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a b s t r a c t

With the deep integration of electrochemical research with energy, environment, catalysis, and other

fields, more and more new electrochemical catalytic reactions have entered our research field. Alloy cat-

alysts have recently emerged as a new type of nanomaterial due to the rapid development of kinetic

controlled synthesis technology. These materials offer several advantages over monometallic catalysts, in-

cluding larger element combinations, complex geometries, bifunctional sites, and reduced use of precious

metals. This paper provides a review of alloy electrocatalysts that are designed and prepared specifically

for electrocatalytic applications. The use of alloy materials in electrocatalyst design is also discussed, high-

lighting their widespread application in this field. First, various synthesis methods and synthesis mech-

anisms are systematically summarized. Following that, by correlating the properties of materials with

the structure, relevant strategies toward advanced alloy electrocatalysts including composition regulation,

size, morphology, surface engineering, defect engineering, interface engineering and strain engineering

are classified. In addition, the important electrocatalytic applications and mechanisms of alloy electro-

catalysts are described and summarized. Finally, the current challenges and prospects regarding the de-

velopment of alloy nanomaterials are proposed. This review serves as a springboard from a fundamental

understanding of alloy structural dynamics to design and various applications of electrocatalysts, partic-

ularly in energy and environmental sustainability.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Energy consumption is growing rapidly due to population

growth, industrialization and technological development. In addi-

tion to rising energy demand, fossil energy reserves are rapidly

declining [1,2]. Fuel cells, water electrolyzers, metal air cells, and

other energy technologies have begun to play some role in our

renewable energy landscape [3–5]. Developing efficient, low-cost

advanced electrocatalysts that can be used in large-scale electro-

chemical devices is crucial to achieving this vision and poses sig-

nificant scientific challenges [6–9]. Electrocatalysis is a chemical ef-

fect in which modifiers (electroactive or non-electroactive) present

on the electrode surface or in the solution phase can promote
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or inhibit the electron transfer reaction occurring in the electrical

damage without changing the modifiers themselves on the elec-

trode surface or in the solution [10–12].

Electrocatalyst is one of the key materials in electrocatalytic re-

action, and its activity plays a key role in the rate and cost of elec-

trocatalytic reaction. Pure metals have been extensively studied for

electrocatalytic reactions, and noble metals such as platinum and

ruthenium are the most active and stable materials, but their ex-

tremely high cost and limited reserves are the main obstacles to

their industrial application [13–16]. Therefore, one of the most im-

portant goals of modern electrocatalysis is the complete replace-

ment of pure noble-metals by low-cost and active catalytic mate-

rials [17,18]. Although non-platinum active metals such as Fe [19],

Ni [20] or Co [21,22] are much cheaper, these metals are subject to

corrosion and passivation under reaction conditions, their perfor-

mance and durability limit the widespread adoption of such sys-

tems [23]. Compared with monometallic catalysts, multi-metallic

https://doi.org/10.1016/j.cclet.2023.109073
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Fig. 1. Schematic diagram summary of synthesis methods, morphologies and appli-

cations of alloy electrocatalysts.

alloy catalysts exhibit remarkable electrocatalytic performance due

to optimized electronic structure, atomic system synthesis confor-

mation and synergistic effects [24–27]. Alloying different metals

can lead to increased intrinsic electrocatalytic activity [28], altered

morphology (intrinsic specific surface area) [29] and high corrosion

stability [30]. The combination of different metal elements in alloy

nanomaterials can improve the stability of electrocatalysts, avoid-

ing the problem of easy oxidation and deactivation of pure metal

electrocatalysts in the reaction.

The progress of materials science and nanotechnology has

greatly promoted the synthesis of alloy nanostructures and mul-

tiplied the application of electrocatalysis. Given the rapid develop-

ments in this field, there is a clear need to provide timely updates

on the design of alloy nanomaterials for electrocatalytic applica-

tions. This review provides an overview of recently reported de-

sign strategies of alloy catalysts for electrocatalytic related energy

technologies, and further outlines the underlying mechanisms be-

hind the enhanced catalytic performance of alloy electrocatalysts,

including composition regulation, morphological control, strain en-

gineering, defect engineering, and interface engineering. Then, we

summarize the application of these alloy catalysts as efficient cat-

alysts for important electrochemical conversion reactions (oxygen

reduction reaction (ORR), hydrogen precipitation reaction (HER),

formic acid oxidation reaction (FAOR) and CO2 oxidation reaction

(CO2RR), etc.) and offer a brief outlook on the future developments

in this research field (Fig. 1).

2. Fundamental concepts

2.1. Definition and classification of alloys

Alloys are substances with metallic characteristics that are syn-

thesized by fusing two or more metals with metals or nonmetals

[31,32]. They are formed by the process by which one component

enters the structure of the base component (metal or metal com-

pound) [33]. Non-metallic elements, notably H, B, C, Si, and P, can

be added to alloys to make interstitial alloys or intermetallic com-

pounds [34]. In terms of composition, alloy systems may be classi-

fied and distinguished into three groups: noble metal, base metal,

and noble/base metal mixed alloys. It is classified as binary alloys,

ternary alloys, and multi-alloys based on the number of compo-

nent elements, and alloys that include five or more metal elements

in the multi-alloy are called high-entropy alloys [35–37].

According to different structures, alloys are mainly divided into

three types (Fig. 2a): The first type is mechanical mixture alloys,

which is a mechanical mixture of different metals with different

melting points that crystallize to form fine crystals. The two com-

ponents of the alloy cannot dissolve one another or interact to

form compounds; each phase retains its original lattice and prop-

erties in the mechanical mixture.

The second type is solid-solution alloys: a solid-solution that

not only dissolves a variety of metals during melting, but also

maintains a miscible state when solidifying is called solid-solution

alloys. The solid-solution alloy is a uniform liquid phase in the liq-

uid state, and the metal with more content in the alloy is called

solvent metal, and the metal with less content is called solute

metal. After the solid-solution is converted into a solid state, the

uniformity of the structure is still maintained, the lattice type of

the solvent metal is maintained. The solute metal can be limited or

limited to column separation in the lattice of the solvent metal. Ac-

cording to the position of solute atoms in the solvent lattice, solid-

solution alloys are further divided into substitutional solid-solution

alloys, interstitial solid-solution alloys. Substitutional solid-solution

alloys: the solute atoms of solid-solution are generally atoms with

a small difference in radius. Interstitial solid-solution alloys: so-

lute atoms in the solid-solution are non-metallic atoms (H, O, N,

C, B) with small radius (Rsolute-atoms/Rsolvent-atoms ≤ 0.59). The so-

lute atoms replace part of the solvent lattice to form substitutional

solid-solution, and the following factors affect the solid-solution

degree of the substitutional solid-solution: (1) The type of crys-

tal structures (face-centered cubic (fcc, including Al, Cu, Ag, Au, Ni,

Pb, γ -Fe), hexagonal close-packed (hcp, including Ti, Zr, Mg, Zn)

or body-centered cubic (bcc, including α-Fe, W, Cr, Mo, V) crys-

tal structure) of metal elements are the same, and it is possible to

form an infinite solid-solution (Fig. 2b). Only when the structure of

components A and B is the same, can they be completely miscible

in any proportion. The value of x in AxB1-x can vary between 0 and

1. (2) The closer the atomic sizes of the elements, the more stable

the solid solution formed. (3) The greater the difference in elec-

tronegativity between alloying elements, the greater the tendency

to produce compounds that are not conducive to solid-solution for-

mation (Fig. 2c) [38].

The third type of alloys is intermetallic compounds (IMCs). The

structure of the solid-solution alloys is the same as the original

solvent-metal, but the crystal structure or system of IMC as op-

posed to the solid solution alloy is different from the parent metal.

IMCs have a different crystalline and atomic structure from the

original metal and can form new ordered superlattice structures.

2.2. Characterization of alloys electrocatalysts

We systematically summarize several advanced and suitable

characterization methods to understand the characteristics (includ-

ing elements, morphology, structure, phase, surface chemical state,

lattice distortion and strain) of alloy electrocatalysts.

In terms of elemental identification and quantification, induc-

tively coupled plasma (ICP) emission spectroscopy is one of the

most important techniques for accurately identifying the type

and actual content of elements in alloy electrocatalysts. Through

scanning electron microscopy (SEM) and transmission electron

microscopy (TEM) and other technical means, the morphologi-

cal characteristics, particle size, morphology and distribution uni-

formity of alloy electrocatalyst surfaces are observed and ana-

lyzed. High-angle annular dark field scanning transmission elec-

tron microscopy (HAADF-STEM), atomic force microscope (AFM),

and scanning tunneling microscopy (STM) provide further insight

into three-dimensional morphology and elemental composition. X-

ray diffraction (XRD) is the primary method for studying the phys-

ical phase and crystal structure of alloy electrocatalysts, allow-
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Fig. 2. (a) Schematic illustrations of various alloy structures. (b) Schematic diagram of common crystal structure types in metals. (c) The electronegativity vs. the metallic

radius for a coordination number of 12 (Darken-Gurry) map for Ta as the solvent. Copied with permission [38]. Copyright 2004, Elsevier.

ing the analysis of material properties such as the composition

of alloy molecules, crystal shape, intramolecular bonding patterns,

and conformation. Synchrotron XRD has a higher structural reso-

lution than conventional XRD. In addition, XRD can be used to as-

sess the crystallinity, particle size, and lattice parameters of HEA

by fitting diffraction data. X-ray diffraction (XRD), Raman spec-

tra and X-ray absorption fine structure spectroscopy (EXAFS) and

other technical means are used to explore the crystal structure

and crystal face orientation of alloy electrocatalysts, and determine

their crystal structure type, lattice constant, functional chemical

composition and other element information. Metal-metal interac-

tions are required for alloy formation and can lead to characteris-

tic peak shifts. Electrocatalytic processes usually occur at the cat-

alyst surface and at the electrolyte interface. The electronic struc-

ture, chemical bond characteristics, and ion state of alloy electro-

catalysts are examined using scanning tunneling microscopy (STM)

and X-ray photoelectron spectroscopy (XPS), which provide essen-

tial support for improving the catalytic performance of alloy elec-

trocatalysts.

3. Preparation methods of alloys

In order to obtain the ideal alloy electrocatalyst, it is nec-

essary to master various synthesis methods. In this chapter, we

mainly summarize some different synthesis methods of alloys

and relevant representative examples. At present, the main meth-

ods for preparing alloys are co-reduction method, electrochemical-

deposition method, pyrolysis reduction method, thermal diffusion

method, seed-mediated method, mechanical ball milling method,

etc.

3.1. Chemical reduction method

The chemical reduction method is to reduce metal ions to

metal atoms, and then prepare alloy electrocatalysts through self-

assembly or other methods. The chemical reduction method for

manufacturing alloy electrocatalysts has the advantage of being

able to selectively vary the surface structure and composition of

the catalyst by regulating the reduction conditions, allowing for the

manipulation of catalytic activity and selectivity. In addition, al-

loy electrocatalysts synthesized by the reduction method have high

stability and repeatability, which can effectively reduce issues such

as catalyst deactivation and shortened lifespan.

