Open Access Article. Published on 28 Aprili 2025. Downloaded on 04/11/2025 18:03:42.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of

Materials Chemistry A

REVIEW

i ") Check for updates ‘

Cite this: J. Mater. Chem. A, 2025, 13,
17242

Received 26th March 2025
Accepted 24th April 2025

DOI: 10.1039/d5ta02448;

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online
View Journal | View Issue,
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applications

Bo Chen, & *2 peiyu Duan,? Shuo Wang,® Hanyun Pan,? Shuxian Wu,? Ye Hua,?
Xingyu Tao,? Qinbai Yun ® **¢ and Yonghua Li® *@

Recent advancements in Cu-based intermetallics have sparked significant interest in electrochemical
energy conversion and related fields. This review focuses on the latest developments in Cu-based
intermetallics, covering their structures, synthesis methods, and electrocatalytic applications. We first
classify the structural types of Cu-based intermetallics and explore the thermodynamic and kinetic
factors influencing their formation. Key synthesis techniques, such as thermal annealing and liquid-phase
methods, are discussed, alongside strategies for size and morphology control. The applications of Cu-
based intermetallics in electrocatalysis, including the hydrogen evolution reaction, carbon dioxide
reduction reaction, oxygen reduction reaction, and nitrate reduction reaction, are then examined in
detail. Lastly, we demonstrate the challenges in this area and suggest future research directions to guide
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“State Key Laboratory of Flexible Electronics, Jiangsu Key Laboratory of Smart
Biomaterials and Theranostic Technology, Institute of Advanced Materials (IAM),
School of Chemistry and Life Sciences, Nanjing University of Posts and
Telecommunications, Nanjing 210023, China. E-mail: iambchen@njupt.edu.cn;
iamyhli@njupt.edu.cn

*Sustainable Energy and Environment Thrust, The Hong Kong University of Science
and Technology (Guangzhou), Nansha, Guangzhou 511400, China. E-mail:
qinbaiyun@hkust-gz.edu.cn

‘Guangzhou HKUST Fok Ying Tung Research Institute, Nansha, Guangzhou, 511458,
China

Bo Chen received his B.S.
degree, M.S. degree, and PhD
degree from Lanzhou University
(2009), Shandong University
(2012), and Nanyang Techno-
logical ~ University — (2017),
respectively. Then, he worked as
a research fellow at Nanyang
Technological University (2017-
2020) before moving to the City
University of Hong Kong as
a research associate (2020-
2023).  Currently, he s
a Professor at the School of
Chemistry and Life Sciences, Nanjing University of Posts and
Telecommunications. His current research interests include the
synthesis, characterization, and applications of nanomaterials
with unconventional phases.

Bo Chen

17242 | J. Mater. Chem. A, 2025, 13, 17242-17260

1. Introduction

Developing efficient sustainable energy conversion technolo-
gies is crucial for meeting global energy demands and tackling
environmental issues."™ Electrocatalysis plays an essential role
in sustainable energy conversion systems,*® including
hydrogen evolution, ammonia production, and carbon dioxide
conversion.”™ Although significant research has been con-
ducted on these electrocatalytic reactions, there is still an
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urgent need for developing electrocatalysts with high activity,
long-term stability, and low cost.

In recent years, extensive research on alloy catalysts has led
to significant advancements in electrocatalytic reactions.'*™'¢
However, disordered alloys, despite their compositional diver-
sity,"” suffer from random atomic arrangements that lead to
ambiguous relationships between their structure and perfor-
mance, posing significant challenges for their practical appli-
cations.” This limitation stands in stark contrast to
intermetallics with well-defined atomic arrangements, which
endow them with superior physical and chemical
properties.*** The ordered structure in intermetallics enables
uniform dispersion of active sites,** precise control over elec-
tronic structures,” remarkable stability,>*** and excellent
activity,”*** making them highly attractive for various catalytic
applications. Over the past few decades, these advantages have
driven intermetallics to the forefront of catalyst research.”*-**

Copper (Cu), a representative transition metal known for its
excellent electrical conductivity,® facilitates efficient electron
transport within catalytic systems. Its partially filled 3d orbital
allows for orbital hybridization with other metals, resulting in
bifunctional effects that can finely tune the local electronic
environment. This modulation enhances the electronic density
and activity of neighboring active sites, thereby improving the
adsorption and utilization efficiency of key reaction interme-
diates.**** Therefore, among various intermetallic systems, Cu-
based intermetallics have received significant attention in
electrocatalytic applications. By introducing other metal
elements, the electronic structures and surface coordination
environments of Cu-based intermetallics can be adjusted. For
example, the incorporation of Zn can enhance water adsorption
and dissociation, thereby providing active hydrogen sites. Thus,
in Cu-Zn intermetallic systems, the spatial separation of active
sites effectively modifies the adsorbed protonated species,
promoting nitrite reduction to ammonia.** These merits
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highlight the potential of Cu-based intermetallics in energy
conversion applications.

This review aims to provide a comprehensive summary of
recent advancements in Cu-based intermetallics for electro-
catalytic applications. It begins with a detailed classification of
the structural configurations of Cu-based intermetallics and
analysis of the thermodynamic and kinetic factors that influ-
ence their formation. Then, the synthesis techniques of Cu-
based intermetallics are summarized, with an emphasis on
strategies for optimizing their size and morphology. Moreover,
the electrocatalytic applications of Cu-based intermetallics are
systematically discussed, including the hydrogen evolution
reaction (HER), oxygen reduction reaction (ORR), carbon
dioxide reduction reaction (CO,RR), and nitrate reduction
reaction (NO3;RR). Finally, the challenges and potential future
directions in this field are explored, offering insights into how
these materials can be further developed for practical electro-
catalytic applications.

2. Structures and components of Cu-
based intermetallics

Compared with random alloys, intermetallics exhibit superior
thermodynamic stability, higher activity, enhanced durability,
and elevated resistance to dissolution. These properties arise
from their precise stoichiometry and ordered atomic arrange-
ment, which effectively suppress the diffusion and migration of
metal atoms.?” In this section, we discuss the structural char-
acteristics and compositional diversity of Cu-based binary and
multi-component intermetallics.

The various crystal structures of intermetallics are primarily
derived from three types of monometallic structures: face-
centered cubic (fcc), body-centered cubic (bcc), and hexagonal
close-packed (Acp). As illustrated in Fig. 1, typical intermetallic
structures derived from the fcc structure include L1, (CuAu-type,
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Fig. 1

Ilustration of typical intermetallic structures. (a—c) fcc-derived intermetallic structures, including L1 (CuAu-type), L1; (CuPt-type), and L1,

(CusAu-type). (d) bcc-derived intermetallic structure B, (CuPd-type). (e) hcp-derived intermetallic structure B8;.

space group P4/mmm), L1, (CuPt-type, space group R3m), and
L1, (CuzAu-type, space group Pm3m). The L1, structure features
a tetragonal distortion of the fcc lattice with alternately stacked
atomic layers of two different elements at an atomic ratioof 1: 1
along the c-axis. Although the L1, structure is derived from fcc
as well, it contains two elements with an atomic ratio of 3:1,
which are located at different sites within an fcc lattice. Typi-
cally, elements with higher atomic content occupy face-centered
sites, while vertices are occupied by the other. Moreover, the bcc-
derived B, structure (CsCl-type, space group Pm3m) and hcp-
derived B8, structure (NiAs-type, space group P6;/mmc) are also
commonly observed.*

2.1 Binary intermetallics

Binary intermetallic nanocatalysts, with precisely controlled
shapes, sizes, and compositions, offer significant opportunities
for improving catalytic activity and selectivity beyond their
monometallic counterparts. These advantages primarily stem
from synergistic or ensemble effects driven by electronic inter-
actions between the hybridized atomic orbitals of different
metals.*®

