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Abstract: In electrochemical energy conversion and storage, existing catalysts often  

contain a high percentage of noble metals such as Pt and Pd. In order to develop low-cost 

electrocatalysts, one of the effective strategies involves alloying noble metals with other 

transition metals. This strategy promises not only significant reduction of noble metals but 

also the tunability for enhanced catalytic activity and stability in comparison with conventional 

catalysts. In this report, some of the recent approaches to developing alloy catalysts for 

electrocatalytic oxygen reduction reaction in fuel cells will be highlighted. Selected examples 

will be also discussed to highlight insights into the structural and electrocatalytic properties 

of nanoalloy catalysts, which have implications for the design of low-cost, active, and 

durable catalysts for electrochemical energy production and conversion reactions. 

Keywords: nanoalloys; electrocatalysts; oxygen reduction reaction; phase structure; 

alloying degree; electrocatalytic activity 
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1. Introduction 

The design of active, stable and low-cost catalysts is essential for many reactions in electrochemical 

energy production, conversion and storage. Metal nanoparticles, especially alloy nanoparticles, have 

attracted a great deal of interest in both experimental and theoretical studies [1–3]. It is the nanoscale 

size range over which metal nanoparticles undergo a transition from metallic to atomic properties which 

leads to unique electronic and catalytic properties different from their bulk counterparts. Significant 

advances have been made in harnessing the nanoscale catalytic properties in energy and environmental 

fronts [3]. However, challenges remain, especially in preparation and characterization of active, robust, 

low-cost nanocatalysts with controllable sizes, shapes, compositions and structures. 

An alloy is a mixture of two or more metallic species, which can exist either in a complete solid 

solution state exhibiting a single phase characteristics or in a partial or phase-segregated solid solution 

state with multiple phases. Nanoalloy (NA) differs from bulk alloys in several significant aspects in 

terms of mixing patterns and geometric shapes. There are different types of mixing patterns, two of 

which include completely phase segregated NAs where the different phases share either an extended 

mixed interface or a very limited number of hetero-nuclear metal bonds, and mixed NAs with chemically 

ordered/disordered structures. The degree of segregation, mixing and atomic ordering depends on a 

number of factors, including relative strengths of differences in atomic sizes, surface energies of the 

component element, homoatomic vs. heteroatomic bonds, charge transfer between the different atomic 

species, and strength of binding to surface ligands or support materials. The observed atomic 

arrangement for a particular alloy depends critically on the balance of the preparation and usage 

conditions. By alloying, changes including atomic structure, physical and optical properties, and 

chemical properties could lead to two major effects: (i) ensemble effect where hetero-nuclear metals 

geometrically arranged in the favor of certain properties (e.g., catalytic process); (ii) ligand effect where 

electronic charge transfer between hetero-nuclear metals induces the change of functionality of metals 

(e.g., molecule adsorption properties) [4]. It is noted that the change of geometric arrangement by 

varying alloy composition or structural ordering/disordering cannot be done without changing electronic 

atmosphere. In catalysis, alloying hetero-nuclear metals plays a role in several different aspects, including 

(i) activation of the main components for enhanced activity; (ii) activation of successive reaction for the 

enhancement of overall reactions; (iii) removal of poisonous intermediates to facilitate the reactions;  

(iv) inhibition of certain intermediates and byproducts; and (v) reactants storage.[5] In addition, the 

surface structures of NAs could be very complex due to the enrichment of certain element in the core or 

shell. In the case of metal dissolution (“dealloying”) in the presence of acidic electrolytes, often referred 

to as Pt-skin structure formation [6,7], the details of the noble metal skin could be influenced strongly 

by the structural types of the NAs, the understanding of which in terms of structural evolution, noble 

metal skin or d-band center shift has attracted increasing interests in electrocatalysis. 

Supported metal nanoparticles from traditional preparative methods have been well demonstrated for 

various catalytic reactions [2,3,8]. In the last decade, new approaches to the synthesis of molecularly 

capped metal nanoparticles for the preparation of catalysts have been rapidly emerging (see Figure 1). 

While some of the catalysts exploit the functional groups from the capping shell of the nanoparticles, 

most others explore the surface active sites over the metal nanoparticles either after removing the capping 

layers [9] or through open channels of the capping layers [10]. In addition, the nanoscale facet is an 
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important factor in catalysis. For noble metal (e.g., Pt, Pd) alloyed with other transitions metals (e.g., Ni, 

Cu, Co, etc.), a volcano curve has been observed for certain metal ratios (e.g., 1:1, 1:3, or 3:1) in binary 

nanocatalysts [2]. Besides various nanostructural design parameters [11], the understanding of how these 

factors play an important role on catalytic properties is increasingly important. 

