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Abstract
One of the most important challenges for the ultimate commercialization of fuel cells is the
preparation of active, robust, and low-cost catalysts. This review highlights some findings of
our investigations in the last few years in developing advanced approaches to nanostructured
catalysts that address this challenge. Emphasis is placed on nanoengineering-based fabrication,
processing, and characterization of multimetallic nanoparticles with controllable size
(1–10 nm), shape, composition (e.g. MlnM2100−n, M1nM2mM3100−n−m , M1@M2, where
M (1 or 2) = Pt, Co, Ni, V, Fe, Cu, Pd, W, Ag, Au etc) and morphology (e.g. alloy, core@shell
etc). In addition to an overview of the fundamental issues and the recent progress in fuel cell
catalysts, results from evaluations of the electrocatalytic performance of nanoengineered
catalysts in fuel cell reactions are discussed. This approach differs from other traditional
approaches to the preparation of supported catalysts in the ability to control the particle size,
composition, phase, and surface properties. An understanding of how the nanoscale properties
of the multimetallic nanoparticles differ from their bulk-scale counterparts, and how the
interaction between the nanoparticles and the support materials relates to the size sintering or
evolution in the thermal activation process, is also discussed. The fact that the bimetallic
gold–platinum nanoparticle system displays a single-phase character different from the
miscibility gap known for its bulk-scale counterpart serves as an important indication of the
nanoscale manipulation of the structural properties, which is useful for refining the design and
preparation of the bimetallic catalysts. The insight gained from probing how
nanoparticle–nanoparticle and nanoparticle–substrate interactions relate to the size evolution in
the activation process of nanoparticles on planar substrates serves as an important guiding
principle in the control of nanoparticle sintering on different support materials. The fact that
some of the trimetallic nanoparticle catalysts (e.g. PtVFe or PtNiFe) exhibit electrocatalytic
activities in fuel cell reactions which are four–five times higher than in pure Pt catalysts
constitutes the basis for further exploration of a variety of multimetallic combinations. The
fundamental insights into the control of nanoscale alloy, composition, and core–shell structures
have important implications in identifying nanostructured fuel cell catalysts with an optimized
balance of catalytic activity and stability.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The reality that fossil fuels are running out and the fact that
pollution from using fossil fuels has become an important

1 Author to whom any correspondence should be addressed.

issue of environmental concern to human health constitute
two of the major driving forces for the increasing interest
in the development of fuel cells [1]. The auto industry is
perhaps the biggest market behind the massive investment in
fuel cell development. This is understandable because the
price of oil is extremely volatile and has been increasing in
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Figure 1. (A) A dissected illustration of the catalysts and the reactions in a fuel cell, e.g. PEMFC or DMFC. (B) A schematic illustration of
the different regions of the I–V curves for fuel cell (FC) reactions obtained from measurements of a rotating disk electrode (RDE) in an
electrochemical cell and membrane electrode assembly (MEA) in a fuel cell.

the past few years which is likely to continue. Moreover, the
harmful emissions of CO2, CO, SO2, NOx , and volatile organic
compounds into the atmosphere cause serious environmental
damage, increase respiratory problems in humans, and produce
‘greenhouse gases’ that contribute to global warming. Because
fuel cells extract energy from fuel (40–70% efficiency) more
effectively than traditional internal combustion engines (∼30%
efficiency), this aspect, along with the hydrogen’s high
efficiency (from 40–70%), could lead to the possibility of
better utilization of both heat and electricity in fuel cells and
thus make a significant contribution to reducing atmospheric
emissions. For example, a fuel cell operating at 60%
efficiency would emit 35–60% less CO2 at the fossil fuel
stage and 80% less from hydrogen. This estimate is only
based on an efficiency comparison, which does not rule
out the consideration of the CO2 emission from hydrogen
generation. In comparison with rechargeable batteries in which
the recharge is generally very slow and a fast recharge can
damage the performance of the battery, a fuel cell never ‘runs
down’ as long as fuel is present and the recharge of a fuel cell
is very fast which does not compromise the performance of
the fuel cell. Fuel cells such as proton exchange membrane
fuel cells (PEMFCs) and direct methanol fuel cells (DMFCs)
become attractive because of high conversion efficiency, low
pollution, low weight, high power density, and a wide range
of applications from power sources in automobiles and space
shuttles to power supplies for electronic devices such as PCs,
notebooks, and cellular phones.

Unlike batteries, fuel cells have a constant flow of fresh
chemicals into the cell and thus potentially have an unlimited
life. A hydrogen PEMFC converts flows of hydrogen and
oxygen through a membrane electrode assembly (MEA) into
water and produces electricity (figure 1(A)). At the anode,
hydrogen is forced through a catalyst where it is ionized. At
the cathode, oxygen reacts with the products from the anode
(the protons and electrons) to produce water. The net reaction
produces electricity and heat, with water as the only product.

The electrochemical reactions occur at the surface of
the catalyst at the interface between the electrolyte and the
membrane. Hydrogen fed on the anode side of the membrane
splits into protons and electrons. Protons travel through the

membrane, while the electrons travel through the outside
circuit where they perform useful work and return to the
cathode side of the membrane. At the catalyst sites of the
cathode, oxygen is reduced, which combines with the protons
forming water. The net result of these simultaneous reactions
is a current of electrons through an external circuit—direct
electrical current. At a constant pressure of 1 atmosphere, the
maximum available voltage from a fuel cell is determined by
the energy differences between the initial state of reactants in
the process and the final state, i.e. the Gibbs free energy change
(�G) in the fuel cell process, which can be calculated from
the reaction temperature (T ), and from changes in the reaction
enthalpy (�H ) and entropy (�S). Under standard conditions,
the Gibbs free energy change is given as

�G0 = �H 0 − T�S0.

The maximum cell voltage (E0), or the theoretical potential
of the fuel cell, for the hydrogen/air fuel cell reaction at
a specific temperature and pressure is calculated by E =
−�G/nF , where n is the number of electrons involved in the
above reaction, and F is the Faraday constant. Since �G0

(−237 340 J mol−1), n, and F are all known, the theoretical
hydrogen/oxygen fuel cell voltage can be calculated. Under
standard conditions (1 atmosphere pressure and 298 K), the
maximum fuel cell voltage is given as

E0 = −�G0

nF
= 1.23(V). (1)

The theoretical hydrogen/oxygen fuel cell potential is
1.23 V. As temperature rises from room temperature to that
of an operating fuel cell (80 ◦C), the values of �H and
�S change only slightly, and the decrease of the absolute
value of �G is mainly due to the change in temperature,
yielding a cell voltage decrease from 1.23 V at 25 ◦C to
1.18 V at 80 ◦C. The fuel cell voltage is in general
the summation of the thermodynamic potential ENernst, the
activation overvoltage ηact (from both anode and cathode
overvoltages, i.e., ηact(cathode) − ηact(anode)), and the ohmic
overvoltage ηohmic, which can be expressed as

ECell = ENernst + ηact − ηohmic. (2)
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The thermodynamic potential is governed by the Nernst
equation in terms of the �E0 (1.23 V) and the operating
concentrations (P(H2) and P(O2)),

ENernst = 1.229 − (8.5 × 10−4)(T − 298.15)

+ (4.308 × 10−5)T [ln(PH2) + 0.5 ln(PO2)]. (3)

The activation overvoltage is dependent on the electrode
kinetics in terms of current flow and concentration change,
which are dependent on overvoltages associated with catalyst
activity (ηact(catalyst)) and concentration polarization (ηact(conc.)).
The overvoltage ηact(catalyst) is mainly due to the sluggish
activity of the oxygen reduction reaction (ORR), whereas
ηact(conc.) reflects a combination of reactant and product fluxes
through the MEA. The ohmic overvoltage (ηohmic) is due to
a combination of resistances from the electron flow, proton
flow, electrical contact, and membrane, the latter of which
is proportional to the membrane thickness and inversely
proportional to the membrane conductivity [2]. For PEMFC,
the anode overvoltage is very small when pure hydrogen is
used. The major problem is the efficiency losses on the
cathode electrode due to sluggish electrode kinetics for the
ORR. The above parameters can be assessed from I –V curves
of the fuel cell reactions (figure 1(B)). The I –V curves can
be obtained from a rotating disk electrode (RDE) and fuel
cell MEA measurements. Characteristics from both RDE
and MEA measurements are comparable in the kinetic region,
but each measurement provides important information on the
catalyst performance from different perspectives in terms of
activity, stability, and other fuel cell parameters. In the kinetic
region, the I –V curves largely overlap between RDE and MEA
data because the ORR reactivity is largely determined by the
activity of the catalyst. Beyond this region, factors such as
diffusion and cell resistance are also playing important roles in
the overall performance.

Methanol is another highly attractive fuel in DMFCs as
it has a theoretical cell voltage of 1.2 V, and a theoretical
energy density of 6094 W h kg−1 (∼5x that of the best battery
couples). The thermodynamic potential of a methanol–air
fuel cell is also close to that of the hydrogen–air fuel cell
(1.23 V). However, its practical energy density is only 1500–
3100 W h kg−1 while its operating cell voltage is 0.4 V.
Currently, the operation voltages for anode and cathode at
60 ◦C are 0.3 and 0.7 V, respectively [3]. For a methanol fuel
cell, while there is a loss in the cathode side due to methanol
crossover from the anode side, the main losses are in the anodic
electrode kinetics because the methanol oxidation reaction is
very slow.

