
Nanoscale
Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 3
:1

7:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Electrocatalytic a
aDepartment of Chemistry, Chandigarh Uni

E-mail: manvinder.2k50@gmail.com
bDepartment of Chemistry, CHRIST Univers

E-mail: rijo.rajeev@res.christuniversity.in; a
cChitkara University Institute of Engineerin

Rajpura 140401, Punjab, India

† Equally contributed to the manuscript.

Cite this: Nanoscale Adv., 2026, 8,
1089

Received 1st October 2025
Accepted 16th December 2025

DOI: 10.1039/d5na00936g

rsc.li/nanoscale-advances

© 2026 The Author(s). Published by
dvancements with trimetallic
nanoparticles: design strategies and roadmap

Sonali Garg, †a Aafreen Nakai,†b Rijo Rajeev,*b Anitha Varghese *b

and Manvinder Kaur*ac

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

future opportunities for designing sustainable, application-oriented TMNPs. By linking fundamental

structure–property relationships with electrochemical performance, this review contributes a unified

framework for fabricating next-generation TMNPs towards energy conversion, catalysis, and advanced

sensing applications.
Introduction

Trimetallic nanoparticles (TMNPs) have garnered widespread
attention recently, given their notable applications in various
elds such as cancer therapy/diagnosis, bioimaging, and
catalysis.1 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.2

TMNP catalysis is highly benecial in several aspects, such as
decreasing the concentration of carcinogenic chemical
compounds formerly used in industrial and chemical
compounds by a hey percentage with minimal contact time.3

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.4 In various biomedical, antimi-
crobial, catalytic, active food packaging, and sensing applica-
tions, TMNPs have displayed improved catalytic selectivity/
activity and efficiency.5 In addition, three metals pave the way
for various topologies and morphologies, including multishell,
mixed structures, segregated subclusters, and core–shell
architectures.6 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-
lytic performance.6 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.7 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 uses different physical and chemical
processes for breaking bulk materials into small particles.8 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
Nanoscale Adv., 2026, 8, 1089–1136 | 1089
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Fig. 1 (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 theWeb of Science database). (b) A bar graph representing the number of articles published in journals involving TMNPs in the previous
five years.
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yield.8 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.9 However,
using several dangerous chemicals responsible for cytotoxicity,
genotoxicity, and carcinogenicity makes chemical procedures
environmentally hazardous.10 Due to toxicity, instability, and
low biocompatibility, chemical techniques have been con-
strained to manufacture nanoparticles for biomedical applica-
tions.11 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.12

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.13 Cheng and co-
workers reported how chemical etching works as a post-
synthetic technique to enhance photocatalytic activity.14

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.15 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.16 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 unied roadmap of structure–property
relationship with catalytic functions. Hence, this review puts
forth a streamlined discussion, rstly, 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
1090 | Nanoscale Adv., 2026, 8, 1089–1136
electrocatalysis for water splitting using the logical operation
“AND” in theWeb 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.17 Compared to monometallic nanoparticles, TMNPs have
higher catalytic activity, more selective detection and sensitivity,
increased antibacterial activity, excellent stability, various
morphologies, and chemical transformation.18 These properties
are attributed to the synergistic doping of bimetallic and
TMNPs in metals, which change their catalytic characteristics.19

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.20 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.21 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.22 The nature and selectivity of
catalysis have been improved by adding another metal to
bimetallic nanoparticles.23 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.24 By forming a hollow-like
shape, the two phases of TMNPs will boost their stability and
dye-decolorizing catalytic activity.25 Simultaneous and sequen-
tial metal reductions are helpful for synthesizing TMNP core–
shell/hollow-like structures throughout the synthesis process.26

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.25,27 Many TMNPs, including Ag/Au/
Pd,25 Au/Ag/Cu,28 and Pt/Ru/Co,29 have been chemically
synthesized. In fuel cells, Pt@Fe@Ni trimetallic nanocatalysts
increase oxygen reduction reaction (OER) activity compared to
the Pt electrode catalyst.30 TMNPs such as Pt@Pd@Bi nano-
wires, Al2O3@Ag/Au core–shell structures, and Cu@Ni@Pt
dendrites have been utilized to reduce 4-nitrophenol.31 Simi-
larly, Zhang et al. discovered TMNPs of Au–Pt–Pd with signi-
cantly increased catalytic activity for glucose oxidation
compared to monometallic and bimetallic nanoparticles.32

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.33 Wang et al. synthe-
sized trimetallic Ni@Au@Pd nanoparticles that showed excel-
lent performance in the dehydrogenation of formic acid.34

