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Trimetallic nanoparticles (TMNPs) have emerged as a versatile class of nanomaterials whose multifunctional
and synergistic properties surpass those of mono- and bimetallic systems. This review examines the recent
advancements in TMNP synthesis, bridging conventional top-down techniques with state-of-the-art
bottom-up strategies that provide precise control over atomic ordering while addressing concerns
related to sustainability. This review provides a systematic discussion of the structural and synthetic
innovations resulting in their rapid adoption in electrochemical applications, including fuel cells, oxygen
and hydrogen electrocatalysis, supercapacitors, and electrochemical sensing. Particular emphasis on the
influence of interfacial and compositional engineering in TMNPs, ameliorating superior catalytic activity
and stability over conventional catalysts, has been comprehensively highlighted. Finally, key challenges,

including scalability, long-term stability, biocompatibility, and miniaturization, have been outlined for
Received 1st October 2025 " I . — ) N
Accepted 16th December 2025 future opportunities for designing sustainable, application-oriented TMNPs. By linking fundamental
structure—property relationships with electrochemical performance, this review contributes a unified

DOI: 10.1039/d5n200936g framework for fabricating next-generation TMNPs towards energy conversion, catalysis, and advanced
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Introduction

Trimetallic nanoparticles (TMNPs) have garnered widespread
attention recently, given their notable applications in various
fields such as cancer therapy/diagnosis, bioimaging, and
catalysis." TMNPs are discrete nano-objects with Cartesian
dimensions less than 100 nm, which possess distinct physical
and chemical properties. TMNPs are produced using three
different metals to reduce metal consumption, achieve atomic
ordering, and customize the size and morphology of these NPs.?
TMNP catalysis is highly beneficial in several aspects, such as
decreasing the concentration of carcinogenic chemical
compounds formerly used in industrial and chemical
compounds by a hefty percentage with minimal contact time.?
Compared to monometallic and bimetallic NPs, TMNPs have
novel physiochemical features owing to their multifunctional
and synergistic effects for various applications. TMNPs have
found unique catalytic, active food packaging, biomedical,
antimicrobial, and sensing applications; they preserve an ever-
superior level of catalytic activity and selectivity compared to
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monometallic and bimetallic nanomaterials. TMNPs are
produced using three different metals to reduce metal
consumption, achieve atomic ordering, and customize the size
and morphology of these NPs.* In various biomedical, antimi-
crobial, catalytic, active food packaging, and sensing applica-
tions, TMNPs have displayed improved catalytic selectivity/
activity and efficiency.” In addition, three metals pave the way
for various topologies and morphologies, including multishell,
mixed structures, segregated subclusters, and core-shell
architectures.® By modifying the atomic distribution and
surface compositions of multiple metals, TMNPs can be further
designated as alloys and intermetallic NPs to adjust their cata-
Iytic performance.® Compared to monometallic and bimetallic
NPs, TMNPs have novel physicochemical features because of
their synergistic or multifunctional effects for various applica-
tions. A “top-down” or “bottom-up” approach is typically used
to create and stabilize nanoparticles.” In the “bottom-up”
approach, nanoparticles are created by self-assembling atoms
into nuclei, which then grow into tiny particles. This method
involves biological and chemical synthesis, whereas the top-
down approach wuses different physical and chemical
processes for breaking bulk materials into small particles.® The
physical techniques for the top-down approach include thermal
ablation, milling, and grinding, while the chemical methods
include chemical reduction, electrochemistry, and photo-
chemical reduction. The physical techniques are more capital-
intensive because they require high energy, resulting in low
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(a) Pie chart representation of articles in the past five years based on the electrocatalytic applications of TMNPs (by searching the keywords

trimetallic nanoparticles, fuel cells, supercapacitors, electrochemical sensors, and electrocatalysis for water splitting using the logical operation
“AND" in the Web of Science database). (b) A bar graph representing the number of articles published in journals involving TMNPs in the previous

five years.

yield.? Recently, chemical methods have become more popular
because they require less energy during the formation and
reduction steps. Moreover, they produce nanoparticles with
high yield and high precision in shape and size.” However,
using several dangerous chemicals responsible for cytotoxicity,
genotoxicity, and carcinogenicity makes chemical procedures
environmentally hazardous.' Due to toxicity, instability, and
low biocompatibility, chemical techniques have been con-
strained to manufacture nanoparticles for biomedical applica-
tions."* Therefore, the current main emphasis of nanoparticle
synthesis research is establishing an environmentally friendly
approach that successfully controls the size, shape, stability,
and properties of the synthesized NPs."

Wang and colleagues, in their paper, tune the strain in Pt-
Co-Zn TMNPs for the oxygen reduction reaction; however, the
work fails to elucidate how the same structural combination
works for various electrochemical reactions.’* Cheng and co-
workers reported how chemical etching works as a post-
synthetic technique to enhance photocatalytic activity."
Hashem et al. explored the biosynthesis of TMNPs and related
biological applications but failed to explain the mechanistic
connection of green synthesis towards the surface chemistry of
TMNPs.” Merjan and colleagues showcased a green synthesis
technique for lead removal via Fe/Cd/Cu TMNPs, but it failed to
address control over the topology of TMNPs.'® Despite the broad
number of reviews and research papers on mono, bi, and
TMNPs providing an independent view of choice of metals,
catalytic performance and synthetic treatments, most existing
studies fail to provide a unified roadmap of structure—property
relationship with catalytic functions. Hence, this review puts
forth a streamlined discussion, firstly, of the mechanistic
understanding behind several combinations of TMNPs.
Secondly, we provide a thorough evaluation of synthesis
methods (top-down, bottom-up and green routes). Lastly, it
provides a comparative study of existing studies based on
design, composition and catalytic activity. Therefore, we
present a practical application-oriented framework that
supports the rational design of TMNPs by combining these
aspects.

Fig. 1(a) represents the number of articles published in
journals by searching the keywords trimetallic nanoparticles,
fuel cells, supercapacitors, electrochemical sensors, and
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electrocatalysis for water splitting using the logical operation
“AND” in the Web of Science database. The bar graph represents
the number of journal articles based on the electrocatalytic
applications of TMNPs published since 2021.

Evolution from monometallic nanoparticles to TMNPs

TMNPs are now widely used in various catalytic processes and
have attracted attention for their unique applications in catal-
ysis."”” Compared to monometallic nanoparticles, TMNPs have
higher catalytic activity, more selective detection and sensitivity,
increased antibacterial activity, excellent stability, various
morphologies, and chemical transformation.*® These properties
are attributed to the synergistic doping of bimetallic and
TMNPs in metals, which change their catalytic characteristics.™
Synthesizing metal nanoparticles using a biogenic or green
synthetic method is extremely difficult. The template for
creating metal nanoparticles is a polysaccharide hydrogel or
sodium alginate hydrosol.”® The synthesis of these multime-
tallic or alloy catalysts is mainly based on conventional prepa-
ration techniques, such as impregnation, mechanical alloying,
melt spinning, hydrothermal preparation, microwave irradia-
tion, co-reduction, and electro-deposition.* Due to improved
geometric effects, lattice strain, and electronic charge transfer,
these synthesized multimetallic nanoparticles have shown to be
suitable catalysts with greater chemical reactivity than their
monometallic counterparts.” The nature and selectivity of
catalysis have been improved by adding another metal to
bimetallic nanoparticles.*® As a result, adding extra metals to
bimetallic nanoparticles has been noticed as a revolution in the
increased catalytic process. The active reducing agents for the
chemical synthesis of TMNPs are hydrazine, oleylamine, tri-
sodium citrate, Triton X, N,N-dimethyl formamide (DMF),
glucose, L-ascorbic acid, and formaldehyde. According to a prior
study, alloy nanoparticles do not exhibit the same anticancer
effect as core-shell nanoparticles.> By forming a hollow-like
shape, the two phases of TMNPs will boost their stability and
dye-decolorizing catalytic activity.*® Simultaneous and sequen-
tial metal reductions are helpful for synthesizing TMNP core-
shell/hollow-like structures throughout the synthesis process.>*
Additionally, many studies have been conducted on the fabri-
cation and application of TMNPs. Due to the superior perfor-
mance of TMNPs compared to MNPs and BNPs, they are