Co-method: Multiple metal salt precursors and reducing agents

in the system are simultaneously reduced to form alloy nano-

materials using the co-reduction method, which is also referred

to as the simultaneous reduction method. Therefore, in addition

to metal salt precursors, in the process of co-reduction synthe-

sis of alloys, it is also necessary to add capping agents, reduc-

ing agents and surfactants to achieve co-reduction of different

metal precursors in the solution system. In the co-reduction pro-

cess, metal salt precursors mostly use chloride, perchlorate, ni-

trate, acetate and acetylacetonate. Strong reducing agents can si-

multaneously reduce all metal precursors and promote the for-

mation of nanoalloys with different structures/morphologies. Co-

reduction method often uses reducing agents such as ascorbic

acid, citric acid, hydrogen peroxide, sodium borohydride, ben-

zoic acid, cuprous chloride, polyols. Surfactants (cetyltrimethylam-

monium bromide (CTMAB), polyvinylpyrrolidone (PVP), octadecy-

lamine (ODA), oleylamine (OAm), etc.) can modulate the crystal

growth behavior by regulating the surface energy of the parti-

cles to create nanoalloys with unique structures or morphologies

and prevent aggregation of nanoalloys. Commonly used end cap-

ping agents are halide ions, organic phosphine or organic amines

and so on. As a representative study, Zhou et al. prepared meso-

porous PdAg nanospheres of uniform size and composition by co-

reducing H2PdCl4 and AgNO3 in aqueous solution using dioctade-

cyl dimethyl ammonium chloride (DOAC) as surfactant and ascor-

bic acid as reducing agent. DOAC is a double-chained quaternary

ammonium surfactant that is known to form unilamellar vesicles

under the given experimental condition. These vesicles directed

the nucleation and growth of mesoporous PdAg nanospheres [39].

Shan et al. co-reduced the Ce(CH3COO)3/Cu(CH3COO)2 metal pre-

cursors in the presence of PVP to obtain the Ce–Cu alloy nanocrys-

tals by using triethylene glycol (TEG) as the reductant [40]. And Su

et al. used porous nitrogen doped carbon coated titanium dioxide

(TCN) as a carrier to uniformly immobilize NiRu alloy on the sur-

face of the carrier using an impregnation co-reduction method (Fig.

3a). The TCN was impregnated in Ni(NO3)2 and RuCl3 solution, and

then Ru3+ and Ni2+ were adsorbed on the TCN surface due to its

large specific surface area and surface-specific functional groups.

Finally, Ru3+ and Ni2+ were rapidly co-reduced by a freshly pre-

pared NaBH4 solution [41]. Li et al. first obtained PtPd mesoporous

nanospheres (PtPd MNs) by co-reducing Pt and Pd precursors with

L-ascorbic acid (AA) in the presence of surfactant F127, and then

fabricated PtPdNiP-MNs by further introducing Ni and P compo-

nents (Fig. 3b) [42].

Seed-mediated method: Seed-mediated method is to obtain

nanoparticles with different morphologies by first reducing the

precursors of the first metal due to the difference in thermal de-

composition ease or reduction potential, and use them as seeds for

the next coating of the second metal precursor. The second metal

is grown in the outer layer of the nucleus of the first metal by

adding reducing agents, capping agents and inorganic ions to the

precursor of the second metal. Seed-mediated growth is an ap-

pealing approach for the deliberate synthesis of core-shell struc-
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Fig. 3. Schematic illustration showing synthesis of (a)NiRu/TCN. Copied with permission [41]. Copyright 2021, Elsevier. (b) PtPdNiP MNs. Copied with permission [42].

Copyright 2019, Royal Society of Chemistry. (c) o-Pd2Sn. Copied with permission [45]. Copyright 2020, Royal Society of Chemistry. (d) Pd@Pt. Copied with permission [46].

Copyright 2019, Royal Society of Chemistry.

tural alloys, enabling precise manipulation of shell thickness, core

and shell composition, as well as nanocrystal morphology [43]. A

seed-mediated co-reduction method developed by Bueno et al. in-

volves simultaneous reduction of two (or more) metal precursors

to deposit bimetallic (or polymetallic) shells onto seeds and ran-

dom alloy (ra-) PtM surfaces onto ordered intermetallic compound

(i-) PdCu seeds by seed-mediated co-reduction. These core-shell al-

loys exhibited higher specific and mass activity in ORR, the activity

enhancement was attributed to the strain surface caused by lat-

tice mismatch between the intermetallic nucleus and the random

alloy surface, the excellent durability is attributed to the ordered

structure of the intermetallic core [44]. Liang et al. successfully

prepared ultrathin and defect rich intermetallic Pd2Sn nanosheets

(NSs) through seed mediated methods (Fig. 3c). Pd NSs were first

produced in oleylamine (OAm) at 160 °C, followed by the con-

trolled reduction of Sn4+ and diffusion of Sn atoms into Pd lat-

tice at 170 °C. The seed mediated method can better preserve the

two-dimensional structure during the phase transition process of

nanosheets, while the process of diffusion and migration of Pd/Sn

atoms induces the formation of a large number of defect site [45].

Xiao et al. synthesized a Pd@Pt core-shell nanocube using a direct

seed mediated growth approach that entails constantly introduc-

ing Pt shell forming chemicals into a solution containing nuclear

nanoparticles without the requirement for washing throughout the

synthesis process (Fig. 3d) [46].

Electrochemical-deposition method: Electrochemical deposition

methods offer the advantages of simple setup, simple operation,

and controlled synthetic composition. Electrochemical deposition

refers to the reduction of different types of metal ions from aque-

ous/non aqueous solutions or molten salts while transferring elec-

trons on the working electrode under the action of an exter-

nal electric field, and then depositing them on the electrode to

form an alloy structure. For instance, Nugraha et al. synthesized

mesoporous AuCuNi ternary alloy films by electrochemical depo-

sition (Fig. 4a). Specifically, the metal precursor solution contain-

ing HAuCl4, CuSO4 and NiCl2 were added dropwise to the copoly-

mer solution under constant stirring, followed by electrochemi-

cal deposition to generate mesoporous AuCuNi ternary alloy films.

Subsequently, the polymer was removed by a simple solvent ex-

traction method to make the mesoporous membrane free of im-

purities. Since the difference between the standard reduction po-

tentials of the metal precursors is large, various constant poten-

tial ranges were adopted to affect the reduction rate of metals.

The composition of the mesoporous AuCuNi films can be easily

adjusted by changing the precursor ratio in the initial electrolyte

solution [47]. Liu et al. used bulk Pt instead of salt as Pt source

for electrochemical deposition to maximize the utilization of Pt

(Fig. 4b). First, WO3 nanosheet arrays (WO3@CF) were grown on

Cu foam by solvothermal reaction using WCl6 and C2H5OH. Then,

the Pt species dissolved by electrochemical “activation” were re-

duced on low-potential HER working electrodes to form hollow

PtCu nanospheres (PtCu/WO3@CF) closely growing at the edge of

WO3 nanosheets. The release of Pt species from bulk Pt to the

electrolyte was a kinetically slow process with OER proceeding and

thus the amount of loaded Pt can be well controlled [48]. Wang et

al. obtained dendritic CuNi alloy catalyst by electrodepositing on

a rotating disk electrode (RDE) and polytetrafluoroethylene (PTFE)

film using a solution containing CuSO4+NiSO4 as a deposition bath

[49].

3.2. Pyrolysis reduction method

Pyrolysis reduction method is used to synthesize alloys by

pyrolysis of metal-organic compounds as precursors. Zhu et al.

prepared FeCo alloy nanoparticles functionalized nitrogen-doped

mesoporous carbon catalysts by a simple two-step synthesis

method, including coordination induced self-assembly and high-

temperature pyrolysis of multi-level bimetallic organic composite

scaffolds (Fig. 4c). In the final high-temperature pyrolysis step, the

binding ligands served as the nitrogen and carbon source while the

metal ions (Fe2+ and Co2+) served as metal precursors, resulting in

the formation of the dual metal-containing nitrogen-doped carbon

framework. Simultaneously, under the assistance of redox condi-

tions generated during pyrolysis, metal ions could be reduced to

FeCo NPs. The electronic structure of the active site of Co was reg-

ulated by Fe atom, which makes the binding energy of the cat-

alyst to the intermediate of oxygen reduction reaction reach the

best [50]. Zhang et al. prepared a novel hybrid consisting of RuCo

alloy bimodal nanoparticles embedded in N-doped carbon through

a simple package pyrolysis strategy (RuCo@NC-600) (Fig. 4d). First,

a columnar layered chiral metal-organic framework (cMOF-CoRu)

containing Co and Ru ions was synthesized by a pot of solvother-

mal reaction, and then the MOF precursors were pyrolyzed in flow-

ing Ar at different high temperatures to obtain RuCo@NC-600 [51].

Without expensive additives or prefabricated seeds, Jenkinson et al.

prepared faceted FePt-Fe3O4 dumbbell-shaped nanoparticles by re-

ducing Pt(acac)2 in oleic acid, oleamine and octadecene and adding

Fe(CO)5 at 120 °C for thermal decomposition. Through temperature

control, it is possible to selectively manipulate the morphology of

the FePt lobe while maintaining a desirable Fe50Pt50 composition

[52].
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Fig. 4. Schematic illustration showing synthesis of (a) mesoporous AuCuNi ternary alloy film. Copied with permission [47]. Copyright 2018, Wiley-VCH. (b) PtCu/WO3@CF.

Copied with permission [48]. Copyright 2022, Wiley-VCH. (c) FeCo/NC catalyst. Copied with permission [50]. Copyright 2022, Wiley-VCH. (d) RuCo@NC. Copied with permis-

sion [51]. Copyright 2020, Royal Society of Chemistry.

Fig. 5. Schematic illustration of (a) Pt-based i-NPs on S-C. Copied with permission [53]. Copyright 2021, Science. (b) RuBi SAA/Bi@OG. Copied with permission [54]. Copyright

2023, Wiley-VCH. (c) Pt1/Co SAA. Copied with permission [58]. Copyright 2020, American Chemical Society. (d) (NiCo)3Se4 after SABM. Copied with permission [59]. Copyright

2021, Wiley-VCH.

3.3. Thermal diffusion method

When heated at high temperatures, the thermal movement of

the crystal atoms of the metal intensifies, and when the atoms

gain enough energy, they leave the lattice position and migrate

to the lattice or vacancy of other metals to create alloys. Yang

and other researchers synthesized a Pt-based i-NP library i-NPs li-

brary composed of 46 Pt and 16 other metal elements. Ordered

intermetallic compounds are thermodynamic stable relative to dis-

ordered solid solutions, but the kinetic energy barrier of atomic

ordering must be overcome to realize the transition from disor-

dered to ordered. After high-temperature annealing at 1000 °C,
the precursors formed the atomically ordered Pt3Co intermetal-

lic structure after cooling below the phase-transition temperature

through the thermodynamic-driven disorder-order transition (Fig.

