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Abstract

Noble metal-based nanocomposites are attractive for a rich variety of electrocatalytic
applications as they can exhibit not only a combination of the properties associated with
each component but also synergy due to a strong coupling between different constitu-
ents. Using noble metal as the base component, a plenty of methods have been recently
demonstrated for the synthesis of noble metal-based nanocomposites with novel struc-
tures (e.g., alloys, core-shell, skin and 1D/2D structures). In this chapter, an account of
recent advances of synthetic approaches to noble metal-based nanocomposites with
controlled structures, compositions and sizes are reviewed. The relationship between
structures and electrochemical properties of these nanocomposites in fuel cell field is
discussed. The potential future directions of research in the field are also addressed.

Keywords: noble metal, nanocomposites, electrochemical, fuel cell

1. Introduction

With the global rapid increase of energy demand and the depletion of fossil fuels, research on

environment-friendly energy sources has attracted considerable attention in recent years. The

real commercialization of fuel cells is a promising solution for the global problems of energy

supply and clean environment. A fuel cell can convert chemical energy into electric energy by

an electrochemical reaction of hydrogen-containing fuel with oxidant. Based on the electrolyte

type, fuel cells are classified to be several kinds: proton exchange membrane fuel cells

(PEMFCs), phosphoric acid fuel cells (PAFCs), solid acid fuel cells (SAFCs), alkaline fuel cells

(AFCs) and high-temperature fuel cells. Among all kinds of fuel cells, only hydrogen PEMFC

has been used in commercial vehicles (the Toyota Mirai) from 2014, due to its short start-up

time, high-energy density and low working temperature. Thus, we will focus on PEMFCs in

this chapter. Besides hydrogen, other fuels which are suitable for PEMFCs include alcohols

(methanol, ethanol, glycol etc.) and formic acid. Compared with hydrogen, they have lower
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energy density [1]. But they are cheap, plentiful, easily stored and transported. Therefore,

direct methanol fuel cell (DMFC), direct ethanol fuel cell (DEFC), and direct formic acid fuel

cell (DFAFC) are also promising in commercial applications.

At the anode of a fuel cell, hydrogen-containing fuel is oxidized to produce electrons that are

transferred to the cathode through an external circuit. At the cathode, oxygen is reduced to be

water. Thus, catalysts are essential at both electrodes to promote the fuel oxidation reaction

and oxygen reduction reaction (ORR). Most fuel oxidation and oxygen reduction reactions

catalyzed by noble metal-based nanocomposites are performed in acidic solutions. The reason

contains two aspects: (1) for DMFCs, DEFCs and DFAFCs, carbonates can form in alkaline

electrolyte [1]; (2) hydrogen oxidation reaction on platinum (Pt) in acid is 2 orders of magni-

tude quicker than in alkaline electrolytes [2]. When the fuel is hydrogen, the hydrogen oxida-

tion reaction (HOR) rate on Pt is extremely fast, and 0.05 mg cm�2 Pt loading at the anode is

enough. However, to achieve a desirable catalytic performance, the slow reaction rate of ORR

at the cathode even on the best Pt-based catalyst needs much more Pt loading amount (~0.4 mg

cm�2) [3]. According to the data reported by Vesborg in 2012, Pt is one of the most expensive

metals [4]. The large-scale application of fuel cell technology in transportation field or portable

power generation is limited by the high cost of electrode catalysts. Numerous researches have

been undertaken to improve the intrinsic activity of electrocatalysts to reduce the noble metal

loading of the electrodes without compromising fuel cell performance.

The catalytic activity, selectivity and stability of noble metal-based nanocomposites are

closely related to the factors including size, shape/morphology and composition [5–8]. In

the past decade, various experimental methods have been developed to synthesize size-

dependent, high catalytic performance noble metal-based nanocomposites with diverse

morphologies, such as polyhedron, concave, wire, plate, belt/ribbon, dendrite/branch and

cage/frame structures [9–21]. Smaller size means higher surface-area-to-volume ratio, higher

atomic utilization efficiency and more catalytic active sites. During electrochemical process,

small-size noble metal-based nanocomposites provide high electrocatalytic activity, but the

challenge is the aggregation that could happen under electrocatalytic conditions, resulting in