Among many basic components in a fuel cell, including
the gas diffusion electrode, polymer membrane, and catalysts,
the catalyst is one of the key components. According to
the cost breakdown of fuel cell components [4], the cost of
catalysts in manufacturing fuel cells is the highest (∼30%)
for small production volume, and remains very high with
increasing production volume. Currently, low activity, poor
durability, and high cost of the platinum-based anode and
cathode catalysts in PEMFCs and DMFCs constitute some of
the major barriers to commercialization of fuel cells. The
slow electrode kinetics at the cathode for the oxygen reduction

reaction in PEMFCs, and at the anode for the methanol
oxidation reaction in DMFCs, constitutes a major problem
area. The large overpotential for oxygen reduction at the
cathode represents a loss of about 20% from the theoretical
maximum efficiency for the hydrogen/air fuel cells. Due to the
high degree of irreversibility of the oxygen reduction reaction,
even under open-circuit conditions, the overpotential at the
oxygen electrode in PEMFCs is about 0.2 V. The situation is
even worse with the DMFCs. The thermodynamic potential for
a DMFC is 1.21 V, which is only 20 mV less than that for the
PEMFC. Both the methanol oxidation and oxygen reduction
reactions are highly irreversible and thus there is a loss of about
0.2 V at the anode for a 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 [5].

One of the most important challenges for the ultimate fuel
cell commercialization is the preparation of active, robust and
low-cost electrocatalysts. The poor activity of the catalysts at
the cathode for PEMFCs or at the anode for DMFCs [6–9]
leads to a loss of about one-third of the available energy. The
propensity of poisoning of Pt by CO species (including trace
level CO in reformed hydrogen from methanol, natural gas,
or gasoline [10, 11]) is another problem for the extensively
studied Pt catalysts. The binary PtRu on carbon support has
been studied for decades because of the bifunctional catalytic
capability [11–13]. 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 the O=O bonds to form water strongly depends on the
degree of its interaction with the adsorption sites of the catalyst,
and the competition with other species in the electrolyte
(e.g. CH3OH). Metalloporphyrins [3, 14] and PGM alloys [15]
have been used to design catalysts for 4e− reduction of O2 to
water. Many studies focused on understanding the mechanism
of oxygen reduction on Pt–Fe, Pt–Ni, and Pt–Co [9], including
CO- or methanol-tolerant catalysts [8]. Nanoparticles such
as PtBi, PtIn, and PtPb intermetallic phases prepared from
bulk melts or by reduction of metal-organic precursors [16]
and Ru nanoparticles modified with Pt [17] showed promises
for applications in electrocatalytic oxidation of methanol or
formic acid. The application of high throughput, combinatorial
screening methods to screen a large number of catalysts using
an optical fluorescence technique to detect proton production
on an array of catalyst inks with different compositions
has been successfully demonstrated [18, 19]. Individually
addressable array electrodes have been also investigated for
rapid screening [20–22]. Recently, simple thermodynamic
principles have been proposed as guidelines that assume that
one metal breaks the oxygen–oxygen bond of O2 and the
other metal acts to reduce the resulting adsorbed atomic
oxygen [23]. The high throughput combinatorial screening
of catalysts is very useful for rapid screening, including in
our latest work [24]. Because the preparation of fuel cell
catalysts has been mostly based on traditional methods such
as co-precipitation or impregnation [25–27], little is known
about how to optimize size, composition, and morphology of
multimetallic catalysts. The knowledge is important since the
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nanoscale synergistic effects are expected to be different from
their macroscopic counterparts, as supported by examples from
studies of bimetallic nanoparticles [28–30].

The ability to harness the large surface area-to-volume
ratios and the unique binding sites of nanoparticles constitutes
a major driving force in exploring nanotechnology in catalysis.
It is the nanoscale size range over which metal particles
undergo a transition from atomic to metallic properties
that leads to new electronic and catalytic properties. To
achieve durable and active catalysts with a low cost,
new concepts and strategies must be developed for the
creation of size-, composition-, and morphology-controlled
multimetallic nanoparticles and catalysts. In contrast to
most existing catalyst preparations based on traditional co-
precipitation or impregnation methods, the foundation of the
nanoengineering of multimetallic alloy catalysts [31–37] has
many important attributes in creating a synergistic balance of
activity and stability of the catalysts. Nanoscale phenomena
differ from bulk counterparts in many significant ways,
including the atomic–metallic transition, possible phase-
reconstitution, different melting points due to size or alloying
effects, and synergistic effects due to modified electronic
band structure. The recent studies of nanogold catalysts
serve as a best example to illustrate the unique properties
displayed by nanoparticles. Despite intensive research into
the catalytic activity of gold in a restricted nanoscale size
range [38], the catalytic origin of nanosized gold and gold-
based bimetallic catalysts remains elusive. Gold–platinum
nanoparticles of 2–5 nm diameter present an intriguing system
for delineating the correlation in view of recent ability in
synthesizing AuPt nanoparticles in a wide range of bimetallic
composition [30, 39]. Whether the AuPt nanocrystal core is
alloyed or phase-segregated is an important question for the
exploitation of catalytic activity of the nanoscale bimetallic
catalysts. The single-phase alloy properties were revealed in
our x-ray diffraction (XRD) studies [30, 39] for the nanocrystal
core, which is in contrast to the miscibility gap known for
the bulk counterparts [40]. A synergistic catalytic effect is
expected to involve the suppression of adsorbed poisonous
species and a change in electronic band structure to modify
the strength of the surface adsorption [41]. An understanding
of how the bimetallic nanocrystal and surface alloy properties
are related to the surface binding and catalytic activities is
very important. The recent report [42] on the stabilization
of platinum oxygen reduction electrocatalysts using gold
clusters demonstrated that Pt catalysts can be stabilized against
dissolution by modifying Pt nanoparticles with Au clusters.
In view of the strong adsorption of OH forming Pt–OH
which causes inhibition of the O2 reduction, there are several
important aspects of the recent progress in understanding
the synergistic properties of PtM catalysts in ORR in terms
of the role of M (metal) in the adsorption of oxygenated
species (e.g. O, OH) [17a, 42, 43]. Indeed, the exploitation
of the nanoscale catalytic properties of gold [44–47] and
the hydrogenation activity of platinum in bimetallic AuPt
nanoparticles has recently received increased interest [48–51].

In the area of ORR by Pt and Pt-based bimetallic
catalysts, significant insights have been gained in recent

years [24, 48–66], including ORR in acidic [52], and alkaline
electrolytes [53, 54]. Ultrafine subnanometer Pt clusters
synthesized using a phenylazomethine dendrimer template
have recently been shown to exhibit high catalytic activity for
ORR [55]. The fundamental relationship in electrocatalytic
trends on Pt3M (M = Ni, Co, Fe, Ti, V) surfaces between
the experimentally determined surface electronic structure (the
d-band center) and the ORR activity reveals a ‘volcano-
type’ behavior in which the maximum catalytic activity is
governed by a balance between adsorption energies of reactive
intermediates and surface coverage by spectator (blocking)
species [56]. Studies involving model Pt and Pt-bimetallic
electrocatalysts also focused on the relation between the
energetics of adsorption of intermediates and the reaction
kinetics, and surface structure and/or composition [57]. Non-
covalent interactions between hydrated alkali metal cations
M + (H2O)x and adsorbed OH (OHad) species have recently
been found to play an important role in ORR, methanol
oxidation reaction (MOR), and hydrogen oxidation reaction
(HOR) on platinum surfaces in alkaline electrolytes [58].
In the latest density functional theory (DFT) study of ORR
electrocatalysts, Pd or Pt alloyed with early transition metals
such as Sc or Y were identified as the most stable Pt- and
Pd-based binary alloys, which is supported by electrochemical
measurements of the activity of polycrystalline Pt3Sc and Pt3Y
electrodes showing an enhanced factor of 1.5–1.8 and 6–10,
respectively, in comparison with Pt [59]. The near surface
chemical compositions of nanoparticle catalysts were recently
shown to influence the ORR activity of ‘Pt3Co’ nanoparticles
in a significant way [60]. The enhanced activity of acid-
treated ‘Pt3Co’ nanoparticles is attributed to the formation
of percolated Pt-rich and Pt-poor regions within individual
nanoparticles. High-temperature annealing of acid-treated
‘Pt3Co’ is shown to promote ordering of Pt and Co and
induces Pt segregation on the (100) surface in the first
two to three layers of ordered ‘Pt3Co’ nanoparticles. To
gain insight into the effects of alloy phase properties, skin
metals, lattice parameters, and thermal treatments on the
electrocatalytic activity and stability, a recent study of activity–
stability relationships of ordered and disordered alloy phases
of Pt3Co electrocatalysts for ORR [61] revealed multiple
phases at different temperatures. At 600 ◦C these phases
include a disordered fcc Pt95Co5 phase and an ordered ‘fct’
(L10) Pt50Co50 phase. At 950 ◦C, a single ordered primitive
cubic (L12) Pt3Co phase is obtained. The ordered alloy
phases were not stable due to corrosion and dissolution or
phase transformation into a disordered structure. The ordered
primitive cubic structure exhibited high resistance to sintering.
Pt-rich alloy (‘fcc1’) phase and ordered ‘fct’ phase were found
to diminish the activity gains. In contrast to the catalyst (60–
80 at.% Co) with disordered Pt–Co alloy phases, the Co-rich
disordered ‘fcc2’ phase, which exhibits the largest activity
increase, the Pt-rich alloy (‘fcc1’) phase, and the ordered ‘fct’
phase were found to diminish the activity gains [62]. PtCo3/C
catalysts treated between 350 and 1000 ◦C under reductive
conditions were shown to exhibit partial oxidative leaching
of Co, yielding a two-fold increase in mass activity [63].
The particle size remains almost constant until 600 ◦C, after
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which a noticeable particle growth and a broadening of size
distribution were observed as a result of the formation of
different Pt, Pt–Co, and Co phases, in which the fct- and
fcc-PtCo phases exhibit the highest catalytic activities. The
activity and stability are closely linked to effects of electronic
and geometric parameters such as Pt–Pt distance, metal
particle size, and surface structure changes of Pt/C and PtM/C
catalysts [64]. For Pt–M/C catalysts, the catalytic activity
and stability were classified into four categories according to
the chemical nature of M: (1) highly corrosive and highly
active (M = Fe, Co, V, and Mn); (2) corrosive and highly
active (M = Zn, Cu, Mo, and Ni); (3) stable, but less active
(M = Zr, Cr, and Ta); and (4) stable and active (M = W
and Ti) [24]. A high throughput combinatorial study [65] of
the activity–stability–composition relationships between Pt–M
alloys and a Pt standard further showed that PtCo, PtNi, PtZn,
and PtCu displayed the highest catalytic activities, but suffered
from poor chemical stability in acid electrolytes. PtW, PtTi,
and PtSe offered modest catalytic activity improvements and
good chemical stabilities. In a number of other studies, the
ORR specific activity of Pt and Pt–M catalysts is shown to
increase linearly with the decrease of Pt–Pt nearest neighboring
distance [66]. The formation of a better Pt–M alloy by heat
treatment at >700 ◦C is shown to decrease the Pt–Pt distance
and affects the d-band vacancy of Pt, thus improving the Pt
electroactivity. However, the increase in catalyst particle size
decreases the active area and thus the catalyst mass activity.
The hybridization of the 5d state with empty states above the
Fermi level can increase the d-band vacancy of Pt, but the
particle size increase diminishes this effect.