2.1.1 Cu-Au intermetallics. According to previous research,
common Cu-Au intermetallics include CuAu and Cus;Au, whose
crystal structure types are L1, and L1,, respectively. In each unit
cell, the atomic layer is located at a specific site, and Cu and Au
atoms mainly occupy the positions of vertices or face centers at
a certain ratio. In a recent study, Chen et al.*® successfully
synthesized an L1,-phase CuAu intermetallic compound with
a space group of P4/mmm (Fig. 1a). The molar ratio of Au: Cu
was 1:1.02, and the average particle size was 5.60 nm, which
was smaller than that of the fcc phase alloy. In particular, the
lattice parameters (@ = 3.968 A, b = 3.968 A, and ¢ = 3.663 A)
also confirmed that the crystal structure changed compared to
the standard fce structure (@ = b = ¢ = 3.954 A). In addition, by
tuning the appropriate Cu/Au ratio, Niu et al.** synthesized an
L1, phase CuzAu intermetallic with ordered structures using
Cu@Au core-shell nanowires as precursors. This L1, phase is
based on fcc structures with long-range ordered atomic
arrangements (Fig. 1c), where Cu atoms occupy face-centered
positions, whereas Au atoms occupy top-corner positions. It is
noteworthy that the L1, phase could be translated from the L1,
phase during the synthesis of Cu-Au intermetallics. When
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heating the Cu@Au nanowires at progressively increased
temperatures, the L1, phase first formed, which then trans-
formed into the L1, phase.

2.1.2 Cu-Pt intermetallics. Cu-Pt intermetallics typically
form CuPt (L1; phase) and CuzPt (L1, phase) structures.
Specifically, in the structure of L1,, Cu atoms occupy face-
centered positions, while Pt atoms occupy top-corner posi-
tions, similar to the atomic arrangement in CuzAu. However,
because Pt has a larger atomic radius than Au, the lattice
constant of Cu,Pt is usually larger than that of CuzAu. For
example, Jiang et al.*’’ synthesized L1,-PtCu;/C intermetallic
nanocrystals with a high ordering degree, which consisted of
a Pm3m (221) space group. At the same time, Xing et al*?
observed that the lattice parameter of Cu;Pt was 5.288 A, and it
continued to decrease with increasing annealing temperature,
whereas the lattice parameter of CuzAu was 3.74 A at room
temperature. Interestingly, when the atomic ratio of Cu to Pt is
approximately 1:1, the resulting intermetallic CuPt forms
a unique L1, phase structure. As shown in Fig. 1b, L1,-CuPt is
based on an fcc structure. Specifically, in its crystal structure,
the (111) planes are alternately stacked with atomic planes
composed solely of Cu atoms and those composed solely of Pt
atoms. Each Pt atom is surrounded by a Cu atom, forming
a long-range ordered atomic arrangement. Based on the work
reported by Xu et al.,* the lattice parameter of the L1;-phase
CuPt typically ranges from 1.8961 to 1.9252 A, and the exact
value may vary slightly depending on the preparation method
and experimental conditions.

2.1.3 Cu-Pd intermetallics. Notably, unlike the random
CuPd solid solution with an fcc phase, CuPd intermetallics
possess a CsCl-type (B,) structure.** The B, phase belongs to the
Pm3m space group, which is a cubic system with a high
symmetry. This symmetry ensures that the structure is highly
ordered and uniform. In this structure, Cu and Pd atoms occupy
the apex and body center, respectively, similar to those of Cl and
Cs in a bcc structure. For example, Cai et al* achieved
a disorder-to-order transformation from the A, (fcc) alloy phase
of CuPd into the B, intermetallic phase through a wet-chemical
approach. Interestingly, Zhai et al.*® found that the atomic
ratios of Cu/Pd were uncertain, changing between 1 and 2
depending on the temperature.

2.1.4 Cu-Sn intermetallics. Cuz;Sn and CugSns; are two
common types of Cu-Sn intermetallics. Cu;Sn can form various

This journal is © The Royal Society of Chemistry 2025
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crystal structures, including two orthorhombic structures,
a hexagonal structure, and a cubic structure. The orthorhombic
structures can exhibit different space groups, such as Pmmn and
Cmcem,” with potentially different lattice parameters. The
orthorhombic Pmmn structure has lattice parameters of a =
5.514 A, b = 4.765 A, and ¢ = 4.329 A. The Cmcm structure
features a long-period superlattice with extended dimensions
on the b-axis, with lattice parameters of a = 5.516-5.529 Ab=
47.75-48.79 A, and ¢ = 4.323-4.342 A.*** The hexagonal struc-
ture (P63/mmc) has lattice parameters of a = 2.752 A, and ¢ =
4.322 A. The cubic structure (Fm3m) has a lattice parameter of
5.514 A. Additionally, CusSns can form various crystal
structures, including hexagonal and monoclinic systems. The
hexagonal (n-CueSn;) structure has a NiAs/Ni,In-type (B8,/BS,
type, Fig. 1e) structure,* where Cu atoms randomly occupy the
trigonal bipyramidal sites formed by Sn atoms, with lattice
parameters of @ = 4.07 A, and ¢ = 4.63 A. The monoclinic (n'-
CueSns;) structure has a more ordered arrangement of Cu atoms
and vacancies, forming a monoclinic structure with lattice
parameters of a = 12.21 A, h = 4.07 A, ¢ = 4.63 A, and 8 = 90.0°.

2.1.5 Other binary intermetallics. Cu atoms have a partially
filled electronic structure of [Ar] 3d'%4s’, which endows them
with high chemical reactivity, enabling them to react with
a variety of metal elements to form diverse intermetallics.
Previous studies have found that metals from Group IIIA often
serve as secondary metals, forming intermetallics with Cu
atoms. Much research has focused on the formation of Cu-Al
intermetallic compounds. The dominant intermetallic phases,
AlCu, Al,Cu, and Al,Cuy,*>** exhibit orthorhombic, tetragonal,
and primitive cubic structures, respectively. Wan et al>
synthesized monolithic nanoporous Cu;;Iny/Cu and observed
a representative Cu,,Ing/Cu interfacial region using high-
resolution transmission electron microscopy (HRTEM). The
monoclinic intermetallic Cuy;Iny phase and fcc Cu matrix can
be identified using fast Fourier transform (FFT) patterns.
Moreover, Bagchi et al®® synthesized intermetallic CuGa,
(tetragonal system, space group P4/mmm) and CugGa, (cubic
phase, space group P43m). The crystal structure of CuGa,
consists of alternating layers of Cu (1D sheet) and Ga (square
net), while CuGa, has the same centrosymmetric space group
(P4/mmm) as quasi-2D a-FeSi, or LiFeAs with d¢,-cy = a = 2.83 A
and an interplanar distance of ¢ = 5.839 A.

a =

2.2 Multi-component intermetallics

2.2.1 High-entropy intermetallics (HEIs). High-entropy
alloys (HEAs) consist of five or more metal elements, with the
atomic percentage of each element ranging from 5 at% to 35
at%.> Attributing to the high-entropy configuration, different
atoms randomly or nearly randomly occupy various positions in
the lattice during the formation of HEAs, thus resulting in the
lack of long-range chemical ordering.*® Despite their complex
compositions, HEAs generally form simple solid-solution pha-
ses (e.g., fcc, bee, and hep).°”*® However, HEIs combine the
characteristics of HEAs and intermetallics, possessing the
advantages of multi-metal high-entropy effects and an ordered
atomic structure. They can provide more uniformly isolated*

This journal is © The Royal Society of Chemistry 2025
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and highly efficient active sites and thus have received extensive
attention and research in recent years. For example, Wang
et al.*® prepared PtRuFeNiCu HEIs with a typical fcc structure.
The XRD pattern showed (100) and (110) superlattice diffraction
peaks of the ordered intermetallic phase, indicating the
successful formation of the HEI structure. In another case,
Wang et al.®* synthesized Pt,FeCoCuNi HEIs, and the charac-
terization indicated that the intermetallic compound had an
L1, ordered structure.