 

Figure 1. Illustration of the synthesis, assembly, and activation of nanoalloy particles for the 

preparation of the supported electrocatalysts. 

In this article, some of the recent findings in the exploration of nanoscale alloying degree for the 

preparation of the supported nanoalloy catalysts for catalytic and electrocatalytic reactions [12–17] will 

be highlighted. One important focus is the understanding of the structural correlation of nanoscale 

alloying properties with the electrocatalytic properties. 

2. Synthesis and Preparation 

The synthesis of molecularly-capped metal nanoparticles as building blocks for engineering the 

nanoscale catalytic materials takes advantage of diverse attributes, including monodispersity, 

processability, and stability in terms of size, shape, composition, phase and surface properties  

in comparison with traditional approaches [18]. One important approach involves core-shell type  

synthesis [19]. The core and shell are from different matters in close interaction, including 

inorganic/organic and inorganic/inorganic combinations [20,21]. The synthesis of metal nanoparticles 

in the presence of organic capping agents to form encapsulated metal nanoparticles has demonstrated 

promises for preparing nanocatalysts [20,21]. The coupling of molecularly-mediated synthesis of 

nanoparticles and post-synthesis thermochemical processing under controlled temperatures and 

atmospheres have demonstrated effectiveness in the preparation of nanocatalysts. In comparison with 

other methods such as plasmatic cleaning or chemical cleaning [22], thermochemical processing strategy 

is not only effective in removing the encapsulation, but also in refining the nanostructural parameters. 

The combination of the molecular encapsulation based synthesis and thermochemical processing 

strategies typically involves a sequence of steps for the preparation of nanoalloy catalysts: (1) chemical 

synthesis of the metal nanocrystal cores capped with ligands, (2) assembly of the encapsulated 

nanoparticles on supporting materials (e.g., carbon powders, TiO2 or SiO2), and (3) thermal treatment of 

the supported nanoparticles [12–17]. The size and composition of the nanoparticles produced by 

thermochemical processing are controllable. As shown for a series of binary and ternary alloy 
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nanoparticle systems in Table 1 [12–17,23–35], the catalysts prepared by the molecularly-mediated 

synthesis and thermochemical processing methods have demonstrated enhanced catalytic and 

electrocatalytic properties for oxygen reduction reaction (ORR), methanol oxidation reaction (MOR), 

and ethanol oxidation reaction (EOR), etc. 

Table 1. Examples of alloy nanoparticles and catalysts prepared by molecularly-mediated 

synthesis and thermochemical processing methods. 

Catalysts Synthesis method Catalytic reactions Refs 

Bimetallic nanoalloys 

PtNi NPs (2–8 nm)/C, 

TiO2, or SiO2 

Precursor: Pt(acac)2, Ni(acac)2;  

Capping agent: oleic acid (OA), oleylamine (OAM); 

Reducing agent: 1,2-hexadecanediol (HDD);  

Solvent: octyl ether (OE) 

ORR, CO oxidation [12,23] 

PtCo NPs (2–8 nm)/C, 

TiO2 or SiO2 

Precursor: Pt(acac)2, Co2(CO)8;  

Capping agent: oleic acid and oleylamine;  

Reducing agent: 1,2-hexadecanediol;  

Solvent: octyl ether 

ORR, CO oxidation [12,23] 

PtRu (~5 nm)/C 

Precursor: Pt(acac)2, Ru(acac)2;  

Capping agent: oleic acid and oleylamine;  

Reducing agent: 1,2-hexadecanediol;  

Solvent: octyl ether 

EOR, CO oxidation [24] 

AuCu (~5 nm)/C, SiO2 

Precursor: HAuCl4, CuCl2;  

Capping agent: 1-decanethiol (DT); 

Tetraoctylammonium bromide (TOABr);  

Reducing agent: NaBH4;  

Solvent: H2O and Toluene 

CO oxidation [14] 

AuCu (4–8 nm)/C 

Precursor: Au NPs and Cu NPs;  

Capping agent: 1-decanethiol (DT); 

Tetraoctylammonium bromide (TOABr);  

Method: Thermally aggregated growth 

CO oxidation [14] 