5a) [53]. Zhao et al. successfully constructed a double atomic-

tuned RuBi SAA/Bi@OG nanostructure composed of RuBi single-

atom alloy nanoparticle with Bi-O single-site-doped graphene by

high-temperature diffusion (Fig. 5b). During the heating process at

900 °C, the precursor powder may first form an alloying RuBi in-

termediate, and then due to the significant difference in melting

and boiling points between Bi and Ru, the Bi metal was atomized

to form multi-level Bi single atoms [54]. Guo et al. synthesized

Pd3Pb multiple twinned intermetallic nanowire networks (MT-IM-

NNs) through the diffusion and ordering process of Pb atoms in

the preformed Pd seeds into Pd3Pb intermetallic phases and the

directional attachment of seeds. The diameter of Pd3Pb MT-IM-NNs

can be adjusted by changing the crystal size and type of Pd cubic

seeds. Interestingly, when the palladium icosahedron was used as

the seed, the Pd3Pb multiple twin metal porous nanowire network

was obtained [55].

3.4. Mechanical ball milling method

Mechanical ball milling can grind the sample material to

nanometer size while changing the reactivity of the ground

solid, activating chemical reactions, and inducing phase transi-

tions (amorphization, polymorphic conversion) [3]. Mechanical ball

milling to prepare alloying materials is a physical synthesis method

for alloying two metals with significantly different melting points

to overcome the limitation of stoichiometric composition of phase

diagrams [56,57]. Because of the advantages of low cost and easily

scalable and environmentally friendly properties, the ball milling

process has aroused increasing interest. Gan et al. successfully

achieved the kilogram scale preparation of the atomic dispersion

of Pt within Co nanocrystals (denoted as Pt1/Co) using two acety-

5
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lacetone salts with properties very close to each other, through ball

milling, high temperature calcination, and hydrogen reduction (Fig.

5c). This method is simple, efficient, solvent-free, and has no size

amplification effects, is easy to achieve kilogram scale preparation

[58]. Abed et al. synthesized nanocrystalline Ni–Co–Se at low tem-

peratures using ball milling technology, the combination of high-

speed mixing (30 Hz, 1800 rpm) and low temperature (-196 °C)
promoted the formation of nanocrystalline structures centered on

high melting point components (Fig. 5d) [59].

3.5. Other methods

The methods described above are a few that are often utilized

to create nanoalloy catalysts. differing synthesis techniques can re-

sult in differing catalyst performance; thus, while choosing an ap-

propriate synthesis method, it is critical to consider the catalyst

composition and control parameters during the preparation pro-

cess to get the optimal performance. Nanoalloys can also be pro-

duced using other techniques including sol-gel method [60], mi-

crowave synthesis method [61], magnetron sputtering method [62],

dealloying method [63], etc. To obtain the best performance, it is

necessary to thoroughly consider the catalyst components and con-

trol factors during the preparation process.

4. Factors affecting electrocatalytic performance of alloys

Through recent synthesis experiments and theoretical research,

researchers aim to reasonably optimize the design of alloy nano-

particle electrocatalysts. By judiciously adjusting and controlling

the composition, size, structure, morphology, sequence and dis-

persion of the catalysts, the catalysts have higher catalytic perfor-

mance and improved the atomic utilization efficiency

4.1. Composition regulation

Alloying is the change of electrocatalytic properties (selectivity,

reaction rate, etc.) by modulating the d-band holes of the metal

catalyst, including changing the electronic properties, reduction,

and dispersion of the metal catalyst. Controlling the type of metal

combined and the proportion of each component can reasonably

and effectively optimize the comprehensive properties of the alloy,

which is one of the directions that need further research in the

future.

Further, in the synthesis of alloyed nano-electrocatalysts, pre-

cise modulation of the intermediate binding energy of the cata-

lyst by adjusting the component metals is an important way to

design high-performance electrocatalysts. According to Sabatier’s

principle, if the interaction between the catalytic active site and

the reactant molecule (H∗, OH∗, OOH∗, O∗, N2H
∗, OCHO∗, etc.) is

weak, the adsorption of the reactant molecule is not favorable;

if the bonding between the catalytic active site and the reactant

molecule is too strong, the desorption of the reactant molecule is

not favorable. Therefore, the electrocatalytic activity can be opti-

mized only when the interaction between the catalytic active site

and the reactant molecules is moderate. As a typical study, Fu et

al. synthesized PdMoGaInNi high entropy alloy nanosheets through

theoretical calculation and screening, and showed high HER activ-

ity in acidic medium. According to the Sabatier principle, if the

bond cooperation between the catalytic active site and H is weak,

it is not conducive to the adsorption and conversion of H∗. If the

bond cooperation between the catalytic active site and H∗ is too

strong, it is not conducive to the desorption of H∗. Only if the bond

cooperation between the catalytic active site and H∗ is moderate,

can the optimal HER catalytic activity be displayed. In the volcanic

map (Fig. 6a), the HER activity corresponds to the hydrogen bind-

ing energy (HBE) of the catalyst. The flexible adjustment of the

Fig. 6. (a) Computational prediction of desirable composition for HER electrocata-

lyst. Copied with permission [64]. Copyright 2022, American Chemical Society. (b)

Computational high-throughput screening for |�GH| on 256 pure metals and sur-

face alloys. Copied with permission [65]. Copyright 2006, Nature Publishing Group.

components in the alloy and the synergistic effect between the

components of the metal can help to adjust the electronic struc-

ture of the active metal, thus realizing the fine control of HBE.

For the consideration of strong and weak balance, the metal com-

ponents of strong HBE and weak HBE are combined and tuned

to achieve the optimal HBE of the alloy system. Finally, PdMo-

GaInNi high entropy alloy was the closest to the volcanic peak

and was considered as the best combination [64]. Professor Jens K.

Nørskov from the Technical University of Denmark also gave some

high-throughput calculations for researchers to screen and predict

HER catalysts and their performance in advance. Nørskov from the

Technical University of Denmark also gave some high-throughput

calculations for researchers to screen and predict HER catalysts and

their performance in advance. The plot clearly shows that many bi-

nary surface alloys have high predictive activity for HER. The plot

clearly shows that many binary surface alloys have high predictive

activity for HER (Fig. 6b) [65].

4.2. Morphology control

The morphology of the alloy controls the surface exposed dur-

ing the electrocatalytic process to a certain extent. The different

exposed surfaces will affect the adsorption performance of reac-

tants, intermediates and products, thereby changing the overall

electrocatalytic performance [66]. Considering the rapid develop-

ment of alloyed electrocatalysts, it is necessary to review and sum-

marize how the nanoalloy morphology and structure affect the

electrocatalytic activity, stability, and selectivity.

4.2.1. Nanoparticles

Nanoparticles are one of the most common morphological

structures in alloys. The physical and chemical properties of alloy

particles can be modulated by changing the particle composition,

atomic ordering, and size. Reducing the size of metal nanoparti-

cles can improve the catalytic performance of catalysts. In general,

the smaller the particle size, the greater the percentage of surface

atoms, exposing more nanoalloy surface area and accelerating the

active site of electrocatalytic catalysis.

The smaller the diameter of the nanoparticles, there will be

more corners and edges, a relatively high density of low coordi-

nation sites may enhance the interaction between catalyst and in-

termediate molecules in the electrolyte solution, thereby increas-

ing the efficiency of the electrocatalytic reaction [67,68]. A simple

ethylene glycol reduction pathway was successfully used by Mo

et al. to synthesize bimetallic PtAg alloys with uniform size and

element distribution, and the reduction time was used to adjust

the particle size (ranging from 3.3 nm to 5.8 nm) (Figs. 7a and

b). Then, PtAg alloy was fixed on MnO2 microspheres to gener-

ate a new PtAg alloy/MnO2 catalyst. The size of PtAg alloy parti-

cles significantly affected their catalytic activity and stability for CO
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Fig. 7. (a) TEM images. (b) CO conversion of PtAg-x nanoalloys in different states.

Copied with permission [69]. Copyright 2021, Elsevier. (c) HAADF-STEM image of Ir-

PdPtRhRu HEA NPs. Copied with permission [70]. Copyright 2022, American Chem-

ical Society. (d) TEM images of PtMo/C annealed at different temperatures. Copied

with permission [71]. Copyright 2022, American Chemical Society.

oxidation, and maintained the highest specific CO oxidation cat-

alytic activity at relatively small particle sizes [69]. Minamihara

et al. successfully synthesized ultrasmall 1.32 ± 0.41 nm tiny Ir-

PdPtRhRu high entropy alloy nanoparticles using an originally de-

veloped continuous-flow reactor and a strong reducing agent (Fig.

7c). Increasing the ratio of surface to volume (which usually con-

tributed to the catalytic activity) was important for the effective

use of precious chemical elements. Five elements were evenly dis-

tributed in the ultrafine nanoparticles with fcc structure and had

significant high activity for HER [70]. Yoon et al. prepared ORR

electrocatalysts of Pt-Mo solid solution alloys (PtMo/C) on carbon

support on a large-scale basis by a one-step gas phase synthesis

method without using any organic additives or reducing gases (Fig.

7d). The particle size of PtMo alloys was optimized by controlling

the temperature of the synthesis conditions. The particle size of

PtMo/C (PtMo/C-800) annealed at 800 °C was optimized to about

3.1 nm and showed the highest specific activity, superior to com-

mercial Pt/C and exhibiting excellent durability after accelerated

degradation testing [71].

4.2.2. Nanosheets

Nanosheets can improve the atomic use efficiency of met-

als, which is attributed to their large surface-to-volume ratio

and high-density unsaturated atomic catalysis. The smaller the

nanoplate the higher was the percentage of the atoms at the

edges, which resulted in the increased activity toward ORR [72].

Kwon et al. successfully synthesized MoSe2–VSe2–NbSe2 (denoted

as (MoVNb)Se2) ternary nanosheets via a hot-injection colloidal re-

action at 340 °C (Fig. 8a), which showed a large surface area-to-

volume ratio, allowing more H adsorption sites to favor HER [73].

Li et al. synthesized a kind of tri-metallic palladium-silver-copper

nano-sheet assembly (PdAgCu NSAs) by hydrothermal method.

Compared with single-metal Pd and bimetallic PdAg NSAs (Fig.

8b), the prepared tri-metal alloy structure provided many active

sites, resulting in large electrochemical active surface areas (EC-

SAs) and significantly enhanced catalytic performance of C2 alco-

hol electrooxidation with excellent long-term stability [74]. Wang

et al. synthesized a series of ultra-thin two-dimensional Ru-M

(M=Co, Ni and Cu) nanosheets by simple one-pot solvothermal

method, achieving faster CO2RR and carbon dioxide evolution reac-

tion (CO2ER) kinetics due to quantum size effects, ultra-large sur-

Fig. 8. (a) HRTEM image of (MoVNb)Se2. [73] Copyright 2022, Wiley-VCH. (b) STEM

image of the PdAgCu NSAs. Copied with permission [74]. Copyright 2022, Springer

Nature. (c) TEM image of RuCo NSs. Copied with permission [75]. Copyright 2022,

Wiley-VCH. (d, e) HRTEM and TEM images of the PdNi TWNs. Copied with permis-

sion [76]. Copyright 2022, American Chemical Society. (f) The fcc Pd3Sn nanorods.

Copied with permission [78]. Copyright 2020, Springer Nature.

face volume ratios, abundant surface low-coordination atoms and

abundant in-plane RuCo alloy sites in two-dimensional nanostruc-

tures (Fig. 8c) [75].

