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Multi-metallic nanoparticles (MMNPs) have recently garnered significant interest due to their inclusion of
different metal atoms within a single nanostructure. The interactions among these metal atoms induce
novel properties in MMNPs, making them an ideal platform for exploring the complex interplay between
structure and properties, particularly in terms of catalytic properties. This review summarizes recent
advancements in the synthesis and catalytic studies of MMNPs. It begins by outlining the synthesis of
MMNPs with well-defined structures, including solid solutions, intermetallics, composite core/shell
structures, heterodimers, and high-entropy alloys. These MMNPs exhibit unique electronic and surface
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properties that are crucial for enhancing catalysis. Using representative examples, the review further
highlights the promising applications of MMNPs in catalyzing important chemical reactions related to
energy conversion and green chemistry, achieving high reaction efficiencies. Finally, the review discusses
strategies for attaining atomic precision in the synthesis of MMNPs and optimizing their catalytic
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1. Introduction

Multi-metallic nanoparticles (MMNPs) discussed in this review
are a class of nanomaterials composed of two or more distinct
metal elements, forming either well-mixed alloy structures
or phase-separated composites. The alloy structures can be
further categorized into solid solutions, where different metal
atoms randomly occupy positions within the crystal lattice, and
intermetallic compounds, where metal atoms are arranged in a
chemically ordered manner. In contrast, composite structures
include core/shell and heterostructures, in which the constitu-
ent metals crystallize independently into distinct structural
domains. MMNPs have garnered significant attention in recent
years due to their unique structure-induced physical and
chemical properties, particularly in catalysis."”” By incorporat-
ing multiple elements into a single NP, intermetallic interac-
tions generate synergistic surface environments that facilitate
multi-step chemical reactions with enhanced efficiency in
both kinetics and energy usage. Moreover, the high degree of
structural tunability makes MMNPs a promising platform
for investigating structure-catalysis relationships, thereby
enabling the rational design of NP parameters to optimize
reaction performance.

In this review, we summarize recent advances in the syn-
thesis and catalytic applications of MMNPs. We begin with an
overview of synthetic strategies for fabricating MMNPs,
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performance for a broader range of chemical reactions.

including conventional alloys, high-entropy alloys (HEAs), core/
shell structures, and heterostructured configurations. Next, we
highlight the catalytic roles of these MMNPs in representative
reactions, including electrochemical reduction, electrochemical
oxidation, and thermochemical processes. Finally, we discuss
potential directions aimed at achieving improved control over
the synthesis and properties of MMNPs to expand their applic-
ability in catalysis.

MMNPs have recently become a prominent area of study and
have been actively reviewed.””> However, these reviews often
lack comprehensive coverage of MMNPs and provide limited
discussion on NP-composition-dependent catalysis. This cur-
rent review summarizes a broad range of MMNPs, particularly
those studied in the past five years. Specifically, using repre-
sentative examples, it covers recent advancements in MMNP
synthesis and catalytic applications, including both electroca-
talysis and thermocatalysis, which are closely related to highly
efficient energy conversion and green chemistry.

2. Synthesis of MMNPs

MMNPs can be synthesized using various methods, including
solution-phase reactions, laser ablation, and solvothermal tech-
niques. Each method offers distinct advantages and limitations
in controlling the NP composition, morphology, and crystal
structure.” Our focus here is on summarizing solution-phase
synthesis. Based on their structural nature, MMNPs can have
either a solid solution or an intermetallic structure. In the solid
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Table 1 Representative examples of MMNPs: synthesis and applications in catalysis
Synthetic
MMNPs Structure type  approach Synthetic conditions Applications Ref.
PtM (M = Co, Fe, Ni) Solid solution  Co-reduction Solution phase; reducing agents: super- ORR (in 0.1 M HCIO,) 7,18
hydride/polyalcohol/borane; surfactants: trioctyl- and 19
phosphine, OAm, OAc
PdM (M = Co, Cu)  Solid solution  Co-reduction Solution phase; reducing agent/surfactant: OAm FAO (in 0.1 M HCIO, 9
and 2 M HCOOH)
RuM (M = Pd, Ni, Solid solution  Co-reduction Solution phase; reducing agents: poly- NO/CO oxidation 14-16
Cu) alcohol/superhydride; surfactants: PVP, OAm, OAc
PtCo-M (M = Mn, Solid solution/  Co-reduction/ Solution phase; reducing agent: borane tert- ORR (in H,-0, fuel 13
Fe, Ni, Cu, Zn) intermetallic annealing butylamine. annealing at 650 °C under 5vol% H,/Ar cells)
PtCo-M (M = Ga, Solid solution/ Wet impregna-  Solid phase annealing at 1000 °C under 5vol% H,/Ar ORR (in 0.1 M HCIO,) 20