While these fundamental insights constitute important
guiding principles for the design of Pt and Pt-based
bimetallic electrocatalysts, a key challenge to the ultimate
commercialization of fuel cells is the development of
catalysts which satisfy the three criteria: high activity,
high stability, and low cost [1, 18, 67]. This review
discusses the recent progress in the development of fuel
cell catalysts by focusing on nanoscale design, fabrication,
and characterization. Specific examples are from our
recent findings in the studies of multimetallic nanoparticles
(MlnM2100−n, or M1nM2mM3100−n−m , M1@M2, where
M (1 or 2) = Pt, Co, Ni, V, Fe, Cu, Pd, W, Ag, Au
etc) with organic monolayer encapsulation for the preparation
of fuel cell catalysts [28, 31, 32, 34–36, 68]. In addition
to an overview of the general background and fundamental
issues in fuel cell catalysis, approaches to molecularly
mediated synthesis, processing, and activation of multimetallic
nanoparticles and their electrocatalytic performance in fuel cell
reactions will be discussed. An understanding of how the
interaction between the nanocrystals and the substrate relates
to the size sintering or evolution in the activation process on
planar substrates will be discussed. The characterization of
selected examples of bimetallic and trimetallic nanoparticle
catalysts will also be highlighted for gaining fundamental
insights into the control of nanoscale alloys, and the
composition and core–shell structures of these nanostructured
catalysts.

2. Nanoengineered bimetallic/trimetallic catalysts

Traditional approaches to preparing supported nanoparticle
catalysts involve co-precipitation, deposition-precipitation,
ion-exchange, impregnation, successive reduction, calcination,
etc, which have been widely used for preparing noble metal
catalysts [69]. While a variety of supported Pt-group
binary or ternary catalysts have been prepared by traditional
methods [15, 69–75], the ability to control the size and
composition is limited due to the propensity of metals to
aggregate at the nanoscale. Aggregation of nanoparticles
leads to eventual loss of the nanoscale catalytic activity
in practical applications. The preparation of nanoparticles
capped in monolayers, polymers, or dendrimers is rapidly
emerging, demonstrating remarkable parallels to catalytic
activities for supported nanoparticles [76–80]. Among many
emerging approaches to the preparation of nanoparticles or
nanostructures, one particular class of nanoparticles with
core–shell type structures is beginning to attract interest
for addressing some of the challenges in nanoscale catalyst
preparation [81, 82]. The core–shell type nanomaterials
can be broadly defined as the core and shell of different
materials in close interaction, including inorganic/organic and
inorganic/inorganic combinations [76, 81–84]. There has been
an increasing number of studies in recent years aimed at
synthesizing metal nanoparticles in the presence of organic
capping agents [76, 82b, 84, 85, 86, 87, 88].

In contrast to traditional approaches to the preparation
of supported catalysts, the molecular encapsulation based
synthesis and processing strategy involves a sequence of
three steps for the preparation of multimetallic catalysts:
(1) chemical synthesis of the metal nanocrystal cores with
molecular encapsulation, (2) assembly of the encapsulated
nanoparticles on support materials (e.g. carbon powders or
carbon nanotubes), and (3) thermal treatment of the supported
nanoparticles [32, 89]. Figure 2 depicts the general concept and
some examples. Examples described in this review will include
gold (Au), gold–platinum (AuPt), platinum–vanadium–iron
(PtVFe), and platinum–nickel–iron (PtNiFe) nanoparticles.

Using a modified two-phase method [28, 30, 31, 90],
Au or AuPt alloy nanoparticles of 2 nm core size and
different compositions encapsulated with organic shells were
synthesized by controlling the feed ratios of the two metal
precursors (e.g. AuCl−4 and PtCl2−

6 ) [31]. Bimetallic
nanoparticles in which the nanocrystal core consists of one
metal core and another metal shell (core@shell) such as
Au@Pt and Pt@Au were also synthesized by the seeded
growth method [68]. Such nanoparticles were assembled onto
carbon black materials, and the carbon-supported nanoparticles
were then subjected to thermal treatment under controlled
atmosphere which involves the removal of organic shells and
calcination of the alloy nanoparticles. The as-synthesized
AumPt100−m nanoparticles with different compositions are
capped with thiol/amine monolayer shells. Varying the feeding
ratio of the metal precursors used in the synthesis controls the
bimetallic composition and sizes of the nanoparticles.

PtVFe nanoparticles capped with oleylamine/oleic acid
monolayers were synthesized in thermal decomposition and
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Figure 2. (A) A general scheme showing molecularly engineered synthesis of trimetallic (PtVFe) nanoparticles capped with a monolayer
shell of oleic acid/oleylamine, and the preparation of multimetallic nanoparticles (NPs) supported on carbon powders or carbon nanotubes by
assembly and activation. (B)–(C) Two sets of TEM images showing Pt19V26Fe55 (B) and Au nanoparticles (C) in three stages (from left to
right): as-synthesized, assembled on carbon black or carbon nanotubes, and activated (450 ◦C for B, and 300 ◦C for C).

reduction reactions by controlled molar ratios of three metal
precursors, PtII(acac)2, VIVO(acac)2, and Fe0(CO)5 [91].
This method was also applied to the synthesis of PtNiFe
nanoparticles. The basic morphology of the observed
nanoparticles is largely characterized by the highly faceted
nanocrystal feature, which is observable by a close
examination of the shapes of the individual nanocrystals.
The particles are highly monodispersed, with an average size
of 1.9 ± 0.3 nm. The fact that the nanoparticles have
well-defined interparticle spacing and display domains of
hexagonal ordering is indicative of the encapsulation of the
nanocrystal cores by organic monolayers. While the sizes
of the ternary nanoparticles varied slightly depending on the
actual composition, the data demonstrated the monodispersity
of the size. Nanoparticles with average diameters ranging from

1.4 to 3.2 nm have been obtained, with size monodispersity in
most cases ranging from ±0.2 to ±0.6 nm.

Molecularly mediated assembly (and/or dispersion) of
the capped metal or alloy nanoparticles on planar [92, 93]
and carbon nanomaterials (carbon black, e.g. Vulcan
XC-72R) [28, 92b] and nanotubes (CNT, 20–60 nm
diameters) [89] exploit the interparticle and particle–support
interactions such as van der Waals, hydrogen and covalent
bonding. Examples of the mediator/linker molecules include
1,9-nonanedithiol (NDT) and 11-mercaptoundecanoic acid
(MUA). The assembled particles are highly dispersed and
the sizes remain unchanged. The loading of nanoparticles
on carbon can be controlled effectively by manipulating
the carbon-to-particle ratio and the solvent properties. The
metal loading can be determined by thermogravimetric
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Figure 3. Electrocatalytic activities for ORR based on RDE measurements. (A) RDE curves for Pt32V14Fe54/C (31% metal loading) and
Pt31Ni34Fe35/C (30% metal loading) in comparison with standard Pt/C (36% metal loading) catalysts on a glassy carbon electrode (catalyst
loading 15 μg, 0.196 cm2 geometric area) in 0.5 M H2SO4. (5 mV s−1, 2000 rpm). (B) RDE curve for alloy Au23Pt77/C (15%Pt) in 0.5 M
H2SO4. (10 mV s−1, 1600 rpm). (Insets in (A) and (B): cyclic voltammetric curves for determining electrochemical active areas (ECA).)
(C) Comparison of mass activities and specific activities for carbon-supported monometallic, bimetallic, and trimetallic catalysts
(E = 0.858 V versus RHE).