2.2.2 Heterostructured intermetallics. Heterostructured
intermetallics typically consist of two or more different types of
intermetallics. This structural design not only retains the
unique properties of each component but also generates new
synergistic effects through interfacial interactions. Nano-
materials with heterogeneous structures and multiple compo-
nents are important for the development of next-generation
functional materials and have great potential for various
applications. The structure of each component and the inter-
face between them determine the properties of hetero-
structured nanomaterials.®> Wang et al.® prepared CuSn
catalysts by electrochemically depositing Sn nanoparticles onto
Cu foam and then annealed the samples at 300 °C for 3 h in
a nitrogen atmosphere to form heterostructured CuzSn/CugSn;
intermetallics. According to the XRD analysis, upon annealing,
the diffraction pattern of Sn disappeared and a new peak
emerged at 30.1°, which was attributed to the (221) plane of
CueSns, along with three additional peaks at 37.7°, 41.7°, and
57.5°, which were assigned to the (002), (110), and (200) planes
of CusSn, respectively, suggesting the formation of an inter-
metallic heterostructure. The heterostructured intermetallic
integrates the properties of CuzSn and CueSns, thereby
enhancing their performance in electrocatalytic applications.

3. Growth mechanisms of Cu-based
intermetallics, including kinetic and
thermodynamic analysis

Thermodynamic and kinetic discussions are necessary to gain
a deeper understanding of the growth behavior of intermetal-
lics. Thermodynamic analysis predicts the stability and feasi-
bility of intermetallic formation, while kinetic analysis provides
insights into the reaction rate and mechanisms. By combining
these analyses, researchers can gain a deeper understanding of
the factors influencing intermetallic growth, which is essential
for optimizing the structure and performance of Cu-based
intermetallics.

3.1 Thermodynamic analysis

The second law of thermodynamics is often employed to predict
the thermodynamic trend of the formation of intermetallics,
thereby enhancing the possibility of successful synthesis and
selectivity for ordered structures. The Gibbs free energy change
(AG) for the mixing process of bimetallic systems can be
expressed as eqn (1):

AG = AH — TAS (1)

J. Mater. Chem. A, 2025, 13, 17242-17260 | 17245
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AH is the enthalpy change during the formation of interme-
tallics, AS is the entropy change, and T is the absolute
temperature. The formation of intermetallics is accompanied
by an increase in the strength of the intermetallic bond and an
increase in the degree of atomic ordering; thus, AH and AS are
both negative. Also, eqn (1) reveals the Gibbs free energy change
for the transition of the system from a disordered alloy to an
ordered intermetallic. As shown in Fig. 2, when the other vari-
ables of the system are the same, the enthalpy change becomes
the main contributing term at low temperatures, and the
interatomic bonding is strong, thus favoring the transition from
a disordered solid solution to an ordered intermetallic phase,
while at high temperatures, the entropy of the disordered phase
is higher, and the entropy-related term (TAS) dominates in the
total free energy, thus favoring the transition from order to
disorder.

However, in the actual synthesis process, the change of
surface free energy becomes a non-negligible part of the total
Gibbs free energy when the size of the material reduces to the
nanoscale.** Therefore, eqn (1) is supplemented by introducing
a third term for the change in Gibbs free energy caused by the
change in surface area, as shown in eqn (2):*

AG = AH — TAS + AyA (2)

where T'is the absolute temperature, Ay is the change in surface
free energy, and A is the surface area. After the formation of
intermetallics, the average bonding energy on the surface of the
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()\»dtfiﬂg of atomg
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) L« ;
h’é o

Metal precursors

Fig. 2 Thermodynamic tendencies of bi-metallic systems at different
temperatures.
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ordered phase is higher than that on the surface of the disor-
dered phase, so Ay is positive. It is worth noting that Ay, AH,
and AS are all determined by the intrinsic properties of the
bimetallic system, such as the components, morphology, and
state of the precursors, whereas the adjustment of experimental
conditions can modulate T'and A. Based on the assumption that
the shape remains constant during the mixing process (4 is
constant), the relationship between the transition temperatures
of intermetallic nanomaterials and bulk materials is explored,®®
as shown in eqn (3), where AH, is the specific heat by volume
and is negative with the same sign as AH. The specific surface
area A/V is inversely proportional to the size of the nanocrystals
and decreases with increasing nanocrystal size. Therefore,
smaller nanocrystals usually require lower temperatures for the
transition from a disordered to an ordered phase.

Tnano/Tbulk =1+ (A/V) A’Y/AHV (3)

As a transition metal element, Cu has 3d electrons that can
hybridize with the d electrons of other transition metal atoms,
forming strong d-d orbital interactions. This strong orbital
hybridization enhances the chemical bond strength between
atoms, which in turn releases more energy during the formation
of intermetallics, resulting in a more negative AH value. This
interaction provides part of the enthalpy change for the tran-
sition from disordered alloys to ordered intermetallics, which in
turn reduces the Gibbs free energy of the intermetallic forma-
tion process and promotes its formation.®”

In recent years, high-entropy intermetallics have received
increasing attention. These compounds are characterized by
multi-element mixing and slow elemental diffusion, leading to
the formation of high-entropy atomic configurations.®® In this
system, the contribution of entropy changes to the total Gibbs
free energy becomes more pronounced, thereby further
enhancing the thermodynamic driving force for the formation
of intermetallics. This phenomenon provides new concepts and
directions for the synthesis and design of intermetallics.

3.2 Kinetic analysis

Compared to thermodynamics, kinetic driving forces are more
dominant in the synthesis of intermetallics, but the influencing
factors to be considered are more complex. In general, both the
nucleation process of new phases and the diffusion process of
atoms can be analyzed.

The classical Johnson-Mehl-Avrami-Kolmogorov (JMAK)
theory is used to explain the nucleation and growth processes of
the new phase, and an equation for the transformation fraction
from a disordered to an ordered state has been proposed.* In
eqn (4),” f represents the conversion rate, N is the nucleation
rate, v is the growth rate, and ¢ is the reaction time. The
conversion rate ffollows an S-curve law, where the growth rate is
slower in the initial state and near the completion of the reac-
tion, while in the intermediate process, nanocrystals grow at
a very fast rate.

f=1—exp(—m/3NV*t") (4)

This journal is © The Royal Society of Chemistry 2025
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The atomic diffusion is a process in which metal atoms
continuously promote local atomic rearrangement by succes-
sively jumping to neighboring positions in the lattice. The
Arrhenius equation can be used to describe atomic mobility as
shown in eqn (5),°*”* where D, is the diffusion front factor,
which depends on the effects of various factors such as the bond
strength, atomic type, and effective mass of the selected metal
precursor. The atomic migration activation energy Eqs refers to
the energy potential generated by metal atoms jumping from
one position to another. R is the ideal gas constant, and T'is the
absolute temperature.

D = Dy exp(—Eg/ RT) (5)

As shown in Fig. 3, in the early stages of intermetallic formation,
there are high diffusion barriers and strong metallic bonds in
the rigid lattice, so large kinetic energy barriers need to be
overcome to form thermodynamically stable intermetallic
phases. In addition, according to the expression for the nucle-
ation work W* shown in eqn (6),° the interfacial free energy
change is positive and a size effect occurs. Here, W* represents
the total energy barrier for nucleation, which includes the AG
and the interfacial energy contribution (AyA). As the size
continues to decrease, the specific surface area increases
dramatically, leading to a decrease in the kinetic driving force of
small nanocrystals. In addition, in the process of converting
disordered alloys into ordered intermetallics, the interfacial
energy generated by the new phases can act as an energy barrier
to subsequent transformations. Together, these three factors
constitute a major kinetic barrier to diffusion.