Pb, Sb, Cu) intermetallic tion, annealing
B2-CuPd Intermetallic Halide- Solution phase; reducing agent and surfactant: OAm ORR (in 0.1 M HCIO,) 40
mediated
co-reduction
L1,-PtM/Pt (M = Co, Core/shell Dealloying Surface etching in 0.1 M HCIO, and annealing at ORR (in 0.1 M HCIO,) 19, 49
Ni, Fe) 400 °C under 5vol% H,/Ar and 56
Au/MPt (M = Fe, Co, Core/shell Seed-mediated  Solution phase; co-reduction of metal precursors and MOR (in 0.1 M HCIO, 48
Cu) growth deposition of MPt over seeding Au NPs + 0.1 M methanol)

Annealing core/shell CuPd/PtNiCo at 600 °C

Solution phase; growth of Pd onto Au NPs in — 67

Solution phase; reducing agent: polyalcohol; — 77

ORR (in 0.1 M KOH) 76

Au/Pd NPs dimer Dimer (Janus) Polymer-
mediated amphiphilic block copolymers
growth
FeCoNiPtRu Solid solution  Co-reduction
surfactant: OAm, OAc
PdCuPtNiCo Solid solution  Core/shell
diffusion
PtPdAuFeCoNiCuSn Intermetallic =~ Annealing

Annealing HEA NPs at 1000 °C — 81

OAm: oleylamine; OAc: oleic acid; PVP: polyvinylpyrrolidone; ORR: oxygen reduction reaction; FAO: formic acid oxidation; MOR: methanol

oxidation reaction.

solution structure, constituent elements are randomly distrib-
uted throughout the crystal network, while in the intermetallic
structure, atoms are orderly arranged within the crystal network.
Both structural types are considered homogeneous. MMNPs can
also form heterogeneous structures, in which atoms are organized
in different crystal domains, as shown in core/shell and hetero-
dimer structures. In this section, we comment on some common
methods that have been explored to synthesize MMNPs, as
summarized in Table 1.

2.1. Synthesis of bi-/tri-metallic solid solution MMNPs

In conventional solution-phase synthesis, the formation of
MMNPs alloys generally proceeds through sequential nuclea-
tion steps, which arise from the varying reduction potentials
and/or decomposition chemistry of metal precursors. Solution-
phase reduction reactions are frequently employed to synthe-
size bimetallic or trimetallic solid-solution NPs because they
allow for precise control over NP growth conditions, including
precursors, reducing agents, ligands, solvents, and reaction
temperatures.® Under common solution-phase synthetic condi-
tions, solid-solution structured MMNPs are often formed. One
widely used method for synthesizing solid-solution alloy NPs is
the co-reduction of multiple metal precursors in the presence
of a suitable reducing agent, as summarized in Table 1. An early
example of this approach is the synthesis of monodisperse FePt
NPs via the co-reduction of FeCl, and Pt(acac), (acac = acet-
ylacetonate), using lithium triethylborohydride (LiBEt;H, a
superhydride) as the reducing agent, and oleic acid and oley-
lamine as stabilizing ligands.” A high-boiling-point dioctyl
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ether solvent was used to dissolve the precursors, with the
assistance of trioctylphosphine, oleic acid, and oleylamine,
which formed complexes with the metal ions to facilitate their
dissolution. LiBEt3H solution was then added to reduce both
Fe(n) and Pt(u) ions, initiating nucleation and further growth of
FePt NPs at the boiling point of the solvent (~292 °C). NP
stabilization was achieved through the coordination of oleate
(RCOO™) and oleylamine (RNH,) ligands to the metal surface.
This co-reduction method enabled excellent control over parti-
cle size, producing NPs as small as 4 nm, and allowed tuning of
the Fe/Pt ratio by adjusting the molar ratios of FeCl, and
Pt(acac),. However, the high reactivity of superhydride can pose
challenges for handling and scale-up synthesis. Alternatively,
polyalcohols like ethylene glycol were tested as milder reducing
agents to initiate reduction reactions. However, their weak
reducing power often led to the preferential reduction of
noble metal precursors, resulting in noble-metal-rich NPs.®?
To address this issue and enable easier control over NP
composition, organic borohydrides such as borane morpholine
and borane tert-butylamine have been employed as more
effective reducing agents in the solution-phase synthesis of
MMNPs.”