analysis (TGA) and direct current plasma-atomic emission
spectroscopy (DCP-AES) techniques. The use of CNTs as
support materials is expected to provide both large surface area
and increased accessibility due to the high rigidity. CNTs have
in recent years stimulated extensive research on the properties
of nanometer-scale networks and catalysis [94] for hydrogen
storage materials and in fuel cells. Filling metal nanoparticles
inside carbon nanotubes is elegantly demonstrated for
electrocatalytic methanol oxidation and oxygen reduction [95].
The carbon-supported nanoparticle catalysts can be activated
by thermal treatment in a tube-furnace under controlled
temperatures and atmosphere including oxidative (in air),
reductive (in H2), and inert (N2) conditions. The activation and
calcination involves: (1) removal of the surface capping agents,
and (2) possible reconstitution of the nanocrystal composition
or change in morphology. The key is to control the size and
composition. The calcination treatment is well documented for
catalyst preparations, including surfactant-capped Pt/Ru [82b],
PtFe [87], core–shell Pt/Ru [96], and metal-carboxylate
linked Au [97] nanoparticles. The surface mobility and
adhesion of metals on the support materials depends on
surface composition and surface interactions, as demonstrated
for strong adhesion support materials (e.g. TiO2) [98, 99].
Examples to show electrocatalytic activities of the activated
catalysts for ORR involved both RDE and FC performance
measurements.

Combinatorial studies of a series of Pt-based bimetallic
alloy thin film catalysts have revealed significant increase

of activities for the oxygen reduction reaction with certain
bimetallic catalysts (e.g. PtFe, PtNi, and PtV thin films) [24].
The introduction of a third metal to the alloy is expected to
produce a combination of effects such as the reduction of
the Pt–Pt lattice distance, the addition of surface sites for the
formation of metal–oxygen bonds and adsorption of OH−, and
the modification of the d-band center. Among the various
carbon-supported trimetallic nanoparticle catalysts, PtVFe/C
and PtNiFe/C alloy nanoparticle catalysts were shown to be
highly active for ORR [32]. Figures 3(A) and (B) show
a representative set of RDE polarization curves for ORR at
Pt32V14Fe54/C and Pt31Ni34Fe35/C catalysts, and for an alloy
Au23Pt77/C catalyst.

The current extracted from the kinetic region in the
RDE curve, together with the Pt loading in the catalysts,
provides a measure of the mass activity (MA (A/mgPt)). The
voltammetric currents in the hydrogen adsorption/desorption
region (0–0.4 V) are characteristic of Pt on the nanocrystal
surfaces accessible to oxygen in the electrolyte (see insets in
figures 3(A) and (B)). The integration of the current flow in
this region provides a measure of the electrochemical active
area (ECA), from which Pt-specific activity (SA (mA cm−2))
can be determined. In figure 3(C), the mass activities and
specific activities are compared for several carbon-supported
monometallic, bimetallic, and trimetallic catalysts. The
PtVFe/C and PtNiFe/C catalysts were shown to exhibit a three–
five fold increase in mass activity and a seven–eight fold
increase in specific activity in comparison with commercially
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Figure 4. Polarization (closed symbols) and power density (open
symbols) curves of MEAs with Pt42V19Fe39/C (squares), or Pt/C
(circles), as cathode catalysts in a PEMFC at 75 ◦C [101].
Pt42V19Fe39/C catalyst (21% metal loading, 0.4 mgPt cm−2) was used
for the cathode and Pt/C catalyst (20% Pt/C (E-tek), 0.4 mgPt cm−2)
for the anode. Reprinted from [101] with permission from Elsevier.

available Pt catalysts under similar loading and test conditions.
For AuPt catalysts, the ORR mass activities were found to
be strongly dependent not only on the bimetallic composition
(AumPt100−m), but also on the nature of the electrolyte [31].
The strong dependence of the mass activity on the bimetallic
composition in the alkaline electrolyte was evidenced by
the exhibition of a maximum in the composition region
of 60–80%Au, which is higher than those for Pt/C and
Au/C by a factor of 2–3. In acidic electrolyte, our recent
work has shown that an alloyed Au23Pt77/C (15%Pt) catalyst
exhibited mass activity and specific activity larger than a
Pt/C catalyst by a factor of 4–5 [100]. The increases
in mass activity and specific activity for these and other
trimetallic and bimetallic nanoparticle catalysts (M1nM2100−n,
or M1nM2mM3100−n−m) [100] demonstrated the effectiveness
of the alloy composition in enhancing the electrocatalytic
performance.

Electrocatalytic performance evaluation of the catalysts in
actual fuel cells has recently begun for assessing the viability
of the nanoengineered catalysts for practical application in
PEMFCs [101]. One example involved the evaluation of
PtVFe/C catalysts [101]. The MEA was fabricated using
catalyst-Nafion ink painted on a carbon paper. As shown in
figure 4 for a set of fuel cell performance data comparing
Pt42V19Fe39/C and Pt/C catalysts under the loading condition
of 0.4 mgPt cm−2, both the cell voltage and the power density
for the fuel cell with PtVFe/C catalyst in the cathode are found
to be much higher than those for the Pt/C catalyst under the
same test conditions.

The FC performance data are compared in terms of
the polarization curve and power density between the
Pt42V19Fe39/C and the Pt/C catalysts. In comparison with the
peak power density of Pt/C (1.22 A cm−2 and 0.52 W cm−2 at
0.43 V), values of 1.81 A cm−2 and 0.82 W cm−2 at 0.45 V
were found for the PtVFe/C catalyst. The fuel cell with a
PtVFe/C catalyst showed a 50% increase in peak power density
in comparison with that of Pt/C. These results demonstrate that
the trimetallic nanoparticle catalyst has a much better fuel cell

performance than a Pt/C catalyst, which is consistent with the
electrocatalytic activity trend revealed by the RDE data.

The stability of the PtVFe/C catalysts was also evaluated
by both RDE and MEA FC measurements [101]. In RDE
measurements, the stability was evaluated by comparing the
electrocatalytic activities between fresh catalysts and catalysts
after extensive electrochemical cycling in the reaction potential
window. For example, the current of the PtVFe/catalysts
before and after 5000 cycles showed no indication of any
noticeable decrease in the kinetic region. The stability of
the trimetallic catalysts was also examined under the fuel cell
testing condition by holding the current at 700 mA cm−2.
Again, the fuel cell showed no indication of decrease in cell
voltage over a 10 day period. While a further long-term
durability test is needed for a complete assessment of the
catalyst stability, the RDE and MEA FC test results showed
that the trimetallic catalysts have promising applications in
PEM fuel cells.

3. Probing activation of the nanostructured catalysts

The understanding of the size, shape, and composition
evolution in the activation process is important for the control.
The thermal activation of a core–shell type nanoparticle
assembly on a planar substrate surface has been studied as a
model system (figure 5).

Theoretically, thermally induced sintering or coagulation
occurs by either sintering of small particles into larger-sized
particles or agglomeration of small particles into a coagulating
cluster [98]. The driving force for sintering can be described
by a basic Gibbs–Thompson (GT) relation,

μ(r) − μ(∞) = 2γ�/r

where γ represents surface free energy of the metal, and �

represents the bulk metal volume per atom. This equation
relates the difference between the chemical potential of a
metal atom in a particle of radius r , and that in the bulk.
Recent model studies [99] demonstrated that the dependence
of this energy on particle size is much stronger than predicted.
There are essentially two limiting mechanisms [98b]: diffusion
of intact particles followed by coalescence, and detachment
of atoms from smaller particles followed by diffusion across
terraces and reattachment to larger particles. Currently little
is known about how surface capping (surface tension) and
wettability or adhesion (surface diffusion of metals) affect the
sintering process. Our simulation work is based on the model
modified by Campbell et al [99],

dr/dt = [2γ�K/(kTr 2)](e−Etot/kT )[r/r∗ − 1]
where Etot = �Hsub − (E support

ad − E support
diff ) (4)

T : temperature of substrate; γ : surface free energy
of the metal; �: bulk metal volume per atom, r∗ =
1/(average of 1/r); K = [(2 sin θ)(νP )(�)]/[(2 − 3 cos θ +
cos3 θ)(a)] (θ : equilibrium contact angle of the metal particles
with the support surface; νP : pre-factor in the rate constant
for a metal monomer diffusing along the edge of a particle;
a: inter-atomic spacing; �Hsub: metal’s bulk sublimation
enthalpy; E support

ad : activation energy for adsorption on support;

8
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Figure 5. An idealized illustration of the thermal activation of a thin film assembly of nanoparticles with capping/linking molecules on a
planar substrate.

Figure 6. Simulation results for the relative change in average radius of Au nanoparticles versus calcination temperature based on
equation (2). (A) at constant γ , different Etot. (B) at constant Etot, different γ . ((A): γ = 0.9 J m−2; Etot = 70 (a), 60 (b), and 50 kJ mol−1 (c).
(B): Etot = 50 kJ mol−1; γ = 90 (a), 50 (b), and 10 μm2 (c)). Using θ = 90◦, νP = 4 × 1012 s−1, heating rate = 1 K s−1, and
�Hsub(for Au) = 368 kJ mol−1, a set of simulation results for the relative change in average radius of the Au nanoparticles (for an initial
r = 1 nm) on a flat substrate as a function of the temperature).