W* = AG + AyA (6)

Therefore, it is necessary to adopt strategies to enhance the
kinetic driving force by artificially altering the external energy or
introducing defects or vacancies in the original metal system.
On the one hand, thermal activation strategies can be adopted
by increasing the annealing temperature during the reaction
process. This approach can promote the generation of
vacancies/defects and increase the atomic migration rate.
However, it is crucial to prevent crystal agglomeration caused by
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Fig. 3 Energy changes ordered

intermetallics.
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excessive temperatures. On the other hand, introducing defects
into the solid solution precursor system can provide additional
jump sites for atomic diffusion, thereby effectively increasing
the kinetic driving force. Notably, in the Cu-Au binary metal
system, the defect formation energy and jump potential energy
of the weakly bonded atoms are relatively low,” thus making it
easier to overcome the barrier potential and synthesize the
desired intermetallics.

In summary, we explored the possibility of intermetallic
synthesis from a thermodynamic point of view and analyzed the
driving force problem of the reaction from a kinetic point of
view, thus providing a preliminary understanding of the
formation of intermetallics. In the next section, we will discuss
common synthesis methods and key influencing factors in the
synthesis process.

4. Synthetic methods of Cu-based
intermetallics

There are various methods for synthesizing Cu-based interme-
tallics, among which the most commonly used are thermal
annealing and liquid-phase synthesis. Thermal annealing
involves heating a material to a specific temperature and then
cooling it slowly to achieve the desired structures. In recent
years, to address the issue of nanocrystal agglomeration during
the thermal annealing process, a series of methods, such as
support-assisted annealing and protective shell-assisted
annealing, have been proposed. In contrast, liquid-phase
synthesis can precisely control the size and shape of nano-
materials in a low-temperature environment, resulting in
products with good dispersion, low energy consumption, and
short reaction time. Therefore, selecting an appropriate
synthesis method is crucial for obtaining Cu-based interme-
tallics with desired structures.

4.1 Thermal annealing

4.1.1 Direct annealing. As one of the most widely used
methods for preparing Cu-based intermetallics, the direct
annealing method usually transforms disordered solid precur-
sors such as Cu-based alloys or core-shell structures into
ordered intermetallics by thermal annealing in H,, Ar and other
atmospheres or a vacuum.®®”® For example, Niu et al.*' con-
verted the liquid-phase synthesized Cu@Au core-shell nano-
wires into atomically ordered CusAu intermetallic nanowires by
annealing them at different temperatures (140 to 320 °C) for 1 h
in an H,/Ar mixture atmosphere (H,/Ar: 10/90). The annealing
temperature significantly influenced the phase transformation
and atomic ordering processes. Specifically, at temperatures
below 200 °C, the Cu@Au nanowires exhibited a mixture of Cu
and Au phases with partial mixing, as indicated by the
appearance of a broad peak assigned to the A; Cu-Au (111)
reflection in the XRD pattern. When the annealing temperature
increased to 220 °C, a drastic phase transition from tetragonal
CuAu (L1, phase) to cubic CuzAu (L1, phase) occurred. At higher
temperatures (=240 °C), the atomic diffusion continued,
leading to the formation of fully ordered CuzAu nanowires. This
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study also demonstrated that the presence of twin boundaries
in Cu@Au nanowires facilitated the ordering process at rela-
tively low temperatures.

4.1.2 Support-assisted annealing. The direct annealing
method can solve the problems of low atomic mobility and
a relatively high kinetic barrier in solid compounds by using
relatively high annealing temperatures and long annealing
times. However, the formation of intermetallics during high-
temperature annealing causes the aggregation of nanocrystals,
Oswald ripening, and/or sintering, resulting in increased
particle size and thus deteriorating the electrocatalytic perfor-
mance of Cu-based intermetallics. To solve this problem,
a support-assisted annealing method, in which materials are
deposited on a suitable and stable carrier and then subjected to
annealing, is proposed to inhibit the agglomeration of nano-
crystals that may occur during annealing by the anchoring
effect. At present, the common carriers used to immobilize
nanocrystals include carbon black, C3N,, porous carbon, oxides,
etc.””’* Through this strategy, Chen et al.*° loaded CuCl, and
HAuCl,-3H,0 precursors onto activated Ketjen black via
a modified co-precipitation method, and the obtained product
was annealed at different temperatures (200 to 600 °C) in an
atmosphere of 5% H, and 95% Ar to form ordered and disor-
dered AuCu/C with different crystal structures (Fig. 4a). The
XRD patterns of AuCu/C formed by annealing at different
temperatures (Fig. 4b) show that the sample annealed at 200 °C
exhibits only the (111) and (200) peaks, indicating a disordered
structure. When the annealing temperature reached 300 °C,
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(001) and (110) superlattice peaks began to appear, indicating
a transition from a disordered to an ordered crystal structure.
Simultaneously, as the temperature increased, the particle size
gradually increased, and the degree of structural ordering
changed, resulting in the intensity of the superlattice peak first
increasing and then decreasing. Arumugam et al. used Ketjen
black as a carrier to prepare fct-PtFeCu/C. The metal precursor
mixed with Ketjen black was annealed at 800 °C in an H,/N,
atmosphere to form an ordered intermetallic.”” In another
study, according to the process shown in Fig. 4c, Peng et al.”
dispersed Cu and Mg powders on carbon black and annealed
them at 700 °C for 4 h in a Hy/Ar (vy, :var = 5% : 95%) atmo-
sphere. The use of carbon black as a carrier can limit the
aggregation and size increase of particles and induce the pref-
erential growth of the Cu,Mg (111) crystal plane to form
a Cu,Mg intermetallic with (111) crystal plane orientation.
Fig. 4d shows that the XRD pattern of Cu,Mg (111) (red curve in
Fig. 4d) aligns well with that of the standard Cu,Mg structure
with the Fd3m space group. At the same time, the difference of
the intensity ratios of (111) to (311) peaks (I;11/I31;) of Cu,Mg
(111) and the traditional CuMg alloy (blue curve in Fig. 4d)
proves the preferred crystal plane growth in Cu,Mg (111).
Subsequent experiments showed that the Cu,Mg intermetallic
prepared by support-assisted annealing exhibited better elec-
trocatalytic performance than the traditional CuMg alloy in the
electroreduction of CO, to ethanol. In addition to using carbon
black as the carrier during the annealing process, urea was
introduced by Jiang et al. during the synthesis of a PtCu;
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(a) Schematic diagram of the preparation of ordered and disordered AuCu/C. (b) XRD patterns of AuCu/C nanoparticles annealed at 200

to 600 °C.*® Reproduced with permission. Copyright 2017 The Electrochemical Society. (c) Schematic diagram for the synthesis of Cu,Mg
intermetallic nanocrystals. (d) XRD patterns of nano Cu,Mg (red curve) and conventional Cu,Mg (blue curve).”® Reproduced with permission.
Copyright 2024 Wiley-VCH. (e) Schematic illustration of the preparation of L1,-PtCus/C. (f) Enlarged HAADF-STEM image of L1,-PtCus/C. Inset:
the corresponding FFT image.*” Reproduced with permission. Copyright 2024 The Royal Society of Chemistry. (g) Schematic illustration of the
synthesis and (h) XRD patterns of CsN4—Pd;Cu,, C3N4—Pd;Cu,-250 and CsN4—Pd;Cu,-375.% Reproduced with permission. Copyright 2018 The
Royal Society of Chemistry. (i) Magnified HAADF-STEM image of O—PtCuNF/C and (j) Z-contrast intensity profile taken from the dashed yellow
area in (i).”® Reproduced with permission. Copyright 2020 American Chemical Society.
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intermetallic with an L1, ordered structure to suppress the
particle size growth (Fig. 4e).*” The aberration-corrected high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image (Fig. 4f) shows that the Pt
atoms (green) and Cu atoms (orange) are alternately arranged.
Simultaneously, superlattice spots can be observed in the fast
Fourier transform (FFT) pattern, proving the atomically ordered
intermetallic structure.