Reductive thermal decomposition is another solution-phase
reaction approach to MMNPs. Unlike co-reduction, which
relies on metal salts as precursors, this approach involves the
reduction and thermal decomposition of organometallic pre-
cursors. A well-known example is the synthesis of monodis-
perse FePt NPs through the combined decomposition of
Fe(CO)s and reduction of Pt(acac),.’® This method utilizes

This journal is © The Royal Society of Chemistry 2025
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thermally unstable, low-valent metal complexes that decompose
swiftly upon heating, releasing metal atoms. This rapid decom-
position shortens the nucleation time window, facilitating instan-
taneous nucleation and promoting the growth of uniform NPs, as
demonstrated in the synthesis of Co NPs'' and Fe NPs'? via the
decomposition of Co,(CO)s and Fe(CO)s, respectively. Although
this method is advantageous for producing monodisperse mono-
metallic and bimetallic NPs, it is quite challenging to achieve the
simultaneous decomposition and reduction of different precursors
necessary for synthesizing MMNPs.

Solution-phase synthesis requires surfactants to stabilize
NPs. However, these surfactants can be challenging to remove,
which in turn hinders surface-sensitive catalytic applications.
Recently, the solid-phase co-reduction method has emerged as
a valuable alternative for synthesizing surfactant-free MMNPs."®
This method involves wet impregnation of a mixture of metal
precursors onto solid supports, typically carbon, followed by high-
temperature reaction in a reducing atmosphere (e.g., H). In the
process, the initial reduction of one metal forms nuclei that act as
templates for the subsequent reduction and deposition of other
metals. The elevated temperature also enhances atomic diffusion,
promoting the formation of solid-solution alloy structures. This
solid-phase co-reduction facilitates the large-scale synthesis of
supported MMNPs, providing practical advantages over traditional
solution-phase methods, especially regarding scalability and sur-
factant removal. This method has successfully been used to
synthesize a wide range of MMNPs with diverse elemental compo-
sitions, including RuNi,"* PdRu," RuCu,'® RhCu,"” Pt-M (M = Fe,
Co),"®" and Pt-Co-M’ NPs (M’ = Fe, Ni, Zn, Cu, Ga, Pb, Sb)."**°

In summary, solution-phase co-reduction allows for precise
control over NP sizes and compositions, particularly when
using strong reducing agents. However, it often leads to com-
positional inhomogeneity due to varying metal reduction
potentials and is prone to surfactant contamination. Reductive
thermal decomposition produces highly monodisperse NPs,
but its application to MMNPs is constrained by the difficulty
of synchronizing precursor decomposition, which can result in
phase segregation. The newly demonstrated direct solid-state
reaction approach provides a surfactant-free, scalable method
for producing supported MMNPs with improved alloying
through high-temperature diffusion. The method may evolve
as a practical approach to MMNPs if the issue of precise control
over NP morphology can be resolved.