© 2026 The Author(s). Published by the Royal Society of Chemistry
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continuously in demand.”* Many TMNPs, including Ag/Au/
Pd,”® Au/Ag/Cu,”® and Pt/Ru/Co,”® have been chemically
synthesized. In fuel cells, Pt@Fe@Ni trimetallic nanocatalysts
increase oxygen reduction reaction (OER) activity compared to
the Pt electrode catalyst.**> TMNPs such as Pt@Pd@Bi nano-
wires, Al,O;@Ag/Au core-shell structures, and Cu@Ni@Pt
dendrites have been utilized to reduce 4-nitrophenol.** Simi-
larly, Zhang et al. discovered TMNPs of Au-Pt-Pd with signifi-
cantly increased catalytic activity for glucose oxidation
compared to monometallic and bimetallic nanoparticles.**
Compared to standard Pt/C catalysts, Matin et al. designed
core-shell TMNPs of Pd/Co@Pt, which showed improved
electrocatalytic performance in the ORR.** Wang et al. synthe-
sized trimetallic Ni@Au@Pd nanoparticles that showed excel-
lent performance in the dehydrogenation of formic acid.**
Additionally, Tayal et al. found that the Ir@Pt@Sn electro-
catalyst showed more excellent activity for ethanol oxidation
than the comparable bimetallic nanoparticles.*® Similarly,
Fe@Ag@Pd trimetallic nanocatalysts for formic acid degrada-
tion retained their catalytic properties six consecutive cycles.*

Various types of TMNPs

Pt-based TMNPs. Pt nanoparticles are already employed in
the forthcoming generation of automotive catalytic converters
because of their high surface area. As a result, less platinum is
needed to create them. Even though the Oxidation Reduction
Reaction (ORR) kinetics are slow and result in energy loss, Pt-
based materials are used to make the majority of critical elec-
trodes.’” The development and exploration of platinum-based
materials for the ORR are currently being pursued with signif-
icant interest by researchers in electrode materials. Pt-based
TMNP catalysts are created to improve the performance of Pt-
based electrodes.*® Core-shell-shaped catalysts are employed
in catalytic applications, and they contain only trace quantities
of platinum and palladium.*® There are numerous methods now
being utilized to make Pt catalysts for proton exchange
membrane fuel cells (PEMFCs) and direct methanol fuel cells
(DMFCs), including colloidal,*® micro emulsion,** impregna-
tion, and others. The urea-burning preparation seems an
innovative and promising way to quickly, easily, and inexpen-
sively obtain high-quality (nanosized) crystalline powders. In Pt-
based catalyst research, adding another metal to the Pt catalyst
might not merely reduce the use of the noble metal Pt but also
enhance the catalytic capacity.*

Pd-based TMNPs. Compared to pure palladium, palladium-
based alloys have better hydrogen solubility and permeability.
Pd-rich surfaces catalyze the hydrogenation reaction by disso-
ciating H, and acting as a catalyst. Although, Pd is the most
effective electrode for the ORR in acidic media, Pd alloys of
different bi- and trimetallic elements, such as Pd-Co, Pd-Fe,
Pd-Cr, Pd-Co-Au, and Pd-Co-Mo, can increase activity.*® The
rise in ORR activity for Pd alloys has been observed and re-
ported, and many theories have been proposed to explain the
increase in Pd alloy activity related to that of Pd.** The observed
increase in ORR activity of Pd alloys may be attributed to the
electrical properties of Pd, similar to Pt alloys.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Ni-based TMNPs. Among non-noble metals, Ni is the most
common, and due to the synergistic interaction of Ni with Pd-
Pt, the catalyst's stability and activity have improved.** The
nickel, copper, and cobalt powder are widely used because of
their excellent catalytic, magnetic, and electrical capabilities. As
a result, research has determined that when two metals are
combined to produce a trimetallic compound, the quality of the
resulting material can be enhanced compared to that of
hygienic metals. Due to its superior selectivity and catalytic
mobility compared to monometallic nickel, the fabrication of
Ni-based alloy nanoparticles has recently gained wide attention.
Nickel-containing catalysts are the most widely utilized due to
their inexpensive cost, quick turnover rate, and excellent
stability.*® Active sites can be found in nickel metal particles,
accelerating carbon deposition on material surfaces.*” Nickel
catalysts are less expensive than rhodium or palladium cata-
lysts, which is advantageous for significant research and
commercial applications.

Ag-based TMNPs. The chemical purity of these catalysts is
perfect, and they have a low bulk density in a particular area,
resulting in a decrease in the catalyst's use for that specific
process. A catalyst made of Ag helps produce formaldehyde
from methanol and acetaldehyde from ethyl alcohol, among
others. Due to their strong ORR activity and good methanol
tolerance, Ag or Ni-based alloy catalysts have also been studied
as cathode electrocatalysts in earlier research. It has been
discovered that alloying Pt with Ag or Ni produces the best ORR
activity. Ag can dramatically reduce the Gibbs free energy of the
electron transfer stages in the ORR for a multi-component alloy
catalyst, enhancing ORR kinetics.*®

Cu-based TMNPs. The main technological problem for the
fuel-cell-based hydrogen economy is the development of
straightforward and reasonably priced heterogeneous catalysts
for hydrogen release. This issue can be swiftly solved by devel-
oping novel techniques to synthesize Cu-based TMNPs.* Cu-
based TMNPs were synthesized using a metal displacement
plating method.** This eccentric combination of TMNPs in the
literature supports high selectivity and increased catalytic
activity. The as-prepared NPs demonstrated 100% hydrogen
selectivity because of the high synergistic impact among the three
metals. The composition of the middle and outer metal layers
covering a Cu inner metal determines this catalytic activity of
various materials.***> Compared to other TMNPs, Cu-based
TMNPs unprecedentedly display superior selectivity towards
hydrogen, excellent electrical and magnetic properties, and are
economical for industrial applications.*

Various methods for the synthesis of TMNPs

Physical method-based nanoparticle synthesis. The
synthesis of multicomponent nanoparticles has not been thor-
oughly investigated or examined. Most investigations demon-
strated that the synthesis of TMNPs is carried out using thermal
heating techniques.> The synthesis method involves top-down
and bottom-up approaches; physical methods come under the
top-down approach.* This technique uses physical forces to
break apart large materials into smaller molecules and
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Fig. 2 Various methods for the synthesis of TMNPs are listed above. Physical methods include (a) thermal decomposition, (b) sputtering, (c)
sonochemical method and (d) radiolytic method. Chemical methods include (a) hydrothermal/solvothermal synthesis, (b) microwave irradiation,
(c) seed growth, (d) co-precipitation, (e) galvanic replacement reaction and (f) co-reduction. Other methods include (a) micro emulsion and (b)

sol-gel method.
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eventually nanoparticles to produce high-quality and pure
nanomaterials.”® However, they are produced with low yields of
around 20-30% because of the elevated pressure and temper-
ature (>600-1200 °C) requirements. Nanomaterials are synthe-
sized using various physical techniques, including sputtering,
thermal decomposition, sonochemical, and radiolytic methods,
as shown in Fig. 2.%® However, few studies have been reported
on synthesizing TMNPs employing the methods above.

