 4 (A) Low-r part of the experimental atomic PDFs for 5.1 nm Au–Pt p
Au–Au partial PDFs (line in cyan) are also shown. Arrows mark the positio
Pt–Au particles (about 5000 atoms) with random alloy structure: (a) Pt0.
yellow. (Reproduced from ref. 48 with permission. Copyright 2012, Ame

This journal is © The Royal Society of Chemistry 2014
The nanoscale alloying or phase segregation are also found
to depend on the composition, support, and thermal treatment
temperature for the supported AumPt100-m nanoparticles.69,73,74

There are currently two aspects of the fundamental insights that
articles (symbols). Experimental Pt–Pt differential PDFs (line in red) and
ns of the Pt–Pt and Au–Au bond distances. (B) Cross sections of 5.1 nm

77Au0.33; (b) Pt0.51Au0.49 and (c) Pt0.40Au0.60. Pt atoms are in gray, Au in
rican Chemical Society).

RSC Adv., 2014, 4, 42654–42669 | 42659
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are considered in supporting some of these alloying or phase-
segregation states. One involves the theoretical nding of a
negative heat of formation for AuPt nanoparticles smaller than
�6 nm, which constituted as a thermodynamic basis for
favoring the formation of alloyed phase.81 The other involves the
theoretical nding of a possible phase segregation of AuPt
particles as a result of the combination of larger surface free
energy of Pt (2.48 J m�2) than Au (1.50 J m�2)81 and the lower
melting point of smaller-sized nanoparticles than larger-sized
particles (T f 1/r(particle radius)).82 The nanoscale phase of
AumPt100-m nanoparticles is a very important parameter for the
exploration of the nanoscale bimetallic functional properties.
The lattice constants of the bimetallic nanoparticles were found
not only to scale linearly with Pt%, in contrast to the bulk AuPt
counterparts which display a miscibility gap at 20–90% Au, but
also to be smaller than those of the bulk counterparts.73,83 This
nding was the rst example demonstrating that the nanoscale
AuPt nanoparticles could exhibit single-phase character and
reduced inter-atomic distances in the entire bimetallic
composition range in contrast to with the bulk counterparts.73,83

In addition to the latest HE-XRD/PDFs evidence,48 results from
theoretical modeling and Density Functional Theory (DFT)
computation for small AuPt nanoparticles (�1.2 nm) has also
revealed a difference in the lattice constant – composition
relationship between the nanoscale and the bulk systems in
agreement with the experimental data.73,74 In theoretical
modeling of realistic particle sizes, a negative heat is revealed
for the formation for AuPt particles smaller than �6 nm,81

thermodynamically favoring the formation of alloyed phase.
The atomic distributions of Au and Pt are also shown to change
in distance from the center of mass in the nanoparticle
depending on temperature and support.84 The complex phase
properties are also supported by in situ time-resolved X-ray
diffraction study of phase change kinetics at high tempera-
ture.85 The nanoscale phase evolution has a signicant impact
on the surface alloying or segregation,69,83,86 as supported by
FTIR probing of CO adsorption as a function of the bimetallic
compositon83 and XPS analysis of the relative surface compo-
sition as a function of the treatment temperature.69,74

DFT computation of small AuPt nanoparticles (�1.2 nm) has
provided some insights into the phase properties.74 Seventeen
55-atom AuPt nanoparticles (�1.2 nm), including six Au24Pt76
(13 Au atoms and 42 Pt atoms), ve Au49Pt51 (27 Au atoms and
28 Pt atoms), and six Au76Pt24 (42 Au atoms and 13 Pt atoms)
were studied using DFT calculations. These calculations were
carried out using the spin-polarized DFT method that is
implemented in Vienna Ab initio Simulation Package
(VASP).81,87,88