2.2. Synthesis of bi- and tri-metallic intermetallic MMNPs

An intermetallic structure is characterized by the ordered
arrangement of metal atoms within the crystal lattice. This
specific ordering aligns atoms along distinct crystallographic
directions, making the structure ideal for examining d-d orbi-
tal interactions within each MMNP. These interactions provide
enhanced chemical stability of metal components against
oxidation and acid etching, compared to a disordered solid
solution structure,>** making the structure promising for
catalysis under high-temperature and corrosive conditions.
However, conventional synthesis methods typically yield solid-
solution NPs.>® These NPs must be annealed at a controlled

This journal is © The Royal Society of Chemistry 2025
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high temperature to achieve the structural transition from
solid-solution to intermetallic. This structural transition is
generally governed by the Gibbs free energy change AG =
AH — TAS, where AH is enthalpy, AS is entropy, and T is
temperature. The process leading to the formation of the
ordered structure often has a negative AH due to stronger
metal-metal bonding interactions associated with structure
stabilization, which is also dependent on alloy compositions,
and a negative AS related to the increase in atom ordering within
the structure. This makes T and alloy compositions crucial
parameters for promoting atom diffusion within the NP struc-
ture and achieving the desired degree of atom ordering.

A common approach to synthesize intermetallic MMNPs is
to anneal solid solution MMNPs with the appropriate alloy
composition. Fig. 1(a) illustrates the general concept of this
annealing-induced ordering process. For instance, intermetal-
lic L1,-PtM NPs (M = Fe,** Co,">*® Ni,”® Cu,”” Zn,”® Ga, Sn,*°
etc.) are typically synthesized by annealing their solid-solution
counterparts at 500-900 °C under a H,/Ar atmosphere.>* This
method has also been extended to the synthesis of trimetallic
L1o-PtCoM NPs (M = Fe, Mn, Ni, Cu).>°® A major challenge of this
high-temperature annealing is the degradation of NP unifor-
mity due to the surface energy-driven NP mobility, aggregation,
and sintering.>” To mitigate aggregation, the MMNPs are often
anchored on stable substrates or coated with stable protective
shells (e.g., SiO,, MgO, and KCI),*****? as illustrated in
Fig. 1(a)-(i). For example, L1,-FePt NPs have been prepared by
annealing the MgO-coated FePt NPs. The structural transition
occurs within the MgO shell, which is later removed by acid
washing, yielding surfactant-free L1,-FePt NPs.>* Similarly, a
stable graphitic carbon shell can be formed by the decomposi-
tion of polydopamine around MMNPs to protect their struc-
tural transition.*® The sulfur (S)-doped carbon layer is also
found to be effective in suppressing NP sintering.*”

An alternative approach to stabilize NPs against uncon-
trolled aggregation during their high-temperature structure
transition is to improve atom mobility within NPs. This allows
the structural transition to occur at a lower temperature,
minimizing the risk of NP aggregation. A common idea is to
create defects within the NP structure to facilitate atom diffu-
sion. This is achieved by alloying an atom that cannot integrate
with the main structure during the high-temperature annealing
process and can subsequently diffuse out of the internal
structure, thereby creating defects that promote atomic diffu-
sion, as illustrated in Fig. 1(a)-(ii). This has been applied to
prepare various L1,-MMNPs. For example, doping A1-FePt with
Au, which has low surface energy and poor miscibility with Fe
and Pt, facilitates Fe/Pt ordering at lower temperatures.*>®
Upon annealing, Au segregates to the NP surface, creating
vacancies within the internal structure, lowering the FePt
structure transition temperature. Similarly, L1,-FeAgPt NPs are
synthesized.?” Recently, this is further extended to alloying PtM
(M = Ni, Co, Fe, Cu, Zn) with a low-melting-point metal M’
(~15%), such as Sn, Ga, or In, to lower the ordering tempera-
ture to below 450 °C, enabling the formation of highly ordered
L1,-PtMM’ NPs without obvious NP aggregation.®® Structure

Chem. Commun., 2025, 61,12097-12114 | 12099
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Fig.1 Summary of (a) annealing-induced disorder-to-order transformation and (b) direct solution phase synthesis of intermetallic MMNPs. (c) The
statistic of the number of free electrons, density of states (DOS) at the Fermi level and the relative metal bond strength (RMBS) of different Pt—M—-M’ (100)
surface. (d) The correlation between E, (diffusion barrier), E,5c (vacancy formation energy), and Eyop, (hopping barrier energy) and RMBS. (e) Schematic
illustration of the promoted ordering process in PtNiSn alloy. Reproduced from ref. 38 with permission from Springer Nature, copyright 2024. (f) The
HAADF-STEM images of intermetallic FePt prepared from Cl™ mediated solution synthesis. (g) The X-ray diffraction pattern of FePt under different
Pt>*: CI~ molar ratio. Reproduced from ref. 39 with permission from American Chemical Society, copyright 2018.

studies indicate that M’ weakly binds to Pt or M within the
structure (Fig. 1(c)) and can diffuse out easily when the struc-
ture is heated, leaving vacancies behind (Fig. 1(d)) and lowering
the atom diffusion barrier (Fig. 1(e)). This leads to the for-
mation of intermetallic structure below 450 °C.