Sputtering. Sputtering involves bombarding the target metal
with high energy to produce nanoparticles.”® The three funda-
mental processes involved in atom beam sputtering are the
migration of atoms from material surfaces, nucleation and
formation of nanoparticles, and adsorption onto another
material in an electric field.*” Using a high-rate vacuum coating
process, magnetron sputtering includes sputtering in
a magnetic field in which one or more materials are coated on
the surface of another material, such as ceramics or metal.>®
This process can produce materials with a high degree of purity;
however, controlling the shape of the nanoparticles consumes
an excessive amount of energy.®® Liu et al. explained the
synthesis of PtTiMg alloy nanoparticles via a facile one-pot,
three-target magnetron co-sputtering technique. The PtTiMg-
30 nanofilms were uniformly deposited at room temperature
on Toray carbon paper (TCP) substrates, forming a thin film of
PtTiMg-30 alloy.*® Zhu et al. synthesized CuPt/Ag TMNPs via an
co-sputtering technique onto liquid PEG to evaluate ORR
activity. The designed TMNPs showed higher ORR performance
than the corresponding bi- and mono-metallic NPs due to the
synergic effect of incorporating a third metal.® Despite sput-
tering being an excellent method for controlling the composi-
tion of the nanoparticles, the technique has some limitations,
such as low scalability under high vacuum (>10-3-10-6 Torr),
very high energy consumption (power densities of 100-500 W)
and the usage of non-economical precursors such as Pt and Au,
which are comparably expensive than precursors used in most
of the chemical methods.

Thermal decomposition. The synthesis of NPs in this method
is based on temperature, as transition metals require a high
temperature for synthesis because they are not stable at room
temperature. The process begins with forming particles of the
metal precursor, which have a low decomposition temperature,
and later, the second metal precursor decomposes when the
temperature is increased.®® This process is used to create crystals of
high grade or crystals with a high commercial value. The primary
drawbacks of this method include the need for extremely high
temperatures and the challenge of isolating unstable NPs from the
reaction at high temperatures.* Gao et al. designed a facile, low-
cost, stable, and highly active nanocatalyst Pt,Fe;Ni;/C for
enhancing ORR performance in PEMFCs by the two-step reaction.
The first step involved the addition of Fe and Ni metals on Pt-
based NPs via the microwave-assisted polyol method, which
further underwent a thermal annealing process at various
temperatures. The designed nanocatalyst was stable and more
durable than Pt/C, and it possessed more active sites due to
alloying Pt metal with others.”® Kahnamouei and Shahrokhian
reported the synthesis of a NiCoFe nanocatalyst with an open-cage/
3D frame-like structure for the OER. It was prepared by the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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sequential thermal treatment on the cage structure of CoFe Prus-
sian blue (CoFe-PBA) under an argon (CoFeA-TT) atmosphere,
followed by the electrochemical deposition of Ni-Co-sulphide
(NiCo-S) nanosheets forming a shell layer on it. The electro-
chemical data indicated that the deposition of NiCo-S on CoFeA-
TT (NiCo-S@CoFeA-TT) showed the best catalytic performance.*
Although this technique produces high-quality crystals, there are
several issues with regard to the scalability of this method, as it
requires extremely high temperatures (300-800 °C), and results in
a moderate yield, owing to the volatility of the precursors.

Sonochemical method

This method is based on an ultrasound technique that raises
the pressure or temperature in the solution, forming small NPs.
Hollow NPs can be produced by ultrasound by causing the
formation or collapse of small bubbles in a solution. Moreover,
the synthesis process of metal NPs is generally based on the
generation of oxidizing and reducing radicals.® Elayappan et al.
worked on the ultrasonication-dry synthesis of gold (Au) NP-
supported copper ferrite (CF) on rGO(Au-CF@rGO). A modi-
fied Au-CF@rGO/GC electrode was also created to conduct the
electrochemical analysis to detect dopamine in banana milk
samples.®® Wen et al. successfully synthesized the PtAuRu
nanostructures with perpendicular pore channels and
extremely porous characteristics via a facile ultrasonic-assisted
synthetic approach to improve the electro-oxidation of formic
acid using ascorbic acid (AA) and PVP as a reducing agent and
a stabilizer.®” Basavegowda et al. synthesized FeAgPt alloy NPs
via ultra-sonication techniques extracted from the roots of
Platycodon grandiflorum. The NPs exhibited high catalytic action
to reduce 4-nitroaniline to p-phenylenediamine.®® This method
stands to offer several advantages over the others: it's highly
scalable due to the wide availability of sonochemical reactors,
moderate operating temperatures are required, and the yields
can reach up to 80%.

Radiolytic method

Radiolytic synthesis explains how metal nanoparticles are syn-
thesised using radiation. In this method, the electron beam or
gamma (y) rays reduce metal ions in soluble precursors to
produce metal NPs. The generated alloy NPs are not stable when
formed by thermal breakdown. The amount of radiation used
determines the type of alloy nanoparticles produced. A low dose
can create nanoparticles made of core-shell alloys, whereas
a more significant dose governs the formation of mixed alloy
nanoparticles.* The radiolytic process faces a challenge in
controlling the form of the nanoparticles. Irradiation-based
approaches, on the other hand, are inexpensive, environmen-
tally friendly, and appear promising for use in large
applications.®

Among the processes mentioned above, the most facile way
to synthesize TMNPs is via the sonochemical and radiolytic
methods. While the former is a process that leads to the
reduction of both employment of high temperatures and
consumption of excessive amounts of energy, the latter proves
economical and eco-friendly. On the contrary, sputtering and
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thermal decomposition are two techniques that accompany
several drawbacks, including the challenge of isolating unstable
NPs, using high temperatures, and consuming excessive
amounts of energy.

Chemical methods

The bottom-up approach is favorable and potent for the
synthesis of the TMNPs because of its scalability, simplicity,
and low cost, which enables the building up of either atoms or
molecules to form nanostructures using various approaches
viz., galvanic replacement,” seed growth,”* hydrothermal,”
solvothermal,” co-decomposition,” photo-deposition,” micro-
waves,”® microemulsions,”” ultrasonic irradiation,”® co-reduc-
tion,” coprecipitations,*® and biological methods. The
synthesis of nanomaterials by chemical methods involves
reducing agents to reduce metal ions. Most of the stabilizing,
reducing, or capping agents utilized in these chemical
processes are toxic and unacceptable from green chemistry's
perspective.”” Moreover, a significant issue in chemical
synthesis is the purification of the produced nanomaterial from
the reaction mixture of the reagents and organic solvents.”