Additionally, Tayal et al. found that the Ir@Pt@Sn electro-
catalyst showed more excellent activity for ethanol oxidation
than the comparable bimetallic nanoparticles.35 Similarly,
Fe@Ag@Pd trimetallic nanocatalysts for formic acid degrada-
tion retained their catalytic properties six consecutive cycles.36
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.37 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.38 Core–shell-shaped catalysts are employed
in catalytic applications, and they contain only trace quantities
of platinum and palladium.39 There are numerousmethods now
being utilized to make Pt catalysts for proton exchange
membrane fuel cells (PEMFCs) and direct methanol fuel cells
(DMFCs), including colloidal,40 micro emulsion,41 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.42

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 H2 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.43 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.44 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
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.45 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.46 Active sites can be found in nickel metal particles,
accelerating carbon deposition on material surfaces.47 Nickel
catalysts are less expensive than rhodium or palladium cata-
lysts, which is advantageous for signicant 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 specic
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.48

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 swily solved by devel-
oping novel techniques to synthesize Cu-based TMNPs.49 Cu-
based TMNPs were synthesized using a metal displacement
plating method.4,50 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.51,52 Compared to other TMNPs, Cu-based
TMNPs unprecedentedly display superior selectivity towards
hydrogen, excellent electrical and magnetic properties, and are
economical for industrial applications.49
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.53 The synthesis method involves top-down
and bottom-up approaches; physical methods come under the
top-down approach.54 This technique uses physical forces to
break apart large materials into smaller molecules and
Nanoscale Adv., 2026, 8, 1089–1136 | 1091
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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.55 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. 2.55 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.56 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 eld.57 Using a high-rate vacuum coating
process, magnetron sputtering includes sputtering in
a magnetic eld in which one or more materials are coated on
the surface of another material, such as ceramics or metal.58

This process can produce materials with a high degree of purity;
however, controlling the shape of the nanoparticles consumes
an excessive amount of energy.59 Liu et al. explained the
synthesis of PtTiMg alloy nanoparticles via a facile one-pot,
three-target magnetron co-sputtering technique. The PtTiMg-
30 nanolms were uniformly deposited at room temperature
on Toray carbon paper (TCP) substrates, forming a thin lm of
PtTiMg-30 alloy.60 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.61 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.62This 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.59 Gao et al. designed a facile, low-
cost, stable, and highly active nanocatalyst Pt2Fe3Ni3/C for
enhancing ORR performance in PEMFCs by the two-step reaction.
The rst 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.63 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
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.64

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.65 Elayappan et al.
worked on the ultrasonication-dry synthesis of gold (Au) NP-
supported copper ferrite (CF) on rGO(Au-CF@rGO). A modi-
ed Au-CF@rGO/GC electrode was also created to conduct the
electrochemical analysis to detect dopamine in banana milk
samples.66 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.67 Basavegowda et al. synthesized FeAgPt alloy NPs
via ultra-sonication techniques extracted from the roots of
Platycodon grandiorum. The NPs exhibited high catalytic action
to reduce 4-nitroaniline to p-phenylenediamine.68 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 (g) rays reduce metal ions in soluble precursors to
producemetal 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 signicant dose governs the formation of mixed alloy
nanoparticles.69 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.62

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
Nanoscale Adv., 2026, 8, 1089–1136 | 1093
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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,70 seed growth,71 hydrothermal,72

solvothermal,73 co-decomposition,74 photo-deposition,75 micro-
waves,76 microemulsions,77 ultrasonic irradiation,78 co-reduc-
tion,79 coprecipitations,80 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.77 Moreover, a signicant issue in chemical
synthesis is the purication of the produced nanomaterial from
the reaction mixture of the reagents and organic solvents.78

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.79 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.80 The
MW technique is helpful in the synthesis of quality nano-
materials by reducing toxic organic solvents, side reactions, and
chemicals with dened reaction parameters81–85 Bi2O3–SrO–
FeO@SiO2 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.86 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.87

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,
1094 | Nanoscale Adv., 2026, 8, 1089–1136
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 mgNi

−1, which was 4.2
and 9.8 times better than that of Ni/rGO and Ni/C, respectively.88

Safdar et al. synthesized star-shaped CuMnCoO4 via a hydro-
thermal approach, resulting in a promising energy storage
device candidate. The CuMnCoO4 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−1 at 1 A g−1) and excellent
cycling stability as compared to mono- and di-metallic oxides.89

Wang and co-workers synthesized hierarchical PtCoIr TMNPs
via a solvothermal method that was used for the detection of
septicemia biomarkers in human serum.90 Li and co-workers
designed trimetallic Ni–Co–Mn uoride supercapacitors
synthesized by a solvothermal approach.1 These SCs resulted in
the formation of high-performance aqueous electrochemical
energy storage systems.91