Direct solution-phase synthesis has been investigated to
produce dispersible intermetallic MMNPs while maintaining
their NP shapes. This concept is summarized in Fig. 1(b). For
example, intermetallic Pt;Sn nanocubes were synthesized by co-
reducing PtCl, and SnCl,-2H,0 in 1-octadecene and dodecyla-
mine at 240 °C.%° However, it is still challenging to extend this
method to obtain anisotropic L1,-ordered MMNPs. A more
promising approach is to control NP growth kinetics in the
presence of a halide ion to form the intermetallic structure, as
outlined in Fig. 1(b)-(i). The halide ion (e.g., Br™ or Cl") can
modulate metal deposition rates by forming strong metal-
halide complexes, thereby favoring the formation of stoichio-
metric intermetallic phases.’®*° This is nicely demonstrated in
the synthesis of L1,-FePt NPs by co-reducing Fe(acac), and
Pt(acac), in the presence of NH,CI (Cl /P molar ratio = 3/1).*°
The ordered structure is characterized by both TEM (Fig. 1(f)) and
XRD (Fig. 1(g)). Intermetallic B2-CuPd NPs were also prepared by
this halide-assisted method by co-reduction of Cu(acac), and
PdBr,.*’ The ordering can further be achieved directly from the
solution phase synthesis condition by incorporating a 3rd metal
element in the alloy structure, which lowers the ordering tempera-
ture and allows NPs to grow into an intermetallic structure

(Fig. 1(b)(ii)). "

2.3. Synthesis of MMNPs with heterostructures

Heterostructured MMNPs consist of distinct crystal domains of
metals with well-defined interfaces. Depending on the domain

12100 | Chem. Commun., 2025, 61, 12097-12114

interconnection, they can be classified as core/shell or hetero-
dimer (heterotrimer, etc.) NPs. The coexisting components
within these NPs frequently interact synergistically, resulting
in novel or enhanced properties. For example, linking Au and
Cu in the Au-Cu dimer structure greatly enhances their cataly-
tic selectivity for electrochemical CO, reduction to multi-carbon
products. This improvement is due to synergistic domain
interactions between Au and Cu, where CO is produced on
Au and then spills over to Cu, where it is further reduced to
multi-carbon products.*® It is now widely accepted that inter-
faces promote electronic and geometric effects, alter surface
adsorption/desorption characteristics,”® and facilitate charge
transfer’®*® - all crucial for catalytic enhancement. Therefore,
precise structural control of heterostructures is essential for
optimizing catalytic performance.

Various methods have been developed for preparing core/
shell and heterodimer MMNPs.***® The general synthetic ideas
are summarized in Fig. 2(a) and (b). Core/shell NPs are com-
monly synthesized via one-pot reaction with controlled NP
nucleation and growth kinetics, seed-mediated growth, and
dealloying. In one-pot syntheses, metal salts with different
reduction potentials are co-reduced, in which the easily
reduced metal salt first reacts to form seeding NPs on which
the second metal is deposited to form a shell, as demonstrated
in the synthesis of core/shell Pd/Pt NPs from the co-reduction
of Na,PdCl, and Pt(acac),.*” However, in this co-reduction
process, it is difficult to prevent concurrent reduction and
metal interdiffusion, which often result in NPs with indistinct
core/shell boundaries. To prepare a core/shell NP structure with
distinct core/shell boundaries, seed-mediated growth is pre-
ferred. This method begins with core NPs serving as seeds,
around which the shell is grown without separate nucleation