the poor performance of long-term stability test (e.g., commercial Pt/C). Alloying one or two

kinds of transition metals with noble metal has become a valid strategy to develop excellent

electrocatalysts [22–25]. The addition of the second/third metal not only changes the surface

active sites by ensemble effect, but also alters the binding strength of reactants, intermedi-

ates, and products by electronic/strain effect [26–28]. Different noble metals polyhedrons/

concave expose atoms with different coordination numbers, thus have different surface

energy and exhibit different catalytic performances [29–31]. 1D (wire) and 2D (plate, belt/

ribbon) noble metal-based nanostructures have high surface area (high atom utilization

efficiency), high conductivity and large interfacial area contacting with the support in elec-

trochemical reactions [12, 15, 32]. Dendrite and branch structures not only exhibit large

surface area and high active sites, but also significantly relieve the aggregation happened in

electrocatalytic stability test [9, 33, 34]. Highly open noble metal nanocages and nanoframes

exhibit enhanced electrocatalytic properties due to their three-dimensional accessible surface

atoms [20, 35, 36]. A nanosegregated noble metal skin on these open structures can further

improve the catalytic performance [18, 37]. Thus, numerous shape-controlled synthetic
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strategies are established in colloidal reaction system, such as facet-selective capping (CO

[38, 39], halide anions [40], amines [9], formaldehyde [30, 41], etc.), seed growth [42, 43] and

oxidative etching [44].

In this chapter, we focus on the key factors behind the novel synthesis strategies and provide

the discussions along the topic of composition. The very recent achievements of the controlla-

ble synthesis of noble metal-based nanocomposites are given and discussed on the structure-

property relations in electrochemical reactions.

2. Pt-based nanocomposites

At present, owing to the outstanding catalytic activity and superior resistant characteristics to

corrosion, Pt-based nanoparticles (NPs) supported on porous carbon are still the most efficient

catalysts in PEMFCs [15, 16, 18, 27]. In the past several years, to develop advanced Pt-based

nanocatalysts for electrochemical reaction, researchers have proposed several synthesis strate-

gies, which mainly include (1) alloying, (2) core-shell, (3) Pt-skin, (4) 1D or 2D structures and

(5) porous, caged, hollow and frame structures. The integration of two or more strategies into

one kind of Pt-based nanocomposites is beneficial for the construction of super-electrocatalysts

with excellent catalytic activity and stability.

2.1. Pt-based alloys and intermetallics

In the past decade, Pt-based nanostructures have been widely used to prepare excellent

catalysts for diverse chemical reactions [45–47]. Compared with pure Pt nanocatalysts, Pt-

based alloy and/or intermetallics exhibit higher activity and stability [48]. As since the surface

electronic structure and d-band center position of Pt were changed by incorporating a second

and/or third metal into Pt lattice. Owing to higher oxidation potentials of transition metals

than Pt, they are always removed from the surface of Pt-based alloy by electrochemical

leaching. A pure Pt shell with a thickness of more than several atomic layers is produced after

the dealloying process [49]. Although the dealloyed Pt-based nanocatalysts show a higher

electrochemical activity compared with Pt/C [50], they perform a poor long-term durability

since the re-deposition of leached transition metal onto the anode [51].

For bimetallic and multi-metallic Pt-based nanocomposites, the exposed crystal facet has a

close relationship with their electrocatalytic performance. Tian et al. and Stamenkovic et al.

have demonstrated that the ORR activities on Pt decrease in the order of high-index facet

(hkl) > (111) ≫ (100) in HClO4 solution [52]. Well-defined shapes of Pt-based nanocrystals

(NCs) are, thus, of great interest for boosting electrochemical performance. It is believed that

the surface energy of a fcc Pt NCs exposed with different facets increases in an order of

(111) < (100) < (110) < (hkl) [53]. Accordingly, high-energy crystal facets and surface defects

vanish quickly during the NC growth process due to the adatom incorporation on them.