4.2.3. Nanowires and nanorods

Nanowires with a length-to-diameter ratio greater than 100 are

collectively called nanowires, and those with a length-to-diameter

ratio of less than 100 are called nanorods. Twisted (or wavy)

nanowire (NW) catalyst nanostructures, which form multiple an-

chor points on the electrode surface and significantly inhibit the

separation and agglomeration process, and obtain additional stabil-

ity from self-entanglement. Sahoo et al. reasonably designed PdNi

twisted nanowires, use the co-reduction of H2PdCl4 and NiCl2 in

the presence of PVP to generate ultra-thin PdNi-TNW (Figs. 8d and

e). A small change in HCl concentration will also lead to a large de-

viation from the required twisted morphology. TNW morphology

provided (i) more grain boundaries than nanoparticles, (ii) more

active sites due to kinks, surface roughness, and the presence of

edge atoms, and (iii) Ni doping into the internal Pd lattice pro-

duced ideal surface strain and a more positive Pd surface [76]. A

facile particle attachment mechanism synthesized by a solvother-

mal process for Pt3Ag alloy wavy nanowires was investigated by Fu

et al. TEM and EDS showed that the Pt3Ag alloy had a highly wavy

nanowire structure with an average diameter of 4.6 ± 1.0 nm and a

uniform elemental distribution. Due to the partial electrons trans-

ferred from Ag to Pt in Pt3Ag alloys, which weakened CO bind-

ing and CO poisoning. And the one-dimensional nanowire mor-

phology also contributed to favorable charge transport properties,

the resulting alloy nanowires can be used as efficient electrocata-

lysts for ethanol oxidation reactions (EOR) [77]. Zhou et al. synthe-

sized Pd3Sn nanorods with the comparable size and morphology

but different crystal phases by a wet-chemical approach (Fig. 8f).

The crystal phase of as-prepared nanorods could be easily tuned

from the ordered intermetallic (L12 phase) to disordered alloy (fcc

phase) by simply altering the types of tin precursors and solvents

[78].

4.2.4. Nanopolyhedron

Alloy polyhedral structures are mostly cubic, octahedral, do-

decahedral, icosahedral, etc. Han et al. prepared Cu2O nanocubes

in advance and synthesized the porous trimetallic PtRhCu cubic

nanoboxes (CNBs) by the galvanic reaction between K2PtCl4, RhCl3,

and Cu2O nanocubes template (Fig. 9a). PtRhCu CNBs were eas-

ily prepared by the current reduction between K2PtCl4, RhCl3 and

7
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Fig. 9. TEM images of (a) Pt54Rh4Cu42 CNBs. Copied with permission [79]. Copyright 2018, Wiley-VCH. (b) Pd@Pt–Ni octahedra. Copied with permission [80]. Copyright

2023, Springer Nature. (c) Pt-Ni-Cu ERDs. Copied with permission [81]. Copyright 2018, Springer Nature. (d) Au@AgPd NFs. Copied with permission [43]. Copyright 2020,

Elsevier. (e) PtCuRu NFs. Copied with permission [84]. Copyright 2022, Wiley-VCH. SEM images of (f) Pt DWFs. Copied with permission [85]. Copyright 2022, American

Chemical Society. (g) Ag3Au nanoframes. Copied with permission [85]. Copyright 2021, Wiley-VCH. TEM images of (h) Pt-Ni/G. Copied with permission [87]. Copyright 2020,

Wiley-VCH. (i) CuPd@NiPd. Copied with permission [88]. Copyright 2022, American Chemical Society.

Cu2O nanocubes templates. The introduction of Rh effectively en-

hanced the ability of the catalyst to cleave C-C bonds, and the

introduction of Cu introduction enhanced the catalytic oxidation

performance of CO intermediates. The porous nanobox-like struc-

ture meant that the utilization of noble metals can be greatly

improved because of the good mass transfer and the full uti-

lization of the inner surface. Based on the unique structural ef-

fect of material and the synergistic effect between the three met-

als, PtRhCu-CNBs showed excellent electrocatalytic performance for

catalytic EOR [79]. Liu et al. employed the interfacial reduction

of active hydrogen (H∗) to convert Pd {100} nanocubes into octa-

hedral crystalline species surrounded by low-surface-energy {111}

facets (Fig. 9b), making it convenient to fabricate {111}-faceted

Pt–M alloy nanoshells that are particularly desirable for the HER.

The introduction of HNO2 into the reaction generates H∗ at the

metal seed/solution interface, creating a highly reducing environ-

ment. HNO2 is introduced into the synthesis to establish an oxida-

tive solution phase and a reductive palladium seed/solution inter-

face. This unique microenvironment enables Pd {100} nanocubes

to be used as seeds in the synthesis. The {111} facets and the cus-

tomizable Pt/Ni ratio in the alloy nanoshells made it possible to

achieve substantially decreased hydrogen binding energy (�GH∗ )
due to the combined ligand and facet effects, octahedral Pd@Pt–

M alloy nanocrystals to showed superior electrocatalytic perfor-

mance in the HER [80]. Tang et al. synthesized ternary Pt-Ni-Cu

highly excavated rhombic dodecahedrons (Pt-Ni-Cu ERDs) in one

step by stirring-assisted solvothermal method. The nanocrystals

were highly uniform and monodispersed and had a well-defined

3D accessible excavated rhombic dodecahedral structure with an

average edge length of 15.7 ± 1.3 nm, which increased the spe-

cific surface area and therefore the contact between the catalysts

and reaction species (Fig. 9c). More importantly, a large number

of stepped atoms were observed on the surface of this structure,

which would increase the exposure of active sites and thus im-

prove the electrocatalytic performance of methanol oxidation [81].

Xu et al. synthesized Au60Pd40 icosahedron with an average size

of 30.6–32.6 nm after heating HAuCl4, Pd(acac)2, KI and PVP at

150 °C, significantly enhanced activity and durability for ORR in

acidic environments [82].

4.2.5. Nanoflower

3D nanoflower structures typically exhibit better adsorption

and electrocatalytic properties because the inhomogeneous distri-

bution of elements produces a unique local coordination environ-

ment. Such structures readily expose small planes of high refrac-

tive index at the edges, which can provide abundant active sites

for the electrocatalysts and improve their catalytic activity. Liu et

al. used Pt(acac)2, Fe(acac)3 and Rh(acac)3 as metal precursors, glu-

cose as reducing agent, celyltrimethylammonium chloride (CTAC)

as surfactant and oleylamine (OAm) as solvent to synthesize FeP-

tRh nanoflowers with a diameter of 30 ± 10 nm by a simple

one-pot wet chemistry method. The unique core/shell nanoflower

structure of FePtRh facilitated the reduction of CO∗ adsorption en-

ergy and exhibited excellent activity and stability towards MOR

and EOR [83]. Lai et al. used seed-mediated growth techniques

to selectively grow Ag and Pd on Au nuclei to generate highly

branched and dispersed AgPd alloy shells, synthesizing Au@AgPd

trimetallic nanoflowers (Au@AgPd NFs) (Fig. 9d). The ratio of Ag to

Pd, sizes of Au core, and surfactant cetyltrimethylammonium bro-

mide together contributed to Au@AgPd NFs, which had a unique

structure, exhibited the traits of tiny size, many flaws, and ex-

tensively distributed alloy shells [43]. Qiao et al. prepared PtCuRu

nanoflowers (PtCuRu NFs) by hydrothermal co-reduction using

dimethyloctadecylammonium chloride (DDAC), Pt(acac)2, Cu(acac)2
and RuCl3, C6H8N2 and OAm (Fig. 9e). The best Pt0.68Cu0.18Ru0.14

NFs with high alloying, Ru-rich edges and abundant high index sur-

faces exhibited outstanding electrocatalytic performance for MOR

and EOR [84].

4.2.6. Nanoframes

As a kind of hollow structure, nanoframes have a highly open

three-dimensional space structure, a large specific surface area

and high density of catalytic active sites. Nanoframes alloys are

also not easy to agglomerate in catalytic reactions. Two synthe-

sis strategies for nanoframes alloys: (1) First selectively deposit

one metal on another metal template, and then selectively etch

out the metal template; (2) The metal nanocrystals with hollow

or solid structure are dealloyed by substitution reactions or ox-

idative etching to obtain the nanoframes structure. Haddadnezhad

et al. selectively deposited Pt on the edge and terrace of Au NPs

by fine-tuning the chemical potential of solution, followed by in-

ner Au etching and eventually leading to all-open Pt NFs or half-

open Pt walled nanoframes. Then obtained the Pt double-walled

nanoframes (DWFs) by electro-displacement reaction between Ag

and Pt (Fig. 9f). This synthesis resulted in the internal Au be-

ing etched to maximize the internal specific surface area and cat-
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alytic active site, further enhancing the MOR performance [85].

Xiong et al. first produced single-crystal Ag nanocubes, and then

added cetyltrimethylammonium chloride as a structural inducer

(and ascorbic acid as a reducing agent) with chloroauric acid to

yield the desired cubic Ag3Au nanoframes (Ag3Au NFs) (Fig. 9g).

The alloy atomic configuration and abundant structural defects of

Ag3Au NFs greatly contributed to CO2 activation in thermodynam-

ics and kinetics, thus significantly reducing the required overpo-

tential and increasing the current density conversion of CO2 [86].

4.2.7. Core-shell structure

Core-shell alloy electrocatalysts have special lattice strain and

ligand effects to optimize geometric and electronic properties. Typ-

ical methods for forming core-shell/alloy structures include seed-

mediated growth, thermochemical calcination, adsorbent-induced

evolution, chemical dealloying, underpotential deposition/current

displacement. Lyu et al. first prepared nano-Pt-Ni alloy particles

with gradient distribution from surface to interior by galvanic dis-

placement reaction on graphene substrate, and then prepared Pt-

Ni alloy core-shell nanoparticles (Pt-Ni@PtD/G) with defective Pt

surface by partial dealloying to remove Ni (Fig. 9h). Due to the

lack of nickel on the surface, more Pt active sites were exposed

on the surface of the catalyst. And the change of Pt-Pt bond length

generated by nickel vacancies caused compression strain on the Pt

surface, so the Pt-Ni@PtD/G catalyst showed good ORR catalytic

performance in acidic electrolyte [87]. Liu et al. first synthesized

CuNi alloy seeds and then reacted with the electric displacement

of Pd2+ precursors at high temperatures in organic media to con-

vert CuNi alloy seeds into CuPd alloy particles coated with NiPd

alloy shells (Fig. 9i). In these unique core−shell nanostructures, the

compressive lattice strain between core and shell regions and the

electronic interaction between Pd and transitional elements could

be coupled together to lead to a downshift of the d-band center

of Pd sites, thus endowing them with good activity for catalyzing

EOR and ORR [88]. Wang et al. used oleamine as solvent and re-

ducing agent at low temperature, Au with high oxidation-reduction

potential was reduced before Ir to form a core. With the increase

of temperature, Ir atoms were deposited on the surface of Au by

atomic diffusion, forming the surface of Au-Ir alloy Au@AuIr2 core-

shell nanoparticles. The electronic interaction between Au and Ir

leaded to the formation of partially oxidized surface, providing a

balance for the combination of different intermediates and achiev-

ing significantly enhanced OER activity [89].