Microwave (MW) irradiation

For the synthesis of TMNPs, the microwave (MW) dielectric
heating approach is a quick and frequently used methodology.
The morphology and size of the TMNPs can be easily adjusted
using the MW heating process.” The MW irradiation technique
is helpful as it produces uniform nucleation nanomaterial with
a narrow size distribution and quick crystal growth by evenly
heating the precursor materials to the reaction solution.*® The
MW technique is helpful in the synthesis of quality nano-
materials by reducing toxic organic solvents, side reactions, and
chemicals with defined reaction parameters®* Bi,O;-SrO-
FeO@SiO, trimetallic NCs were synthesized to remove organic
dyes from aqueous water via a simple MW approach in 3
minutes using an ON/OFF method. Furthermore, the adsorp-
tion technique was used to remove dyes using the designed
nanocomposite effectively, and the reusability of NCs was
evaluated by studying six consecutive cycles.®® Similarly, Au/Pt/
Ag TMNPs were prepared by Yadav and the team using the
MW irradiation approach via successive reduction. The mixture
was heated in an oven for 4 minutes in cyclic mode with
continuous 10 s OFF and 20 s ON intervals. These NPs were
further used to evaluate the antimicrobial activities.*”

Hydrothermal method/solvothermal method

This method is used to prepare single crystals and involves the
solubility of precursor minerals in the solvent at high pressure
in an autoclave. The temperature gradient of the chemical
process affects the growth of crystal formation. The hydro-
thermal approach has advantages over other crystal develop-
ment processes due to its tendency to produce unstable
crystalline phases at the melting point. This method is also
frequently employed to grow large and high-quality crystals.
Hydrothermal conditions have generated compounds from
nearly all classes, comprising elements, tungstates, molybdates,
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carbonates, silicates, simple and complex oxides, and germi-
nates. Usually, synthetic quartz, gems, and other materials are
grown using hydrothermal synthesis. For instance, MnNiFe
alloy nanoparticles were prepared on reduced graphene using
a one-pot hydrothermal approach for the electro-oxidation of
urea. The designed nanocatalyst exhibited superior electro-
catalytic properties compared to commercial Ni/C. The catalyst
exhibited mass activity of 1753.97 mA mgy; ', which was 4.2
and 9.8 times better than that of Ni/rGO and Ni/C, respectively.*
Safdar et al. synthesized star-shaped CuMnCoO, via a hydro-
thermal approach, resulting in a promising energy storage
device candidate. The CuMnCoO, contained bundles of orderly
layers and loosely bound needles because of which the structure
contained increased active sites, which were responsible for the
enhanced capacitance (1,715 F g ' at 1 A g ") and excellent
cycling stability as compared to mono- and di-metallic oxides.*
Wang and co-workers synthesized hierarchical PtColr TMNPs
via a solvothermal method that was used for the detection of
septicemia biomarkers in human serum.”® Li and co-workers
designed trimetallic Ni-Co-Mn fluoride supercapacitors
synthesized by a solvothermal approach." These SCs resulted in
the formation of high-performance aqueous electrochemical
energy storage systems.®*

Co-precipitation method

Co-precipitation is among the most accessible and popular
techniques for synthesizing TMNPs with regulated sizes and
magnetic characteristics in various forms, including hydrox-
ides, oxides, sulfides, carbonates, formats, citrates, and
oxalates. In this technique, oxo-hydroxides are precipitated
using aqueous salt solutions such as chlorides or nitrates in an
inert atmosphere. A quick nucleation burst begins when the
solution reaches a critical concentration, after which the growth
phase begins. Depending on the desired crystal size, different
bases, such as NaOH, KOH or (C,H;),NOH, are used at room
temperature to create magnetite TMNPs. The ratio of agglom-
eration also supports the production of mesoporous structures.
This method does not require high temperatures or pressure, so
it is the most preferable method among researchers, and even
the impurities are removed just by washing. Tyagi and co-
workers designed Al-substituted MnFe,O,-based ternary oxide
on rGO via a simple hydrothermal technique after co-
precipitation, which showed outstanding ORR activity
compared to commercial Pt/C.”

Co-reduction method

Co-reduction is a straightforward process that can be used to
design mono-, bi-, and TMNPs as well as multi-metallic NPs.
Two metal precursors and the stabilizing agent are first mixed
in a suitable solvent, leaving the transitional metals in their
ionic forms. Then, the reducing agent is introduced to change
them into zerovalent states. However, light transitional metals
experience less reduction because of their lower reduced
capacity. These mild transition metals are unstable because
they readily oxidize when present in their zerovalent forms.
Several techniques have been developed to create transition

© 2026 The Author(s). Published by the Royal Society of Chemistry
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metal NPs because these metals are essential in catalysis. When
compared to thermal decomposition, the co-reduction process
operates under milder reaction conditions. No harmful organic
solvents are employed, and the reaction occurs at low temper-
atures and in an air atmosphere.*® Ravichandran et al. fabri-
cated trimetallic ordered mesoporous nanostructures (OMNSs)
using KIT-6 as a surfactant via the chemical reduction method
by using NaBH, as a reducing agent for enhancing MOR
performance.® Similarly, Peng et al. used a facile two-step co-
reduction approach for the synthesis of trimetallic PtPdCr
nanoparticles with minimal platinum loading (5 wt%) sup-
ported on Vulcan carbon (PtPdCr/C), which showed improved
methanol oxidation activity in acidic medium.** Elsheikh et al.
synthesized trimetallic PAAgNi NPs on a carbon support via
a co-reduction technique using borohydride as a reducing
agent.” These TMNPs exhibited enhanced EOR activity
compared to mono- and bi-metallic NPs.

Seed growth

The NPs prepared using the seed growth method involve the
preparation of seed (nucleation) followed by subsequent
growth. The TMNPs created utilizing the seed growth
approaches exhibit a high yield and narrow size. By using this
technique, core-shell types of nanostructures are formed. The
core (seed metal) reduction potential is greater than the layer
and shell metal reduction potentials during the synthesis of the
TMNPs, employing the seed growth approach to avoid
a galvanic reaction.®® Using the seed growth technique, well-
defined multi-metallic nanostructures of 1D and 2D have
been created.”” Ahmed et al. designed AgAuPdternary core-shell
nanostructures for water treatment application via the seed
growth method using sodium alginate as a reducing agent.
These TMNPs were used to degrade methyl blue (MB). The
TMNPs had the highest MB degradation rate constant
compared to monometallic Ag and bimetallic Ag-Pd nano-
structures.”® PdCulr NCs were synthesized by Chen et al. via the
seed-mediated growth method for the oxidation of glycerol and
ethylene glycol (EG). The designed NCs exhibited enhanced
durability and mass activity compared to standard Pd/C. The
heightened electrocatalytic activity was due to the addition of
Cu and Ir atoms on the Pd surface.”

Galvanic replacement reaction (GRR)

The GRR method uses the change in reduction potential at
a moderate temperature between the replacing and replaced
metals, thereby decreasing the homonucleation of independent
NPs.'*»'°* The GRR approach is generally used to generate
hollow multi-metallic structures, core-shell or hybrid, using
one metal NP as a template, followed by the reduction and
deposition of other metals with higher reduction potentials on
the template. Qui et al. designed trimetallic PtAuAg nanotubes
via GRR at 75 °C for a methanol oxidation reaction (MOR). In
this study, Ag NRs were used as precursors, followed by the
reaction with HAuCl, or H,PtCle. Furthermore, a part of Ag was
galvanically replaced by Pt or Au, which resulted in the forma-
tion of PtAg, AuAg, or PtAuAg alloy shell, carried out because of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the variations in reduction potentials.'”* Another reported work
illustrates the formation of trimetallic Pt-Pd-Co/rGO/GCE via
GRR for the oxidation of EG."”% The reduction potential of Co
was less than Pt and Pd, so it undergoes GRR, resulting in the
formation of desired nanocatalysts.

Among the chemical methods mentioned above, the most
preferred methods are co-precipitation and seed growth. Co-
precipitation requires moderate temperature and pressure,
yielding controlled-size transition metal nanoparticles
(TMNPs). Seed growth produces nanoparticles of sufficient size,
ensuring high yield and durability. In contrast, co-reduction is
underutilized due to uneven reduction rates and instability in
transition metal oxidation. In terms of scalability, galvanic
replacement and seed growth are less scalable due to high
precursor costs and multistep processes, respectively. However,
hydrothermal/solvothermal and co-reduction are scalable. The
hydrothermal/solvothermal method can make use of industrial
autoclaves with higher volumes (>5 L) and higher yields of up to
70-90%.