E support
diff : activation energy for diffusion on support). The

rate for the change of a particle’s radius (r ) is a function
of the apparent activation energy Etot [99]. As shown by
the simulation results for the relative change in r for Au
nanoparticles (initial r = 1 nm) on a flat substrate as a function
of temperature (figure 6) [92d], the rate for the change of
particle size with temperature at constant γ is increased with
decreasing Etot (figure 6(A)), whereas the rate at constant Etot

is increased with increasing γ (figure 6(B)).
An understanding of how the adsorption energy depends

on the interaction of a monolayer-capped nanoparticle with the
substrate and the diffusion energy is crucial—the interaction
between the nanocrystals and the substrate is important
for developing ways to manipulate the surface free energy,
wettability, or adhesion, and ultimately the particle sizes.
Parameters such as γ , E support

ad , and E support
diff are related to

the functional groups of the capping or linking agents, the
hydrophobicity, or the binding properties of the substrate,
which can be manipulated by changing the functional groups
of the capping or interparticle-linking agents. For example,
NDT and MUA linked particles could produce acid and
methyl (and methylene) at the interfaces, which may affect
the initial aggregation of the nanoparticles through energetic
contributions from both shell–substrate interaction and Au–
substrate interactions. In addition to the correlation of
interparticle sintering with particle size and composition,
solid-state diffusion on surfaces is one of the mechanisms
involved in the calcination-induced size evolution. Atomic

force microscopy (AFM) was used to probe the evolution of the
morphology of nanoparticles assembled on planar substrates of
different wettability (e.g. carbon, graphite, mica, silica, etc).
Although AFM cannot resolve well particles of a few nm sizes
in the xy plane, the capability of probing spatial morphology
and its 0.1 nm resolution in the z-axis enables one to extract
useful information [92a, 92d].

The capping/linking molecular shells can be removed
by electrochemical [93] and thermal [31, 32, 92] activation
treatments. In the case of thermal activation, heating of the
nanoparticles under ambient conditions in the temperature
range of 200–300 ◦C can effectively remove the shell/linking
materials, as evidenced by TGA curve for decanethiolate (DT)-
capped Au2−nm particles (figure 7(A)). The mass decrease
starts at about 140 ◦C and shows a transition at 225 ◦C.
The overall mass change (25 wt%) is consistent with the
expectation based on a model calculation of the percentage
of the organic shell (26 wt%) [102]. Based on the TGA
data, two extremes of the nanostructure can be hypothesized
upon thermal activation near the transition temperature. One
involves partially capped nanoparticles with intact core size
and interparticle space, and the other, naked nanoparticles with
controllable larger core size. The interaction of the shell-
opened nanocrystals with the substrate surface thus plays an
important role in the mobility and the eventual morphology of
the nanoparticles. The AFM images described next provided
important insight into this hypothesis.
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Figure 7. (A) TGA curve of DT/Au2−nm nanoparticles. (B)–(C) In situ AFM images (2 × 2 μm2) for DT-capped Au2−nm on mica before (B)
and after (C) thermal treatment at 225 ◦C for 30 min (image acquired after cooling to room temperature). The top bar of nanoparticles serves
as an internal location feature. The cross-section view corresponds to the line drawn in the image. Reprinted with permission from [92d].
Copyright 2004 American Chemical Society.

The change in size of individual nanoparticles (e.g. DT-
capped Au2−nm) cast on mica as a result of the thermal
treatment at 225 ◦C can be detected by the change in height
data of the AFM images (figures 7(B) and (C)). Before heating
treatment, the average particle size determined from the cross-
section data (height) is consistent with the expectation for the
sum of the core diameter (2.0 nm) and the shell molecular
length times a factor of two (∼2.5 nm). After the treatment,
the relative position of nanoparticles remains unchanged. The
particles displayed a clear shrinkage in size as a result of
the removal of the capping shell molecules. There is no
apparent aggregation of the nanocrystal cores because the
particles are widely separated, and the adhesion (adsorption)
of nanocrystals to the surface of mica is quite strong.

The tendency of nanoparticles to aggregate depends on
the surface properties of the substrate and the interparticle
molecular interaction. Effects of the interparticle molecular
linkers and the substrates on size changes were considered for
the detailed understanding of interparticle size evolution under
thermal activation. For the interparticle molecular linkers,
an important function is to define part of the interparticle
properties for the as-formed nanoparticle assembly. Because
the linking/capping molecules are removed by the heat treat-
ment, as evidenced by infrared (IR) and x-ray photoelectron
spectroscopy (XPS) studies [92c], the question is whether this
initial spatial definition has any impact on the evolution of
nanoparticles. As shown in figure 8 for an NDT-Au2−nm film
with a sub-monolayer coverage on mica before and after the
treatment at 225 ◦C for 30 min, the assembled particles are
clustered into wire or chain-like morphologies. The cross-
sectional data suggest that the nanoparticles form layers that
are ∼3 nanoparticles thick on average. After the treatment, the

edges of individual particles are better resolved, and the chain-
like interparticle morphology remains intact. The removal of
the thiolate shell at this temperature was supported by the
tapping-mode phase imaging data, which reveals that the dark
phase contrast that is normally attributed to a ‘softer’ material
is absent for the thermally treated assembly compared to the as-
prepared assembly. The height of the corresponding region in
topography images, ∼1 nm, is consistent with the thickness of
the organic layer. The corresponding phase image was darker
than the nanoparticle features as a result of the presence of
thiolate chains. The height analysis of the cross-sectional data
reveals average particle sizes of 11.1 ± 3.9 and 13.1 ± 3.4 nm,
respectively. The small increase in size is believed to be due to
localized aggregation largely from overlapping particles. The
largely unchanged interparticle spatial feature in the lateral
plane demonstrates that the interparticle spatial property can
be controlled even if there is a local aggregation from the
overlapped nanoparticles, indicating the important role played
by the combination of the initial molecular capping/wiring
and the subsequent adhesive interaction of the particle to the
substrate in the spatial fixation.

As shown by the morphological evolution for an MUA-
Au2 nm film with ∼1 layer thickness (figure 9), the assembled
nanoparticles undergo significant local aggregation after the
heat treatment, forming individually isolated and larger-
sized particles. The resulting particle sizes are relatively
monodispersed (average ∼ 8 nm). The dependency of the
morphology of both the as-formed films and the thermally
evolved particles on the nature of the linking molecules
suggests that the interparticle interaction plays an important
role in the thermally induced nanostructural evolution process.

For the substrate effect, the examination of the
morphology of the nanoparticle assemblies on a hydrophobic
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Figure 8. In situ AFM images (5 × 5 μm2, 10 nm/pixel) of an NDT–Au2−nm/mica film before (A) and after (B) heating to 225 ◦C for 30 min
(image was acquired after cooling back to room temperature). In each case, both topography (left) and phase (right) images are included for
comparison. The cross-section view corresponds to the line drawn in the topography image. Reprinted with permission from [92d]. Copyright
2004 American Chemical Society.

Figure 9. In situ AFM images (2.5 × 2.5 μm2) of an MUA–Au2−nm/mica before (A) and after (B) heating to 225 ◦C for 5 min. (The image
was acquired after cooling back to room temperature.) The cross-sectional view corresponds to the line drawn in the image.

highly oriented pyrolytic graphite (HOPG) substrate before
and after heat treatment (figure 10) produced two important
findings for the particle evolution. First, the as-formed
nanoparticle assemblies (∼2 layers) display relatively uniform
coverage on the HOPG surface, in contrast to the formation
of domain features on the mica surface. This suggests an
important role played by the hydrophobic interaction between
the shell/linker component and the substrate. Secondly,
the degree of aggregation of the particles after the thermal
treatment exhibited several interesting differences between
mica and HOPG. In general, the particles on HOPG showed
a greater tendency to aggregate than those on mica.

The increase of particle sizes for the MUA linked
nanoparticles (average size ∼14 nm) is much larger than
the NDT linked assembly (average size ∼10 nm). The
observation of particle aggregation both inside and outside
the trenches after the thermal treatment suggests that there
is a higher surface mobility (or lower particle–substrate
interaction) for the assembled particles on the hydrophobic
HOPG surface in comparison with the hydrophilic mica
surface. Another intriguing observation is that the nanocrystals
are accumulated along step edges of the HOPG substrate
after the heating treatment, forming wire-like features. This
finding is remarkable because it indicates that the mobility of
nanoparticles can be effectively regulated by the step edges on
the substrate. Similar phenomena have also been observed for

a dendrimer-mediated assembly of Pd nanoparticles on HOPG
substrate [103]. A potential application of such a step-edge-
guided nanoparticle movement on the surface is the formation
of nanowires and other nanoscale shapes on surfaces that can
be intentionally engineered (e.g. patterning).