This section summarizes that different morphologies and struc-

tures of alloys have different optimization effects on the local ge-

ometry/electronic structure of the alloy, which in turn has an im-

portant impact on the electrocatalytic performance. Precise mor-

phology control of nanostructured alloys is essential to achieve

their optimal catalytic activity and to achieve operational stabil-

ity. The morphology of alloy catalysts essentially controls the type

and abundance of surface crystalline facets exposed during electro-

catalysis, with each different facet providing different interaction

strengths with intermediates and different electrochemical stabil-

ity during the catalytic reaction.

4.3. Defect engineering

The introduction of defects in alloys is an effective strategy

to improve the surface properties of nanocatalysts. Not only can

the electronic structure of the metal particles be adjusted through

atomic and charge rearrangement thus regulating the adsorption

of intermediate substances, defects can also directly participate in

the reaction and increase the number of active sites [90–92]. In

recent years, rational control of the type or location of defects

through appropriate strategies has become an effective strategy to

modulate the electronic structure and adsorption behavior of elec-

trocatalysts and improve the electrocatalytic performance and sta-

bility [93,94]. Common ways to create defects include dealloying,

quenching, doping, etc. Zhang et al. combined single-atom alloy

catalysts with metal atom vacancies to design metal catalyst sur-

faces at the atomic scale to improve the electrocatalytic NO3
− re-

duction to NH3 reaction (NITRR) performance. Firstly, single crys-

tal Cu(111)NSs were prepared by chemical reduction, followed by

Au electro-displacement to prepare Au1Cu SAAs, and finally some

Cu2+ leaching was made by acetic acid etching to form Cu va-

cancies (VCu-Au1Cu SAAs) (Figs. 10a–c). The isolated Au atom and

adjacent Cu vacancies synergistically regulated the local electronic

structure and geometry of the catalytic surface, thereby optimizing

the energetics of intermediate bonding. They further used exper-

imental and theoretical analysis to show that the SAAs structure

of VCu-Au1Cu SAAs promoted the activation of H2O to ∗H, accel-
erated the NO3

− hydrogenation kinetics, and promoted the des-

orption of ∗NH3, thereby significantly improving the intrinsic ac-

tivity (Fig. 10d) [95]. Wu et al. first added DMSO and NH3·H2O to

the C12H22BiN3O14 and CuCl2 mixture, and then quickly injected

NaBH4 solution into the mixing system to synthesize the defective

Cu-Bi alloy (Figs. 10e and f). Compared to intact Cu-Bi prepared by

electrodeposition method, the higher signal intensity of EPR spec-

tra and g-factor reflects the higher concentration of unsaturated Bi

sites with unpaired electrons in the defective Cu-Bi alloy (Fig. 10g).

The experimental results also showed that the defective Cu-Bi cat-

alyst had important advantages in coupling carbon and nitrogen

intermediates compared with the complete Cu-Bi alloy, so it was

helpful to couple N2 and CO2 in the synthesis of urea in electro-

catalytic aqueous solution (Fig. 10h) [91].

4.4. Surface engineering

Since catalysis is a reaction that occurs on the catalyst sur-

face, which changes the surface state of the catalyst and thus

greatly affects the interaction between the catalyst and the reac-

tants/intermediates, surface engineering can improve the selectiv-

ity and stability of catalysts through electronic and steric hindrance

effects [96–98]. In general, the surface modification of nanoalloys

can be broadly classified as follows: (1) Using surfactants to cover

the surface of nanoalloys to impart new properties to the particle

surface [99]; (2) Using mechanical stresses such as extrusion and

friction to activate the nanoalloy surface and change the surface

crystal structure and physicochemical structure [100]; (3) Coating

the surface of the nanoalloy with a uniform layer of other sub-

stances to change the surface properties of the particle [101]; (4)

Using chemical reactions to graft polymers with different func-

tional groups on the surface of nanoalloys to give them new func-

tions [102]; (5) Using organic or inorganic substances to precipitate

a coating on the surface of nanoalloys to change their surface prop-

erties [103]; (6) Modification of nanoalloy sub-surfaces using high-

energy corona discharge, ultraviolet light, plasma rays, etc. [104–

106].

Chen et al. synthesized carbon coated surface engineering iron

nickel nitride/alloy nanospheres (FeNi3-N) at different times and

temperatures in an NH3 atmosphere (Fig. 11a). The biphase nitride

on the surface increases the active center, regulates the electronic

structure, and reduces the charge transfer barrier. In addition, due

to the etching effect of NH3, more wrinkles and pores are formed

after nitriding, which should be beneficial for mass and charge

transfer (Figs. 11b and c) [103]. Meng et al. obtained a surface ni-

tride nanosheet catalyst (N-Pd60Cu40 NS) prepared by N2 plasma

treatment. Fig. 11d reveal that the as-prepared N-Pd60Cu40 NS are

assembled with interconnected nanosheets, and the nanosheets are

highly curved, forming obvious hierarchical structure. After elec-

trocatalytic EOR performance test, compared with ordinary PdCu
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Fig. 10. (a) Schematic illustration showing synthesis, (b) TEM, (c) HADDF-STEM images and (d) electrocatalytic NITRR performance of VCu-Au1Cu SAAs. Copied with permis-

sion [95]. Copyright 2022, Elsevier. (e, f) TEM images, (g) EPR spectra of defective Cu-Bi, and (h) the urea concentrations of catalysts. Copied with permission [91]. Copyright

2022, Elsevier.

Fig. 11. (a) Schematic illustration showing synthesis, (b) TEM, (c) LSV curves (iR-corrected) of FeNi3-N-350-t. Copied with permission [103]. Copyright 2021, Wiley-VCH. (d)

Schematic illustration of preparation process, (e) TEM image, and (f) comparisons of electrochemical behaviors of N-Pd60Cu40 NS with reported PdCu-based catalysts. Copied

with permission [105]. Copyright 2022, Wiley-VCH.

nanosheets, N-Pd60Cu40 NS had better catalytic activity in EOR be-

cause surface nitriding promoted charge transfer and inhibited CO

poisoning, the stable Pd-N bonds generated after surface nitriding

enhanced the stability of alloy nanosheets (Figs. 11e and f) [105].

4.5. Strain engineering

Alloy strain engineering is considered to be a promising method

for improving catalytic activity by changing the distance between

atoms on the surface of particles or local regions, causing the size

difference between the main atom and the doped atom, thereby

generating local lattice strain and affecting the electronic struc-

ture [107]. Generally, compressive strain occurs when one metal

is alloyed with another metal with a smaller atomic number/size

[108]. Tensile strain occurs when one metal forms an alloy with

another metal with a larger atomic number/size [109]. The strain

effect causes the center of the d-band to move and changes the

binding energy of the adsorbate, which can be applied to modified

electrocatalysts [110,111].

Guan et al. prepared a series of nanostructured Pt alloys by

coating the alloy PtBi shell (Fig. 12a), the solid-solution FePt al-

loy was converted to chemically ordered Pt-alloy nanoparticles (in-

termetallic compound L10-FePt) by annealing, and then leached-

embedding-rearranged to make L10-FePt coated by the alloy PtBi
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Fig. 12. (a) Schematic illustration of the synthesis and (b) enlarged HAADF-STEM

view of the L10-FePt core of FePt@PtBi. Copied with permission [34]. Copyright

2021, Wiley-VCH. (c) HAADF-STEM image and (d) element mapping analysis of

CuPd-2. Copied with permission [108]. Copyright 2023, Wiley-VCH. (e) STEM-EDS

elemental mappings of CuAu@2LCS. Copied with permission [112]. Copyright 2021,

Elsevier. (f, g) HAADF image of Ru88Pt12 nanowires. Copied with permission [113].

Copyright 2020, Royal Society of Chemistry.

shell to obtain FePt@PtBi electrocatalyst. HAADF-STEM view of the

L10-FePt core (Fig. 12b) showed regularly positioned bright and

weak dots which correspond to the Pt and Fe atoms, respectively.

EXAFS measurements and molecular dynamics (MD) simulations

were used to investigate the origin of enhanced activity and sta-

bility of FePt@PtBi electrocatalysts—in-plane shear due to large Bi

atoms in the Pt overlay produces surface compression with short-

ened Pt-Pt bonds, reducing the binding energy of the sorbent on

the densely packed surface, resulting in more active Pt surfaces,

thereby improving ORR performance [34]. Liu et al. used a gen-

tle strategy based on acetic acid leaching for dealloying CuPd al-

loy nanoparticles. The shrinkage of the lattice constant was caused

by the leaching of copper atoms in the outer layer of CuPd alloy

nanoparticles to form vacancies, some vacancies can be identified

in Figs. 12c and d. The higher activity of dealloyed CuPd nanopar-

ticles might be due to the lattice compression in Pd-enriched sur-

face layers and the exposure of more active Pd atoms [108]. Build-

ing core-shell metal nanostructures is one of the feasible methods

to adjust surface strain. For example, Wang et al. applied a control-

lable ultra-thin copper sheet CuAu alloy (CuAu@2LCS) by solvother-

mal method (Fig. 12e), and the thickness of the ultra-thin copper

sheet can be easily changed by simply adjusting the amounts of re-

actants, thus further adjusting the surface strain. Density flooding

theory (DFT) calculations showed that the tensile strain optimized

the electronic structure and surface properties due to the unique

structure of the thin copper sheet bimetallic alloy, resulting in im-

proved N2 chemisorption strength and enhanced NRR performance

[112]. Zhang et al. introduced tensile strain into the Ru lattice by

incorporating a low concentration of Pt atoms to enhance NRR per-

formance (Figs. 12f and g, marked with circles caused expansion of

intrinsic Ru lattice). The Ru88Pt12 nanowires were synthesized via

a hydrothermal method. Theoretical calculations showed that lat-

tice expansion caused by the introduction of larger atoms shifts

upward in the presence of platinum atoms, enhancing the adsorp-

tion of N2 and selective stability of ∗N2H [113].

5. Application of alloys electrocatalysts

For specific chemical reactions, due to different electrocatalytic

activity centers and different electrocatalytic mechanisms, differ-

ent nanoalloy electrocatalytic materials should be selected and de-

signed according to the mechanism of action of different reactions.

In addition, due to the different conditions of the electrocatalytic

reaction, the existence state and form of nanoalloy materials in the

reaction process are also different, so the changes of the catalyst

itself must be considered to reveal the electrocatalytic mechanism

of different reactions. We summarize the recent progress in alloy

nanomaterials as electrocatalysts in various electrochemical reac-

tions.

5.1. Hydrogen evolution reaction (HER)

Hydrogen has a calorific value 3-4 times higher than that of fos-

sil fuels of the same mass, making it the most advantageous en-

ergy carrier [114–117]. Electrochemical water splitting is a promis-

ing technology for the production of high purity hydrogen under

mild conditions, and the HER plays a crucial role in the process of

hydrogen production from water as a semi-process in the process

of water splitting [54,118]. As shown in Fig. 13a, the HER process

is divided into two basic steps: (1) Adsorbing protons by absorb-

ing electrons and (2) recombining protons into H2 molecules [119].