Therefore, it is a challenge to prepare NCs with high-index facets and high density of surface

defects. Compared with alloy, intermetallic compounds show outstanding structure stability

owing to the ordered atom arrangements. Rong et al. developed a kinetically controlled
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method to tune the surface defect of Pt-based intermetallics [24]. Based on their proposed

growth mechanism, large electronegativity difference, etching and diffusing processes are

necessary for the synthesis of defect-rich cubic intermetallic Pt3Sn NCs. In this protocol, N,N-

dimethylformamide (DMF) is solvent and poly(vinylpyrrolidone) (PVP) is surfactant. As

shown in Figure 1, rich surface defects endow the defect-rich cubic Pt3Sn NCs with excellent

catalytic activity for formic acid oxidation reaction, excellent stability caused by the structure

stability of intermetallic compounds.

2.2. Ultrathin Pt-based nanocomposites

2.2.1. Ultrathin Pt-based nanowires (NWs)

Ultrathin Pt-based NWs with a diameter of few atomic layers present high ratio of surface

atoms to bulk atoms, which could increase Pt utilization efficiency greatly. During the synthe-

sis process of bimetallic and multi-metallic Pt-based NWs, there are two obstacles to overcome:

(1) controlling the reduction and nucleation process of different kinds of metal precursors with

different reduction potentials; (2) confining the growth along a certain direction and inhibiting

the other two directions. While diverse efforts to develop such materials have been made,

some achievements of the fabrication of ultrathin Pt-based NWs with few nanometers have

been reported. Oleylamine (OAm) was widely used as soft template in the preparation of

ultrathin Pt-based NWs. In 2007, Sun’s group synthesized ultrathin Pt-Fe NWs with a diameter

of 2–3 nm in a mixed solution of 1-octadecene (ODE) and OAm [54]. The length of Pt-Fe NWs

ranged from 20 to 200 nmwith the tuning volume ratio of OAm/ODE. They claimed that OAm

self-organizes into reverse-micelle-like structure in ODE solution and higher ratio of OAm/

ODE resulted in the formation of longer NWs.

In the same OAm/ODE system, Li et al. prepared Pt/NiO core-shell NW first, subsequently

reduced it into PtNi alloy NWs by thermal annealing and finally converted it into jagged Pt

NWs through electrochemical dealloying (Figure 2). The jagged Pt NWs had shorter PtdPt

bond length than regular Pt NWs and/or bulk Pt. Short PtdPt bond length resulted in a

compressive strain on the surface, which produced the world record ORR properties. The

specific and mass activity for ORR at 0.9 V vs. reversible hydrogen electrode (RHE) are

11.5 mA cm�2 and 13.9 A/mgPt, respectively [16].

As shown in Figure 2, Huang’s group used OAm as the solvent, reductant and surfactant,

cetyltrimethylammonium chloride (CTAC) as structure-directing and glucose as reducing

reagent to synthesize hierarchical platinum-cobalt (Co) NWs [14]. These PtCo NWs had high-

index, Pt-rich facets and ordered intermetallic structure. The novel structure enabled the PtCo

NWs excellent performance toward alcohol oxidation reactions and ORR (39.6/33.7 times of

the specific/mass activities than commercial Pt/C for ORR). They used CTAC, Mo(CO)6 and Ni

(acac)2 (acac = acetylacetonate) as structure-directing reagent to prepare subnanometer Pt NWs

with a diameter of 0.8 nm [17]. They claimed that the carbonyl decomposed from Mo(CO)6,

Ni2+ and proper amount of CTAC were important for the formation of 1D structure. With

addition of a stronger reductant (glucose), they fabricated PtNi, PtCo and PtNiCo NWs with

similar diameter. These subnanometer Pt alloy NWs showed enhanced ORR activity and

stability (mass and specific activities of 4.20 A mgPt and 5.11 mA cm�2 at 0.9 V vs. RHE). They
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used this effective reaction system to synthesize a series of Pt-based NWs for electrochemical

reactions: (1) PtNiPd core-shell NWs showed superior glycoloxidation reaction (EGOR), glyc-

erol oxidation reaction (GOR) and ORR performances [55], (2) porous Pt3Ni NWs with extraor-

dinary catalytic performance toward methanol oxidation reaction (MOR) and ORR [56], (3)

hierarchical PtPb NWs exhibited higher activity and stability for MOR and ethanol oxidation

reaction (EOR) than commercial Pt/C [57], (4) screw thread-like PtCu NWs showed excellent

properties for MOR and EOR [58].