The stability of alloy structures was found to lie in between
the core–shell structures. The complete Pt-core/Au-shell struc-
ture is the most stable among all isomers. The least stable
isomer has the least number of surface Au atoms. When
temperature increases, the alloy nanoparticles evolve in such a
way that the outer shell Pt atoms migrate into the inner shell.
This is further supported by molecular dynamics simulations,89

where upon heating above 600 K such Pt migration takes place
in an alloy nanoparticle of �3.6 nm. The computational results
42660 | RSC Adv., 2014, 4, 42654–42669
further indicate that thermal treatments of alloy AuPt nano-
particles should be below certain temperatures to prevent the
loss of outershell Pt atoms. DFT-calculated lattice constants are
indeed smaller than that of bulk. This nding is in agreement
with our earlier nding of the nanoscale phase properties for
the alloyed AuPt/C catalysts.90 The computation results sup-
ported the observed overall lattice shrinking of the metal and
bimetallic nanoparticles in comparison with the bulk counter-
parts, and showed the possibility of an evolution of the alloy
nanoparticles in such a way that the outer shell Pt atoms
migrate into the inner shell when temperature increases, which
is qualitatively consistent with the XRD analysis results. There
are many recent examples on DFT computational modeling of
AuPt nanoparticle structures in terms of composition and
structures91 For example,91 the study of AuPt nanoalloys with 55
atoms with an intermediate composition range by a procedure
combining global optimization searches within an atomistic
potential model with DFT relaxation of the lowest-energy
isomers identied two structural motifs in close competition:
the Mackay icosahedrons and an asymmetric capped
decahedron.
3. Electrocatalytic properties of
nanoalloys

While signicant progress has been made in the research and
development of various catalysts for the electrochemical energy
conversion and storage devices, challenges remain especially in
atomic-scale structural understanding of alloy catalysts in
correlation with their catalytic properties. Some recent results
in our investigations of nanoengineered alloy catalysts for
oxygen reduction reaction in PEMFCs, methanol or ethanol
oxidation reactions involved in DMFCs or DEFCs, and oxygen
reduction and evolution reactions at the air cathode in Li-air
batteries are discussed. The nanoalloys, depending on the
composition and structures, exhibit interesting synergies for
electrocatalytic ORR, MOR, OER, which are highlighted in the
next two subsections.
Electrocatalytic oxygen reduction reaction

A fuel cell is an electrochemical energy conversion device that
converts hydrogen at the anode and oxygen at the cathode
through a membrane electrode assembly (MEA) into water and
produce electricity. For ORR at the cathode of a PEMFC, the
desired reaction pathway is 4e� reduction reaction, but the
voltage is in general the summation of the thermodynamic
potential ENernst, the activation overpotential hact (from both
anode and cathode overpotentials, i.e., hact(cathode) � hact(anode)),
and the ohmic overpotential hohmic. While the thermodynamic
potential is governed by Nernst equation in terms of the E0
(1.23 V) and the operating concentrations (P(H2) and P(O2)), the
activation overpotential is dependent on the electrode kinetics
in terms of current ow, and the overpotentials associated with
catalyst activity (hact(catalyst)). The overpotential hact(catalyst) is
large mainly due to the sluggish activity of ORR. The adsorption
of O2 could produce Pt–O or Pt–OH in a dissociative adsorption
This journal is © The Royal Society of Chemistry 2014
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which constitutes a 4 electron reduction pathway forming
water, or Pt–O2

� or Pt–O2H in an associative adsorption which
oen proceeds in a 2 electron reduction pathway forming
hydrogen peroxide. While concepts based on Pt skin on an alloy
or dealloyed surface can explain partially some of the experi-
mental facts, the understanding of how Pt–O or –OH interme-
diate species could inuence the overall ORR because their
binding strength and the formation and removal of Pt–O/Pt–OH
species are known to play an important role in the overall
electrocatalytic ORR over Pt-alloy catalysts. The rational design
of Pt-alloys involving transition metals (M/M0) could create a
bifunctional (or multifunctional) synergy for the formation and
removal of Pt–O or Pt–OH species. For ternary catalyst, the
introduction of a second M0 into Pt-M alloy may lead to a
manipulation of the surface oxophilicity by maneuvering –O/–
OH species over M and M0 sites through structural or compo-
sitional effect. The understanding of how Pt–OH and Pt–O
binding energies can be tuned by the M/M0 oxophilicity would
aid the design of the alloying metals for synergistic formation
and removal of Pt–OH species in correlation with the structural
and chemical complexity of the nanoalloys.75,76