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Summary of the synthetic approaches for (a) core/shell and (b) heterodimer (also called Janus) structures. The HAADF-STEM image of (c) Rh/Au
structure with larger lattice distortion, (d) The Rh/Au core/shell NP with the inset showing a model in the same orientation, and (e) the corresponding EDX
elemental mapping. (f) The effect of KBr, NaOH concentration on the formation of Rh/Au core/shell structure. Reproduced from ref. 55, licensed under
CC BY 4.0.(g) Schematic illustration of the synthesis of dimer structures from amphiphilic-block-copolymers capped Au NPs. (h) The TEM image of a
typical Au—Pd dimer NPs. Reproduced from ref. 67 with permission from Wiley, copyright 2017.

and growth processes. By precisely controlling the conditions
for shell growth, core-shell interdiffusion can be minimized,
allowing for better control over shell thickness. For example,
Au/MPt (M = Fe, Co, Cu) core/shell NPs were synthesized by
depositing MPt onto preformed Au NP seeds under conditions
optimized exclusively for the formation of the MPt shell.*® The
lattice mismatch between the core and shell structures can
induce lattice strain around the shell,*® enabling the synthesis
of uncommon crystal phases such as the 2H hexagonal phase
(AB stacking) as seen in Rh/Ru,*® Pd/Rh,”" Au/Cu,’* and Au/Pd>*
core/shell structures. When lattice mismatch exceeds ~ 5%,
epitaxial growth becomes challenging.*® Nonetheless, core/
shell structures with significant mismatch can still be synthe-
sized by reducing core size and controlling deposition kinetics,
as demonstrated in the synthesis of Rh/Au NPs (7.2% mismatch)
(Fig. 2(c)—(e)), where 4 nm Rh nanocubes serve as seeds and Au
shell is deposited around these seeds by a slow ascorbic acid-
induced reduction of HAuCl,. NaOH and KBr may be further
added to the reaction solution to control the Au growth kinetics
(Fig. 2().

Core/shell NPs can also be synthesized by selectively etching
reactive metals from the surface of alloy NPs. For instance, acid
treatment of L1,-FePt removes surface Fe, producing a thin
(<1 nm) Pt shell.>” This method has been applied to prepare
CoPt/Pt,"® NiPt/Pt,”® and CuPt/Pt** NPs. As the etching creates
surface defects around the shell structure, the core/shell NPs
are often annealed at a proper temperature to repair the surface
defects and to smooth the shell structure for core stabilization
and catalysis studies. The annealing must be carefully con-
trolled to avoid interdiffusion between the core and shell
structures.”’

Unlike core/shell structured MMNPs, heterodimer MMNPs
consist of individual NP domains that are attached side-by-side.
In solution-phase syntheses, forming heterodimers is challen-
ging when the involved metals have similar atomic sizes,
valences, and lattice constants, which favor alloy formation,

This journal is © The Royal Society of Chemistry 2025

or when they have highly dissimilar properties, which favor
independent nucleation and growth.>® As a result, the seed-
mediated growth method is often employed for the pre-
designed growth of new NPs on existing NPs. For example, in
the synthesis of Au-Fe;0, and FePt-Fe;0, NPs, Fe is controlled
to nucleate asymmetrically on Au or FePt seeds before being
oxidized by air to form iron oxide.’>®® This method has been
applied to prepare many other heterostructured NPs.°>* Alter-
natively, heterodimer NPs can be prepared by controlling
the deposition kinetics of the second NPs. By slowing the
deposition rate, selective growth can be directed toward specific
sites on the surface of the core NPs. This approach is demon-
strated in the synthesis of Pd-Ag and Pd-Au heterodimers,
where slow injection of the Ag (or Au) precursor leads to
nucleation on a single facet of Pd nanocubes, forming a dimer
structure. Conversely, a faster injection results in uniform deposi-
tion over all Pd facets, yielding a core/shell structure.®>*