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, suldes, 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, aer which the growth
phase begins. Depending on the desired crystal size, different
bases, such as NaOH, KOH or (C2H5)4NOH, 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 MnFe2O4-based ternary oxide
on rGO via a simple hydrothermal technique aer co-
precipitation, which showed outstanding ORR activity
compared to commercial Pt/C.92

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 rst 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.58 Ravichandran et al. fabri-
cated trimetallic ordered mesoporous nanostructures (OMNs)
using KIT-6 as a surfactant via the chemical reduction method
by using NaBH4 as a reducing agent for enhancing MOR
performance.93 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.94 Elsheikh et al.
synthesized trimetallic PdAgNi NPs on a carbon support via
a co-reduction technique using borohydride as a reducing
agent.95 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.96 Using the seed growth technique, well-
dened multi-metallic nanostructures of 1D and 2D have
been created.97 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.98 PdCuIr 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.99

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.100,101 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 HAuCl4 or H2PtCl6. 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
the variations in reduction potentials.102 Another reported work
illustrates the formation of trimetallic Pt–Pd–Co/rGO/GCE via
GRR for the oxidation of EG.103–105 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.100 Various TMNPs have been
prepared using this approach.101 Co3O4$CdO$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 mA
mM−1 cm−2 in just 11 s.106 Gonçalves 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 electrodematerial for sensor applications, OER, and hybrid
supercapacitors. The NiVCe-LDH NPs had shown promise as
a material for hybrid energy storage electrodes, delivering
a specic charge of 740C g−1 at 10 A g−1 and charge storage of
68.7% at 100 A g−1.107 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 aremany 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
Nanoscale Adv., 2026, 8, 1089–1136 | 1095
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of the surfactant. The metal nanoparticles are formed inside
droplets that can bemodied 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
a vital problem.108 Theworld 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 caloric value and does not leave any harmful side
products on heating.109Hydrogen gas is considered a perfect source
of clean energy for the future due to its high energy density and
pollution-free benets.110 Themost efficient ways to limit fossil fuel
use on a large scale are fuel cell oxidations, water electrolysis103

(refer Table 1), or supercapacitors111 (see Fig. 3).

Fuel cell-based applications

A fuel cell is one of the eco-sustainable technologies that can
replace fossil energy resources.137 Because of their high energy
density, low environmental impact, and high efficiency, fuel
cells have received much attention from the engineering and
scientic communities.138 Fuel cells generate electricity through
the electro-oxidation of hydrogen or tiny molecules such as
formic acid, methanol, ethanol, and EG.138–140 To improve fuel
cell performance, recent investigations on the hydrogen-fueled
proton exchange membrane fuel cell (H2-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.111 However, the expensive and low-
efficient catalyst is a substantial obstacle to the broad
commercial use of fuel cells.141

Direct alcohol fuel cells

The most popular active components in the research of DAFC
anode catalysts are Pt or Pt-based materials,142 which are
severely restricted by low reserves and poor toxicity resis-
tance.143 A recent study observed that the electro-catalytic
activity of Pd and Pd-based materials is similar to that of Pt,
which has around 50 times more reserves than Pt on Earth.144

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-
hols145 as explained by bi-metallic Pt–Pd145 and Pd–Sn
systems,146 as well as tri-metallic Pd–Au–Ag,147 Pd–Ru–Bi,148 Pt–
Pd–Co,149 and Pd–Ni–Au systems.150
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Different electrocatalytic applications for TMNPs.
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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).151 As a result, developing an electro-
catalyst with high activity for the electro-oxidation of formic
acid is essential. DFAFCs are, therefore, very promising.148 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 rst pathway.152 Recently, several
nanocatalysts have been designed to improve the direct oxida-
tion pathway, including modied Pt nanocrystals and Pd-based
alloys.153 Mainly, Pt-based nanocrystals have made remarkable
developments in direct oxidation activities by surface
Fig. 4 (a) CV curves of Pd-based catalysts measured in 0.5 M H2SO4 + 0
figure has been adapted/reproduced from ref. 159 with permission from

© 2026 The Author(s). Published by the Royal Society of Chemistry
modication and shape engineering.154,155 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.156 Due to these reasons, investigating
highly effective electrocatalysts with excellent electrocatalytic
activity and endurance has become a signicant 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,157

Ag,158 Cu,159 and Ru.160 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.67 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
cm−2 and 1044.1 mAmg−1, 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 m2 g−1 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 Pd59Cu30Co11 nanoalloy, which was used to design
high-performance non-Pt nanocatalysts for the ORR and FAOR.
The designed Pd59Cu30Co11 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.150 The MA towards the FAOR and
ORR was 5.32 A mgPd