HER is a classical two-electron transport reaction and may occur

via the Volmer-Heyrovsky or Volmer-Tafel mechanism. Too weak a

chemisorption between H∗ and the catalyst limits the Volmer pace,

while too strong an action inhibits the desorption of the Heyrovsky

or Tafel steps. The HER performance of some recently reported al-

loy electrocatalysts is summarized in Table S1 (Supporting infor-

mation).

Pt-based materials are the great HER catalysts, and Pt/C is com-

monly used as the HER benchmark. The use of alloys reduces the

load of precious metals, reducing the cost of catalysts and improv-

ing the chances of HER activity. Guo et al. designed and synthe-

sized an alloy nanostructure (Rh@Pt2L) with a Rh core and several

Pt atomic layers. The overpotential of Rh@Pt2L was only 5 mV in

1.0 mol/L KOH (Fig. 13b) and 19 mV in 1.0 mol/L phosphate buffer

solution (PBS, pH 7) (Fig. 13c) at a current density of 10 mA/cm2.

In addition, in order to determine the HER catalytic mechanism

of Rh@Pt2L, DFT calculations were performed on the adsorption

energy of water and Gibbs free energy (�GH∗ ), which confirmed

that the excellent HER activity of Rh@Pt2L electrocatalyst in non-

acidic media was attributed to the enhancement of hydrogen des-

orption and the reduction of the energy barrier during hydrogen

generation (Figs. 13d and e) [120]. He et al. designed and syn-

thesized FeCoNiWMo high-entropy alloys with a diamond-shaped

structure and random atomic occupation (Fig. 13f). In HER, the cat-

alyst has an overpotential of only 35 and 81 mV at a current den-

sity of 10 mA/cm2 at alkaline and acidic conditions (Figs. 13g and

h), and the catalyst has excellent stability over 48 h. TEM revealed

the selective substitution of metal atoms in the trapezoid struc-

ture, which formed a self-cyclic junction that enabled self-cyclic

transport within the structure. DFT calculations revealed in detail

that hydrogen was firmly adsorbed at the Co and Ni sites, while

it can flow at the Mo and W sites (Fig. 13i). It is showed that

the excellent catalytic performance of FeCoNiWMo HEA NPs cat-

alyst mainly came from the self-circulation "ecosystem" structure

composed of selective replacement of metal atoms and appropri-

ate surface chemisorption energy, which made it easy for protons

to cross the potential barrier and realize self-circulation transport

within the structure [121].

5.2. Hydrogen oxidation reaction (HOR)

HER and HOR are a pair of inverse reactions, which partici-

pate in the acquisition and conversion of hydrogen energy respec-

tively. HOR and HER have similar reaction types and mechanisms

[122,123]. In HOR, it usually starts from Tafel step and then goes to
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Fig. 13. (a) Catalytic cycle of HER. Copied with permission [119]. Copyright 2017, National Science Review. Polarization curves of Rh@Pt2L, Pt/C, and RhPt alloy electrocatalysts

in (b) 1.0 mol/L KOH and (c) 1.0 mol/L PBS. (d) The hydrogen adsorption Gibbs free energy, and (e) energy diagrams of a Volmer–Heyrovsky process. Copied with permission

[120]. Copyright 2022, Wiley-VCH. (f) Spherical aberration-corrected HRTEM. HER polarization plots under (g) alkaline and (h) alkaline conditions of FeCoNiWMo HEA NPs.

(i) Models of Co-site, Mo-site, Ni-site and W-site, respectively. Copied with permission [121]. Copyright 2023, American Chemical Society.

Volmer or Heyrovsky. HOR is a two-electron transfer reaction. Its

intermediate contains various types of hydrogen, which depends

on the pH value of the electrolyte. Hydrogen binding energy (HBE)

and OH binding energy (OHBE) are generally considered as a key

parameter to evaluate the kinetics of HOR. HOR occurs at the an-

ode of proton exchange membrane fuel cell (PEMFC), but the acidic

environment largely limits the catalytic materials used in the sta-

ble operation of PEMFC, which can be overcome by switching the

operating environment from acidic to alkaline [98,124,125]. How-

ever, the kinetics of HOR in alkaline medium becomes quite slow,

at least c of magnitude lower [126]. The HER performance of some

recently reported alloy electrocatalysts is summarized in Table S2

(Supporting information).

Alloy has been widely used in HOR in recent years, Pt/Ru-based

alloys have made great progress in HOR, but Pt/Ru-based catalysts

still have the disadvantages of high cost, poor stability and low re-

sistance to CO poisoning. Zhan et al. fabricated PtRuNiCoFeMo HEA

subnanometer nanowires (SNW) (Fig. 14a) with mass activity and

specific activity as high as 6.75 A mg mgPt+Ru
−1 and 8.96 mA/cm2,

which were 2.8/2.6, 4.1/2.4 and 19.8/18.7 times higher than HEA

NPs/C and commercial PtRu/C and Pt/C (Figs. 14b and c). In addi-

tion, even in the presence of 1000 ppm CO, the HEA SNWs/C cata-

lyst exhibited excellent resistance to CO poisoning during HOR. DFT

calculations showed that the strong synergy significantly changed

the electronic properties of different elements in HEA SNW, Co

and Ni sites maintained the highly stable valence states due to

the pinning effect by nearby Fe and Mo sites, and the Pt and Ru

sites modulated the overall electroactivity to further modulated the

HBE and OHBE (Fig. 14d), thereby increasing HOR activity [127].

Nickel (Ni)-based compounds to replace expensive platinum (Pt)-

based catalysts are currently one of the most promising materi-

als as catalysts for driving HOR in alkaline environments. However,

due to the formation of surface hydroxides, many of these nickel-

based HOR catalysts are rapidly inactivated at temperatures above

0.1 V relative to the reversible hydrogen electrode (RHE). Qin et al.

synthesized a ternary nickel-tungsten-copper alloy (Ni5.2WCu2.2)

(Fig. 14e). Ni5.2WCu2.2 catalyst achieves higher HOR activity than

a commercial Pt/C, with an anode potential of up to 0.3 V and

good operational stability within 20 h (Fig. 14f). The reasons for

the improved performance of the sample are further explored, XPS

and Bader analysis indicated that electron donation from Ni to W

once Cu participate in the alloy, leading to modulated electronic

structure (Fig. 14g). DFT calculations showed that Ni5.2WCu2.2 gave

rise an HBE close to Pt(111) and a stronger OHBE than Pt(111),

which in turn promoted HOR kinetics (Fig. 14h). The free energy

plot calculated by the reaction path of various catalysts showed

that the much lower energy barrier obtained on Ni5.2WCu2.2 con-

tributed to its excellent HOR performance (Fig. 14i) [128]. The ge-

ometric exchange current density of MoNi4 alloy synthesized by

Duan et al. was 3.41 mA/cm2 towards the HOR, which is 1.4 times

higher than that of commodity Pt/C catalysts. In addition, this al-

loy catalyst also showed impressive resistance to surface poison-

ing of the impurity CO in hydrogen fuel. And after 20 h of oper-

ation, HOR activity did not decrease significantly. The high reac-

tivity was obtained by the optimized Ni–Mo alloy nanostructure

and surface that offered synergistic optimization for the adsorp-

tion of hydrogen on Ni and hydroxyl on adjacent Mo. They also ob-

served significant HOR activity on a similarly designed WNi4 cata-

lyst, attributing this significant HOR reactivity to an alloying effect

[129].

5.3. Oxygen evolution reaction (OER)

The oxygen evolution reaction is the other half of the water

splitting reaction, and it is also an important half of the recharge-

able metal-air battery [130–132]. The oxygen evolution reaction

(OER) involves the four-proton-electron transfer process (Fig. 15a)

[119], and the kinetic reaction is slow, which is the key factor re-

stricting the efficiency of the entire water electrolysis device [133].

OER mechanism involves the adsorption and desorption of inter-

mediates. OER activity depends on the adsorption energy of oxygen

and hydroxyl, which can be expressed as �GO∗ -�GOH∗ [134]. IrO2
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Fig. 14. (a) HAADF-STEM image, (b) LSV for HOR, (c) normalized mass activity and specific activity at an overpotential of 50 mV and (d) PDOSs on HEA SNWs. Copied

with permission [127]. Copyright 2021, Nature. (e) SEM image, (f) LSV for HOR, (g) the Bader charge analysis, (h) HBEs and OHBEs and (i) free energy diagrams for reaction

pathways on Ni5.2WCu2.2, Ni17W3, Ni. Copied with permission [128]. Copyright 2021, Nature.

Fig. 15. (a) Catalytic cycle of OER in water electrolysis. Copied with permission [119]. Copyright 2017, National Science Review. (b) LSV, (c) activation energy of the OER and

(d) plot of function Ea and dNi–Ni in Ni-metalloid alloys. Copied with permission [135]. Copyright 2019, Wiley-VCH. (e) High-resolution aberration-corrected HAADF-STEM

image, (f) LSV, (g) chronopotentiometry curve, (h) reaction path diagram and (i) calculated free energy diagrams of Ag1/IrOx SAC. Copied with permission [136]. Copyright

2021, American Chemical Society.

and RuO2 are commonly used as OER benchmarks, but both exhibit

poor solved resistance at high anode potentials. In addition, their

high price and scarcity make it critical to develop cost-effective,

highly active and durable OER electrocatalysts. The OER perfor-

mance of some recently reported alloy electrocatalysts is summa-

rized in Table S3 (Supporting information).

Masa et al. presented a comparative study of the oxygen evo-

lution activity of Ni-metalloid (B, P, Si, As, Te) alloys and discussed

experimental insights into the origin of their OER activity enhance-

ment (Fig. 15b). The influence of the metalloid elements on the

intrinsic OER activity of Ni was discussed in terms of the activa-

tion energy (Ea) of the OER on the various alloys (Fig. 15c). The
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metalloid changed the lattice structure of Ni, which in turn led to

a recent change in the interatomic distance of Ni–Ni (dNi–Ni). The

Ea and dNi–Ni indicated that the OER activity was obviously depen-

dent on the lattice properties (Fig. 15d). In the OER process, the

surface Ni atom was oxidized to hydroxy nickel oxide, which was

the active state of the catalyst. At the same time, the surface quasi-

metal was oxidized to the corresponding oxygen anion, which af-

fected the properties of the interface electrode/electrolyte, thus af-

fecting the species that can react with the adsorption/desorption

interaction energy [135]. In harsh acidic environment, many OER

electrocatalysts are easily dissolved and change surface structure

under oxidation OER potential, which ultimately leads to a sharp

decline in catalytic performance. Therefore, highly stable catalysts

are also important for the development of acidic electrocatalysts

for OER. Zhang et al. synthesized an Ag1/IrOx single atom cata-

lyst (SAC) with Ag single atoms embedded in an IrO2 matrix ob-

tained through the oxidation of IrAg single atom alloy (SAA) (Fig.