The kinetic current (ik)92 is used to determine the mass
activity (MA, current density per unit mass of Pt) and specic
activity (SA, current density per unit area of Pt). To obtain the
MA and SA, the kinetic current is usually extracted from the RDE
without IR-drop correction,49,51,85,93 or aer a correction of IR
drop in the RDE curves.94,95 The “IR-drop”-corrected mass
activity is typically higher than that without IR-drop correc-
tion.96 For ternary nanoalloy PtNiCo, the RDE measurement of
the kinetic current without IR correction.77 shows a major
enhancement in electrocatalytic activity for ORR in comparison
with pure Pt and the bimetallic nanoalloy counterparts. In the
case of Pt36Ni15Co49/C catalysts aer thermochemical treat-
ment, there is a clear indication of the kinetic current increase
with increasing the thermochemical treatment temperature
(Fig. 5a).77 By further comparing the mass activity and the
specic activity as function of the treatment temperature, there
is a clear trend showing the increase of both mass and specic
activities with increasing the treatment temperature, reaching a
Fig. 5 RDE curves (a) and plots of mass activity (MA) (left, red) and spec
Ni15Co49/C catalysts treated at different temperatures. The result for a co
ref. 77 with permission. Copyright 2010, American Chemical Society).

This journal is © The Royal Society of Chemistry 2014
plateau at 800 �C (Fig. 5b). The mass activity of Pt36Ni15Co49/C
treated at 800 and 926 �C is more than four times higher than
that of commercial Pt/C. The increased electrocatalytic activity
is associated with the interatomic distance shrinking in the
nanoalloy with increase of the thermochemical treatment
temperature.

A maximum activity is revealed for Pt45V18Co37/C catalyst
treated under oxygen followed by reduction by hydrogen (“O +
H” treatment) as a function the thermochemical treatment
temperature (Fig. 6).49 At temperatures from 400 to 700 �C, the
mass activity and specic activity show a signicant increase
with the temperature in comparison with those for the
commercial Pt/C catalyst and the Pt45V18Co37/C catalysts treated
under nitrogen followed by hydrogen reduction (“N + H” treat-
ment) (Fig. 6b). The chemically ordered fct lattice model,
however, becomes increasingly a better match to the experi-
mental PDFs for the particles annealed at >400 �C. Upon
increasing the annealing temperatures, the degree of the
structural order increases, which is accompanied by the inter-
atomic distance shrink and rearrangement of Pt and Co/V
species in a chemically ordered fct type structure, leading to
an enhanced catalytic activity for ORR. The further increase of
the degree of chemical and structural ordering at annealing at
temperatures higher than 600 �C has little or even detrimental
effect on the activity enhancement, implying the existence of an
optimal structure of the alloyed Pt sites for the adsorption and
activation of molecular oxygen. In comparison to ORR activities
of PtNiCo showing a gradual increase with temperature (Fig. 5),
PtVCo shows a maximum at 600 �C (Fig. 6), which coincides
with the temperature corresponding to the phase transition
from fcc type to fct type.

The PDF data for Pt45V18Co37/C49 revealed a phase transition
from a random alloy to a chemically ordered alloy type structure
as the thermochemical treatment temperature increased, which
is accompanied by a shrinking of the distances between the
metal atoms, as discussed earlier. The trend in these structural
features correlates well with the increase of MA and SA with the
annealing temperature reaching a maximum at 600 �C. Above
600 �C, the subtle levelling off in the SA value and the slight
ific activity (SA) (right, green) (b) at 0.900 V (vs. RHE) for a set of Pt36-
mmercial Pt/C catalyst is included for comparison. (Reproduced from

RSC Adv., 2014, 4, 42654–42669 | 42661
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Fig. 6 RDE curves (a) and plots of mass activity (MA) (left, red) and specific activity (SA) (right, green) at 0.900 V (vs. RHE) for Pt45V18Co37/C after
“O + H” treatment at different temperatures (Note that data for the catalyst treated by “N + H” at 400 �C (PtVCo/C*) and a commercial Pt/C
catalyst are also included for comparison) (b) in O2-saturated 0.1 M HClO4. Pt loading ¼ 6.6 ug cm�2, scan rate: 10 mV s�1 at 1600 rpm,
(reproduced from ref. 49 with permission. Copyright 2012, American Chemical Society).
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drop in the MA value likely indicates that the further increase in
the chemical ordering and shrinking in interatomic distances
has little or even detrimental effect on the activity enhance-
ment. This is understandable because the adsorption and
activation of molecular oxygen requires an optimal structure of
the alloyed Pt sites.