Recently, Li’s group realized the reduction of Mo in this reaction system by a hydrogen

assisted solution route (HASR) [32]. Ultrathin Pt-Mo-Ni NWs with a diameter of ~2.5 nm were

Figure 1. (A–C) HAADF-STEM images and (D–F) corresponding structure model of (A and D) cubic, (B and E) concave

cubic, and (C and F) defect-rich cubic intermetallic Pt3Sn NCs. (G) Cyclic voltammograms of formic acid oxidation in

0.1 M HClO4 + 1 M HCOOH (scan rate: 50 mV/s). (H) Loss of peak current density in forward scans as a function of

cycling numbers (0.65–1.23 V vs. RHE, scan rate: 50 mV/s). Reprinted with permission from Ref. [24]. Copyright 2016

Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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successful synthesized in OAm. Hydrogen served not only as reductant, but also as structure-

directing species. A series of Pt-Mo-M (M = Fe, Co, Mn, Ru) NWs could be synthesized by this

HASR method. The Pt-Mo-Ni NWs exhibited higher maximum power density than Pt/C in

DEFC experiments.

In the above mentioned cases, soft template method is very effective in OAm system to

construct ultrathin Pt-based NWs. The largest extent exposure of Pt atoms results in the

extraordinary electrochemical activity. The presence of the second and third transition metal

Figure 2. Representative (a) STEM image, (b) TEM image, (c) TEM-EDS, (d) PXRD pattern and (e) STEM-ADF image and

EDS elemental mappings of the hierarchical Pt3Co NWs. Inset in (a) is an enlarged STEM image. The composition is

Pt/Co = 74.8/25.2, as revealed by ICP-AES. The scale bars in (a), inset of (a), (b) and (e) are 200, 20, 10 and 10 nm,

respectively. Reprinted with permission from Ref. [14]. Copyright 2016 Nature Publishing Group.
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can not only relieve the undesirable overbinding of oxygen atoms on catalyst, but also stabilize

the undercoordinated active sites, further improving the electrochemical activity and stability.

While the synthesis of ultrathin Pt-based NWs has many achievements, more innovative

works are still desired to enrich this field.

2.2.2. Core-shell structures with ultrathin Pt shell

Since catalytic reactions take place on the surface of nanocatalysts, the alteration of surface

composition and electronic structure directly causes different catalytic properties [59]. The

physical and chemical properties of core-shell nanostructures can be altered by the design of

core, shell and interface. The construction of Pt shell on the surface of nanocatalysts is another

possible solution to prepare enhanced Pt-based catalysts with minimum usage of Pt. The

catalytic properties of Pt based core-shell NCs have close relationship with the Pt shell thick-

ness. The charge transfer between core and shell components changes the band structure of

shell, thus influencing the catalytic performance [60]. The electronic and geometric properties

of the top surface layer are affected by the core, and the influence decreases with the increased

thickness of shell. For core-shell structures with thin shell, the different lattice constant

between core and shell components results in the lattice strain and brings geometric effect

[61]. Strong electrochemical activity enhancements have been observed for monolayer or a few

atomic layer Pt shells. Thanks to the development of instrumental techniques, researchers can

study ultrathin Pt shells closely and clearly.

So far, diverse synthetic strategies have been developed to prepare diverse inorganic core-shell

structures: semiconductor@semiconductor [62], metal@metal [63, 64], semiconductor@metal [65],

metal@semiconductor [66–68], and even multishell structures [69].

Several synthetic strategies have been developed to fabricate core-shell structures, such as seed-

mediated growth, dealloying, galvanic replacement and one-pot synthesis. The most effective

and widely used synthetic methodology is seed-mediated growth. Adzic and co-workers have

fabricated various core-shell electrocatalysts with monolayer and ultrathin Pt shell via Cu under

potential deposition (UPD) and pulse electrodeposition (PED). The core materials contain inter-

metallics (PtPb, PdPb, PdFe) [70], core-shell (Pd@PdAu) [71], alloy (AuNi) [72] and transition

metal nitride (TiCuN) [73]. As shown in Figure 3, in an UPD process, they prepared core first,

then dropped onto a flat glassy electrode to form a thin film. The electrodes were deposited Cu

monolayer in a H2SO4 + CuSO4 solution, then rinsed in a K2PtCl4 + H2SO4 solution to replace Cu

with Pt. The Cu deposition and replacement operations were conducted under an Ar atmo-

sphere [70]. Due to the limited electrode area and critical synthesis conditions, UPD and PED are

not suitable for the large-scale preparation of core-shell nanocatalysts with ultrathin Pt shell.