15e). The Ag1/IrOx SAC delivered a low overpotential of 224 mV

at current density of 10 mA/cm2 and a long-term durability better

than that of commercial Ir (C-Ir) (Figs. 15f and g). The high perfor-

mance was attributed to the formation of high-valence Irx+ (x > 4)

ions around the single Ag atom (Fig. 15h). DFT calculation revealed

that the Ag1/IrOx SAC showed a reduced adsorption energy of OOH

species and thus optimized the OER performance (Fig. 15i). Fur-

thermore, the strong Ir−O bonds and low overpotential prevented

the loss of the lattice oxygen in the Ag1/IrOx SAC, resulting in high

oxygen evolution reaction stability [136].

5.4. Oxygen reduction reaction (ORR)

As the reverse process of OER, ORR pathway can be divided

into two types according to the number of electron transfer: one

is the four-electron (4e−) reaction pathway, in which oxygen is di-

rectly reduced to H2O (or OH−); The second is the two-electron

(2e−) reaction pathway,the oxygen is partially reduced to H2O2 (or

HO2
−) [137–139]. The four-electron ORR process shows a high en-

ergy conversion rate, and is the preferred cathode for proton ex-

change membrane fuel cell (PEMFC) [140,141]. In most cases, the

binding pattern of the catalyst surface and its ability to respond to

oxygenated species, such as ∗OOH, ∗O, and ∗OH (ORR intermedi-

ates), determine the reaction pathway and selectivity of ORR [142–

144]. The ORR performance of some recently reported alloy elec-

trocatalysts is summarized in Table S3.

Pt has proven to be the most effective element for catalyzing

oxygen reduction reactions (ORR), but its high cost and limited re-

sources have become the biggest obstacle to the further application

of PEMFC [34]. At the same time, by alloying Pt with 3d transi-

tion metal elements (called M) such as Co, Ni, and Fe, so that M

atoms are inserted into the Pt lattice, ORR activity can be improved

through ligand effect and stress effect. Zhao et al. prepared PtCo/C

catalyst by electrodeposition in N,N-dimethylformamide (DMF) sol-

vent. The coordination of DMF with Pt and Co precursors greatly

reduced its deposition potential and promoted the final alloying.

At the same time, the combination of physical and chemical char-

acterization indicated that the selective adsorption of DMF on the

Pt(111) surface helped to expose more PtCo(111) surfaces, thereby

greatly improving the uniformity of particle size and providing

higher ORR activity. The experimental results showed that the spe-

cific activity of optimized PtCo-1.8/C was more than 5 times that of

commercial Pt/C (Figs. 16a and b), and there was almost no change

after accelerated degradation test (ADT). According to DFT results,

the enhanced intrinsic activity of PtCo-1.8/C towards Pt could be

attributed to the relatively weakened adsorption of intermediate O

species, and the lowest free energy change for rate-limiting step

(i.e., OOH∗ formation process) with propriate modification on elec-

tronic structure and geometric structure by alloying with Co (Fig.

Fig. 16. (a) The LSV, (b) the summarized specific activity value and (c) ORR energy

profiles on the series of geometry-optimized PtCo slabs at U=0 V and U=1.23 V,

respectively. Copied with permission [145]. Copyright 2022, Elsevier. (d) LSV and (e)

mass and specific activity evolutions for PtNi-BNCs/C. Copied with permission [40].

Copyright 2019, Science. (f) LSV and (g) free energy diagrams with U=0.385 V for

ORR process. Copied with permission [50]. Copyright 2022, Wiley-VCH.

16c) [145]. Shan et al. successfully synthesized a one-dimensional

hollow beaded PtNi alloy by solvothermal and post-etching. The

catalyst exhibited mass activity of 3.52 A/mgPt and 5.16 mA/cmPt
2

and decreased activity by <1.5% in 50,000 cycles test (Figs. 16d

and e). XAFS and DFT indicated that the excellent performance of

the catalyst came from the one-dimensional hollow bead structure

fully exposed the active site of the catalyst and maintained good

structural stability. On the other hand, the surface coordination and

stress made the surface have suitable oxygen intermediate adsorp-

tion energy [40].

At present, many non-platinum alloy catalysts have also been

developed. However, the ORR performance of transition metal-

based catalysts is still limited, mainly because transition met-

als are easy to precipitate in acidic and alkaline media, which

greatly reduces the activity and durability of the catalysts. Zhu

et al. obtained an excellent FeCo alloy nanoparticle-modified

nitrogen-doped mesoporous carbon-oxygen reduction electrocat-

alyst (FeCo/NC) by pyrolysis of bimetallic MOF composite skele-

ton. Fe0.25Co0.75/NC-800 catalyst had excellent catalytic activity

(E1/2 =0.86 V, mass activity of 5.22 mA/μgmetal) and excellent dura-

bility (Fig. 16f). XPS analysis founded that the significant redistri-

bution of charge around the center of FeCo metal provided good

surface energy, which was conducive to the adsorption/desorption

process of oxygen intermediates on the surface of alloy NPs,

thereby increasing the overall rate of interfacial catalytic processes.
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Moreover, experimental results and DFT calculations showed that

the introduction of adjacent Fe atoms at the Co active site adjusted

the electronic structure of the alloy and optimized the adsorption

binding energy of oxygen intermediates (∗OH, ∗O and ∗OOH) (Fig.

16g), thereby greatly improving the catalytic activity and durability

[50].

5.5. Nitrogen reduction reaction (NRR)

Ammonia is one of the most important chemicals, and its in-

dustrial synthesis is mainly carried out using the Haber-Bosch pro-

cess [146]. The process needs to be carried out at high temper-

atures and pressures, and the process emits a large amount of

CO2 [147]. Therefore, it is of great significance to develop high-

efficiency, low-energy and clean ammonia synthesis technology.

Electrocatalytic nitrogen fixation can theoretically be carried out

at room temperature and pressure, so it is considered a poten-

tial alternative to industrial ammonia synthesis [148,149]. The re-

action process of NRR involves three basic steps: (1) Adsorption of

N2 molecules at the catalytic active site; (2) Cleavage and hydro-

genation of N≡N bonds; (3) Desorption of the resulting ammonia

molecules (or other intermediate products) from the catalyst sur-

face. At present, the proposed electrocatalytic nitrogen reduction

reaction mainly follows two paths in the figure, namely the dis-

sociation path and the association path. However, electrocatalytic

ammonia synthesis still faces many problems, such as high over-

potential required to activate inert N2 and low NH3 selectivity. Due

to the synergistic effect between different metals, alloy catalysts

have high activity and selectivity in ammonia synthesis, and have

wide versatility. The NRR performance of some recently reported

alloy electrocatalysts is summarized in Table S4 (Supporting infor-

mation).

Precious metals have the disadvantages of high cost, high H

affinity, weak N2 adsorption capacity, and poor ammonia selectiv-

ity, but alloying with non-precious metals can improve atomic uti-

lization efficiency and promote more catalytically active electronic

structures. Jiang et al. obtained a mesoporous amorphous noble

metal alloy (iridium-tellurium (IrTe)) using micellar directed syn-

thesis showed excellent performance in electrochemical N2 reduc-

tion reaction, the ammonia yield rate was 34.6 μg mg−1 h−1 with

a Faradaic efficiency of 11.2% at −0.15 V versus reversible hydro-

gen electrode in 0.1 mol/L HCl solution, outperforming comparable

crystalline and Ir metal counterparts (Figs. 17a and b). According to

DFT theoretical simulation, the addition of Te to the IrTe alloy ef-

fectively enhanced the adsorption of N2 and reduced the Gibbs free

energy of the electrocatalytic N2 reduction reaction rate-limiting

step (Fig. 17c) [150]. Fan et al. prepared a monolithic nanoporous

NiSb by chemical dealloying of Nb96Sb4 alloy precursors, achieving

a high ammonia yield of 56.9 μg mg−1 h−1 and Faradaic efficiency

of 48.0% (Fig. 17d). Physical characterizations and adsorption inves-

tigations indicated that the electron-deficient Ni supplied electrons

to Sb with higher electronegativity, resulting in facilitated nitro-

gen adsorption on NiSb alloy. DFT calculations revealed that the

charge redistribution enhanced activation of the inert N≡N triple

bond with lower energy barrier for the rate-determining proton-

coupled electron transfer step on NiSb surface, particularly at high

hydrogen coverage (Fig. 17e). Furthermore, the Sb atoms separated

binding sites to weaken the competitive adsorption between H+

and N2 by adjusting the coordination environment and electronic

structure [151]. Shi et al. selected four metals with high NRR ac-

tivity, Fe, Ni, Mo, Ru and Au to form eight kinds of alloy (MxAu,

M= Fe, Mo, Ru, Ni and x=1 or 3). Through the study of electronic

structure, thermodynamics and reaction kinetics, the effects of el-

emental composition and atomic ratio of Au-based alloys on the

catalytic activity and selectivity of electrochemical NRR were stud-

ied. First, the adsorption free energy of ∗N2 and ∗H was compared

to screen catalysts with good selectivity (on Mo3Au(111) �G∗N2
<

�G∗H) (Fig. 17f). Subsequently, microkinetic calculations were used

to evaluate the catalytic activity of the initial nitrogen activation

and hydrogenation processes. Electronic structure analysis based

on Bader charge and crystal orbital Hamiltonium confirmed the

unique ability of active Mo sites for N2 activation. The kinetics of

the reaction (Fig. 17g), Eley-Rideal (E-R) mechanism and Langmuir-

Hinshelwood (L-H) mechanism involved in nitrogen hydrogenation

reaction were discussed (Fig. 17h). The calculation results showed

that among all 8 alloys, Mo3Au(111) had the best electrochemical

NRR catalytic performance [152].

5.6. Carbon dioxide reduction reaction (CO2RR)

The electrochemical reduction reaction (CO2RR) of carbon diox-

ide can convert CO2 into renewable energy. For example, the re-

duction of CO2 can be used to produce C1 (CO, CH4, CH3OH,

HCOOH, etc.), C2 (C2H4, C2H5OH, and CH3COOH), and C2+ products

(C3H7OH) [153–156]. Efficient and inexpensive electrocatalysts are

still required to reduce the thermodynamically stable CO2 molecule

while suppressing HER. The CO2RR reaction path is complex, in-

volving many proton and electron coupling processes, and the per-

formance of electrocatalysts is usually limited by the volcanic de-

pendence of catalytic activity on CO binding energy [157]. The

CO2RR performance of some recently reported alloy electrocata-

lysts is summarized in Table S4.