By analysing the data in the kinetic region (Fig. 7), the MA
obtained for the ternary PtIrCo/C system is found to be�2 times
higher than those of two binary catalysts (PtCo/C and PtIr/C).51

The substantially shorter metal–metal distances in the ternary
nanocatalysts are believed to be responsible for the improved
catalytic properties. The increase in SA from lower to higher
temperature for the ternary nanoalloys is also likely due to the
further decrease in the metal–metal distances and the changes
in coordination numbers. In addition to a favorable change in
Co–Pt rst coordination number, there are also changes in Co–
Ir, Pt–Ir and Ir–Ir coordination numbers indicating an
increased degree of alloying. Moreover, the introduction of Ir in
Fig. 7 Electrocatalytic activities for ORR in O2-saturated 0.1 M HClO4: RD
activities (SA) (C) for 400 (filled bars) and 800 �C treated catalysts (pattern
(c). Data for PtCo/C and PtNi/C with similar Pt content and commercial E
permission. Copyright 2013, American Chemical Society).

42662 | RSC Adv., 2014, 4, 42654–42669
PtCo to form a ternary system was indeed shown to increase
stability of the electrocatalytic activity.79 The fact that the PtIrCo
catalysts still showed a higher stability than PtCo also indicates
that the addition Ir played an important role in strengthening
the stability.79

In comparison with the evolution from a random type of
alloy at 400 �C to an Ir_core-Pt_enriched surface structure at
800 �C for PtIr, and from a structure with a Co rich core at 400 �C
to a structure with a slightly Co-enriched surface at 800 �C for
PtCo, there is distinctive evolution from alloy with Co–Ir core
and Pt rich surface at 400 �C to an alloy where Co, Pt and Ir
species are more uniformly distributed across the nanoparticles
at 800 �C for the ternary PtIrCo (Fig. 3C). BothMA and SA are the
highest for the ternary catalyst among the three catalysts. The
2� increase of specic activity for the ternary catalyst in
comparison with the relatively small increase for PtIr indicates
the importance of adding a third metal to the alloy. The marked
enhancement of the activity ternary nanoparticles is believed to
E curves for 400 �C treated catalysts (A), andmass (MA) (B) and specific
ed bars) (C). Catalysts: Pt45Ir55/C (a), Pt73Co27/C (b), and Pt25Ir20Co55/C
-tek Pt/C are included for comparison. (Reproduced from ref. 51 with

This journal is © The Royal Society of Chemistry 2014
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be linked to the decrease in the 1st Metal–Metal distances and
the formation of alloy featuring either an Co–Ir core with Pt rich
surface or a uniform distribution of Co, Pt &Ir species across the
entire nanoparticle.

In comparison with commercial Pt catalyst, the mass/
specic activities for a series of Pt-ternary catalysts for ORR
(extracted from RDE curves at 0.900 V in 0.1 MHClO4 electrolyte
without IR-drop correction), including PtNiCo/C, PtVCo/C,
PtNiFe/C, PtIrCo/C, and PtVFe/C,49,51,72,77,79,80,85 exhibit greatly
enhanced mass activities and specic activities (Fig. 8). PtNiCo/
C and PtVCo/C catalysts exhibit the highest mass and specic
activities. The enhancement of the activities for the ternary
catalysts is also found to outperform the binary ones, as
demonstrated for PtNiCo/C72,77 with PtNi/C and PtCo/C.80 The
presence of subtle differences in redox potentials and metal
lattices of the different base metals in the ternary alloy possibly
allows better maneuvering of atoms in the nanoalloy formation
and annealing processes than those in the binary counterparts.

The enhanced electrocatalytic activity for these ternary
nanoalloys correlates with the atomic distances and phase state
tunable by the transition metal components or the thermo-
chemical processing parameters. For PtNiFe/C catalyst,97 Pt–Pt
bond distance was measured accurately by EXAFS, and no
difference was observed. Qualitatively, the Pt sites on the
surface are relatively richer for the catalyst treated at 400 �C
than that at 800 �C, although they are less active for the former.
Therefore, the lower-temperature treated catalyst is more active
on a mass basis (i.e., the number of active sizes dominates). On
the other hand, the specic activity data from RDE revealed an
opposite trend; that is, the catalyst treated at the higher
temperature showed a higher activity than the catalyst treated at
the lower temperature. The higher specic activity for the
higher temperature treated catalyst reects the likelihood of a
better Pt alloying with Fe or Ni. The difference in the surface
metal oxides and alloying structures between the catalyst
treated at 800 �C with a larger particle size (7.8 nm) and the
catalyst treated at 400 �C with a smaller particle size (5.3 nm), as
revealed by XAFS analysis, has demonstrated the signicant role
Fig. 8 Comparisons of ORR mass activities (A) and specific activities (B)
PtNi80 and Pt-ternary catalyst including PtNiCo,72 PtVCo, PtNiFe, PtIrCo,
nanoalloys chosen in the bar chart are those with about 50 atom% Pt fo

This journal is © The Royal Society of Chemistry 2014
played by both particle size and surface atomic structure of the
catalyst.