PdNi (7–10 nm)/C 

Precursor: Pd(acac)2, Ni(acac)2;  

Capping agent: oleic acid and oleylamine;  

Reducing agent: 1,2-hexadecanediol;  

Solvent: octyl ether or benzyl ether 

ORR, CO oxidation [25] 

PdCu (7–10 nm)/C 

Precursor: Pd(acac)2, Cu(acac)2;  

Capping agent: oleic acid and oleylamine;  

Reducing agent: 1,2-hexadecanediol;  

Solvent: octyl ether or benzyl ether 

EOR, CO oxidation [26] 

AuPt (~4–5 nm)/C 

Precursor: HAuCl4, HPtCl4;  

Capping agent: DT, OAM/OA;  

Reducing agent: NaBH4;  

Solvent: H2O and Toluene; 

ORR, MOR [13,27,28] 
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Table 1. Cont. 

Catalysts Synthesis method Catalytic reactions Refs 

Trimetallic Nanoalloys 

PtNiCo (3–5 nm)/C, 

TiO2, and SiO2 

Precursor: Pt(acac)2, Ni(acac)2, Co(acac)3;  

Capping agent: oleic acid and oleylamine;  

Reducing agent: 1,2-hexadecanediol;  

Solvent: octyl ether 

ORR, CO oxidation [12,29,30] 

PtVCo (3–5 nm)/C 

Precursor: Pt(acac)2, VO(acac)2, Co(acac)3;  

Capping agent: oleic acid and oleylamine;  

Reducing agent: 1,2-hexadecanediol;  

Solvent: octyl ether 

ORR, CO oxidation [17,31] 

PtNiFe (3–5 nm)/C 

Precursor: Pt(acac)2, Ni(acac)2, Fe(CO)5;  

Capping agent: oleic acid and oleylamine;  

Reducing agent: 1,2-hexadecanediol;  

Solvent: octyl ether 

ORR, CO oxidation [32,33] 

PtIrCo (3–5 nm)/C 

Precursor: Pt(acac)2, Ir4(CO)12, Co(acac)2;  

Capping agent: oleic acid and oleylamine;  

Reducing agent: 1,2-hexadecanediol;  

Solvent: octyl ether 

ORR, CO oxidation [15,17,34] 

PtVFe (3–5 nm)/C 

Precursor: Pt(acac)2, VO(acac)2, Fe(CO)5;  

Capping agent: oleic acid and oleylamine;  

Reducing agent: 1,2-hexadecanediol;  

Solvent: octyl ether 

ORR, [35,36] 

3. Examples of Nanoalloy Electrocatalysts 

Pt- or Pd-based nanoalloys have been extensively explored as electrocatalysts for electrocatalytic 

ORR, which is an important reaction in proton exchange membrane fuel cell (PEMFC), an 

electrochemical energy conversion device that converts hydrogen at the anode and oxygen at the cathode 

through a membrane electrode assembly (MEA) into water and produce electricity. The desired reaction 

pathway in the cathode of a PEMFC is 4e− reduction reaction of oxygen. During PEMFC reaction 

process, the voltage is the summation of the thermodynamic potential ENernst, the activation overpotential 

ηact (from both anode and cathode overpotentials, i.e., ηact(cathode) − ηact(anode)), and the ohmic overpotential 

ηohmic. The thermodynamic potential is governed by Nernst equation in terms of the E0 (1.23 V) and the 

operating concentrations (P(H2) and P(O2)), the activation overpotential is dependent on the electrode 

kinetics in terms of current flow, and the overpotential associated with catalyst activity (ηact(catalyst)). The 

overpotential ηact(catalyst) is large mainly attributed to the sluggish activity of ORR. The adsorption of O2 

over Pt surface could produce Pt–O or Pt–OH in a dissociative adsorption, which constitutes a  

four-electron reduction pathway forming water, or Pt–O2
− or Pt–O2H in an associative adsorption which 

often proceeds in a two-electron reduction pathway forming hydrogen peroxide. Although the 

understandings based on Pt skin on an alloy or dealloyed surface can explain partially some of the 

experimental facts, the exploration of how Pt–O or –OH intermediate species would influence the overall 

ORR by varying their binding strength and the formation and removal of Pt–O/Pt–OH species are known 

to play a key role in the overall electrocatalytic ORR over Pt-alloy catalysts [37]. The rational design of 
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Pt-alloys involving transition metals (M/M′) could create a bifunctional (or multifunctional) synergy for 

the formation and removal of Pt–O or Pt–OH species. For ternary catalysts, the introduction of a second 

M′ into Pt-M alloy may further lead to a manipulation of the surface oxophilicity by  

maneuvering –O/–OH species over M and M′ sites through structural or compositional  

manipulation [12,15,17,28–34]. The understanding of how Pt–OH and Pt–O binding energies can be 

tuned by the M/M′ oxophilicity would aid the design of the alloying metals for synergistic formation and 

removal of Pt–OH species in correlation with the structural and chemical complexity of the nanoalloys. 