The experimental and theoretical results can be un-
derstood based on comparisons of the relative activation
energies (Etot(mica) > Etot (HOPG)) and surface tensions
(γ (−CH3)(mica) < γ (−CO2H) (HOPG)). Based on the
theoretical simulation and the qualitative analysis of equa-
tion (4), the initial aggregation of the nanoparticles was
considered to involve energetic contributions from both shell–
substrate interaction and Au–substrate interactions. The basic
assumption in our assessment is that the adsorption energy is
mainly dictated by the interaction of the monolayer-capped
nanoparticle with the substrate, whereas the diffusion energy
is largely determined by the interaction of gold nanocrystals
with the substrate. This qualitative assumption is reasonable
in view of our thermal treatment condition near the organic-
removal temperature (∼225 ◦C), below which the organic shell
is partially present and above which the shell is absent and
aggregation occurs. The difference between E (HOPG)

tot and
E (Mica)

tot (from equation (4)) can be written as

E (HOPG)
tot − E (Mica)

tot = [�H (HOPG)

sub − �H (Mica)
sub ]

− [(E (HOPG)
ad − E (HOPG)

diff ) − (E (Mica)
ad − E (Mica)

diff )]. (5)
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Figure 10. In situ AFM images (5 × 5 μm2) of the thin films on HOPG before (left image) and after (right image) thermal treatment (225 ◦C,
5 min) for (A) NDT–Au2−nm, and (B) MUA–Au2−nm. Cross-section views correspond to the line drawn in the image. Reprinted with
permission from [92d]. Copyright 2004 American Chemical Society.

Since the bulk sublimation enthalpy should not be affected by
the substrate in any significant way, we have,

E (HOPG)
tot − E (Mica)

tot

= −[(E (HOPG)
ad − E (HOPG)

diff ) − (E (Mica)
ad − E (Mica)

diff )]. (6)

The previous work [99] has indicated Ead − Ediff > 0.
Based on the nature of the nanoparticle–substrate adsorption,
i.e. the predominant hydrophobic–hydrophobic interaction
for the adsorption on HOPG and hydrophobic–hydrophilic
interaction for that on mica, it is evident that E (HOPG)

ad >

E (Mica)
ad . On the other hand, the reversal of the interaction nature

for the diffusion property should lead to E (HOPG)

diff < E (Mica)
diff .

Qualitatively, E (HOPG)
tot − E (Mica)

tot < 0, i.e. E (HOPG)
tot < E (Mica)

tot .
As such, the particle size on HOPG would increase more
significantly than on mica with increasing temperature. For
the same HOPG substrate (constant Etot for Au on HOPG),
the initial surface tension is larger for MUA linked particles
than for NDT linked particles because of γ (−CO2H) >

γ (−CH3) [104]. In this case, the particle size increases
more significantly for MUA linked particles according to
figure 6(B). This is indeed in qualitative agreement with the
AFM finding showing larger particle sizes for MUA-Au2−nm

on HOPG. These findings are significant because they suggest
that the manipulation of the surface free energy, wettability,
or adhesion can have an impact on the final size of the
thermally processed nanoparticles on the surface. An in-depth
correlation of the thermally induced morphological evolution
of the nanoparticles with surface energy, surface mobility,
and molecular interactions will be useful for exploring their
applications in catalysis and electrocatalysis.

The question on how the morphology changes in
electrochemically induced catalytic activation [93] was also
probed by in situ AFM imaging. In this case a nanoparticle-
patterned substrate was used as the imaging platform. Such

a platform has been demonstrated for probing pH-tuned
nanostructural changes [105]. As shown in figure 11(A), a film
of MUA linked 5 nm Au particles capped with decanethiolate
monolayers was first patterned onto a flat surface of conductive
material which forms grids surrounding the 2×2 μm2 squares.
The morphological changes of the thin film pattern as a result
of desorption of the capping/linking molecules from the metal
nanoparticles in an electrochemical activation process (e.g. by
cycling the potential between 0 and +850 mV in 0.5 M
KOH/3M MeOH) can be detected directly by topographical
imaging with the empty square as an internal standard.
As evidenced by the change in the cross-section views for
such a sample after partial desorption of the capping/linking
molecules (figure 11(B)), a subtle shrinkage of the void square
(x- or y-axis) and a clear increase of the grid height (z-axis) by
10–15% after are detectable in the electrochemical activation.
These changes reflected an influx of ions/solvents from the
solution into the partially activated film. This demonstration
is significant in two ways. First, it shows the viability of
probing morphological change upon electrochemical activation
in real time. Second, it illustrates the feasibility of developing
a technique for screening catalysts in terms of morphological
properties.

The detailed in situ AFM-detected morphological changes
before and after catalytic activation can also be correlated with
in situ electrochemical quartz crystal nanobalance (EQCN)
detected mass changes, which provided information for
understanding the surface removal of organic components,
reconstitution, and nanocrystal spatial properties in the
electrochemical activation process [93c].

4. Probing nanoscale alloys, and the composition and
core–shell structures of the catalysts

Examples, including bimetallic AuPt alloy, trimetallic PtVFe
or PtNiFe, and core–shell (Au@Pt) nanoparticle catalysts,

12



Nanotechnology 21 (2010) 062001 Topical Review

µm

µm

µm

Figure 11. (A) AFM image of mercaptoundecanoic acid linked Au5−nm film patterned on an HOPG substrate. (B) Cross-section views from
in situ AFM imaging data before ((a) (top), z = 249 nm) and after ((b) (bottom), z = 279 nm) electrochemical partial activation (i.e. partial
desorption of the capping/linking molecules in one cycle between 0 and +850 mV versus Ag/AgCl, saturated KCl) in 0.5 M KOH solution
with 3 M MeOH.

Figure 12. (A) HRTEM of thermally treated AuPt/C catalysts (Au72Pt28/C). (B) The lattice parameters versus Pt% for AuPt nanoparticles (the
curved (red) and dash-dot (pink) data points and lines) and for bulk AuPt (the open circle data points and solid-dash lines) (blue). For bulk
AuPt, the triangle points (blue) represent those at frozen states. For nanoscale AuPt, the half-filled circle points (pink) represent those using
the composition derived from fitting the lattice parameter from XRD data, whereas the filled circled points (red) represent those using the
composition derived from DCP analysis [30, 41]. Reprinted from [41] with kind permission from Springer Science + Business Media.

are described here to illustrate how the understanding of the
nanoscale engineered materials can advance the development
of catalysts. The understanding focuses on the characterization
of nanoscale alloys, and the composition and core–shell
structures of these catalysts.

Nanoscale alloy. The highly crystalline nature of
bimetallic AuPt nanoparticles has been evidenced by
high resolution transmission electron microscopy (HRTEM)
(figure 12(A)). In contrast to the bulk Au–Pt counterparts
which display a miscibility gap between 20% and 90%
Au [40], the lattice parameters of the bimetallic AuPt
nanoparticles determined from XRD characterization were
found to scale linearly with Pt% as in a Vegard’s type law
typically observed with binary metallic alloys (figure 12(B)),
demonstrating the alloy properties for the bimetallic AuPt

nanoparticles [30]. The lattice parameters were determined for
each AuPt sample by carefully determining the positions of the
Bragg peaks in the diffraction patterns. In addition, the values
for the lattice parameter of the nanoscale AuPt are all smaller
than those for the bulk AuPt. This intriguing phenomenon
suggests that nanoparticles have smaller inter-atomic distances
than those for the bulk counterparts [41], which was the first
example demonstrating that the nanoscale AuPt nanoparticles
could exhibit single-phase character and small inter-atomic
distances in the entire bimetallic composition range, both of
which are in sharp contrast to those known for their bulk
counterparts. This finding is in fact supported by a theoretical
model study [106], which showed that the nanoscale alloying
is thermodynamically favored for AuPt nanoparticles smaller
than ∼6 nm because the heat of formation is negative, and by
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Figure 13. An illustration of possible surface adsorption and reactivity for MOR (A) and ORR (B) on AuPt alloy nanoparticles in an alkaline
electrolyte. Reprinted from [41] with kind permission from Springer Science + Business Media, and reprinted from [31a, 39]. Copyright
2006, 2007, with permission from Elsevier.

our recent study of the temperature dependence of the phase
properties [100].

The insight into the bimetallic alloy phase also led to
the study of surface alloy properties using Fourier transform
infrared (FTIR) to probe CO adsorption on AuPt/SiO2 with
a wide range of bimetallic compositions [39, 41]. The CO
adsorption on Au-atop sites in a Au-rich surface environment
which displays a 2115 cm−1 band in the FTIR spectra was
found to exhibit a clear trend of diminishing absorbance as
Pt concentration increased in the bimetallic catalysts. This
band becomes insignificant or even absent at >∼45% Pt.
Secondly, the electronic effect of the surface Pt-atop sites
alloyed in the bimetallic nanocrystal was found to produce a
lower-wavenumber CO band (∼2050 cm−1), which exhibited
a clear trend of shift towards that for the Pt-atop CO band as
Pt concentration increases. For higher concentrations of Au,
this band is strong and broad. This observation is indicative of
a unique synergistic surface property in which the Pt-atop CO
adsorption is greatly favored over the Au-atop CO adsorption.
The complete disappearance of the Au–CO band for samples
with a concentration below 65% Au does not necessarily imply
the absence of Au on the surface of the nanoparticles; it implies
rather the preferential Pt-atop CO adsorption over Au-atop
CO adsorption, which is supported by the DFT calculation
results [107]. The observation of the maximum mass activity
for electrocatalytic methanol oxidation reaction under alkaline
conditions around the composition of 65–85% Au coincides
remarkably with the finding of the composition of ∼65% Au
for the transition of the band features for CO adsorption,
suggesting a synergistic effect of the surface reactivity for
Pt atoms surrounded by Au atoms. The bimetallic Au–Pt
nanoparticles (2–4 nm) form a single-phase alloy and the
alloyed nanoparticle catalysts exhibit a synergistic activity in
which Au surrounding Pt provides effective sites for adsorbates
(COad, OHad) in the electrocatalytic reactions.