In addition, C3N, can also be used as a carrier to prepare Cu-
based intermetallics. For example, Cai et al.** deposited PdCu
alloy nanoparticles on C;N, nanosheets and annealed them at
250 and 375 °C for 1 h in an atmosphere of 5% H,/95% N, to
form C3;N,;-Pd;Cu,-250 and C;3;N,-Pd;Cu,-375, respectively
(Fig. 4g). As shown in the XRD patterns (Fig. 4h), the peak of the
A phase in C3N,-Pd;Cu,-250 becomes weaker and a new peak
appears, which corresponds to the ordered bcc phase of PdCu,
indicating that the originally disordered Pd;Cu, nanocrystals
have been partially transformed into ordered structures. When
the annealing temperature reaches 375 °C, the peak corre-
sponding to the B, phase of C;N,-Pd;Cu,-375 becomes stronger
and the peak of the A, phase disappears, proving that the
disordered PdCu alloy has been completely transformed into
ordered PdCu intermetallic nanocrystals. Owing to the strong
electrostatic interaction between PdCu and C;N,, Pd;Cu,
nanoparticles have higher stability on C;N,. Thus, in addition
to electron transfer, C;N, nanosheets can effectively inhibit the
aggregation of Pd,Cu,.

4.1.3 Protective shell-assisted annealing. Shell-assisted
annealing inhibits the diffusion and aggregation of nano-
particles by forming a protective shell on their surface, thereby
accurately controlling the particle size of nanocrystals. In
general, metal oxides and polymers are often used as protective
coatings.””* For example, Kim et al.”® used silica as a protective
shell to mediate annealing, washed the annealed powder with
a 1 wt% HF solution to remove the silica protective layer, and
finally obtained PtCu nanoframes with an atomically ordered
intermetallic structure (O-PtCuNF/C). The ordered arrange-
ment of atoms in the HAADF-STEM image of O-PtCuNF/C
(Fig. 4i) and the periodic distribution of Pt and Cu atoms in
the Z-contrast intensity profile (Fig. 4j) can confirm the ordered
arrangement of atoms in the PtCuNF/C intermetallics. It should
be noted that while coating a protective shell during the
annealing process is effective in preventing the nanoparticles
from sintering and agglomerating, how to remove the protective
shell in the subsequent treatment and expose the surface of the
nanocrystals to achieve high catalytic performance is an issue
worth considering.””*

4.2 Liquid-phase synthesis methods

As mentioned in the previous section, nanocrystal aggregation/
sintering needs to be addressed in the preparation of Cu-based
intermetallics by thermal annealing. In contrast, liquid-phase
synthesis is usually achieved at relatively low temperatures.
The use of surfactants can also alleviate the agglomeration of
nanomaterials to a certain extent. At the same time, liquid-
phase synthesis can regulate the structure and composition of

This journal is © The Royal Society of Chemistry 2025
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the synthesized intermetallics by adjusting various parameters
such as solvents, reducing agents, capping agents, and surfac-
tants, which are of great significance for the fields of synthesis
and catalysis.*®”®7°

4.2.1 One-pot synthesis. One-pot synthesis refers to the
addition of metal precursors, solvents, reducing agents,
surfactants and other chemicals in a container to achieve
a reaction equilibrium under relatively mild conditions, where
ordered intermetallic nanomaterials with a certain size and
shape can form (Fig. 5a). In general, when the reduction
potentials of different metals vary greatly, the use of strong
reducing agents such as ascorbic acid (AA), tetrabutylammo-
nium bromide (TBAB), NaBH,, and n-butyllithium can effec-
tively achieve the co-reduction of metal precursors.®®”® In
a typical example, Gao et al.** added copper(u) acetylacetoace-
tate (Cu(acac),) and PdCl, as precursors, oleylamine (OAm) as
a solvent and reducing agent, and trioctylphosphine (TOP) as
a surfactant in a three-necked flask to synthesize CuPd inter-
metallics. From the HAADF-STEM image in Fig. 5b, the ordered
atomic arrangement can be observed in CuPd nanocrystals,
while the corresponding FFT pattern (inset of Fig. 5b) and the
atomic model overlay in Fig. 5¢c show the cubic structure of
nanocrystals. Xia et al.** also used OAm as a reducing agent to
prepare PtCu; nanocages, in which OAm played the roles of
solvent, reducing agent and stabilizer at the same time. In
addition, by increasing the amount of cetyl-
trimethylammonium bromide (CTAB), which served as a stabi-
lizer and structure-directing agent, nanocrystals became
uniformly dispersed and gradually transformed from concave
solid nanoparticles into cage-like structures. However, when the
amount of CTAB reached 150 mg, the nanocages were coated
with excess CTAB, resulting in crystal aggregation. Therefore,
the addition of an appropriate amount of CTAB was beneficial
for the formation and dispersion of PtCu; nanocages. It is
noteworthy that in one-pot synthesis, the addition of halide ions
can coordinate with metal precursors, thereby significantly
reducing the reaction rate. Meanwhile, halide ions can also
promote the local oxidative etching of defective nanoparticles to
form defect-free single crystals with low surface energies.** For
instance, Mathiesen et al.?* added a certain amount of AA and
FeCl; in the reaction solution to synthesize PdCu intermetallic
nanoparticles, and the Fe**/Fe®" pair introduced by FeCl, as an
effective and controllable etching source can synergistically
promote oxidative etching, and Cl™ can coordinate with metal
ions. Simultaneously, AA, as a strong reducing agent, can
increase the reduction rate of metal ions. The combination of
these two additives can effectively control the morphology and
structure of the product and finally form the ordered PdCu
intermetallic.

4.2.2 Seed-mediated synthesis. Although the huge differ-
ences in reduction potentials between different metal elements
can be overcome by using strong reducing agents to a certain
extent, it is still difficult to form nanocrystals with well-defined
structures because such structures need to grow in a mild
reducing environment. The seed-mediated method, by (i)
forming nanocrystal seeds with well-defined sizes and shapes
containing one or more components and (ii) diffusion of
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inset shows the corresponding FFT pattern of the CuPd nanocube. (c) Enlarged HAADF-STEM image of the ordered CuPd nanocubes. The blue
and red balls represent Cu and Pd atoms, respectively.®° Reproduced with permission. Copyright 2022 Springer Nature. (d) Schematic illustration
of the synthesis of core/shell Cu/CuAu SAA. (e) Atomic-resolution HAADF-STEM image and (f) the corresponding FFT pattern of a Cu/CuAu
ordered SAA nanocube.® Reproduced with permission. Copyright 2023 Springer Nature.

a second metal into the pre-formed seeds under specific
conditions, can form intermetallics with well-defined sizes,
shapes, compositions, and crystal structures.®®’®”® Using this
method, Gao et al® synthesized core/shell Cu/CuAu single-
atom alloys (SAAs) with an ordered monoatomic intermetallic
layer. As shown in Fig. 5d, the solvent, reducing agent, and
copper precursor were first added to a three-neck flask to
generate a slightly red solution containing Cu nanocubes by the
co-reduction method and then Au precursor was injected drop-
by-drop, thus allowing Au to diffuse instantaneously to the
surface of Cu nanocrystals. When the Au content was low, only
disordered Cu/CuAu SAAs can be generated, while a high Au
content would lead to the formation of ordered Cu/CuAu SAAs.
From the HAADF-STEM image (Fig. 5e) and the corresponding
FFT image (Fig. 5f), it can be seen that the synthesized ordered
Cu/CuAu SAA nanocubes have a tetragonal P4/mmm interme-
tallic structure. In another example, Clarysse et al® also
prepared a red dispersion solution of Cu seeds by adding Cu
precursors, OAm, and tri-n-octylphosphine oxide (TOPO) into
a three-necked flask, followed by rapid injection of the Ga
precursor to form Cu-Ga intermetallic nanocrystals. However,
the seed-mediated method also suffers from the cumbersome
preparation processes. Moreover, synthesis at a relatively low
temperature may have insufficient driving force to overcome the
activation barrier, thus forming a partially ordered intermetallic
structure. However, the well-defined structures and adjustable
structural parameters of intermetallics prepared via the seed-
mediated method also provide advantages that cannot be
ignored. Therefore, the seed-mediated method is still an effec-
tive and promising method for the controlled preparation of
intermetallics with well-defined structures.”®”®

Beyond the conventional synthetic approaches, electro-
chemical deposition has emerged as another effective strategy
for fabricating Cu-based intermetallics. Under an applied

17250 | J. Mater. Chem. A, 2025, 13, 17242-17260

electric field, ionic species in the electrolyte migrate toward the
electrodes, where redox reactions occur, enabling the controlled
formation of target catalyst materials. For instance, Deng et al.*>
designed an electrolyte containing optimized concentrations of
Cu** and Zn** ions and successfully synthesized CujoeZny.o
intermetallics on the working electrode surface via a one-step
co-electrodeposition process. This method offers a low-energy,
straightforward, and efficient route for producing high-
performance Cu-based intermetallic electrocatalysts.