−1 and 0.38 A mgPd
−1, 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 aer 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
NaBH4 reduction approach by different atomic ratios for
DFAFCs.161 The catalyst exhibited a maximum current density
approximately 1.92 times greater than that of Pd/C. Compared
.5 M HCOOH solution. (b) Activity comparisons at peak potentials. This
Elsevier, copyright 2020.
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to Pd/C, the MA of Pd70Ag20Ni10/C was 428.3 mA mgPd
−1, 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 Pt45Sn34Bi21, Pt45Sn25Bi30,
and Pt47Sn16Bi37, were synthesized by Luo et al. to boost formic
acid electro-oxidation.162 These nanoplates signicantly out-
performed binary PtSn and PtBi intermetallics while taking
advantage of the coadjuvant effects of the selected three metals.
The intermetallic Pt45Sn25Bi30 nanoplates were designed via
a simple wet-chemistry method, which was based on the
thermal decomposition of bismuth acetate [Bi(act)3], stannous
chloride (SnCl2), and platinum acetylacetonate [Pt(acac)2], 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 Pt45Sn25Bi30 nanoplates display a record-
breaking mass activity (MA) of 4394 mA mgPt

−1, which was 39
times higher than that of Pt/C and retained 78% of the initial
activity even aer 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 PdPtAu/CNT nanocatalysts via the NaBH4

reduction method.157 X-ray diffraction (XRD) and N2 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
Pd75Pt5Au20/CNT catalyst demonstrated a current density of
36.8 mA cm−2 and an MA of 1909.8 mA mgPd

−1 in acidic media,
improving its utility as a promising anode catalyst for DFAFCs.
Zhang et al. fabricated nanotwin-rich PdCuW trimetallic
nanochains using a modied polyol method for formic acid
electro-oxidation, as shown in Fig. 4.163 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
signicantly. 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−1

compared to standard Pd/C (192.6 mV dec−1). The MA and SA of
the formed nanocatalyst were 2250 and 2750 mA mg−1, which
were the highest compared to the corresponding mono- and bi-
metallic NPs. Compared to PdCu NCs, PdCuW 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 PdCuW.
1100 | Nanoscale Adv., 2026, 8, 1089–1136
Pei et al. reported the development of ultra-low Au
(0.075 wt%) decorated PtNi alloy nanoparticles on carbon
(Pt10.9Au0.2Ni88.9/C trimetallic catalyst) for the FAOR and MOR
in an acidic medium (see Fig. 5).164 The Pt10.9Au0.2Ni88.9/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 Pt10.9Au0.2Ni88.9/C towards the MOR were
38.52 m2 g−1 and 3.44 mA mgPtAu

−1, 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 Pt10.9Au0.2Ni88.9/C
towards the FAOR were 75.3 m2 g−1, 3.44 mAmgPtAu

−1, and 4.54
mA mgPtAu

−1 respectively. In comparison to Pt11.1Ni88.9/C,
Au11.1Ni88.9/C, and standard Pt/C, the Pt10.9Au0.2Ni88.9/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.165 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−2 and 1.2 A mg−1, 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
renement 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 shis and DFT adsorption energy,
quantication of the relative contributions of strain (77.4%)
and electronic effects (22.65%) was revealed.166 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.167
Ethanol oxidation reaction (EOR)

A crucial recent approach in the research eld is the direct
introduction of ethanol into the fuel cell anode.162 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.168 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.169,170 Despite these
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The systematic route for the synthesis of PtAuNi/C–Pt10.9Au0.2Ni88.9/C; (b) MA and SA towards the MOR; (c) chronoamperometry at
0.75 V for the MOR; (d) MA and SA towards the FAOR; (e) chronoamperometry at 0.75 V for the FAOR. This figure has been adapted/reproduced
from ref. 160 with permission from Elsevier, copyright 2020.
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benets, there are still limitations associated with the produc-
tion of DEFCs, including the lack of Pt reserves.165 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 benets
© 2026 The Author(s). Published by the Royal Society of Chemistry
for the overall fuel cell efficacy and cost-effectiveness.171 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 oen
researched support materials are carbon-based, such as
Nanoscale Adv., 2026, 8, 1089–1136 | 1101
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Fig. 6 (a) Synthesis procedure for star-like PdPtNi NSs; (b) histograms of MA for the EOR in an alkaline solution for different PdPtNi NSs; (c)
histograms of ECSA values for different PdPtNi NSs. This figure has been adapted/reproduced from ref. 173 with permission from Elsevier,
copyright 2020.
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graphene, nanobers, and Vulcan carbon.172 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.173 Even with the benets 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.161 It has been demon-
strated that adding Ir174 or Ni169 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.112 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 PdAgCu MNSs
with just an average size of 36 nm showcased the best MA of
4.64 A mgPd