The understanding of this type of Pt-nanoalloy properties in
terms of M or M0 is useful for creating a bifunctional or multi-
functional synergy for effective maneuvering surface oxygenated
species over the M/M0 sites through structural or compositional
effect.

Electrocatalytic oxidation of alcohols

Some of the nanoalloy catalysts exhibit electrocatalytic activity
for MOR and EOR. A key to the design of nanoalloy catalysts for
MOR is the understanding of the catalytic synergy on the
surface. MOR over AuPt catalysts serves as an interesting
example of the operation of bifunctional catalytic synergy.73 The
design and control of spatial arrangement of Au and Pt in AuPt
nanoparticles are critical for exploiting the nanoscale bifunc-
tional catalytic activity where Pt provides a site for catalyzing
methanol oxidation or oxygen reduction reactions and Au
provides a site for adsorption of hydroxide groups or oxidation
of CO to CO2.85,98,99 The understanding of the synergistic elec-
trocatalytic activity of AuPt/C in MOR has been an important
focus of interests in this bimetallic system.83,100 For MOR, one of
the most signicant ndings is that the mass activity in the
alkaline electrolyte exhibits a maximum around 65–85% Au
(Fig. 9A). Considering the modeling results for CO adsorption
on small clusters of AuPt for CO adsorption, the Au atoms
surrounding Pt atoms in the AuPt alloy are believed to have
played an important role in either removing the intermediate
CO-like species and/or providing oxygenated species in the
methanol oxidation process (see Fig. 9B). This assessment is
consistent with the known facts that the nanoscale Au is highly
active for CO oxidation, and produces surface oxygenated
species in basic electrolytes. A further analysis by using HE-
XRD/PDF techniques48 has demonstrated: (i) the unchanged
Pt–Pt bond distances in nanoalloy for the adsorption of meth-
anol on Pt–Pt sites for dehydrogenation; (ii) the unchanged Au–
Au bond distances helps the adsorption or addition of hydroxyl
groups to the intermediate CO species, and (iii) the presence of
at 0.9 V vs. RHE in 0.1 M HClO4 for the Pt-binary including PtCo and
PtVFe with commercial pure Pt/C. Note that the compositions of the
r the comparison.

RSC Adv., 2014, 4, 42654–42669 | 42663
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Fig. 9 (A) Plots of mass activityas a function of composition in alkaline electrolytes48 (B) in terms of a surface adsorption and hydrogenation of
methanol (CH3–OH)ads on Pt sites, an intermediate reaction step of C^O transfer (marked with an arrow) from Pt to neighboring Au sites, and
the addition of hydroxyl (OH) and water (H2O) from the latter sites to the C^O species resulting in the formation of the final carbonate product
(CO3

¼)soln. (Reproduced from ref. 73 with permission. Copyright 2010, American Chemical Society).
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Pt–Au sites facilitates the transfer of intermediate species from
Pt and Au.

In terms of a relative Pt-specic mass activity for MOR in
akaline solution, a maximum activity is observed at Au
concentration of 60–80%. Note pure Au nanoparticles are not
active for this reaction, and there is no apparent indication of
size and shape effect,101 and not change in Au–Au and Pt–Pt
bond lengths.102–104 Due to the difference in their electronega-
tivity, mixing of Pt and Au atoms results in small but not
negligible Pt-to-Au net charge transfer.105–107 Such charge
transfer will occur throughout the alloy nanoparticles modi-
fying the electron density distribution of all atoms
involved.83,108–114 Note alloying throughout the nanoparticles is
important since studies show that not only the very top nano-
particle's layer but at least 3 atomic layers close to the nano-
particle's surface inuence the catalytic properties. With
nanoparticles a few nm in size about 30–50% of the total
numbers of atoms are in those layers. Due to the Pt-to-Au partial
charge transfer there will be an increase of the d-band vacancy
at the Pt sites that may facilitate the removal of intermediate
CO-like species from them toward the neighboring Au sites
greatly facilitating the formation of the carbonate (CO3