4.3 Key factors for preparing Cu-based intermetallics

4.3.1 Metal additives. The
metals into alloys or intermetallics modulates thermodynamic
and kinetic driving forces, thus affecting the growth behavior of
intermetallics. Common metal additives include Ni® Ag,?®"*
Zn,* etc. For example, many studies have verified that the
addition of Ni has a significant effect on the structure of Cu-
based intermetallics. In a study reported by Sun et al.,” it was
found that the addition of Ni resulted in a unique bimodal
structure, which synergized with the highly conductive Cu
substrate to significantly improve the electron transfer effi-
ciency and electrolyte accessibility. However, in the Cu-Sn
intermetallic, the addition of Ni led to a change in the inter-
metallic morphology. For example, Gao et al.’* investigated the
effect of Ni addition on the growth behavior of intermetallics.
They found that the addition of Ni led to the formation of a new
(Cu, Ni)sSns phase, which inhibited the diffusion of the
substrate Cu atoms and led to a morphological change of
CueSns from the original fan-shaped structure to a flat struc-
ture. Moreover, the study by Zhang et al.**> revealed a similar
phenomenon. The addition of a trace amount of Ni inhibited
the growth of the intermetallic, whereas sufficient Ni could
promote the growth of the intermetallic layer when the Ni
content was 10%.

introduction of additional

This journal is © The Royal Society of Chemistry 2025
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4.3.2 Elemental ratios. Different ratios of metal precursors
can have distinct effects on the growth of intermetallics. On the
one hand, different ratios of metal elements can improve the
selectivity of the products and result in different intermetallics.
For example, in the work reported by Chen et al.,”” the selective
synthesis of CuAu and CusAu was successfully achieved by
choosing different ratios of raw materials. However, on the
other hand, when the concentrations of metal elements deviate
from the optimal ratios, atomic aggregation will occur, leading
to an uneven distribution of elements, which results in disor-
dered alloying of the products.

4.3.3 Temperature. Temperature is an important factor in
enhancing the kinetic driving force, facilitating atomic diffu-
sion and nucleation processes, thus increasing the growth rate
of intermetallics. For example, Peng et al®® compared the
growth Kkinetics of Cu-Sn intermetallics at different tempera-
tures. Both theoretical predictions and experimental results
demonstrated that an increase in temperature favored the
diffusion of atoms, resulting in a significant increase in the
consumption rate of Sn precursors, thus promoting the growth
of CugSn; and Cu;Sn intermetallics.

4.4 Particle size and morphology control

The Ostwald ripening effect, which occurs during the high-
temperature annealing process, may lead to the aggregation
and sintering of nanocrystals. Consequently, it is essential to
explore suitable reaction conditions to regulate the size and
morphology of the synthesized intermetallics.

4.4.1 Strategies for particle size control of intermetallics.
The size effect on the growth behavior of intermetallics can also
be analyzed both thermodynamically and kinetically. In the
thermodynamic analysis, according to eqn (3), where Ay is
positive and AH, is negative, the continuous decrease in
nanocrystal size leads to a significant increase in the specific
surface area, resulting in an augmentation of the A/V ratio.
Consequently, smaller nanocrystals require lower transition
temperatures for their formation.”

The kinetic analysis, however, presents a more intricate
scenario with two opposing effects. On one hand, as crystal size
diminishes, the distances between metal atoms shorten,
reducing the diffusion paths and enhancing the diffusion rates,
thereby lowering the diffusion barriers. On the other hand,
according to the kinetic discussion on diffusion barriers, the
increase in specific surface area leads to an increase in the total
Gibbs free energy owing to the positive Ay, which in turn
increases the nucleation work, significantly hindering the
driving force for the nucleation process. In summary, for small
nanocrystals, the detrimental effect on the driving force
prevails, whereas for large bulk crystals, the sluggish diffusion
rate becomes the dominant impediment.

Therefore, optimizing the synthesis conditions and regu-
lating the size range, that is most conducive to the growth of
intermetallics, are crucial to balance these competing factors
and achieve optimal synthesis outcomes. The optimization can
be approached in two ways: by increasing the distance between
nanocrystals or employing stronger chemical forces to

This journal is © The Royal Society of Chemistry 2025
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eliminate agglomeration.” Some effective methods such as
support-assisted annealing, protective shell-assisted annealing,
and wet-chemical synthesis have been proposed for particle size
control, which have been discussed in detail in the previous
sections.

4.4.2 Strategies for morphology control of intermetallics.
Crystals with different morphologies expose different crystal
facets and thus have different specific surface areas. So ther-
modynamically and kinetically, this is considered in a similar
way to the size effect previously described, resulting in changes
in the specific surface area and surface free energy. Therefore,
according to eqn (2), different crystal facets have different
surface free energies, leading to variations in the driving force
for energy of reaction processes on the surface (such as
adsorption, reactions, etc.). In addition, the states and diffusion
path of electrons on the surface can also vary depending on the
specific exposed crystal facets.”*

In order to prevent the destruction of the initial crystal
structure during the annealing process, two key considerations
are proposed to maintain the shape of the alloy precursor while
allowing the phase transition: constructing a robust original
structure or lowering annealing/reaction temperatures.*
Therefore, a number of methods have been developed including
protective shell-assisted annealing and hard template methods,
as mentioned previously.

5. Electrocatalytic applications of Cu-
based intermetallics

Through precise control and optimization of the local struc-
tures and electronic properties of active sites, the catalytic
activity and selectivity of Cu-based intermetallics can be
significantly enhanced.”® Their long-range ordered -crystal
structures also endow them with high structural stability during
electrocatalytic processes. Therefore, in recent years, Cu-based
intermetallics have shown excellent performance toward
various electrocatalytic reactions, such as the HER, ORR,
CO,RR, and NO;RR (Table 1).

5.1 Hydrogen evolution reaction

Hydrogen, as an emerging renewable and clean energy carrier,
shows great potential for replacing conventional fossil fuels.
Hydrogen production via water electrolysis provides a practical
path for sustainable development by efficiently converting
renewable electrical energy into hydrogen. The simplified
equation for the HER as the cathodic reaction of water elec-
trolysis can be expressed as the following eqn (7):***

2H;0" + 2e~ = H, + 2H,0 (in acid) or 2H,O + 2¢~ = H, + 20H~
(in alkaline) (7)

Conventional electrocatalysts often use noble metals such as
Pd and Pt as main catalysts,'* which are costly and scarce and
have poor stability in aqueous solutions, leading to material
loss and reduced durability. In contrast, Cu doping can effec-
tively reduce the usage of noble metals and realize the
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Table 1 Examples of the application of Cu-based intermetallics in the field of electrocatalysis

Cu-based intermetallics Synthetic methods Electrocatalytic applications Reference
PdCu Electrochemical treatment HER 96
Pt,FeCoCuNi One-pot synthesis HER 61

AuCu; Other liquid-phase synthesis ORR 97

PtCu Support-assisted annealing ORR 76

AuCu Support-assisted annealing CO,RR 98

CuGa, Support-assisted annealing CO,RR 54
CuoGay Direct annealing CO,RR 99
Cu,Mg Support-assisted annealing CO,RR 75