Zhang’s group reported the synthesis of Ag@Pt and Au@Ag@Pt particles with a controllable thin

Pt shell by interface-mediated galvanic replacement. These sub-ten-nanometer core-shell NCs

showed better ORR performance than Ag [74].

Utilizing the different reduction potentials of different metal precursors, bimetallic core-shell

structure could be prepared by one-pot synthetic process [75, 76]. However, it is still a challenge

to control this process since alloys or heterostructures with uncontrolled morphologies are usu-

ally produced. Bu et al. synthesized PtPb@Pt core-shell nanoplate in OAm/ODEmixture and this
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nanoplate exhibited about eight-fold increase in mass activity for MOR and EOR and enhanced

ORR performance compared with Pt catalyst. In their synthesis process, L-ascorbic acid was

used as the reducing reagent. The Pt shell thickness was 0.8–1.2 nm (equal to four to six atomic

layers). According to the well-established d-band model, tensile lattice strain upshifts the

d-band center and thus results in a stronger bonding with adsorbates and a lower reaction

rate. In the case of PtPb@Pt core-shell nanoplate, although Pb atom in the core is larger than Pt,

the tensile strain did not decrease the electrochemical properties. They claimed that the surface

strain effect on binding behavior was facet dependent, and the tensile strain on the exposed

Pt(110) helped to decrease the PtdO bond strength.

Compared to monolayer Pt shell, a few atomic layer Pt shell can protect the transition metal

atoms from leaching under electrochemical operation and have better stability. However, the

stability of core-shell structured nanocatalysts with ultrathin Pt shell is still far away from

satisfactory.

3. Other noble metal-based nanocomposites

3.1. Pd-based nanocomposites

Palladium (Pd)-based nanocomposites have exhibited extraordinary performance in diverse

applications such as hydrogenation reactions [5, 77], photothermal therapy [78], cross-coupling

reactions [79] and electrochemical reactions [80–82]. Pd and Pt are in the same group and Pd-Pt

nanostructures have showed excellent electrocatalytic properties [37, 83]. Considering Pt-based

nanocomposites that have been discussed above, Pd-Pt nanostructures are not reviewed in this

subsection.

The electrochemical reactions on Pd NCs are structure sensitive. For the low index planes of

Pd, Kondo et al. reported that reduction current density of ORR at 0.9 V (RHE) increased in the

order of (110) < (111) < (100) [84]. Shao et al. also demonstrated that the specific activity of Pd

nanocubes exposed with {100} facets was about 10 times higher than that of Pd octahedral

Figure 3. Schematic illustration of the stepwise synthesis of monolayer Pt core-shell electrocatalysts. Reprinted with

permission from Ref. [72]. Copyright 2016 American Chemistry Society.
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enclosed with {111} facets toward ORR [85]. Compared with hydrophilic solvents such as

water, ethylene glycol and DMF, systematic shape control of Pd NCs in hydrophobic solvent

remains a challenging task. As shown in Figure 4, Niu et al. synthesized icosahedral,

decahedral, octahedral, tetrahedral and triangular plates Pd NCs in the mixture of OAm,

formaldehyde and toluene [30]. In this protocol, Pd(acac)2 was used as the metal precursor

and the morphology of Pd was determined by the quantity of OAm. Different intermediates

were formed with different amount of OAm under room temperature stirring and reduction

rate decreased with the increase amount of OAm. Seeds were formed with the addition of

formaldehyde at room temperature, which also acted as selective surfactant in this reaction

Figure 4. (A) Proposed mechanism for formation of Pd NCs. (B–F) TEM images and (B–G) cyclic voltammograms of Pd

catalysts with different shapes in 0.1M HClO4 and 2M HCOOH solution at a scan rate of 50 mVs�1. (B) Icosahedral Pd,

(C) decahedral Pd, (D) octahedral Pd, (E) tetrahedral Pd, (F) triangular platelike Pd, and (G) commercial Pd. Adapted with

permission from Ref. [30]. Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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system. Growth process was observed at elevated temperature and the final morphology was

decided by the co-action of surface energy, elastic strain energy and twin boundary energy. The

maximum current densities of the prepared Pd NCs were in the order of icosahedral ≈octahe-

dral > tetrahedral > decahedral > triangular plates toward formic acid oxidation reaction.