Sol-gel method

Compared to other physical and chemical approaches, the sol-
gel method helps produce metal oxide NPs at low temperatures.
As the name suggests, this technique is based on the conden-
sation reaction followed by the hydrolysis of organometallic
compounds in an alcoholic medium, which converts a solution
into a gel. The sol-gel approach has great potential for
controlling the kinetics of the reaction as well as the surface
properties of the oxides. Besides this, it enables easy composi-
tional changes, the introduction of many functional groups,
and adjustable microstructures. This process can be carried out
easily at low temperatures.'” Various TMNPs have been
prepared using this approach.'®® Co3;0,-CdO-ZnO-based tri-
metallic oxide NPs (CCZ) were prepared by the sol-gel method
for sensing methanol in a buffer solution. The sensor showed
an ultra-low detection limit of 32.8 £ 0.1 pM, a wide linear range
of 1.0 nM-2.0 mM, and an excellent sensitivity of 1.3842 pA
uM ™ em ™2 in just 11 5.2 Goncalves et al. designed NiVCe-
layered double hydroxide NPs, which were synthesized by the
sol-gel method, and the designed material turned out to be the
best electrode material for sensor applications, OER, and hybrid
supercapacitors. The NiVCe-LDH NPs had shown promise as
a material for hybrid energy storage electrodes, delivering
a specific charge of 740C g~ ' at 10 A g~ ' and charge storage of
68.7% at 100 A g~ .17 Although this method results in a yield
with good purity, it has an inherent limitation, which is that the
gel ageing can hinder scale-up processes.

Micro emulsion

In its most basic form, the micro-emulsion method comprises
three elements: a small droplet (dispersed phase), an immis-
cible solvent (continuous phase), and a surfactant that covers
the droplet. There are many different forms of micro-emulsions,
including water—oil, oil-water, and water-Triton X-100,
depending on the characteristics of the dispersed phase,
continuous phase, and hydrophilic-lipophilic balancing value
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of the surfactant. The metal nanoparticles are formed inside
droplets that can be modified for composition and size, and this
technique has been broadly used to synthesize bi- and TMNPs.
Overall, in terms of scalability, this method produces low-
volume output and requires costly surfactants.

Electrocatalytic applications of TMNPs

With the rapid increase in population and thus an increase in
energy demand, which has led to the depletion of traditional fossil
fuels and the rise of pollutant emissions, the requirement of new
clean and cheap energy sources in place of fossil fuels has become
avital problem.'® The world population is expected to grow by 26%
to around 9.7 billion by the year 2050, whereas primary energy
consumption will increase by almost 50%. So, to limit the use of
fossil fuel, hydrogen was measured as a clean and sustainable fuel
that has high calorific value and does not leave any harmful side
products on heating.'” Hydrogen gas is considered a perfect source
of clean energy for the future due to its high energy density and
pollution-free benefits.** The most efficient ways to limit fossil fuel
use on a large scale are fuel cell oxidations, water electrolysis'®
(refer Table 1), or supercapacitors™* (see Fig. 3).

Fuel cell-based applications

A fuel cell is one of the eco-sustainable technologies that can
replace fossil energy resources.”” Because of their high energy
density, low environmental impact, and high efficiency, fuel
cells have received much attention from the engineering and
scientific communities.**® Fuel cells generate electricity through
the electro-oxidation of hydrogen or tiny molecules such as
formic acid, methanol, ethanol, and EG."*** To improve fuel
cell performance, recent investigations on the hydrogen-fueled
proton exchange membrane fuel cell (H,-PEMFC) and direct
alcohol fuel cell (DAFC) technologies have been conducted in-
depth. The DAFC reaction occurs at the anode, while the
PEMFC reaction occurs at the fuel cell cathode. However,
several issues concerning the effectiveness of fuel-cell systems
still haven't been resolved."* However, the expensive and low-
efficient catalyst is a substantial obstacle to the broad
commercial use of fuel cells.**

Direct alcohol fuel cells

The most popular active components in the research of DAFC
anode catalysts are Pt or Pt-based materials,"* which are
severely restricted by low reserves and poor toxicity resis-
tance.™® A recent study observed that the electro-catalytic
activity of Pd and Pd-based materials is similar to that of P,
which has around 50 times more reserves than Pt on Earth.'*
The synergistic effects of the multi-metallic alloys are indeed
promising methods for enhancing the oxidation resistance and
catalytic performance of metal Pd in the electro-oxidation of
alcohol. This approach not only alters the physicochemical and
electrochemical properties of the designed nanocatalysts but
also enhances the electrocatalytic ability of oxidation of alco-
hols™* as explained by bi-metallic Pt-Pd*** and Pd-Sn
systems,**® as well as tri-metallic Pd-Au-Ag,"” Pd-Ru-Bi,"** Pt-
Pd-Co,"* and Pd-Ni-Au systems."*"

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Different electrocatalytic applications for TMNPs.

Formic acid electrooxidation

Direct formic acid fuel cells (DFAFCs) are receiving more
attention among fuel cells because they have a higher theoret-
ical open-circuit potential (1.48 V) and produce a higher yield
than direct methanol fuel cells (DFMCs) (1.18 V) and hydrogen—
oxygen fuel cells (1.23 V)."** As a result, developing an electro-
catalyst with high activity for the electro-oxidation of formic
acid is essential. DFAFCs are, therefore, very promising.™* It is
a prevalent belief that formic acid electro-oxidation occurs via
two distinct mechanisms. These are the indirect (dehydration)
and direct (dehydrogenation) pathways. Dehydrogenation is the
favored method for formic acid electro oxidation because CO
species are highly adsorbed on the electrode and close to the
catalyst's active sites in the first pathway.””> Recently, several
nanocatalysts have been designed to improve the direct oxida-
tion pathway, including modified Pt nanocrystals and Pd-based
alloys.’™ Mainly, Pt-based nanocrystals have made remarkable
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modification and shape engineering."***** However, their utili-
zation is limited because of the high cost of Pt, less natural
abundance, and tendency to form poisonous CO as an inter-
mediate at the anode.’ Due to these reasons, investigating
highly effective electrocatalysts with excellent electrocatalytic
activity and endurance has become a significant research topic.
One of the most widely used approaches to improve their
electrocatalytic performances while also lowering the cost of Pt
is to alloy Pt with different transition metals, such as Au,"’
Ag,”® Cu,”™ and Ru.' Wen et al. successfully synthesized
PtAuRu nanostructures with perpendicular pore channels and
extremely porous characteristics via a facile ultrasonic-assisted
synthetic approach to enhance the electro-oxidation of formic
acid using ascorbic acid (AA) and PVP as a reducing agent and
a stabilizer.®” The resulting PtAuRu nanocrystals with the highly
optimized atomic ratio exhibited improved electrocatalytic
performance toward the FAOR, with the SA and MA of 14.5 mA
ecm~?and 1044.1 mA mg~ ', which were 2.2 and 4.1 times higher
than those of standard Pt/C, respectively. It exhibited the
highest ECSA value of 7.2 m® g~' compared to Pt/C and other
mono- and bi-metallic nanoparticles. This catalyst can be used
for industrial purposes because it demonstrates higher perfor-
mance towards the FAOR than the standard one. Wang et al.
used a simple one-pot approach to prepare a defect-rich
dendritic PdsoCuz,Coq; nanoalloy, which was used to design
high-performance non-Pt nanocatalysts for the ORR and FAOR.
The designed Pds9Cu3,Co4, nanoalloy exhibited SA towards the
FAOR, and ORR of 9.06 mA cm ™2 and 0.90 mA cm ™2, which were
4.04 higher in the case of the FAOR than Pd black and 16.1 and
3.76 times higher than Pt/C."** The MA towards the FAOR and
ORR was 5.32 Amgpq " and 0.38 A mgpq~ ', which were 13.6 and
3.1 times higher than Pd black and 15.2 and 3.45 times higher
than standard Pt/C. The designed nanoalloy represented more
durability towards the FAOR, as after 10 000 cycles, the standard
Pt/C catalyst showed a loss of MA by 72.7%, whereas the
designed catalyst represented zero loss. This increase in
performance was due to the presence of a defect-rich dendritic
structure. Ulas et al. designed PdAgNi/C nanocatalysts via the
NaBH, reduction approach by different atomic ratios for
DFAFCs."** The catalyst exhibited a maximum current density

developments in direct oxidation activities by surface approximately 1.92 times greater than that of Pd/C. Compared
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Fig. 4