−1, 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.175 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 NaBH4. 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 m2 g−1. The
two catalysts that performed the best for the EOR were the alloy
nanomaterial with a Pt36.8:Cu57.0 : Ni6.2 surface atomic ratio and
the pseudo-core–shell material with a Pt18.0 : Cu43.6 : Ni38.4
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 specic 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 NaBH4 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.176 This
study briey explained the increase in catalytic activity towards
the EOR by adding Ni and Rh on the Pd/C catalyst. The
Ni20@Pd60Rh20/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 aer 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).177 The surfactant
PF-127 signicantly inuenced 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−1 and
206.93 mA cm−2, respectively. These values were much more
signicant than those of Pt black catalysts and binary NPs.

Song et al. fabricated PdCu–SnO2 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.178 The designed
© 2026 The Author(s). Published by the Royal Society of Chemistry
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PdCu–SnO2 nanowire catalysts displayed an MA of 7770.0 mA
mg−1 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/SnO2 interface, electronic effect,
and rough surfaces with non-homogeneous edges. The
electrochemical experiments showcased that SnO2 was added to
the PdCu/SnO2 interface, thereby promoting ethanol oxidation
at a lower potential and accelerating Pd–COads (adsorption)
oxidation via SnO2–OHads to restore the active sites. Yang et al.
explained the synthesis of trimetallic SDS-modied Pt/Ti3C2Tx

nanocatalysts by two-step reaction procedures for evaluating
EOR activity.179 First, the Ti3C2Tx nanocatalyst was prepared
using an etching method; furthermore, a solution of Pt was
added to form Pt/Ti3C2Tx. 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-modied nanocatalysts were evalu-
ated both in acidic and essential mediums. The ECSA of 100-
SDS-Ti3C2Tx/Pt was 9.02 m2 g−1. 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 Ti3C2Tx 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.60 The PtTiMg-30 nanolms were uniformly deposited at
room temperature on Toray carbon paper (TCP) substrates,
forming a thin lm of PtTiMg-30 alloy. The ECSA of the formed
catalyst was 239.5 m2 g−1, which was around 3.5 times better
than that of Pt/C (67.5 m2 g−1). The structure showed improved
stability and durability in acidic media and retained 91% of its
properties aer 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.180 Pt is typically regar-
ded as the most effective MOR catalyst.181 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.182 Pt is alloyed with less expensive metals,
including Cu, Co, Zn, Ni, and Fe, to create PtM alloys for
addressing the abovementioned limitations.183 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.184 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,185 Pt–Co,186 Pt–Ir,187 Pt–Pd,188 Pt–V,189 Pt–
Fe,190 Pt–Ni,191 Pt–Ru–Fe192 and Pt–Pd–Co193 systems demon-
strating excellent electrochemical properties towards the MOR.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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.194 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 m2

g−1, which was higher than that of PtPd MNs (38.8 m2 g−1) and
the Pt/C (53.8 m2 g−1) 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−2) and PtPd MNs (0.90 mA cm−2) towards
the MOR. The designed trimetallic PtPdAu MNs had an MA of
1.01 mA gPt

−1, which was higher than that of the Pt/C catalyst
(0.42 mA gPt

−1) and PtPd MNs (0.40 mA gPt
−1) 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
mgPt

−1),195 mesoporous PtPdRu (0.249 gPt
−1),196 and nanoporous

PtPdCu structures (0.43 mA gPt
−1).197 It also represents the

enhanced ORR performance with a Tafel slope of 66.8 mV
dec−1, which was near to that of Pt/C (66.9 mV dec−1) and also
possessed the greatest Eonset 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 NaBH4 as a reductant and P123 as
a protectant for the MOR and ORR.198 The catalyst showed
enhanced MOR properties during dealloying and ORR proper-
ties aer 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 specic 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.113 Introducing Cu metal
signicantly 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 Pt50Au10Cu40 alloy catalyst were found
to be 0.9281 A mgPt

−1, 0.8786 mA cm−2, and 105.62 m2 gPt
−1

,

Nanoscale Adv., 2026, 8, 1089–1136 | 1103

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00936g


Fig. 7 (a) Synthesis of NiPtAu-SR and NiPtAu-SP HNCs; (b) summary of SA andMA of comparable NPs. This figure has been adapted/reproduced
from ref. 201 with permission from Springer, copyright 2021.
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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
aer 10 000 seconds for the MOR. Xu et al. fabricated trimetallic
PtPdCo mesoporous nanopolyhedra with a hollow cavity by
a two-step strategy.193 The rst 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 Pd@PtPdCo MNPs in acidic media to create PtPdCo
MHNPs. Compared to Pd@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 A mg−1, and 53.2 m2 g−1, 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.114 The designed trimetallic
NiPtPd–HNCs exhibited excellent MA and SA of 3.95 AmgPd+Pt