Pd can produce formate with almost zero overvoltage and good

selectivity, but its high sensitivity to CO poisoning (as an inter-

mediate of side reaction) is severely limited, resulting in rapid

loss of activity and poor stability within a few hours. Ag was se-

lected as the second metal in the alloy due to its electron-rich

state and weak CO binding strength. Han et al. synthesized Pd-Ag

alloy nanowires with high aspect ratio and rough surface, Pd4Ag

nanowires could enable the reaction at nearly zero overpotential,

maintain high formate selectivity (>90%) until −0.3 V (Figs. 18a

and b). The remarkable stability was due to the improved CO tol-

erance of Pd4Ag nanowires as evidenced by detailed analysis of CO

surface coverage during CO2RR (Fig. 18c). In addition, DFT calcu-

lations suggested that the incorporation of Ag in alloy nanowires

downshifted the overall d-band center, and diluted the PdHx ac-

tive sites, which consequently weakened the CO binding on the

Pd sites and improved the formate formation by selectively sta-

bilizing the key intermediate (Figs. 18d and e) [158]. Copper is

well known as the CO2RR electrocatalyst, and interest in devel-

oping catalysts for copper-based alloys has increased in recent

years. The production of methane from CO2RR requires the par-

ticipation of 8 electrons and 8 protons, so it has significant en-

ergy absorption. Wang et al. proposed an edge-oriented growth

method for large-area two-dimensional Cu2Te nanosheet arrays

based on copper foil substrates. Various physicochemical charac-

terizations have observed rich marginal structures and high ex-

posure, providing an important carrier for highly catalytic active

sites. These active sites abounding on highly exposed edges of

Cu2Te nanosheets greatly promoted the electroreduction of CO2

into CH4 at a potential as low as −0.4 V (versus the reversible

hydrogen electrode), while suppressing hydrogen evolution reac-

tion (Fig. 18f). When a flow cell was employed to accelerate the

mass transfer, the faradaic efficiency reached ∼63% at an applied

current density of 300 mA/cm2 (Fig. 18g). Theoretical calcula-

tions of the change in free energy (�G) from ∗CO to ∗CHO have

demonstrated that Cu2Te nanosheets have a stronger ability to

convert ∗COOH to ∗COO, and can achieve CO2 conversion to CH4

with a low energy barrier, resulting in high selectivity (Fig. 18h)

[159].
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Fig. 17. (a) UV−vis absorption spectra, (b) the ammonia yield rate and corresponding FEs and (c) free energy diagram of the NRR on the Ir and IrTe. Copied with permission

[150]. Copyright 2023, American Chemical Society. (d) NH3 yield rates and FEs of NiSb, (e) Gibbs free-energy profiles of NRR. Copied with permission [151]. Copyright 2021,

Wiley-VCH. (f) Adsorption free energy of N2 and H, (g) potential energy curves on Mo3Au(111) facet, (h) the comparison of limiting potential of HER and NRR based on

Eley-Rideal mechanism and Volmer-Heyrovsky mechanism. Copied with permission [152]. Copyright 2021, Wiley-VCH.

Fig. 18. (a) LSV in CO2 or N2, (b) potential-dependent formate selectivity, (c) integrated CO oxidation charge and corresponding CO surface coverage, (d) PDOS, and (e)

energetic reaction pathways of CO2RR of Pd4Ag. Copied with permission [158]. Copyright 2021, Wiley-VCH. (f) FEs of CO2RR, (g) electrolytic reduction of CO2 to CH4 over the

Cu2Te nanosheet, and (h) free energy diagrams of hydrogenation steps. Copied with permission [159]. Copyright 2023, American Chemical Society.

5.7. Chemical fuel oxidation reaction (FAOR, MOR and EOR etc.)

Organic acids and alcohols, such as formic acid, methanol and

ethanol, are commonly used chemical fuels in direct liquid fuel

cells [160–162]. The FAOR, MOR and EOR performance of some re-

cently reported alloy electrocatalysts are summarized in Table S5

(Supporting information).

The anodic formic acid oxidation reaction (FAOR) of direct

formic acid fuel cells (DFAFCs) and the electro-oxidation of HCOOH

to CO2 involve the transfer of two electrons, which can be carried

out in a double reaction path [163]. The direct route is to directly

produce CO2 through the two-step dehydrogenation of formic acid,

which is the required reaction route. However, the indirect path is

called the dehydration path or CO path. Through this path, formic

acid molecules are dehydrated into CO intermediates adsorbed on

the active sites, and seriously hinder the catalytic process [164].

Traditional Pt catalysts exhibit poor catalytic performance due to

CO poisoning accumulated in the dehydration step, so promot-

ing the direct dehydrogenation path is the key to promote the

electrooxidation of formic acid (FAOR) [165]. The multiple compo-

nents of the designed alloy provide great flexibility for optimiz-

ing its FAOR catalytic performance through the synergistic action
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Fig. 19. (a) Mass and specific activities, (b) steady-state polarization and power density curves, and (c) Gibbs free energy diagram of HEA HPs/C for FAOR. Copied with

permission [166]. Copyright 2022, Wiley-VCH. (d) Cyclic voltammograms (CVs), (e) specific activities and mass activities, and (f) energy profile �E (eV) throughout EOR

based on the Pd20Sb7. Copied with permission [169]. Copyright 2022, Wiley-VCH. (g) CV curves, (h) mass activities, and (i) reaction profile for MOR on different surfaces of

Ru-ca-PtNi for MOR. Copied with permission [171]. Copyright 2022, Wiley-VCH.

of multiple metals. Zhan et al. reported a well-defined PtBiPbNiCo

hexagonal nanosheet (HEA HPs) as a high-performance electrocat-

alyst, which was composed of PtBiPb middle entropy core and Pt-

BiNiCo high entropy shell, the specific and mass activities of HEA

HPs/C were as high as 27.2 mA/cm2 and 7.1 A/mgPt for FAOR (Fig.

19a). And the membrane electrode assembly (MEA) power density

of HEA HPs/C can reach 321.2 mW/cm2, and lifetime can oper-

ate 30 h with 55.1% decay of power density, both of which were

much better than those of commercial Pd/C (Fig. 19b). Further ex-

periments and theoretical analysis jointly proved that the hexag-

onal intermetallic core/atomic shell structure and multi-element

synergy greatly promoted the direct dehydrogenation pathway of

formic acid molecules and inhibited the formation of ∗CO (Fig. 19c)

[166].

As the anode reactions of direct methanol fuel cells (DMFCs)

and direct ethanol fuel cells (DEFCs), methanol oxidation reaction

(MOR) and ethanol oxidation reaction (EOR) still have slow kinetics

of multi-electron transfer process in alcohol and serious interme-

diate toxicant problems [167]. Because of its large exposed surface

area and abundant active sites, alloy nanomaterials are considered

as excellent electrocatalysts for the oxidation of alcohol fuel [168].

Xu et al. prepared diamond Pd-Sb rhombohedra catalysts (Pd-Sb

RHs) by wet chemical method. Under alkaline conditions for EOR,

the mass activity of Pd-Sb RHs/C was higher (3.48 A/mgPd), which

was much higher than that of commercial Pd/C (0.39 A/mgPd) cata-

lyst (Fig. 19d). DFT calculation showed that Pd20Sb7 phase of Pd-Sb

RHs can not only effectively reduce the barrier energy of ethanol

oxidation to acetic acid, but also reduce CO binding, thus improv-

ing the resistance to CO poisoning (Fig. 19e) [169]. And Olaya et al.

obtained nano-porous gold (NPG) with total residual Ag content

less than 1% by dealloying Ag75Au25, and used it as MOR elec-

trocatalyst in 0.1 mol/L NaOH aqueous solution (Fig. 19f) [170].

Kong et al. prepared the selective atomic layer deposition tech-

nology to synthesize the Ru-ca-PtNi hybrid catalyst (Ru-ca-PtNi)

with surface-cavity coupling of ruthenium single atom and PtNi

nanoparticles (PtNi NPs). Ru-ca-PtNi exhibited mass activity for

methanol oxidation reaction (MOR) with 2.01 A/mgPt. Also, Ru-ca-

PtNi showcased a significant durability with only 16% activity loss

after stability test (Figs. 19g–i) [171].

This chapter has provided an extensive overview of the vari-

ous electrocatalytic applications where alloy nanomaterials have

demonstrated their potential. In addition to the aforementioned

electrocatalytic applications, electrocatalysis also has other im-

portant applications. The following are some noteworthy exam-

ples: electrosynthesis of organic compounds, water purification

and wastewater treatment, electro catalytic sensors and biosensors,

etc. With the deepening of research and the development of tech-

nology, more new applications will continue to emerge in the field

of electrocatalysis.

6. Summary and outlook

In summary, this review systematically summarizes the synthe-

sis methods and strategies of advanced alloy electrocatalysts, and

introduces the latest progress in typical electrocatalytic reactions

and other aspects. Firstly, the synthesis methods and related for-

mation mechanisms of alloy nanomaterials are reviewed, includ-

ing co-reduction method, electrochemical deposition method, py-

rolytic reduction method, thermal diffusion method, seed medi-

ated method, mechanical ball milling method, and so on. More im-

portantly, several effective factors affecting the performance of ad-

vanced alloy electrocatalysts were introduced, including composi-

tion, size, morphology, strain engineering, surface engineering, and

defect engineering. Alloy nanomaterials exhibit excellent electro-
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catalytic properties in various reactions, including HER, OER, ORR,

FAOR, MOR, EOR, NRR, and CO2RR.

The field of alloy electrocatalysts faces some important prob-

lems to be overcome, and improving the catalyst selectivity and

efficiency is an important challenge in the current alloy electrocat-

alysts. On the one hand, the interaction between different metal

atoms in alloy electrocatalysts affects the selectivity of the catalyst,

which can lead to the generation of side reactions during the re-

action process and thus reduce the purity of the reaction products.

On the other hand, the catalytic activity of different metals varies,

with some metals having higher activity but also being more sus-

ceptible to corrosion, a trade-off between activity and stability is

needed in this case. Based on the current challenges, we envision

the following future development directions.

(1) Preparation of efficient and stable alloy catalysts: Since

electrocatalytic reactions usually require efficient and sta-

ble catalysts to facilitate the reaction process, the design

and preparation of highly active and stable alloy catalysts

is a primary challenge in electrocatalysis research. One way

to achieve this is by optimizing the interatomic structure,

which requires us to control the composition and morphol-

ogy of alloy electrocatalysts. Also, there is a non-negligible

potential for development at the level of surface-active cen-

ter design and tuning. Therefore, the establishment of a set

of efficient and flexible structural modification methods is

the key to achieving efficient catalysis in alloy electrocata-

lysts.

(2) In-depth understanding of the electrocatalytic performance

mechanism of alloy materials: In the design and perfor-

mance optimization process of alloy catalysts, it is crucial to

gain an in-depth understanding of the electrocatalytic per-

formance mechanism of alloy materials. Advanced character-

ization techniques and computational methods are needed

to explore the information on the active center, catalytic

mechanism and reaction intermediate state of alloy materi-

als in electrocatalytic reactions to achieve precise regulation

and improvement of alloy catalyst performance.

(3) Solving the stability problem of alloy catalysts: In electro-

catalytic reactions, the stability of alloy catalysts is also an

important issue. Due to the influence of external environ-

ment, reaction conditions and other factors, alloy catalysts

are prone to lattice defects, surface species, electrocatalyst

deactivation and other problems, leading to the decrease of

catalyst activity and stability. Therefore, it is necessary to

further study and solve the stability problems of alloy cata-

lysts and develop and prepare alloy catalysts with long-term

stability and efficient catalytic performance.

Alloy nanomaterials have important economic prospects in

electrocatalysis, which can improve energy conversion efficiency,

reduce catalyst costs, and enhance durability. Through continuous

research and technological innovation, we can promote the eco-

nomic feasibility of alloy nanomaterials in the field of electrocatal-

ysis and make significant contributions to sustainable energy con-

version and storage.
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