¼)
product of the oxidative dehydrogenation of methanol. This
synergistic effect (Fig. 9) involves adsorption and hydrogenation
of methanol (CH3OH) on Pt sites, an intermediate step of
transferring C^O from Pt sites to neighboring Au sites, and the
addition of hydroxyl and water from the latter to C^O resulting
in the formation of the nal carbonate CO3¼ reaction product.
The presence of Pt–Pt and Pt–Au pairs in the rst coordination
shell of Pt atoms, i.e. the complete alloying of Pt and Au, is
believed to play an important role in this mechanism. In
particular, the unchanged Pt–Pt bond distances in the alloy
particles ensures the adsorptive dehydrogenation of methanol
molecules that tend to line up with Pt–Pt bonds. On the other
hand, the unchanged Au–Au bond distances help the adsorp-
tion and addition of hydroxyl groups to the intermediate CO-
42664 | RSC Adv., 2014, 4, 42654–42669
like species. In addition, the increased d-band vacancy on the
Pt sites and respective electron enrichment on Au sites facili-
tates the transfer of those intermediate species from Pt sites to
the neighboring Au sites.

For ethanol based fuel cells, one of the key problems is the
need of highly effective catalysts, which is considered to be
much more challenging than the study of catalysts for direct
methanol fuel cells (DMFCs).115,116 This is largely due to the
difficulty in C–C bond cleavage for the complete oxidation of
ethanol to CO2. In addition to the extensively-studied platinum
catalysts, palladium-based systems have received an increased
interest. The mechanism of the ethanol oxidation reaction on
Pd in alkaline media is believed to involve the removal of the
adsorbed ethoxi by the adsorbed hydroxyl as the rate-
determining step.117,118 There is a much larger activation
energy required for the oxidation of ethanol than methanol
because the ability to reduce the activation energy for C–C bond
determines how easier the bond cleavage is over a catalyst.
Despite increasing demonstrations of the catalysts for ethanol
oxidation, the understanding of the catalyst design and struc-
tures for achieving C–C cleavage of ethanol in its electro-
oxidation remains elusive. Two examples demonstrating the
C–C bond cleavage include oxidation of ethanol to CO2 over Pt/
Rh/SnO2electrocatalysts in an acidic electrolyte,28 and in alka-
line solutions containing Pb(IV) acetate as a co-catalyst of Pt
electrode.29 These studies have provided some useful informa-
tion for the design of catalysts for achieving C–C bond cleavage.

The electrocatalytic activities for ethanol and methanol
oxidation over PdCu/C catalysts are also compared (Fig. 10).56

For MOR, the forward peak was at��0.19 V and backward peak
was located at ��0.37 V. The current intensity of forward peak
was four times larger than backward peak. For PdCu/C for EOR,
the forward peak was at ��0.21 V and backward peak was
located at��0.30 V. The current intensity of the backward peak
was about two times larger than forward one. It is evident that
the PdCu alloy catalyst showed a higher electrocatalytic activity
This journal is © The Royal Society of Chemistry 2014
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Fig. 10 Cyclic voltammetric curves for Pd/C (20%) and Pd21Cu79/C (40%), (on GC electrode, 0.196 cm2) in 0.5 M KOH with 0.5 M methanol (A:
Pd/C (a), Pd21Cu79/C (b)), and 0.5 M ethanol (B: Pd/C (a), Pd21Cu79/C (b)). Inserts: comparisons of mass activities. Scan rate: 20 mV s�1. Reference
electrode: Ag/AgCl with saturated KCl. (Reproduced from ref. 56 with permission. Copyright 2013, American Chemical Society).
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than Pd/C for EOR, but a slightly lower activity for MOR. This
nding is intriguing because the operation of the synergy as a
result of the surface enrichment of Pd on the alloy.