−1

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.115 The Ni-doped Pt60Ni3Cu37
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 Pt60Ni3Cu37
1104 | Nanoscale Adv., 2026, 8, 1089–1136
nanoalloys was 5.3 and 3.6 times higher than that of commer-
cial Pt black and Pt55Cu45 bimetallic nanoalloys, respectively.
Additionally, the stability of the Pt60Ni3Cu37 nanoalloys was
signicantly higher than that of Pt55Cu45 nanoalloys and stan-
dard Pt black. Moreover, the residual values of the Pt60Ni3Cu37
nanoalloys aer a 3600 s chronoamperometry test were 11.0
times and 3.7 times higher than those of standard Pt/C and
Pt55Cu45 nanoalloys, respectively. Peng et al. used a facile two-
step co-reduction approach for the synthesis of trimetallic
PtPdCr nanoparticles with minimal platinum loading (5 wt%)
supported on Vulcan carbon (PtPdCr/C), which showed
improved methanol oxidation activity in an acidic medium.94

The improved MA and ECSA of the designed nanocatalyst were
969 mAmgPt

−1 and 55 m2 gPt
−1, respectively, while those of Pt/C

were 581 mA mgPt
−1 and 55 m2 gPt

−1. The developed catalyst
displayed higher durability and catalytic activity for the MOR
than standard Pt/C. Nie et al. fabricated a trimetallic AuPdPt
nanocomposite enriched with tungsten carbide (WC) to boost
the performance of the MOR compared to commercially avail-
able Pt/C.199 The desired trimetallic AuPdPt@WC/C was
prepared via a two-step reaction that involved intermittent
microwave heating (IMH) and direct chemical reduction. The
trimetallic nanostructures were evenly spread on WC, as
conrmed by SEM, TEM, and EDX. Furthermore, the electro-
catalytic performance was evaluated by CV and chro-
nopotentiometry in an alkaline medium. The SA of
AuPdPt@WC/C was 1350 mA cm−2, which was around 44.3%
more than that of Pt/C (752 mA cm−2). The outcomes showed
that WC-enhanced trimetallic AuPdPt nanocomposites exhibi-
ted better MOR performance and stability than standard Pt/C
catalysts. Yin et al. designed PtRuCu nano frames (NSc) using
BF4NO as an etching reaction to precisely etch Cu out of PtRuCu
NPs.200 The generated PtRuCu NFs' catalytic performance was
examined inmethanol and an acidic electrolyte. The ECSA of Pt/
C was 51.91 m2 g−1, much higher than that of the designed
catalyst, which was 27.39 m2 g−1. The lower ECSA of PtRuCu
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Schematic illustration of the formation of Ag@PtRhAg NCs; (b) histograms of SA and MA of Ag@PtRhAg NCs, Ag@PtAg NPs, and Pt/C;
(c) histograms of MA before and after 1000 cycles of Ag@PtRhAg NCs, Ag@PtAg NPs, and Pt/C. This figure has been adapted/reproduced from
ref. 202 with permission from American Chemical Society, copyright 2021.
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NFs was due to the largest size of Pt as compared to Pt/C. The SA
and MA of PtRuCu NFs were 2.17 mA cm−2 and 990 mA mgPt

−1,
while those of Pt/C were 0.63 mA cm−2 and 320 mA mgPt

−1; the
increased SA and MA were due to the increase in the synergetic
effect between the elements. Compared to standard Pt/C and
the comparable NFs made using the universal acetic acid
etching approach, the results demonstrated that PtRuCu NFs
had improved catalytic activity and stability in the MOR. The
designed trimetallic PtRuCu NFs/C possessed superior dura-
bility with only 21% decay for MOR catalytic activity aer 800 CV
cycles.

Liu et al. fabricated two trimetallic NiPtAu-SRAu HNCs with
different surface exposure percentages of Au using a simple
synthesis method to improve the electrocatalytic performance
and anti-CO poisoning capability for the MOR, as shown in
Fig. 7.201 Compared to other HNCs, the trimetallic NiPtAu-SRAu

HNCs have high catalytic performance and CO tolerance. NiP-
tAu–HNCs exhibited a MOR-specic activity of 31.52 mA cm−2,
which was seven times greater than that of Pt/C (4.50 mA cm−2),
while the MA was 1184 mA mgPt

−1, which was 1.58 times higher
than that of Pt/C.