The question whether the AuPt alloy nanoparticles exhibit
a synergistic effect is addressed by studying the activity-
composition correlation of MOR and ORR [31]. Considering
recent modeling results for CO adsorption on small clusters
of AuPt [107, 108] in which the adsorption energy is
found to increase with Pt% with a maximum at ∼30%
Pt for adsorption on Au atoms, and the FTIR results for
CO adsorption of AuPt nanoparticles [39, 41], 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. This assessment
is consistent with the known facts that the nanoscale Au
is highly active for CO oxidation [25, 109], and produces
surface oxygenated species in basic electrolytes [110]. The
bifunctional activity in the alkaline electrolyte involves the
participation of CO and OH adsorption on Au sites in the
catalytic reaction of Pt in the alloy via a combination of
reaction steps (see figure 13(A)) including: the adsorption of
MeOH on Pt followed by dehydrogenation; the formation of
intermediate COad/Pt; the transfer of COad/Pt to neighboring
Au-atop sites forming COad/Au, which is supported by the
favorable adsorption of CO on Au nanoparticles known from
both experimental measurements [25, 109] and theoretical
calculations [107, 108]; the formation of OHad/Au or surface
oxides on gold, which was in fact proposed in an earlier
incipient hydrous oxide/adatom mediator model [110a] and
is indicated in our in situ measurement of the interfacial
mass change accompanying the electrocatalytic oxidation of
methanol on Au nanoparticle surfaces [110b]; and the reactions
of Pt–COad + Au–OHad and Au–COad + Au–OHad towards the
final product (CO−

3 ).
On the basis of the ORR data in quantitatively comparing

the mass activities of AuPt/C catalysts of different composition
in alkaline and acidic electrolytes [31a], the mass activities
were found to be strongly dependent on the bimetallic
composition in the alkaline electrolyte by displaying a
maximum in the region of 60–80% Au, which is higher than
Pt/C and Au/C by a factor of 2–3. While the mass activity
in acidic electrolyte could reflect a collective effect of the
activity of Au and Pt, the concurrence of a maximized activity
in the 60–80% Au composition in the alkaline electrolyte
suggests a remarkable synergistic effect. An optimal fraction
of Au atoms surrounding Pt could have played an important
role in functioning as the sites for chemisorbed OH−

ad for the
dissociative adsorption of O2 via interaction with OH−

ad or
for chemisorption of the reaction intermediate HO−

2ad [111]
(see figure 13(B)). In addition to reducing −OH on Pt by
alloying Au, similarly to the process recently revealed for
MxPt1−x /Pd(111) [43] and Pt/M(111) [112], the favorable
chemisorption of oxygen on gold nanoparticles as evidenced
by the detection of AuO−, AuO−

2 , and AuOH on oxide-
supported Au nanoparticles [113] and OH−

ad on Au(110) in
alkaline electrolyte [111] must have played a synergistic role.
A close examination of the results for different substitution
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Figure 14. (A) HRTEM micrograph, and (B) HRTEM–EDX data for a trimetallic nanoparticle catalyst Pt33V14Fe53/C (The EDX data shown
in the chart correspond to the numerically indicated particles or area in the TEM image).

in the ‘organized alloy’ pyramid model in the recent DFT
calculation [114] reveals a minimum-featured transition of O2-
adsorption energy at 55%Au (−0.5 eV) from a relatively small
variation around −1.5 eV in the 55–97% Pt region to ∼ −
0.7 eV in the 0–45% Pt region. The observed maximum likely
represents a compromised balance of the Pt-site activation
via dissociation and the Au-site promotion by OH adsorption.
The Au–OH participates in the chemisorption of the reaction
intermediate from O2 dissociation at Pt via HO−

2ad, and such
species should have sufficient binding strength with Au on
further 2e reduction to H2O on the alloy catalyst with 60–80%
Au atoms surrounding Pt.
Nanoscale composition. The XRD characterization of PtVFe
nanoparticles after calcination treatments revealed a typical
fcc pattern with some insignificant features indicative of
chemically disordered structure. The calcination treatment
of the nanoparticles led to the rearrangement of Pt, V, and
Fe atoms in the nanoparticles into a long-range chemically
ordered fcc structure. The formation of the alloyed
nanocrystalline cores is supported by the fact that the
diffraction peaks of metallic platinum shift to higher angles
due to lattice shrinking resulting from the doping of smaller
vanadium and iron atoms. Indeed, the diffraction peak position
falls in between those for the monometallic Pt and those for
monometallic V and Fe. For example, the strongest peak for
Pt appears at 2θ = 40.5, slightly higher than the Pt(111) peak
(2θ = 39.8) [30]. Diffraction peaks corresponding to V(110)
(2θ = 44.7) and Fe (110) (2θ = 42.2) were not detected. The
(111) peak for PtFe alloy nanoparticles (2θ = 41.2 [87]) was
also not detected, suggesting the absence of PtFe nanoparticles
in the PtVFe nanoparticles.

The average particle sizes after the calcination treatment
were found to show a slight increase (∼0.5 nm) in comparison
with those before the treatment, but they displayed a highly
crystalline morphology (figure 14(A)). The subtle increase in
size was found to be dependent on the calcination temperature.
From XRD spectra for Pt32V14Fe54/C treated at 550 ◦C, the
broad peak at low angles is from carbon-support materials.
The diffraction peak positions for PtVFe fall between those
for the monometallic Pt, V, and Fe [91], which indicates that

these particles are largely alloyed. No secondary phase was
detected. The diffraction peaks of metallic platinum shift to
higher angles due to lattice shrinking resulting from the doping
of smaller vanadium and iron atoms. The as-synthesized
PtVFe nanoparticles were shown to be fcc structure with little
chemically disordered structure [91]. After thermal treatment,
there were some indications of rearrangement of Pt, V, and
Fe atoms in the PtVFe nanoparticles, leading to a long-range
chemically ordered fcc structure. The average sizes of the
nanoparticles estimated by Scherrer correlation are slightly
larger than the value determined from TEM data. The XRD
data support that idea that the ternary nanoparticles are single-
phase alloy. The XRD data for nanoparticles treated at different
temperatures (400 and 450 ◦C) were also compared. The data
reveal subtle differences in peak widths which can be related
to differences in size change.

The question whether the nanoparticles are multimetallic
in individual nanoparticles or in an ensemble of the nanopar-
ticles was addressed using TEM–EDX (transmission elec-
tron microscopy–energy dispersive x-ray spectroscopy) [24].
TEM–EDX data (nano-composition) are also compared with
DCP-AES analysis (macro-composition). By controlling the
electron beam diameter and current, this measurement yielded
reproducible compositions of individually isolated nanopar-
ticles. The EDX-derived atomic composition for PtVFe
nanoparticles (figure 14(B)) is found to be almost identical
to DCP-AES determined composition (bulk composition),
independent of the actual sizes. This finding is in contrast
to the results observed from the traditional synthesis where
large-sized particles are usually base metal rich and small
particles are Pt-rich. Similar compositions were found for as-
synthesized PtVFe nanoparticles, indicating the composition
uniformity in the individual nanoparticles. Note that the
effective removal of the capping molecules of the nanoparticles
was evidenced by FTIR data, and the metal loading (37%) was
confirmed by TGA data. Similar results were obtained for
PtNiFe nanoparticles. The XRD data for PtNiFe/C showed
some features indicative of chemically disordered structure
before thermal treatment, but a tetragonal-type structure of
PtFe type after the thermal treatment [32].
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Figure 15. (A) Experiment–Mie theory comparison for the SP band for Au@Pt nanoparticles in hexane [68]. Inset: theoretical spectra as a
function of shell volume fraction (g,= 1 − (1 − dshell/Rcore+shell )

3) based on Mie theory. The two colored curves in the simulation data
closely correspond to the experimental curves. (B) RDE and CV (inset) curves for the indicated catalysts in 0.5 M H2SO4 saturated with O2

(metal loading 10–30%) (10 mV s−1, 1600 rpm, electrode area: 0.2 cm2).

Nanoscale core–shell structure. The importance of the
relative surface alloying or layering arrangements of metals
on single crystal substrates has been recognized, including
the ‘near surface alloy’ model of a metal adlayer on a
metal substrate for the oxygen reduction reaction [43, 112].
Despite the extensive studies in metal or oxide core@shell
nanoparticles [115–118], relatively little is established for
the correlation between the synergistic catalytic properties
and the composition and spatial arrangement for metal–
metal and metal–oxide core@shell nanoparticles. Built
upon studies of the alloy character of bimetallic AuPt
nanoparticle catalysts [29, 30], the core–shell character of
Fe3O4@Au nanoparticles [119], and some recent theoretical
insights [106–108], core@shell nanoparticles (e.g. Au@Pt,
Pt@Au, Fe3O4@Au@Pt) have been studied to assess the
nanostructural correlation of their electrocatalytic properties
for MOR and ORR [68]. As revealed by the order for
the increase of kinetic current and the positive-shift of the
reduction potential for ORR, Au < Pt@Au < Au@Pt < Pt,
the increased activity for Au@Pt catalyst is consistent with the
presence of Pt on the surface [68]. The study of CO adsorption
on core@shell nanoparticles (Au@Pt and Pt@Au) [68] has
also revealed a resemblance of the observed CO bands at
Au@Pt and Pt@Au nanoparticles to those at Pt and Au
nanoparticles.