CO2 is detected as a product by analyzing the gas sample
from the sealed top compartment of an electrolysis cell with
PdCu/C catalyst supported on a high surface area vitreous
carbon electrode. Almost no aldehyde is detected, but trace of
CH3COOH is detected. Since CH3COOH is soluble in the acid-
treated electrolyte, the detected trace of CH3COOH in the gas
phase is a fraction of the total CH3COOH produced, suggesting
CH3COOH is part of the products. While quantitative aspects of
the electrolysis data and the GC data are yet to be further
delineated, the data did provide an indication for CO2 product
being released from the electrolysis, suggesting that the elec-
trocatalytic oxidation involves C–C cleavage over the PdCu
catalyst.
Nanoalloy catalysts in the air cathode of Li-air battery

In comparison with the long-standing problems in the devel-
opment of catalysts for fuel cells, the study of catalysts for
reactions involving electrochemical energy storage devices such
as rechargeable Li-air batteries is a relatively recent
advent.30,119,120 Rechargeable Li-air batteries have attracted a
great deal of interest because of their gravimetric theoretical
energy density (1800–2800 W h kgpositive

�1) is much higher than
regular Li-ion battery (600 W h kgpositive

�1).30 While non-
aqueous and rechargeable lithium-air batteries promise a 10-
fold increase of energy capacities in comparison with current
lithium ion batteries, major challenges for the practically-viable
rechargeable lithium-oxygen battery include however the
unacceptable high overpotentials for the discharge–charge
processes and the difficulty to achieve an optimal balance
between the discharge capacity and the capacity retention on
“discharge–charge” cycling at the cathode. In the air cathode of
a fuel cell system, e.g., PEMFC, the reaction product water is
released from the cathode materials or catalysts. However, on
This journal is © The Royal Society of Chemistry 2014
the cathode materials of a rechargeable lithium-air battery, the
reaction product, e.g., lithium peroxide remains on the cathode
materials. For the formation and re-oxidation of lithium
peroxide on the cathode materials, the reversible cell voltage is
2.96 V with respect to the redox potential of Li/Li+. To overcome
the large overpotentials in the discharge–charge reactions, i.e.,
the ORR on discharge and the oxygen evolution reaction (OER)
on charge, there is a need of a catalyst in the air cathode to
reversibly reduce oxygen and re-oxidize the oxide species back
to oxygen. At the cathode, the discharge reaction involves the
formation of lithium peroxide (or superoxide as intermediate
species) on the cathode materials. For reducing O2 to O2

� in a
nonaqueous environment, the work by Abraham et al.121 showed
that the cations strongly inuence the reduction mechanism.
The study by Zhang et al.122 demonstrated the importance of
hydrophobicity and polarity of nanoaqueous electrolytes on the
performance of Li-air batteries. Among the reported cathode
materials,123–126 manganese oxides are perhaps the most exten-
sively studied and work the best in a lithium–oxygen battery in
terms of energy capacity. For example, a Li–O2 battery with a-
MnO2 nanowires at the cathode showed a charge storage
capacity of 3000 mA h gcarbon

�1 (or 505 mA h g�1 if normalized
by the total electrode mass).127 Of a number of other metal oxide
catalysts studied,128 a high initial capacity was observed with
Fe2O3, Fe3O4, CuO and CoFe2O4.124,125 Au/C and Pt/C catalysts
were shown to reduce the overpotentials of ORR or OER in a Li–
O2 battery, and a PtAu/C catalyst was shown to exhibit bifunc-
tional catalytic activity in which the surface Au and Pt atoms
responsible for ORR and OER kinetics, respectively.127,128 A
signicant reduction of the charging voltage in a Li–O2 cell was
demonstrated using the AuPt/C catalyst for the oxygen cathode
under the condition of a low discharging–charging current
density (0.04 mA cmelectrode

�2).127 In general, the understanding
of the catalytic mechanisms of various catalysts in Li-oxygen
batteries is complicated by electrolyte decomposition.129,130

Many common solvents were shown to not be stable on cycling
RSC Adv., 2014, 4, 42654–42669 | 42665
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in rechargeable Li–O2batteries, which indicates an additional
challenge in terms of identifying solvents resistant to attack by
the reduced O2 species. Recent exploration of the nanoalloy
phase and composition of AuPt and other catalysts131 has
provided some useful insights into the control of structures of
catalysts in rechargeable Li-air batteries.