3.1. Bimetallic Nanoalloy Catalysts  

Bimetallic nanoalloy catalysts derived from combinations of two heterometals often exhibit unique 

bifunctional or other physical and chemical properties. A strong correlation between the size, structure 

and catalytic activities was revealed over several interesting systems, e.g., PtNi, PtCo and  

AuPt [12,13,23,27,28]. Gold-platinum (AuPt) nanoalloys serve as an intriguing system in terms of the 

unique synergistic properties [12,27,28]. In contrast to the bulk counterpart which displays a miscibility 

gap at 20%–90% Au, nanoscale AuPt particles synthesized by wet chemical methods has shown alloy 

properties. The morphology and alloy structures are controllable, as shown by the example of Au22Pt78 

nanoparticles on carbon support (Figure 2A). The observation of the indicated lattice fringes, 0.235 nm, 

corresponding to 111 planes, indicates that the carbon-supported nanoparticles are highly crystalline. 

Carbon-supported AuPt nanoparticles have been shown to exhibit alloying characteristics and possess a 

uniform distribution of the two metals across the entire nanoparticles. The subtle increase of the particle 

sizes for the thermochemcally-treated carbon-supported Au22Pt78 nanoparticles was due to the thermal 

sintering of the nanoparticles. 

 

Figure 2. (A) HRTEM (a) and EDS (b) composition mapping for Au22Pt78/C (red: Pt, Blue: 

Au) nanoparticles; (B) Cross sections of 5.1 nm Pt-Au particles (about 5000 atoms) with 

random alloy structure: (a) Pt77Au33; (b) Pt51Au49 and (c) Pt40Au60.Pt atoms are in gray, Au 

in yellow. ((B) reproduced from reference [13] with permission. Copyright 2012, American 

Chemical Society; (A) reproduced from reference [27] with permission. Copyright 2010, 

American Chemical Society). 
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The detailed nanoscale alloying characteristics is recently evidenced by studies using element-specific 

resonant high energy X-ray diffraction coupled to pair distribution function analysis (HE-XRD/PDF) [12]. 

This technique, aided by Reverse Monte Carlo simulation (RMC) modeling, has provided an atomic-scale 

insight into the alloy structures of AuPt nanoparticles (Figure 2B). Pure Au and Pt nanoparticles are used 

to produce model configurations for AunPt100−n nanoparticles (n = 40, 51, 77) where Au and Pt atoms 

show various patterns of chemical order-disorder effects. From the modeling, it was found that the 

alloying of Pt and Au occurs not only within a wide range of Pt-Au concentrations but is also stable in 

nanoparticles of different sizes. 

The electrocatalytic ORR activities of AuPt nanoalloys have been assessed by rotating disk electrode 

(RDE) measurements [27]. As shown by RDE curves in Figure 3 for Au22Pt78/C and Au49Pt51/C catalysts, 

there are clear differences of the reduction currents in the kinetic region (0.8–0.9 V vs. NHE). These 

differences demonstrated that both the bimetallic composition and the phase structures had profound 

effects on the electrocatalytic activity. It is evident that the mass activity depends on both thermal 

treatment temperature and condition (Figure 3 insert). The data for Au22Pt78/C showed an increase of 

mass activity to a maximum at 400 °C and further decrease with increasing temperature. The decrease 

of the activity with temperature is consistent with the findings of the increased phase segregation and 

the Pt core-Au shell formation by experimental HRXRD/PDF data. The temperature for the maximum 

activity was also found to depend on the bimetallic composition, as supported by the observations of a 

maximum activity at 400 °C for Au22Pt78/C and a maximum activity at 600–700 °C for Au49Pt51/C. A 

combination of lattice parameter and surface structural effects as a result of the differences in 

composition and treatment conditions is believed to be operative. The observed differences between 

Au22Pt78/C and Au49Pt51/C catalysts indicate that there exists an optimized surface structure with an 

appropriate Pt–O bonding strength for achieving the enhanced electrocatalytic activity. 