Among bimetallic Pd-base nanocatalysts for electrochemical reactions, PdCu NCs have

received a great deal of attention due to the low cost and good performance. Yin et al. prepared

PdCu NPs by emulsion-assisted ternary ethylene glycol system, which showed superior meth-

anol oxidation activity than Pd in alkaline solution [86]. Mao et al. also synthesized PdCu NCs

with tunable compositions in octadecylamine. Pd0.5Cu0.5 exhibited the highest mass activity for

ethanol electro-oxidation in alkaline solution [8]. Gao et al. prepared PdCu nanocubes in OAm

and the PdCu nanocubes showed 2 times mass activity than commercial Pt/C catalysts [87].

Although numerous Pd-based nanocomposites have been proven to show excellent electro-

catalytic activities, but the stability is still a major issue for Pd-based electrocatalysts even in

alkaline solution. Better performance of Pd-based nanocomposites is essential for the substi-

tute of Pt in the application of fuel cell.

3.2. Other noble metal-based nanocomposites

Generally speaking, besides Pt and Pd, noble metals also contain gold (Au), silver (Ag),

rhodium (Rh), ruthenium (Ru), osmium (Os) and iridium (Ir). They are always used to modify

the electronic structure of Pd and Pt in the fuel cell application and these nanocomposites will

not be discussed below [88–92].

Since Haruta et al. reported the oxidation of CO by supported Au at low temperature, Au-

based nanocomposites have received a great deal of attention in catalytic field [93]. Surfactants

being on the surface may decrease the electrochemical activities. Yin et al. used reduced

grapheme oxide (rGO) as reductant and support to confine the growth of Au so they prepared

surfactant-free Au/rGO hybrids for ORR in alkaline solution [94]. In this method, utilizing the

electrostatic interaction between negative-charged rGO and positive Au(III) ions also the

coordination effects between heteroatoms at the defects of rGO and Au(III) ions, Au clusters

with a diameter of 1.8 nm were reduced and anchored by rGO. Although the catalytic activity

was not as good as Pt/C, Au/rGO exhibited relatively high onset potential, methanol tolerance,

and extraordinary stability (Figure 5).

By introducing other metal components, the cost of Au can be reduced, the modification of

crystallography and electronic structure may increase the catalytic performance. With abundant

tip, edge and surface atoms, 2D Au-based nanocomposites have attracted increasing attention.

Xu et al. prepared AuCu bimetallic NCs with tunable composition via a simple wet-chemical

method [95]. The 2D AuCu triangular porous nanoprisms exhibited high electrocatalytic activity.

The mass activities of Au1Cu1 for ethylene glycol and glycerol electrooxidation reactions were

3.0- and 3.9-fold improvements over those of pure Au, respectively.

Owing to the poor stability in acidic solution, ORR catalyzed by Ag was always demonstrated

in alkaline solution [96, 97]. Tammeveski et al. prepared the Ag-based nanocomposites by

sputter deposition of Ag on the surface of multi-walled carbon nanotube [96]. They analyzed
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rotating disk electrode (RDE) data by Koutecky-Levich equation and demonstrated that O2

was reduced by a four-electron pathway. Gupta et al. studied the influence of anisotropic Ag

on ORR activity in alkaline media [97]. They prepared Ag NPs in ethylene glycol with different

ratio of anisotropic NPs by adding different amount of Cu(CH3COO)2�H2O, which acted as

etchant. They reported that sample containing higher ratio of anisotropic Ag NPs showed

better ORR performance.