Wang et al. designed Ag nanocubes (NCs) surrounded by
PtRh nanoparticles using a simple one-pot solvothermal
reduction approach to function as a trimetallic Ag@PtRhAg NC
core–shell catalyst for the MOR (see Fig. 8).202 Notably, the
presence of N,N-dimethylacetamide causes the NC core–shell
catalyst to function more favorably towards the MOR. The
development of the cubic shape was, in turn, regulated by the
bromide ions produced by cetyltrimethylammonium bromide.
The SA, MA, and ECSA of Ag@PtRhAg NCs were found to be
3.78, 4.22, and 1.17 times higher than those of standard Pt/C,
respectively, because of the pleated exterior offering more
active sites and the synergistic impact between Pt, Rh, and Ag.
Due to the higher CO tolerance, Ag@PtRhAg NCs exhibit
© 2026 The Author(s). Published by the Royal Society of Chemistry
improved durability by sustaining 84.9% MA even aer 1000
MOR cycles compared to the initial value.

Shih et al. designed trimetallic PtNiCo/rGO nanocomposites
(NCs) by heating EG solution for 20 min via a simple one-step
microwave-assisted technique for enhancing the performance
of the catalyst towards the MOR, as shown in Fig. 9.203 The Pt–
Ni–Co nanoparticles were evenly distributed on the reduced
graphene oxide (rGO) without aggregation and displayed
a restricted particle size distribution. The electrocatalytic
properties of PtNiCo/rGO NCs were better than those of the
PtNiCo catalyst, including a large ECSA, high catalytic activity of
methanol, exceptional anti-toxic qualities, and good electro-
chemical stability. The average size of the produced PtNiCo/rGO
nanoparticles was 17.03 ± 1.93 nm, and at a scan rate of 50 mV
s−1, the ECSA can be as high as 87.41 m2 g−1. The MA of PtNiCo/
rGO NCs was 102.96 mA mg−1 while that of PtNiCo was 44 mA
mg−1, whereas the exceptional high ECSA of PtNiCo/rGO NCs
was 87.41 m2 g−1 as compared to Pt/C (58.8 m2 g−1). The
homogeneous dispersion of PtNiCo nanoparticles on the rGO
surface, superior conductivity, stability, and large specic
surface area of the rGO carrier were the reasons behind the
exceptional high electrochemical performances.

Ravichandran et al. fabricated trimetallic ordered meso-
porous nanostructures (OMNs) by using KIT-6 as a surfactant
via the chemical reduction method and NaBH4 as a reducing
agent to enhance MOR performance.93 Additionally, due to Pt's
ordered bifunctional mechanism and mesoporous shape, the
oxides of both Ir and Ru signicantly improved Pt's electro-
catalytic activity by producing more active sites. The OMNs of
the Pt0.7Ru0.25Ir0.05 electrocatalyst also exhibited an ECSA of
78.35 m2 g−1 and an MA of 1721 mA mg−1, which were
comparably greater than those of the standard Pt/C catalyst
(ECSA = 165 m2 g−1 and MA = 77.01 m2 g−1). The ECSA loss of
Nanoscale Adv., 2026, 8, 1089–1136 | 1105
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designed nanocatalysts was only 19.5% aer 5000 durability
cycles, which was signicantly lower than that of Pt/C.

The ensemble effect, which arises as a result of variations in
local atomic arrangements, can also inuence conguration
and adsorption strength, ultimately affecting catalytic
kinetics.204 Two series of Agx/Au/Pt trimetallic nanoparticles
(AgxAu1Pt2 with x ranging from 1–5 and Ag4Au1Pty with y
ranging from 1–3) were synthesised via a sequential chemical
reduction method involving Pt deposition on preformed Ag/Au
core–shell particles. These NPs were then subsequently depos-
ited on MWCNTs for evaluating their electrocatalytic activity
towards the MOR. It was reported that Ag4/Au1/Pty systems
showcased higher electrocatalytic activity compared to typical Pt
on the MWCNTs. In particular, Ag4Au1Pt2 NPs showcased the
highest electrocatalytic activity towards the MOR. In addition, it
was observed that the series of AgxAu1Pt2 catalysts deposited on
MWCNTs could promote CO oxidation on Pt owing to existence
of Ag and Au, wherein Au was responsible for increasing the
adsorption of CO, and Ag could simultaneously weaken the CO
Fig. 9 (a) Illustration of the synthesis of PtNiCo/rGO NPs; (b) electroc
PtNiCo/rGO 200, and PtNiCo/rGO 220 catalysts in N2-purged 0.5 M H2SO
different catalysts for the MOR. This figure has been adapted/reproduce

1106 | Nanoscale Adv., 2026, 8, 1089–1136
bond from Au and Pt, resulting in facile release of CO in the
form of CO2, which is a prime example of the ensemble effect.205
Ethylene glycol oxidation reaction (EGOR)