(a) CV curves of Pd-based catalysts measured in 0.5 M H,SO,4 + 0.5 M HCOOH solution. (b) Activity comparisons at peak potentials. This

figure has been adapted/reproduced from ref. 159 with permission from Elsevier, copyright 2020.
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to Pd/C, the MA of Pd;oAg,oNi;o/C was 428.3 mA mgpq ', which
increased by 21.7 times. The insertion of Ag metal to Pd
increases the electrocatalytic activity by increasing the syner-
gistic effect between the two metals. The designed catalyst
possesses long-term stability and higher electrocatalytic activity
for an extended period. Intermetallic PtSnBi nanoplates with
adjustable compositions, comprising Pt,5Sn3,Bi,1, Pt45Sn,sBizo,
and Pt4,Sn,Bi3, were synthesized by Luo et al. to boost formic
acid electro-oxidation.'® These nanoplates significantly out-
performed binary PtSn and PtBi intermetallics while taking
advantage of the coadjuvant effects of the selected three metals.
The intermetallic Pt,;5Sn,sBi3, nanoplates were designed via
a simple wet-chemistry method, which was based on the
thermal decomposition of bismuth acetate [Bi(act);], stannous
chloride (SnCl,), and platinum acetylacetonate [Pt(acac),], in
the mixture of octadecene (ODE) and oleylamine (OAM). The
delicately constructed ordered PtSnBi nanoplates exhibited
noticeably increased activity and selectivity toward the direct
oxidation pathway due to repeated complexing-reducing-
ordering operations carried out in a single step. In particular,
atomically organized Pt,5;Sn,sBi3, nanoplates display a record-
breaking mass activity (MA) of 4394 mA mgp, !, which was 39
times higher than that of Pt/C and retained 78% of the initial
activity even after 4000 potential cycles, making it a cutting-edge
catalyst for the oxidation of formic acid.

The PdPtAu/CNT catalyst has not yet been studied, even
though several trimetallic Pd-based catalysts were employed to
evaluate their effectiveness for formic acid electrooxidation.
Ulas et al. synthesized PAPtAu/CNT nanocatalysts via the NaBH,
reduction method." X-ray diffraction (XRD) and N, adsorp-
tion—-desorption techniques were implemented to characterize
the designed catalysts. The effectiveness of the catalysts for the
FAOR was assessed by using electrochemical impedance spec-
troscopy (EIS), cyclic voltammetry (CV), linear sweep voltam-
metry (LSV), and chronoamperometry (CA) techniques. The
Pd;5PtsAu,/CNT catalyst demonstrated a current density of
36.8 mA cm * and an MA of 1909.8 mA mgps  in acidic media,
improving its utility as a promising anode catalyst for DFAFCs.
Zhang et al. fabricated nanotwin-rich PdCuW trimetallic
nanochains using a modified polyol method for formic acid
electro-oxidation, as shown in Fig. 4.'** The considerable lattice
mismatch between Pd, Cu, and the newly introduced W was
connected with the formation of nanotwin crystalline defects. It
was found that the nano twins might serve as excellent active
sites to boost the peak current density of formic acid oxidation
significantly. Additionally, the Cu- and W-tailored PdCuW
nanochains alter the electronic structure of Pd by lowering the
charge-transfer resistance with sufficient binding energy,
leading to heightened improvement in catalytic activity. The
catalyst exhibited the lowest Tafel slope of 132.2 mV dec*
compared to standard Pd/C (192.6 mV dec ™). The MA and SA of
the formed nanocatalyst were 2250 and 2750 mA mg ™', which
were the highest compared to the corresponding mono- and bi-
metallic NPs. Compared to PdCu NCs, PACuW NCs exhibited
1.3-fold higher electrochemically active surface area (EASA) and
1.8-fold higher oxidation peak current density because of
nanotwin crystalline defects on PACuw.
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Pei et al reported the development of ultra-low Au
(0.075 wt%) decorated PtNi alloy nanoparticles on carbon
(Pty0.0AU ,Nigg o/C trimetallic catalyst) for the FAOR and MOR
in an acidic medium (see Fig. 5).*** The Pt;(.9Aug ,Nigg o/C tri-
metallic alloy nano-catalyst was produced at room temperature
by the facile hydrazine hydrate reduction reaction and galvanic
replacement reaction without the addition of any surfactants.
The ECSA and MA of Pt;, ¢Au, ,Nigg o/C towards the MOR were
38.52 m* g ' and 3.44 mA mgpw. ', and the SA of the catalyst
towards the MOR was 1.21-fold higher than that of Pt/C.
Meanwhile, the ECSA, MA, and SA of Pt;,¢Au,,Niggo/C
towards the FAOR were 75.3 m> g~ ', 3.44 mA mgpwy , and 4.54
MA mgp,, = respectively. In comparison to Pty;;Nigso/C,
Au,q1Niggo/C, and standard Pt/C, the Pty oAU ,Niggo/C tri-
metallic nanocatalyst displayed improved stability, activity, and
anti-toxicity towards the FAOR and MOR.

Hu et al. reported the fabrication of Ru@Au-Pt trimetallic
core-shell nanoparticles to study the synergic effect for
enhancing formic acid electro-oxidation.'® The trimetallic
catalyst used in this study was formed via sequential ethanol
reduction. Further research based on the Williamson-Hall
method demonstrated that the shell thickness and Au/Pt atomic
ratio cause an evident variation in the CO binding energy and
microstrain of Ru@AuPt nanoparticles. In contrast, the catalytic
activity for the electrooxidation of formic acid showed a linear
dependence on the microstrain. The SA and MA of Ru@Au-Pt
catalysts were 4.14 mA cm > and 1.2 A mg ™', 17 times and 52
times higher than those of Pt/C.

Another work reported that the combined effects of both
strain and electronic effects induced by alloying lead to further
refinement of the reaction pathway, which can result in higher
catalytic activity and efficiency of PtFeNi. Upon calculation of
the lattice compressibility employing XRD and further correla-
tion with XPS binding energy shifts and DFT adsorption energy,
quantification of the relative contributions of strain (77.4%)
and electronic effects (22.65%) was revealed.'*® A PtCoZn tri-
metallic catalyst with adjustable Pt strain has been shown to
improve catalytic performance towards the ORR, which is re-
ported to be comparable to current state-of-the-art Pt-based
alloy catalyst systems. The compressive strain in Pt would
weaken the binding strength of oxygen in intermediates and
lead to an enhancement in ORR activity, which was majorly
induced by the incorporation. Similarly, doping of Co
suppresses Zn leaching and would enhance PtCoZn stability via
anchoring Zn atoms inside inner layers of the alloy particles.'®”

Ethanol oxidation reaction (EOR)