(A) 

Figure 3. Cont. 
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(B) 

Figure 3. RDE curves for ORR for Au22Pt78/C (A) and Au49Pt51/C (B) catalysts treated under 

H2 for 30 min (normalized for comparison) at 400 (a), 600 (b), and 800 °C (c). (Glassy 

carbon electrode (0.196 cm2); 0.5 M H2SO4 saturated with O2; catalyst loading: 10 μg; scan 

rate: 10 mV/s; speed: 1600 rpm). (reproduced from reference [27] with permission. 

Copyright 2010, American Chemical Society). 

3.2. Trimetallic Nanoalloy Catalysts 

In comparison with bimetallic systems, ternary nanoalloy catalysts provide an increased degree of 

structural tunability. In addition to the obvious tunability in nanoscale alloying, the manipulation of 

surface oxophilicity is demonstrated by the introduction of a second metal M′ into Pt-M alloys. In many 

cases, ternary PtMM′ catalysts, where M, M′ = Ni, Co, Fe, V, Ir, etc., have demonstrated enhanced 

electrocatalytic activities and stabilities in comparison with commercial Pt/C and their binary 

counterparts [12,15,17,29–36]. These aspects can be illustrated by studies of the ternary nanoalloy of 

PtIrCo in comparison with its binary counterparts [15,34]. As an example, the Pt25Ir20Co55 nanoalloys 

prepared by the molecularly-mediated synthesis display a size of 2.5 ± 0.2 nm (Figure 4A). Based on 

HE-XRD/PDF characterization of PtIrCo/C and its binary counterparts (PtIr/C and PtCo/C) treated under 

H2 at 400 and 800 °C, the detailed structural ordering and atomic configuration in the nanoparticles can 

modelled by RMC simulation (Figure 4B). Each of the configurations have the real stoichiometry and 

size of the nanoalloy and atomic PDFs computed from the configurations match the experimental PDF 

data very well. 

Pt45Ir55 catalyst treated at 400 °C is a random alloy of Pt and Ir whereas that at 800 °C tends to 

segregate into a Ir-core and Pt-surface-enriched structure. This finding is qualitatively in agreement with 

the XPS based analysis of the relative surface composition, which showed a 16% increase in Pt upon 

treatment at 800 °C. Pt73Co27 catalyst treated at 400 °C features an alloy where Co atoms show some 

preference to the center of the nanoparticles whereas that at 800 °C, features an alloy with Co atoms 

being somewhat closer to the surface of the particle. In comparison, the Pt25Ir20Co55 catalyst treated at 

400 °C features an alloy where Co and Ir species tend to occupy the inner part of the nanoparticles while 
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Pt atoms show some preference to the surface of the nanoparticles. The ternary catalyst treated at 800 °C 

features a rather random type of alloy where Co, Pt and Ir atoms are almost uniformly distributed across 

the nanoparticles, a finding that was qualitatively in agreement with the small changes derived from the 

XPS analysis of the relative surface composition. These results reveal that the atomic distribution across 

the nanoparticles depends strongly on the binary/ternary composition and the thermochemical  

treatment temperature. 

(A) 

 

(B) 

Figure 4. (A) HR-TEM for Pt25Ir20Co55 and (B) RMC constructed models for Pt45Ir55, 

Pt73Co27, and Pt25Ir20Co55 processed at 400 °C (a, c, e, respectively) and 800 °C (b, d, f, 

respectively). (Pt atoms: green, Ir atoms: orange, and Co atoms: blue). Note that the sizes of 

atoms are drawn not to scale to fit in the picture frame. ((A) reproduced from reference [15] 

with permission. Copyright 2013, American Chemical Society, (B) reproduced from 

reference [34] with permission. Copyright 2012, American Chemical Society). 