PdCu Support-assisted annealing NO;RR 100

PdCu One-pot synthesis NOs;RR 80

synergistic catalytic effects. Cu-based intermetallics exhibit
higher activity and better stability in the HER due to their
tunable surface structure and active site distribution. Flores
Espinosa et al.*® synthesized a PdCu intermetallic and demon-
strated that its enhanced catalytic activity stemmed from
structural transformation from the PdCu random alloy (PdCu-
A,;) into the intermetallic B, phase, as evidenced by the HER
polarization curves (Fig. 6a). The PdCu-B, intermetallic struc-
ture exhibited a smaller Tafel slope (27 mV dec™ ') and lower
overpotential in an acidic environment (Fig. 6b). Specifically, it
only required an overpotential of 19.7 mV, which was much
lower than that of Pd nanowires (231.2 mV) and comparable to
that of commercial Pt/C (19.2 mV). Moreover, the catalyst
exhibited excellent performance in alkaline environments.
Density-functional theory (DFT) calculations further revealed
that the improved HER performance of the PdCu-B, interme-
tallic can be attributed to the reduced hydrogen bonding energy
(HBE) and the low water dissociation energy (E*H,0), which was
only second to that of Pt (Fig. 6¢c and d), thus facilitating
hydrogen adsorption and accelerating proton transfer.

In addition to binary intermetallics, high-entropy interme-
tallics have demonstrated unique advantages in catalysis in
recent years due to their ordered structures and diverse
components. Wang et al.®* reported Pt,FeCoCuNi high-entropy
intermetallic, which not only optimized the electronic struc-
ture but also improved the water dissociation capacity, thus
facilitating the alkaline HER process. Electrocatalytic
measurements showed that its mass activity was 5.6 times
higher than that of commercial Pt/C (Fig. 6e) and it had lower
overpotentials and Tafel slopes (Fig. 6f), indicating a high HER
activity. Moreover, multi-element mixing and slow atomic
diffusion endowed high-entropy intermetallics with excellent
durability, and the catalytic activity did not undergo significant
reduction after the 50-h HER stability test.

5.2 Oxygen reduction reaction

Besides the HER, the ORR is another critical process in energy
conversion technologies, particularly in fuel cells, and its reac-
tion process can be expressed as follows:'*

O, + 4e~ + 4H"* = 2H,O0 (in acid) or
O, + 4e” + 2H,0 = 40H" (in alkaline) (8)

17252 | J Mater. Chem. A, 2025, 13, 17242-17260

It has been reported that Cu can significantly enhance the
extent of O-O bond cleavage by reducing the energy barrier for
the formation of the O} intermediate, as well as optimizing the
release of *OH. This effectively promotes the activation process
of O,. Thus, Cu-based intermetallics greatly accelerate ORR
kinetics and exhibit good catalytic activity. Specifically, an
AuCu; intermetallic with the non-precious metal Cu as the
catalytic center was reported by Zhang et al.” The intermetallic
exhibited excellent catalytic performance in alkaline environ-
ments, with half-wave potentials comparable to those of
commercial Pt/C and mass current densities 1.5 times higher
than those of Pt/C. DFT calculations verified that this excellent
ORR performance was attributed to the bimetallic synergism
between Cu and Au, in which Cu contributed to the activation of
O, molecules, making Cu-based intermetallics have great
potential for ORR catalysts.

In addition to Au, Cu-based intermetallics formed by the
introduction of other metals, such as Pt and Cu, also exhibit
good catalytic performance. Kim et al.”® reported a PtCu inter-
metallic (Fig. 7a and b), which exhibited a very high ORR activity
owing to the enhanced strain and ligand effect. From the cyclic
voltammetry curves of the catalyst (Fig. 7c), it can be seen that
the ordered PtCu intermetallic (O-PtCuNF/C) has a lower OH,q
peak current density, suggesting that it has more abundant
OH,4 active sites on the surface, thus favoring OH ™~ adsorption.
Compared with the disordered alloy structure, the O-PtCuNF/C
catalyst had a higher mass activity, reaching 2.1 times that of
the disordered alloy (D-PtCuNF/C), and still maintained a good
mass activity after 10 000 cycles (Fig. 7d), demonstrating excel-
lent stability.

The excellent ORR performance of the PtCu intermetallic
was also reported in the recent study by Deng et al.'®* Linear
scanning voltammetry (LSV) was used to evaluate the electro-
chemical performances of catalysts (Fig. 7e), which showed that
all PtCu catalysts outperformed the pure Pt/C catalyst, and the
ordered structure of the PtCu intermetallic played an important
role in improving the ORR activity. After 50 000 cycles, the
activity of the ordered PtCu/hollow mesoporous carbon sphere
(O-PtCu/HMCS) catalysts underwent a certain degree of atten-
uation, but the mass activity was still superior to those of the
control samples and other state-of-the-art ORR catalysts. Here,
it is worth mentioning that carbon materials, such as HMCS,

This journal is © The Royal Society of Chemistry 2025
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intermetallic state at a later stage of the reaction, respectively). (b) Comparison of overpotentials of different catalysts. (c and d) DFT calculations
of HBEs (c) and E®H,O (d) for the PdCu-B; intermetallic and other catalysts.®® Reproduced with permission. Copyright 2020 American Chemical
Society. (e and f) Comparison of mass activities at —0.2 V vs. RHE (e), Tafel slopes and overpotentials (f) for Pt4,FeCoCuNi with different ordering
degrees and commercial Pt/C.%* Reproduced with permission. Copyright 2023 Wiley-VCH.

can be used as ideal supports to promote catalytic reactions due
to their high surface area and good structural permeability.**

5.3 CO, reduction reaction

The continuous increase in the atmospheric CO, concentration
resulting from rapid industrialization has become an urgent
environmental problem. In this background, the CO,RR has
attracted much attention due to its ability to convert CO, into
value-added chemicals or fuels by utilizing renewable electrical

This journal is © The Royal Society of Chemistry 2025

energy. Cu exhibits moderate adsorption energy for key CO,RR
intermediates, which optimizes the binding strength and
enhances the catalytic activity of Cu-based intermetallics.'*®
Notably, due to its unique electronic structure and adsorption
properties, Cu is the only metal catalyst that can efficiently and
selectively produce multi-carbon (C,:) products (such as
ethylene, ethanol, and propanol) in the CO,RR.**7**

The bimetallic synergistic effect promotes the optimization
of CO,RR kinetics when Cu forms an ordered intermetallic
structure with other metals, such as Au. Cu-Au intermetallics
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exhibit excellent stability in the CO,RR due to the high enthalpy
of mixing and strong atomic interactions between Cu and Au
atoms."® For example, Han et al.®® reported that an AuCu
intermetallic catalyst could successfully achieve efficient cata-
lytic generation of CO, and the corresponding catalytic mech-
anism diagram is shown in Fig. 8a. The electrocatalytic test
results showed that the catalyst with an intermetallic structure
had a smaller Tafel slope of approximately 106 mV dec '
(Fig. 8b) and a Faraday efficiency (FE) of up to 75% toward CO
(Fig. 8c), indicating that the HER was effectively suppressed and
thus a high CO selectivity was achieved.

In addition to the selective generation of CO, Cu-based inter-
metallics have shown excellent catalytic activity in the catalytic
generation of other C; products, such as CH;OH. Bagchi et al.>*
synthesized a CuGa, intermetallic as a CO,RR electrocatalyst, and
the FE for the selective conversion of CO, to methanol on CuGa,
could reach up to 77.26% at a potential of —0.3 V vs. RHE.

By further rationally modulating the configurations of active
sites, it is possible to synthesize an ordered structure with Cu
interspaced with Ga atoms, where the active *CO binding sites
are uniformly distributed. This can significantly change the
surface adsorption behavior and effectively increase the coverage
of *CO, thereby enhancing the selectivities of C, products. Yan
et al.” successfully prepared a CuyGa, intermetallic with high
catalytic activity and selectivity for the production of various C,
products (such as ethylene and ethanol). Specifically, this catalyst
achieved a partial current density of 1207 mA cm™> for C,
products and a corresponding FE of up to 71%.