The experimental and theoretical studies of the surface
plasmon (SP) resonance band of gold nanoparticles provide
important information for assessing the Au@Pt nanostructure.
Experimentally, the 520 nm SP band of Au core (a) is
damped by the Pt shell ((b) and (c)) (figure 15(A)), which
is in contrast to the SP band evolution observed for Pt@Au
nanoparticles [68]. Theoretically, based on Mie theory [120]
which was applied to several different core–shell nanoparticles
by Mulvaney [121] and other researchers [122], the extinction
cross-section Cext of a small, concentric sphere is given by the
coated small concentric sphere model [121].

Cext = 4π R2k∗ Im[(εshell − εm)(εcore + 2εshell)

+ (1 − g)(εcore − εshell)(εm + 2εshell)]
× [(εshell + 2εm)(εcore + 2εshell)

+ (1 − g)(2εshell − 2εm)(εcore − εshell)]−1. (7)

where εcore is the complex dielectric function of the core
material, εshell is for the shell, εm is the real dielectric function
of the surrounding medium, g is the volume fraction of
the shell layer, and R is the radius of the coated particle.
From the theoretical simulation of the experimental data using
the experimentally determined core and shell sizes (inset in
figure 15(A)), the evolution of the SP band is quite comparable
with the experimental data.

From cyclic voltammetric (CV) curves, the detection of
hydrogen adsorption/desorption/evolution waves on Pt sites
in acidic medium and the AuOx oxidation/reduction waves
in basic medium provided information for assessing the
relative surface enrichment of Au and Pt. As shown in
figure 15(B) (inset) for carbon-supported Au@Pt (A) and
Au@Pt (B) nanoparticles, the detection of the hydrogen
adsorption/desorption currents at E < −0.1 V for Au@Pt,
in contrast to the absence of such waves for Au, is indicative
of the presence of Pt on the nanocrystal surface, from which
43 m2 g−1

Pt is obtained for the ECA. For Pt@Au, the fact
that the hydrogen adsorption/desorption/evolution currents are
depressed, indicates the coverage of Au on the Pt nanocrystal
surface. On the basis of the comparison of the RDE
curves in figure 15(B) for the carbon-supported core@shell
nanoparticle catalysts, the increase of kinetic current and the
positive-shift of the reduction potential followed the order
of Au < Pt@Au < Au@Pt < Pt. The increased activity for
Au@Pt is consistent with the presence of Pt on the surface.
This is also reflected by the shift of the reduction potential
of Au@Pt/C from Au to Pt, and the values obtained from
Levich plots for the electron transfer number (2.2 for Au, 3.9
for Pt, and 3.9 for Au@Pt). By comparing the mass activities
at 0.55 V and using DCP- or TEM-determined particle size
changes, 0.02, 0.09, and 0.14 mA mg−1

Pt were estimated for
Pt@Au/C, Pt/C, and Au@Pt/C, respectively.

In addition to sequential synthesis of nanoparticles with
Au (or Pt) core and Pt (or Au) shells [68] or alloy
structures [30], our recent work has also demonstrated
the viability of temperature-controlled evolution of core–
shell or phase-segregation nanostructures [51, 100]. The
phase-segregation or core–shell evolution is highly dependent
on the substrate and the composition of the bimetallic
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nanoparticles. For example [51], phase-segregation in AuPt
nanoparticles on oxide substrates has been studied in situ
with time-resolved x-ray diffraction [51]. Silica-supported
nanoparticles exhibit an alloyed structure that is preserved
even after extensive annealing at temperatures as high as
700 ◦C. Alumina-supported nanoparticles exhibit a rich
phase evolution that is sensitive to alloy composition and
the details of the synthesis process. The in-depth study of
this system focuses on understanding the correlation between
nanostructural parameters (e.g. size and composition) and the
phase properties, and developing a strategy for controlling or
manipulating the degree of phase-segregation or core–shell
structure formation.

5. Summary and outlook

In summary, the application of nanoscience and nanotech-
nology in the design, preparation, and characterization of
bimetallic and trimetallic electrocatalysts is an important part
of the recent progress in fuel cell catalyst research. While
there are still major challenges for achieving commercially
viable catalysts with high activity, high stability, and low cost,
fundamental insights have been gained into the control of size,
shape, composition, and phase properties of the multimetallic
catalysts. It is important to emphasize that the nanoengineering
approach differs from many traditional approaches to the
preparation of supported catalysts in the enhanced abilities
to control the particle size, shape, composition, phase, and
surface properties. The facts that the bimetallic AuPt nanopar-
ticle system displays a single-phase character different from
the miscibility gap known for its bulk-scale counterpart and
that phase-segregated or core–shell nanostructured bimetallic
particles can be formed serve as important indications of the
nanoscale manipulation of the phase properties of the catalysts.
This finding and other related observations are being exploited
for refining the design and preparation of various bimetallic
or trimetallic catalysts. In particular, the insight gained from
probing how the interactions between the nanoparticles and
the planar substrate dictate the size evolution in the activation
process serves as an important guiding principle for the design
and control of different nanoparticle-support combinations.
More importantly, the fact that some of the nanoengineered
multimetallic nanoparticle catalysts exhibit electrocatalytic
activities for fuel cell reactions which are four–five times
higher than pure Pt catalysts constitutes the basis for further
exploration of a variety of multimetallic combinations, such
as M1nM2100−n, M1nM2mM3100−n−m , and M1@M2, where
M (1 or 2) = Pt, Co, Ni, V, Fe, Cu, Pd, W, Ag, Au etc),
which has been part of the focal point of our continuing
investigations.

An overview of the current status and future directions
indicates that significant progress has been made in many
areas of fundamental research into fuel cell engineering of
nanostructured catalysts and the ultimate commercialization
of fuel cells looks promising. However, the realization
of this optimistic view has still to address challenges in
several important areas. One of the most important areas
is the need for a balanced and integrated approach to both
fundamental and engineering aspects of the research and

development of the catalysts. Fundamental investigations into
the electronic and lattice structures of well-defined single
crystal surfaces or selected bimetallic nanocrystals, and their
characteristics such as lattice shrinking, skin effect, d-band
vacancy, and so on, have generated valuable information
for defining catalyst design parameters in order to achieve
the highest electrocatalytic activity for fuel cell reactions.
However, insights from the well-defined single crystal systems
are often subject to complications when dealing with practical
evaluation of the catalysts where a balance of activity and
stability is essential. On the other hand, research and
development in fuel cell engineering has enriched the database
for assessing the optimal performance of catalysts in terms
of cell voltage, power density, durability, and cost. Such a
database is very useful for implementing practical applications
of the catalysts, but current efforts have provided limited
feedback to help with the refinement of the catalyst design
parameters. This situation is largely because of the lack
of understanding of the detailed structures and degradation
mechanisms of the catalysts in the membrane electrode
assembly under fuel cell operation conditions. As already
discussed in the recent report addressing some of the current
challenges [24, 65], part of the future research on catalyst
design will show an increased effort that focuses on optimizing
the alloy compositions toward an optimal balance of catalytic
activity and stability. In addition to combinatorial screening of
bimetallic or trimetallic compositions from a more engineering
perspective, the fundamental insights into the control of
nanoscale alloy and phase-segregation or core–shell structures,
as discussed for selected example systems in this review,
will help scientists and engineers to identify combinations
of multimetallic compositions and phase properties with an
optimized balance of catalytic activity and stability.

In another area closely related to the control of
nanoscale alloys and phase-segregation, the expansion of
our understanding of size, shape, composition, and lattice
evolution of nanoparticles on powdery support materials under
various thermal or chemical treatment conditions to a wide
range of multimetallic catalyst systems will be another focal
point of future research in nanostructured catalysts. As
described in this review, the study of the thermal evolution of
nanoparticles supported on atomically flat substrates indicates
that the particle–substrate interaction is very important in
addition to the particle–particle interaction. How this
understanding translates to thermal evolution for nanoparticles
supported on highly curved surfaces (e.g. powdery carbon
black or carbon nanotube materials) is clearly an important
subject area of future research for two obvious reasons. The
first is the difference in mobility and adhesion of supported
nanoparticles between highly curved or stepped surfaces and
atomically flat surfaces. The other is the complication in
probing the surface mobility or adhesion on powdery surfaces
in comparison with those on flat surfaces. This is especially
true because there are additional complex interactions arising
from direct contact of the particle-loaded support powders
that probably increase the propensity of interparticle sintering
comparing to that for isolated particles on the surface.
This type of interaction could also have an impact on the
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phase behavior of the catalysts. The rapid development
of surface techniques in probing nanoscale structures and
properties, especially in in situ techniques (e.g. in situ x-ray
diffraction [51] and absorption techniques [123]), is expected
to advance our abilities to probe the detailed evolution of
size, shape, composition, and lattice structure for multimetallic
nanoparticles supported on carbon or other powdery materials
under thermal, chemical, and electrochemical processes.

Addressing both fundamental and engineering issues in
the above two areas will certainly lead to new insights for
rational design and better control of nanostructured catalysts,
leading to optimal performance and stability of fuel cells.
In future studies, such insights will also be enriched by
density functional theory computation [59, 124], fundamental
electrochemical characterization of the electrocatalytic activity
of the catalysts for fuel cell reactions under different
conditions, and the evaluation of durability and degradation
mechanisms of catalysts in fuel cells [125]. Such an integrated
and balanced approach to the fundamental and engineering
research into catalysts will serve as an effective vehicle
for identifying low-cost, active, and robust catalysts for the
ultimate commercialization of fuel cells.
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