A crucial recent approach in the research field is the direct
introduction of ethanol into the fuel cell anode.*®* As ethanol is
inexpensive, renewable, easy to transport, and has a high
current density, researchers are particularly interested in
studying the ethanol electro-oxidation reaction.'®® Additionally,
it has a lower probability than methanol of crossing the anode-
to-cathode membrane. In contrast, it is less harmful than
methanol, and forming direct ethanol fuel cells (DEFCs)
represents a viable research objective.'*>° Despite these

© 2026 The Author(s). Published by the Royal Society of Chemistry
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from ref. 160 with permission from Elsevier, copyright 2020.

benefits, there are still limitations associated with the produc-
tion of DEFCs, including the lack of Pt reserves.'®® Due to
improved reaction kinetics, the ability to use a less-or-noble
metal catalyst, and a less corrosive environment, the use of an
alkaline medium instead of an acidic one has shown benefits

© 2026 The Author(s). Published by the Royal Society of Chemistry

for the overall fuel cell efficacy and cost-effectiveness.””* An inert
support material with a high surface area is typically needed to
produce the fuel cell catalyst to scatter the small metal nano-
particles and increase the reaction area. The most often
researched support materials are carbon-based, such as
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graphene, nanofibers, and Vulcan carbon.'”? Pd is mainly used
to prepare DEFCs as it is almost three times more abundant
than Pt in the Earth's crust and less poisonous. Among the
different transition metals, Ni, Sn, Ir, Au, and Cu are the
different metals that can enhance the electrocatalytic activity of
Pd towards the EOR." Even with the benefits of having two
metals in a bimetallic system, there is still plenty of room for
improvement in performance and cost-effectiveness in the case
of DEFCs for widespread utilization. Therefore, some
researchers have explained the need for a trimetallic catalyst to
increase the use of Pd towards the EOR.' It has been demon-
strated that adding Ir'”* or Ni'* as a cocatalyst to Pd/C is highly
advantageous for the EOR, as shown in Table 1.

Lv et al. designed a simple one-pot solution-phase method
for the synthesis of uniform nanostructures and monodisperse
sub-100 nm trimetallic PdAgCu mesoporous nanospheres
(MNSs) using DODAC (dioctadecyldimethylammonium chlo-
ride) as a surfactant. Furthermore, they evaluated the size
dependency of these nanostructures on the EOR.* The result-
ing Pd-based MNSs were precisely tailorable in terms of
elemental ratios and compositions (PdAgPt, PdAgCu, PdPtCu,
PdAgFe, and PdCuRu) as well as size (from 21 to 104 nm). For
instance, in the electrocatalytic EOR, trimetallic PdAAgCu MNSs
with just an average size of 36 nm showcased the best MA of
4.64 A mgpy ', which was 1.1-1.7 times higher than that of
MNSs with larger or smaller sizes and 5.9 times more than that
of a commercially available Pd black catalyst. Thus, this method
offered a simple yet effective way to assess the size effect of
trimetallic MNSs in electrocatalytic performances. Castagna
et al. fabricated a carbon-based PtCuNi electro-catalyst to study
the effect of surface composition and structure on the EOR in an
acidic medium."”® The required electrocatalysts were prepared
via a two-step reaction route, which involves the simultaneous
reduction of copper and nickel in the presence of the reducing
agent NaBH,. Pt further replaced them through partial galvanic

1102 | Nanoscale Adv, 2026, 8, 1089-1136

replacement. The electroactive surface areas of each as-
prepared electrocatalyst ranged from 93 to 117 m” g '. The
two catalysts that performed the best for the EOR were the alloy
nanomaterial with a Pt;¢ g:Cus- o : Nig 5, surface atomic ratio and
the pseudo-core-shell material with a Ptjgo:Cuyze: Nizgy
surface atomic ratio. Compared to a commercial PtRu/C cata-
lyst, these nanostructured catalysts had reduced onset poten-
tials, fourfold greater mass activities (MA), and 8-10 tenfold
higher specific activities in the case of the EOR. Almeida et al.
designed core-shell catalysts, Pd-Ni and Pd-Ni-Rh, in an
alkaline medium by successively reducing Ni, Pd, and Rh
metallic chlorides with NaBH, to study the improved catalytic
properties due to an increase in the synergic effect between
metal and core-shell catalysts Pd-Ni-Rh on the EOR.”® This
study briefly explained the increase in catalytic activity towards
the EOR by adding Ni and Rh on the Pd/C catalyst. The
Ni,o@PdeoRh,o/C catalyst exhibits current densities that were
revealed to be 9.3 times higher than those of the Pd/C catalyst,
according to chronoamperometric experiments. Even after 2000
voltammetric cycles, the loss of active area in Ni@PdRh/C
catalysts was just 17.5%, while in standard Pd/C catalysts, it
was 51.5%.

Ren et al used a straightforward one-pot solvothermal
approach in an alkaline medium to create 3D star-shaped
PdPtNi nanostructures (NSs) with spiky surfaces to enhance
the catalytic activity for the EOR (see Fig. 6)."”” The surfactant
PF-127 significantly influenced the NSs' morphology in this
reaction system. The PdPtNi NSs for the EOR exhibited a peak
mass activity (MA) and current density of 1195.81 mA mg™ " and
206.93 mA cm >, respectively. These values were much more
significant than those of Pt black catalysts and binary NPs.

Song et al. fabricated PACu-SnO, nanowires and PdCu alloy
nanowires in an alkaline medium via the galvanic replacement
synthesis method to study their enhanced effect on the EOR
compared to the standard Pd/C catalysts.”® The designed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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PdCu-SnO, nanowire catalysts displayed an MA of 7770.0 mA
mg~ " and an ESCA-normalized activity of 27.21 mA cm ™2, which
were 7.6- and 5.8-times higher than those of Pd/C catalysts
towards the EOR. This was due to their one-dimensional
structure, advanced PdCu/SnO, interface, electronic effect,
and rough surfaces with non-homogeneous edges. The
electrochemical experiments showcased that SnO, was added to
the PdCu/SnO, interface, thereby promoting ethanol oxidation
at a lower potential and accelerating Pd-CO,q4s (adsorption)
oxidation via SnO,-OH,q, to restore the active sites. Yang et al.
explained the synthesis of trimetallic SDS-modified Pt/Ti;C,T,
nanocatalysts by two-step reaction procedures for evaluating
EOR activity."” First, the TizC,T, nanocatalyst was prepared
using an etching method; furthermore, a solution of Pt was
added to form Pt/Ti;C,T,. In the second step, SDS acts as
a surfactant, which was added to the mixture to limit the
formation of aggregation of Pt nanoparticles. The electro-
chemical properties of SDS-modified nanocatalysts were evalu-
ated both in acidic and essential mediums. The ECSA of 100-
SDS-Ti;C,T,/Pt was 9.02 m> g . This is explained by the
increased number of active sites for electrochemical reactions
caused by the more excellent dispersion of catalyst NPs on the
surface of Tiz;C,T, with more SDS surfactants. Liu et al
explained the synthesis of PtTiMg alloy nanoparticles via
a facile one-pot, three-target magnetron co-sputtering tech-
nique.® The PtTiMg-30 nanofilms were uniformly deposited at
room temperature on Toray carbon paper (TCP) substrates,
forming a thin film of PtTiMg-30 alloy. The ECSA of the formed
catalyst was 239.5 m> g~ !, which was around 3.5 times better
than that of Pt/C (67.5 m> g ). The structure showed improved
stability and durability in acidic media and retained 91% of its
properties after 3000 cycles. The distinctive structure of the
PtTiMg-30 alloy was responsible for better electrochemical
performance than commercially available pure Pt.