The electrocatalytic activities of PtIrCo catalysts with different compositions for ORR were measured 

using the RDE method (e.g., Pt65Ir11Co24/C(a), Pt40Ir28Co32/C(b), and Pt25Ir20Co55/C(c)). In comparison 
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with the mass activity for Pt/C catalysts, the mass activity was increased by a factor of 2–4 for these 

catalysts. There is a clear trend showing the increase of the mass activity with the increase of Co% and 

the decrease of Pt% in the nanoparticles. In comparison with the specific activity for Pt/C catalysts, the 

specific activity was increased by a factor of ~3 for the ternary catalysts. In comparison with its binary 

counterparts (PtCo and PtIr), the mass activity for Pt25Ir20Co55/C nanocatalyst showed an increase by 

factor of ~2 (Figure 5A) [15]. Based on the detailed atomic structural data, the substantially shorter 

metal-metal distances in the ternary nanocatalysts are believed to be one of the key factors responsible 

for the improved catalytic properties. The increase in SA from lower to higher temperature (e.g., from 

400 °C to 800 °C) for the ternary nanoalloys is also likely due to the further decrease in the metal-metal 

distances and the changes in coordination numbers. In addition to a favorable change in Co-Pt first 

coordination number, there are also changes in Co-Ir, Pt-Ir and Ir-Ir coordination numbers indicating an 

increased degree of alloying. Moreover, the introduction of Ir in PtCo to form a ternary system was 

indeed shown to increase stability of the electrocatalytic activity indicating the important role of the 

addition of Ir. The mass activity is the highest for the ternary catalyst among the three catalysts (see 

Figure 5A insert). The 2× increase of specific activity for the ternary catalyst in comparison with the 

relatively small increase for PtIr indicates the importance of adding a third metal with greater 

oxophilicity to the alloy. The marked enhancement of the activity ternary nanoparticles is believed to be 

linked to the decrease in the 1st Metal-Metal distances and the formation of alloy featuring either an  

Co-Ir core with Pt rich surface or a uniform distribution of Co, Pt and Ir species across the  

entire nanoparticle. 

(A) (B) 

Figure 5. Electrocatalytic activities for ORR in O2-saturated 0.1 M HClO4: (A) RDE curves 

for 400 °C (solid bar) and 800 °C (dash bar) treated catalysts: Pt45Ir55/C (a), Pt73Co27/C (b), 

and Pt25Ir20Co55/C (c). Insert: Mass activities extracted from RDE curves for the same catalysts. 

(B) Durability plots of normalized mass activities as a function of the number of potential 

cycles (ranging from 0 to 20,000 cycles) for different catalysts upon potential cycling ((A) 

reproduced from reference [15] with permission. Copyright 2013, American Chemical 

Society, (B) reproduced from reference [34] with permission. Copyright 2012, American 

Chemical Society). 

The durability of the PtIrCo catalysts was also found to show an improvement in comparison with its 

binary counterparts. This is substantiated by the durability data for the catalysts in the O2-saturated 0.1 M 

HClO4 as a function of square-wave potential cycling protocol [34]. Most of the mass activity loss for 



Catalysts 2015, 5 1475 

 

 

all the samples occurred during the initial 5000 cycles (Figure 5B). In comparison with those for the 

commercial catalysts, the rate of the mass activity loss of Pt65Ir11Co24/C was comparable to that of Pt/C 

and slightly lower than that of Pt3Co/C. After 20,000 cycles, the mass activity of Pt65Ir11Co24/C is found 

to be higher than that of Pt3Co/C. The ternary nanoalloy catalyst synthesized by the molecularly-mediated 

synthesis and thermochemical processing method has durability comparable to that of commercial 

catalysts upon the severe potential cycling. 

4. Summary and Perspectives 

In summary, the ability to control the nanoscale alloying structures is essential for understanding the 

enhanced electrocatalytic activities of Pt or Pd based nanoalloys. It is the unique nanoscale phenomena 

in terms of atomic-scale alloying, interatomic distances, metal coordination structures, structural/chemical 

ordering, and phase states that operate synergistically in activating oxygen and maneuvering surface 

oxygenated species. Understanding this synergy is important for the design of catalysts with high activity 

with a significantly-reduced use of noble metals [38,39]. In addition to studies aimed at further lowering 

the noble metal content in the nanoalloy catalysts, future work is needed in the area of theoretical 

computation and modelling to understand how the structural-catalytic synergy are influenced by the 

binary or ternary metal composition. This understanding will also guide the development of the ability 

to enhance the stability of metal components in the nanoalloy catalysts under the electrocatalytic 

operation conditions. In addition, in situ experiments will be very useful to probe the structural evolution 

processes such as the de-alloying process in the electrolyte and atomic-scale rearrangements leading to 

changes in size, shape, or surface energy. With recent advents in using synchrotron X-ray based techniques 

for the study of various catalyst systems, new insights are expected for elucidating the detailed factors 

controlling the activity and stability of nanoalloy catalysts, which will further advance the endeavor of 

electrochemical energy conversion and storage. 
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