To address the issue of the design of bifunctional catalysts in
terms of nanoscale phase structures, AumPt100-m nanoparticles
were studied as a model system,131 focusing on the effect of
composition and phase characteristics of the AuPt catalysts on
the overpotentials for both ORR and OER and the discharge–
charge capacity. The phase-controllable catalysts were synthe-
sized, and used as the cathode catalysts in a Li–O2 cell for the
measurement of the discharge–charge voltage difference and
the discharge capacity. For the air cathode of a rechargeable Li-
air battery which involves both ORR and OER, this feature is
partially similar to the ORR at the cathode of a fuel cell, but the
complication of the deposition of LiO2 in ORR on the catalyst
and the reoxidation of LiO2 in OER poses a new challenge for
the design of an effective catalyst. While different binary and
ternary catalysts are being investigated, the recent insight
obtained from the study of AuPt catalysts as air cathode catalyst
serves as an excellent example to illustrate the catalytic prop-
erties. This study stems partly from our recent demonstration of
bifunctional catalytic activity of catalysts of different composi-
tions for ORR and MOR in fuel cell reactions in correlation with
size, composition, alloying and phase segregation, focusing on
the nanostructural effect on the catalytic characteristics.

The catalysts with fully-alloyed phases exhibits a smaller
discharge–charge voltage difference and a higher discharge
capacity than those with a partial phase segregation, demon-
strating the importance of the control of the composition and
phase properties of the gold-based alloy catalysts. The Au49Pt51/
C catalyst in a solvent of 1 : 1 mixed ethylene carbonate and
dimethyl carbonate under a current density of 0.12 mA cm�2

exhibits a discharge capacity of 1329 mA h g�1 carbon. With
another solvent that is free of the carbonate structure, i.e., tet-
raethylene glycol dimethyl ether, the rst discharge–charge
cycle measured under 0.12 mA cm�2 shows a capacity of 1622 m
A h gcarbon

�1. The second cycle measured under 0.06 mA cm�2

exhibits slightly lower capacity (1410 m A h gcarbon
�1), but there

is a signicant improvement in overpotential. A comparison of
the redox characteristics between the catalysts of different
bimetallic compositions suggests that AuPt catalyst enables the
redox reaction to remain largely at the stage of superoxides
between ORR and OER reactions in the organic electrolyte. The
catalysts with fully-alloyed phases exhibits a smaller discharge–
charge voltage difference and a higher discharge capacity than
those with a partial phase segregation. The catalyst phase
characteristics of the catalysts inuence the overpotentials for
both ORR and OER, demonstrating the viability of designing
phase-controllable catalysts for manipulating the discharge–
charge voltage difference and the discharge capacity of the
Li–O2 cell.131

Built upon the understanding of the nanoalloy's phase
characteristics and recent understanding of electrolyte effects
on the battery performance,30,120,132 two important fronts of our
42666 | RSC Adv., 2014, 4, 42654–42669
investigations include: the study of nanoalloy catalysts of
selected binary and ternary compositions, and the study of
electrolytes of different structures and properties. Studies of
various catalysts or composite materials and different electro-
lytes have indicated that there is a clear need to seek not only a
better electrolyte but also to design a better catalyst that can
suppress the decomposition of the electrolyte. There is also
clear need to assess the cycle life of the catalyst in the battery
cell, as the discharge capacities have been found to decrease
signicantly upon multiple cycles. In addition to the problem
associated with dendrite growth at the anode side, which is a
concern for the long-term operation of rechargeable batteries
using a Li metal anode, solvent decomposition is also a serious
problem for the low cycle life.

4. Summary and perspectives

In summary, enhanced electrocatalytic activities for several
reduction and oxidation reactions in fuel cells or Li-air batteries
have been demonstrated by a combination of alloying platinum
or palladium with other transition metals and nanoengineering
the catalyst structures. It is the unique nanoscale phenomena in
terms of atomic-scale alloying, interatomic distances, metal
coordination structures, structural/chemical ordering, and
phase states that operate synergistically in activating oxygen
and maneuvering surface oxygenated species, providing
important information for the design of catalysts with high
activity at signicantly-reduced use of noble metals. In addition
to studies aimed at further lowering the noble metal content in
the nanoalloy catalysts, future work is needed in the area of
theoretical computation and modelling to understand how the
structural-catalytic synergy are inuenced by the binary or
ternary metal composition. This understanding will also guide
the development of the ability to control the stability of metal
components in the nanoalloy catalysts under the electro-
catalytic operation conditions. To aid this controllability, in situ
experiments are needed to probe the structural evolution
processes such as de-alloying process in the electrolyteand
atomic-scale rearrangements leading to changes in size, shape,
or surface energy. With the recent advents in applying
synchrotron X-ray based techniques in various catalyst systems,
in-depth understanding of nanoalloy design parameters for
achieving high activity and high stability will further advance
the endeavour of electrochemical energy conversion and
storage.
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