Methanol oxidation reaction (MOR)

DMFCs are incredibly promising power sources for portable
electronic devices and electric vehicles because they can be
conveniently acquired, offer convenient fuel storage, and
produce minor environmental damage.'® Pt is typically regar-
ded as the most effective MOR catalyst.'®* However, platinum's
widespread use is restricted due to its high price and ease of
poisoning. As a result of the generation of intermediates amidst
the oxidation reaction of methanol, Pt catalysts lose catalytic
activity and stability.*® Pt is alloyed with less expensive metals,
including Cu, Co, Zn, Ni, and Fe, to create PtM alloys for
addressing the abovementioned limitations."** Due to potential
synergistic effects in Pt-based alloy nanostructures, PtM alloys
not only improve the MOR activity and stability but also reduce
the use of precious metals.”® One of the best methods is to
design bimetallic or trimetallic Pt-based alloy nanocatalysts by
doping with other noble and transition metals. These results in
the formation of Pt-Rh,*** Pt-Co,'®® Pt-Ir,*®” Pt-Pd,*®® Pt-V,'*° Pt—
Fe,”® Pt-Ni,"* Pt-Ru-Fe'” and Pt-Pd-Co'*® systems demon-
strating excellent electrochemical properties towards the MOR.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Li et al. presented an effective technique for the direct
synthesis of tri-metallic PtPdAu mesoporous nanoparticles
(PtPdAu MNs) for the MOR and ORR, which was achieved by
simply heating the reaction mixture's aqueous solution to 40 °C
for 4 hours.”* The PtPdAu MNs were synthesized using AA as
a reducing agent and F127 as a surfactant. According to calcu-
lations, the ECSA of PtPdAu MNs towards the MOR was 55.2 m>
¢~', which was higher than that of PtPd MNs (38.8 m” ¢~ ') and
the Pt/C (53.8 m> g ') catalyst, respectively. PtPdAu MNs
exhibited a peak current density of 1.29 mA cm™ 2, which was
approximately 2.22 and 1.43 times greater than that of the Pt/C
catalyst (0.58 mA cm ™ ?) and PtPd MNs (0.90 mA cm™ %) towards
the MOR. The designed trimetallic PtPdAu MNs had an MA of
1.01 mA gp ', which was higher than that of the Pt/C catalyst
(0.42 mA gp, ') and PtPd MNs (0.40 mA gp, ) for the MOR. The
MOR performance of the designed trimetallic PtPdAu MNs was
also better than that of a few published Pt-based trimetallic
catalysts, such as Au@PtPd mesoporous spheres (0.415 mA
ugpe ), mesoporous PtPdRu (0.249 gp,'),**® and nanoporous
PtPdCu structures (0.43 mA gp, ')."” It also represents the
enhanced ORR performance with a Tafel slope of 66.8 mV
dec™", which was near to that of Pt/C (66.9 mV dec ') and also
possessed the greatest E,nsec as compared to corresponding
bimetallic and Pt/C. The enhanced properties were due to the
combination of mesoporous nanoparticles and TMNPs. Luo
et al. designed CoAuPd nanocatalysts using a classical succes-
sive reduction method using NaBH, as a reductant and P123 as
a protectant for the MOR and ORR.' The catalyst showed
enhanced MOR properties during dealloying and ORR proper-
ties after dealloying. The obtained results demonstrate the
existence of two different super three-dimensional (3D) struc-
tures in the trimetallic CoAuPd nanocatalysts: unique nano-
cluster structures and nano-thornbushes. The improved
electrocatalytic activity of the designed nanocatalyst was
attributed to the electrochemical dealloying process, which was
responsible for increased active reaction sites, catalytic activity,
and ECSA in the MOR and ORR. The CoAuPd nanocatalysts
exhibited a specific activity (SA) that was 3.63 times and 2.37
times higher and an MA that was 3.78 times higher and 2.86
times higher than those of commercial Pd black and Pd/C
catalysts for the MOR. In contrast, in the case of the ORR, the
dealloyed CoAuPd nanocatalysts had SAs that were respectively
1.506 and 1.180 times greater than those of commercial Pd
black and Pd/C catalysts and MAs that were 1.304 and 1.229
times higher than those of commercial Pd black and Pd/C
catalysts, respectively.

Liu et al. fabricated trimetallic Pt-based (PtAuCu) alloy
nanowires via solvothermal synthesis to determine the
enhanced electrocatalytic activity towards the MOR due to the
synergic effect of different metals.'*® Introducing Cu metal
significantly lowered the utilization of the expensive and
poisonous Pt metal. Additionally, the dealloying process that
results in the dissolution of Cu atoms from the PtAuCu surface
during the MOR process generates additional Pt active sites for
the MOR, thereby increasing the electrochemical activity. The
MA, SA, and ECSA of the Pts5oAu;0Cuy, alloy catalyst were found
to be 0.9281 A mgp, ', 0.8786 mA cm 2, and 105.62 m> gp "

)
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which were around 4.34, 2.9, and 1.4 times higher than those of
commercial Pt/C catalysts, respectively. Moreover, compared to
the other catalysts, it showcased higher stability and durability
after 10 000 seconds for the MOR. Xu et al. fabricated trimetallic
PtPdCo mesoporous nanopolyhedra with a hollow cavity by
a two-step strategy."* The first step involved directly fabricating
Pd@PtPdCo core-shell mesoporous nanopolyhedra
(Pd@PtPdCo MNPs) via a straightforward chemical reductive
procedure. The second stage involved selectively etching the Pd
cores of PA@PtPdCo MNPs in acidic media to create PtPdCo
MHNPs. Compared to PA@PtPtCo MNPs and standard Pt/C
catalysts, the PtPdCo MHNPs exhibit improved electrocatalytic
activity and durability for the MOR. The increased SA, MA, and
ECSA were 1.71 mA cm ™ 2,0.91 Amg ', and 53.2 m* g ', higher
than those of standard Pt/C. Chen et al. fabricated trimetallic
nanocatalysts (NiPtPd-HNCs) by introducing Ni elements into
PtPd hollow nanocrystals (HNCs) with high activity and supe-
rior CO tolerance for the MOR."™ The designed trimetallic
NiPtPd-HNCs exhibited excellent MA and SA of 3.95 A mgpqipc -
and 10.68 mA cm ™2, respectively, which were 4.2 and 4.5 times
greater than those of standard Pt/C. Notably, trimetallic
NiPtPd-HNCs were revealed to have better CO tolerance than
their bimetallic counterparts, as demonstrated by CO-stripping
tests and rigorous 3000 s chronoamperometry tests in a CO-
saturated medium.

The high efficiency of Pt-based alloy nanoporous structures
toward alcohol oxidation reactions has received a lot of interest.
In particular, Pt alloying with earth metals can reduce the cost
of the catalyst. Therefore, Lan et al presented a one-pot
hydrothermal method for producing porous bimetallic PtCu
and trimetallic Ni-doped PtCu nanoalloys by using a small
amount of Ni dopants to increase the stability and activity of
PtNiCu alloys towards the MOR."* The Ni-doped PtoNizCus;,
nanoalloys exhibited the best electrochemical properties for the
MOR in an acidic medium. For methanol oxidation in 0.2 M
methanol solution, the MA of the synthesized PtsNizCus;
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nanoalloys was 5.3 and 3.6 times higher than that of commer-
cial Pt black and Pts5Cuys bimetallic nanoalloys, respectively.
Additionally, the stability of the PtsNi;Cuz; nanoalloys was
significantly higher than that of Pt;sCuys nanoalloys and stan-
dard Pt black. Moreover, the residual values of the Pty NizCujs-,
nanoalloys after a 3600 s chronoamperometry test were 11.0
times and 3.7 times higher than those of standard Pt/C and
Pt55Cuys nanoalloys, respectively. Peng et 