Surfactants anchored on the surface of seeding NPs can
significantly influence the deposition of second NPs. This
method utilizes the binding affinity of surfactants on different
facets of the seeding NPs, permitting new growth only on the
facet that is loosely occupied by surfactants, thereby promoting
directional growth. In the synthesis of Au-Ag dimers, bifunc-
tional ligands containing both -SH and -COOH groups guided
Ag deposition, resulting in an Au sphere-Ag wire dimer
structure.®® Similarly, a polymer mask can be applied to selec-
tively coat the surface of seeding NPs, enabling preferential
growth of a new nanostructure, as demonstrated in the synth-
esis of Au-Pd (Fig. 2(g) and (h)),°>®” and Au-Ag heterodimers.®
Annealing-induced phase separation offers another method for
forming heterodimers. This approach was used in the synthesis
of Pt-Pb dimer NPs by annealing core/shell PtPb/Pt NPs.*

2.4. Synthesis of MMNPs of high-entropy alloys

MMNPs containing more than 3 metal components can be
viewed as an extension of the alloy structures discussed in

Chem. Commun., 2025, 61,12097-12114 | 12101
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previous sections. However, due to the challenges of incorpor-
ating multiple metal elements into a single NP structure and
the inherent complexity of these multicomponent systems,
these NPs require special attention. In this review, we follow
the literature tradition and refer to the MMNPs comprising five
or more elements as high-entropy alloy (HEA) NPs.”® Recently,
significant efforts have been focused on developing reliable
synthesis strategies for producing HEA NPs.”"”>

High-temperature pyrolysis is a popular method for produ-
cing HEA NPs. This technique involves the rapid pyrolysis of
mixed metal precursors using laser, microwave, or electrical
heating, followed by quenching to produce NPs with the
desired elemental compositions.”! Plasmonic ablation is
employed to fragment bulk HEA materials into isolated
NPs.”*7* Conventional material fabrication techniques like
mechanical alloying and electrodeposition are tested, but
fail to achieve the desired NP morphology and composition
controls. Solution-phase methods developed for bi- and tri-
metallic NP syntheses have also been adapted for the syn-
thesis of HEA NPs.””””” Co-reduction of metal precursors in
solution from a non-equilibrium state at elevated tempera-
tures can lead to the formation of 4.7 nm FeCoNiPtRu HEA
NPs.”” However, as the number of constituent elements
increases, the complexity of synthesis grows substantially.
Variations in reduction potentials, reaction kinetics, and ele-
mental miscibility can cause sequential rather than simulta-
neous reduction, leading to phase-separated structures.”®
To address this issue, solution-phase synthesis is often com-
bined with solid-state annealing. In this approach, MMNPs
are first prepared from solution phase synthesis, and then
annealed at high temperatures to promote atomic diffusion
into HEA, as demonstrated in the synthesis PACuPtNiCo HEA
NPs from annealing core/shell CuPd/PtNiCo NPs at 600 °C
(Fig. 3(a) and (b)).”® This core/shell design allows sequential
incorporation of multiple elements, thus bypassing the need
for simultaneous reduction of five elements. This approach
has been extended to synthesize other HEA NPs incorporating
up to 14 elements.”® Nevertheless, overcoming the ‘mixing’
barrier during annealing to form the HEA structure remains a
significant challenge. A promising solution is to incorporate a
low-melting-point element, such as Ga, which has favorable
mixing enthalpies with other metals and provides a strong
thermodynamic driving force for homogenization. This has
enabled the synthesis of HEA NPs that contain elements of a
broad range of atomic radii (1.24-1.97 A) and melting points
(303-3683 K).*°

Controlled annealing of HEA NPs can induce disorder-to-
order transitions, leading to the formation of high-entropy
intermetallic (HEI) NPs (Fig. 3(c)).*" This transformation is
highly size-dependent: NPs smaller than 5 nm tend to achieve
full ordering, while larger NPs exhibit only partial ordering
or form core/shell-like heterostructures (Fig. 3(d)). This high-
lights the close relationship between structural ordering and
high surface energy of NPs. This strategy has been success-
fully applied to synthesize HEI NPs of PtIrFeCoCu®” and
PtRhFeNiCu.*
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Fig. 3 (a) Scheme of the synthetic process of PdCuPtNiCo HEA NPs.
(b) STEM-EDS elemental mapping images of the HEA NP in (a). Reproduced
from ref. 76 with permission from Royal Society of Chemistry, copyright 2019.
(c) Schematic of the disorder-to-order phase transition from a multi-
elemental disordered solid-solution NP to an ordered intermetallic NP.
(d) The long-range order (LRO) within the NP as a function of NP size. The
insets schematically show the microstructural evolution as a function of the
NP size. Reproduced from ref. 81, licensed under CC BY-NC 4.0.