Zheng et al. studied the size effect of Ir/C toward hydrogen oxidation/evolution reaction

(HOR/HER) in alkaline solution [98]. They prepared Ir/C with different sizes by heat treating

commercial Ir/C at different temperature. Higher temperature resulted in larger size. The

particle sizes of Ir/C changed from 3 to 12 nm. Different from the law of Pt NCs with the same

size range, larger Ir/C had higher HOR/HER activities. Qin et al. utilized CeO2 and C to

disperse Ir NPs; the mass and specific activities of Ir/CeO2-C toward HOR in alkaline condi-

tions are 2.8- and 1.8-fold higher than Ir/C. They claimed that the addition of CeO2 decreased

the agglomeration extent of Ir NPs, and the particle size changed from 1.1 to 3.4 nm after 2000

potential cycles [99].

Figure 5. (A) SEM, (B) TEM images of as-prepared Au/rGO hybrids. (C) Scheme of the ORR happened on Au/rGO

hybrids. (D) RDE curves of commercial Pt/C, Au/rGO hybrids, Au NP/rGO hybrids, rGO sheets, Au clusters in O2-

saturated 0.1 M KOH at a scanning rate of 50 mV/s at 1600 rpm. Reprinted with permission from Ref. [94] Copyright

2012 American Chemistry Society.
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Lin et al. reported a salt-templated method to prepare Rh (1.6 nm)/ultrathin carbon

nanosheets, which displayed a comparable ORR activity and better durability to commercial

Pt/C under basic conditions [100]. The salt template was green and easy to remove. In this

approach, Na2SO4 particles acted as template and poured into prefabricated rhodium oleate.

During the subsequent heat-treatment under N2, Rh NPs were reduced and anchored on the

ultrathin carbon nanosheets transformed from oleate. After water rinsing, Na2SO4 particles

were removed and Rh/ultrathin carbon nanosheets were obtained.

Owing to the strong RudO bond strength, metallic Ru show poor ORR activity. The addi-

tion of Se can transfer charge from Ru to Se, which reduces the oxygen binding energy on Ru

and increases the ORR activity [3]. Cao et al. prepared Se-modified Ru NPs by heating the Ru

black and Se in xylene under refluxing condition with Ar bubbling [101]. The ORR activity of

Se-modified Ru NPs in H2SO4 was higher than that of clean and Se-modified Ru disk.

Zaikovskii et al. fabricated Se-modified Ru/C by reacting Ru/C NPs with SeO2 followed by

annealing [102]. They prepared RuSe/C with different Se coverage by tuning the ratio of Se/

Ru. Higher amount of Se caused lower extent of Ru oxidation, thus resulting in higher ORR

activity. However, Ru is the active center for ORR and blocked shell of RuSe decreased ORR

activity. Neergat et al. synthesized RuSe NPs by reducing RuCl3�xH2O and SeO2 by NaBH4

in water at 80�C [103]. They investigated the ORR performance of several nanocatalysts in

the presence of methanol, and the ORR activities were in the order of Ir < Pt < Rh < IrSe <

RhSe < RuSe.

4. Conclusions and outlooks

This chapter has demonstrated the significant developments that have been accomplished in the

noble metal-based nanocomposites for fuel cell. For the past decade, great progress has been

made in developing Pt- and Pd-based nanocomposites for electrochemical reactions in fuel cell.

Surface electronic structure of Pt and Pd can be modified by incorporating a second and/or third

metal, which significantly influences the electrochemical performance. Constructing Pt ultrathin

structure is an effective strategy to improve the utilization of Pt and the specific activity of Pt-

based nanocatalysts. Significant progresses have been made on Ir-, Rh-, and Ru-based nano-

catalysts. However, their activities are still not comparable to those of Pt- and Pd-based catalysts,

especially those of Pt-based nanocomposites. For the practical application, fuel cell is still a long

way to go.

At present, most Pt-based catalysts are characterized by RDE technique, which is a fast

screening technique. They need to be evaluated in a fuel cell environment before large-scale

application. As a result, simple preparation method is very important for scale production of

catalysts. Wet-chemical method is suitable for scale preparation. Researchers need to optimize

the fabrication technology of the state-of-the-art noble metal-based electrocatalysts, and find a

simple, green and low-cost preparation method. Developing in situ characterization technique

for the electrochemical process will provide a basis for mechanism exploration. According to

the excellent catalytic performance of binary noble metal structures, general preparation strat-

egies and catalytic property studies for tri- and multi-metallic nanocomposites are urgent.
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