17254 | J. Mater. Chem. A, 2025, 13, 177242-17260

It is noteworthy that, unlike the studies mentioned above,
Peng et al.”® expanded the scope of the second metal to the
alkaline earth metal Mg and reported a Cu,Mg electrocatalyst,
which also exhibited excellent catalytic activity for the genera-
tion of ethanol. As illustrated in Fig. 8d, the (111) facet of the
Cu,Mg intermetallic features a dense arrangement of Cuz and
Cu, ring structures, which significantly lowers both the energy
barrier and reaction energy for the rate-determining *CO-CO
coupling step (Fig. 8e). The Mg atoms are uniformly embedded
within the lattice, effectively modifying the coordination envi-
ronment of the Cu active centers. This structural configuration
enhances the surface coverage of *CO intermediates and
stabilizes the *CHCHOH species, thereby markedly improving
the selectivity for CO, reduction toward ethanol production. As
shown in Fig. 8f, the FE of ethanol can reach up to 76.2%,
although the product contains small amounts of CH, and C,H,
in addition to C,HsOH and CO, and the corresponding partial
current density of C,H;OH can reach up to 720 mA cm >
(Fig. 8g). This work provides a brand-new strategy for the high-
efficiency synthesis of ethanol by the CO,RR.

5.4 Nitrate reduction reaction

Nitrates, as common pollutants in human industrial and
agricultural wastewater, pose a significant threat to the
ecological balance of water bodies and severely endanger
human health.”* At the same time, ammonia, as a key raw
material, has a wide range of applications in various fields,

This journal is © The Royal Society of Chemistry 2025
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such as fertilizer production, chemical manufacturing, and costly; meanwhile, the NO;~ produced by the Ostwald process
fuel development. However, traditional synthesis methods, may lead to secondary pollution problems in the environ-
such as the Haber-Bosch process, are energy-consuming and ment."” In view of this, the NO;RR has been widely studied in

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 17242-17260 | 17255
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recent years'*® and utilizes electrons as a reducing agent to
achieve efficient transformation of nitrates in wastewater, and
in some cases, it can convert nitrates into NH; products with
high added value.

Cu exhibits a strong adsorption capacity for NO; ™ due to its
unique partially filled electronic structure, which can effectively
promote the reduction of NO;~ to NO,~ and NO, accelerate the
formation of N-H, and inhibit the HER effectively, thus making
Cu a highly active NOzRR catalyst in neutral and alkaline
media."* "¢ In order to further enhance the stability and

17256 | J Mater. Chem. A, 2025, 13, 17242-17260

catalytic performance of Cu, combining it with other metals to
form intermetallics becomes an important route. In a study
reported by Lim et al.,’* it was confirmed that the ordered PdCu
intermetallic exhibited a selectivity of 91% for the production of
N,, much better than that of the disordered alloy (44% for N,
and 49% for NH,"), achieving almost complete removal of NO;~
at the optimum potential (Fig. 9a and b). In addition, the NO;~
conversion and N, selectivity remained at a high and stable level
after 20 cycles (Fig. 9c), further validating its excellent catalytic
performance and stability.

This journal is © The Royal Society of Chemistry 2025
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In addition, Gao et al.®* employed interpretable machine
learning to successfully predict and synthesize CuPd interme-
tallic nanomaterials. The electrocatalytic results showed that
the catalyst has a high NH; partial current density (Fig. 9d), with
FE up to 92.5%, and an NH; yield of up to 6.25 mol h™* g™ " at
a potential of —0.6 V (Fig. 9e), providing an interpretable
machine-learning-assisted structure prediction strategy.

5.5 Other electrocatalytic applications

In addition to the electrocatalytic applications discussed above,
Cu-based intermetallics have also shown good performance in
the methanol oxidation reaction (MOR) and ethanol oxidation
reaction (EOR). For example, Zhou et al.'"” prepared a surface-
modified PtCu intermetallic, which was able to increase the
enrichment level of hydroxyl groups and ethanol and accelerate
the cleavage of the C-C bond in ethanol. The electrocatalytic
test results showed that its mass activity could reach 17.83 A
mgp, * and the selectivity for CO, was 93.5%, which was 30
times that of Pt/C, demonstrating excellent EOR performance.
Furthermore, in a research study published by Xing et al.,** the
binary intermetallic formed by Pt and Cu also exhibited good
MOR performance, delivering a high specific activity of 3.23 mA
cm 2 and a mass activity of 1200 mA mgp, *. Notably, a recent
study by Lan et al.** reported the successful synthesis of a series
of Cu-Zn intermetallics that exhibit outstanding performance
in the electrochemical conversion of nitrite to ammonia. The
catalysts achieved a remarkable FE of up to 95% for NH;
production and demonstrated long-term operational stability
over 220 hours at a high current density of 500 mA cm 2. This
work presents a promising strategy for advancing Cu-based
intermetallics in electrocatalytic ammonia synthesis.

6. Conclusion and outlook

This review summarizes the recent progress in Cu-based inter-
metallics, focusing on their structural characteristics, synthesis
techniques, and electrocatalytic applications. The crystal
structures of these materials are examined, along with the
discussion of the thermodynamic and kinetic factors influ-
encing their formation. Subsequently, a range of synthetic
methods, especially thermal annealing and liquid-phase
synthesis, are presented. Moreover, the electrocatalytic appli-
cations of Cu-based intermetallics in the HER, ORR, CO,RR,
and NO;RR are demonstrated. Although Cu-based intermetal-
lics present these promising advantages, their practical appli-
cations are still impeded by several unresolved challenges.
Based on the current achievements, we propose several key
directions for future research:

Barriers to scale-up production. Despite the significant
advancements in the preparation of Cu-based intermetallics,
their scale-up production still faces several obstacles, including
susceptibility to oxidation, difficulties in morphological regu-
lation, and uncontrolled aggregation due to high annealing
temperatures. These factors contribute to Ostwald ripening,
leading to nanocrystal aggregation and reduced exposure of
catalytically active sites. Addressing these issues requires

This journal is © The Royal Society of Chemistry 2025
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a deeper understanding of the thermodynamic and kinetic
principles underlying the synthesis processes.

Clarifying structure-performance relationships. Although
DFT calculations have shed light on how reaction intermediates
interact with the Cu surface,''® a deeper understanding of the
structure-performance relationships between the structures of
Cu-based intermetallics and their catalytic properties is still
needed. Molecular dynamics simulations, for example, could
provide valuable insights into atomic migration and diffusion,
enabling the design of stable and well-dispersed materials."*****
Future work should leverage in situ characterization techniques
and computational tools to reveal the electronic and atomic
arrangements within different lattice structures and their
influence on electrocatalytic performance. Advancing theoret-
ical models and using machine learning to optimize design
strategies could facilitate the creation of Cu-based intermetal-
lics with precisely modulated properties.

Advancing phase engineering. Research on Cu-based inter-
metallics mainly focuses on traditional thermodynamically
stable phases, with limited attention paid to unconventional
metastable phases. As known, the crystal phase is an important
structural parameter of materials.”** Different crystal structures
can exhibit different physical and chemical properties. By
altering the arrangement of atoms,'” metastable unconven-
tional phases can be synthesized,*"** which exhibit excellent
electrocatalytic properties. Therefore, in recent years, crystal
phase engineering has been widely studied."” Building on these
discoveries, future studies could focus on integrating interme-
tallic compounds with phase engineering to further explore
their unique structural and electronic characteristics and apply
them in electrocatalysis and other applications.

In summary, addressing the above challenges through
a combination of experimental and computational approaches
is crucial for the advancement of Cu-based intermetallics. By
optimizing synthesis processes, deepening the understanding
of structure-property relationships, and exploring novel phases,
this field can unlock new possibilities for energy conversion and
other emerging applications.
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