3. Catalytic properties of MMNPs

The integration of multiple metallic components in MMNPs, parti-
cularly on their surfaces, leads to unique physical and chemical
properties that differ from those of their single-component
counterparts.®* This section highlights their catalytic properties.
Catalytic activity is dependent on a catalyst’s ability to
adsorb and activate reactants, and to desorb products, follow-
ing the Sabatier principle.®> MMNPs provide an optimal plat-
form for tuning the electronic structure of active sites to
match the activation orbitals of adsorbates, and for designing
atomic arrangements that encourage desired binding modes.
In MMNPs with fewer than three elements, the electronic
structure is mainly influenced by ligand and strain effects,
while the ensemble effect dictates the binding configurations
of intermediates.’® To correlate electronic structure with
adsorption energy, the d-band center is commonly used as a
descriptor: a higher d-band center relative to the Fermi level
strengthens adsorption, while a lower center weakens it (Fig. 4(a)).*”
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Fig. 4 (a) The local density of state projected onto an adsorbate state

interacting with the d bands. Reproduced from ref. 21 with permission
from American Chemical Society, copyright 2019. (b) Schematic illustration of
the distinct properties of HEA NPs.

The ligand effect arises from electron transfer between surface and
subsurface atoms, modifying the d-band center. Lattice mismatch
introduces strain: tensile strain narrows the d-band and shifts it
upward, enhancing adsorption, while compressive strain has the
opposite effect. The ensemble effect, arising from variations in
local atomic arrangements, also influences adsorption strength
and configuration, thereby affecting catalytic kinetics. HEA NPs,
which incorporate a larger number of elements, possess several
distinctive features that set them apart from traditional bi- or
trimetallic NPs: the high-entropy effect, sluggish diffusion, lat-
tice distortion, and the cocktail effect (Fig. 4(b)).*® The high-
entropy effect, stemming from the mixing entropy of five or more
elements, stabilizes the structure, especially under extreme
conditions.®® Sluggish diffusion refers to slower atomic mobility
due to varying diffusion barriers and potential energy land-
scapes, which further enhance phase stability.”® Lattice distortion,
resulting from atomic radius mismatches, introduces tunable
strain that can alter catalytic properties.””*> The cocktail effect
captures the synergistic electronic and structural interactions
among the constituent elements, further enhancing perfor-
mance.”® With a wide range of surface compositions, HEA NPs
offer a spectrum of active sites, each uniquely contributing to
overall activity.”* Collectively, these effects underpin the excep-
tional catalytic performance and durability of HEA NPs.

4. MMNPs for electrochemical
reduction reactions
4.1. Electrochemical CO, reduction

The electrochemical CO, reduction reaction (CO,RR) is gaining
significant attention as a sustainable route for producing

This journal is © The Royal Society of Chemistry 2025

View Article Online

Feature Article

value-added chemicals and renewable energy carriers. NP cat-
alysts are promising for CO,RR due to their high surface area,
abundant active sites, and tunable electronic structure.
Depending on catalyst composition and applied reduction
potential, CO,RR can yield single-carbon (C;) products, such
as formate (HCOO ) and carbon monoxide (CO), or multi-
carbon (C,.) products like ethylene and ethanol. However, the
sluggish initial reduction of CO, to HCOO*/COOH*—the rate-
determining step—limits the subsequent formation of CO* or
CO.%® Moreover, in aqueous electrolytes, the competing hydro-
gen evolution reaction (HER) often compromises selectivity.
Alloying NPs offers a strategy to improve CO, adsorption and
activation while suppressing HER.

Noble metal NPs such as Au,”® Ag,”” Pd°® NPs are effective
for CO,RR to CO, which proceeds via COOH* stabilization
and CO* desorption. However, pure metals exhibit a scaling
relationship where stronger COOH* binding can hinder CO
desorption or promote HER, thereby reducing overall effici