The simplest dibasic alcohol, EG, has numerous advantages
over other dibasic alcohols, including high theoretical energy
capacity, ease of production, and practical storage and trans-
portation.206 EG is the ideal liquid fuel for DAFCs under both
acidic and alkaline conditions out of all the fuels regularly
utilized in modern industry. The EGOR on the anode of DAFCs
is a signicant half-reaction.207 However, there aren't many
studies on long-chain alcohols such as ethanol, EG, and glyc-
erol.208 According to reports, long-chain alcohol oxidation is
more promising than DMFCs in terms of energy density, fuel
crossover, and electromotive force due to their high electro-
motive force and energy density.209 However, it has been noted
that the complete oxidation of long-chain alcohols, such as EG,
is a lengthy and multi-step process when carried out at room
temperature.210 However, the EGOR on conventional Pt-based
atalytic performance of PtNiCo, PtNiCo/rGO 160, PtNiCo/rGO 180,

4 aqueous solution at a scan rate of 50mV s−1; (c) histograms of MA of
d from ref. 203 with permission from MDPI, copyright 2021.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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catalysts resulted in low efficiency and poor current density
because it is arduous to break the C–C bond in C2–alcohols.211

In addition, regardless of the kind of small alcohol molecule
used, strongly adsorbed intermediates (particularly COads)
poison the active Pt sites and eventually inactivate the electro-
catalysts.116Developing Pt-based electrocatalysts with broad fuel
adaptability, high activity, and outstanding CO anti-poisoning
properties continues to be complicated.

Bhunia et al. showed the successful fabrication of PtPdNi
trimetallic nanocatalysts supported on rGO for glycerol, EG, and
ethanol via a single-step solvothermal technique.212 Adding Ni
to the PtPd bimetallic system improved the electronic structure
of the surface, electrochemical surface area, and kinetics.
Additionally, the hydrophilic properties of Ni revealed its
importance in the creation of anode catalysts for alcohol fuel
cells by promoting alcohol electro-oxidation and by the removal
of carbon impurities built up on the catalyst surface, which
could reduce catalyst poisoning. The EASA value of the designed
electrocatalyst Pt70Pd24Ni6/rGO (185 m2 g−1) was higher than
that of the corresponding bimetallic and standard Pt/C. Addi-
tionally, EG exhibited a higher mass activity among all electro-
catalysts compared to the other two alcohols. Moreover, the
Pt70Pd24Ni6/rGO nanocatalyst showed an MA of 7.75 A mg−1 for
EG, which was around 4.96 times greater than that of standard
Pt/C and around seven times higher than that of the RGO-PtPd
Fig. 10 (a) Schematic diagram for the synthesis of PtPbBiHNP electroca
PtPbBi HNPs for the EOR and EGOR; (d) MA of all catalysts in the EOR. T
from American Chemical Society, copyright 2020.

© 2026 The Author(s). Published by the Royal Society of Chemistry
nanoower (1.72 A mg−1),213 and PtPd@Pt nanocrystals/rGO
(1.16 A mg−1).117 Lu et al. designed the synthesis of Pt66Ni27-
Ru7 dendritic nanostructures (DNSs) for the electro-oxidation of
various alcohols in an acidic medium.214 For the electro-
oxidation of EG, ethanol, and methanol, The MA and SA on the
Pt66Ni27Ru7 DNSs were 2.37 and 2.28 times, 3.55 and 3.42 times,
and 4.57 and 4.34 times, respectively, higher than those of
standard Pt black. The C–C bond in C2–alcohols can be
successfully broken by the PtNiRu DNSs, which display a wide
range of applications for fuel-exible fuel cell technology. Duan
et al. described the fabrication of porous dendritic PtRuPd
nanospheres (PtRuPd NSs) by a simple hexadecylpyridinium
chloride (HDPC)-mediated one-step aqueous method using
ascorbic acid (AA) as the reducing agent for the EGOR and
ORR.215 The designed trimetallic exhibited enlargedMA (1.368 A
mg−1) for the EGOR compared to standard Pt/C (1.100 A mg−1).
The ECSA of the PtRuPd NSs (23.168m2 g−1) was lower than that
of Pt/C (48.12 m2 g−1) because in PtRuPd NSs, the particle size is
more signicant than Pt/C. The Eonset and half-wave potential
(E1/2) of PtRuPd NSs were 0.930 V and 0.852 V, which were more
favorable as compared to that of Pt/C (Eonset= 0.910 V and E1/2=
0.822 V), which was primarily responsible for the enhanced OER
activity. The unusual dendritic-like spheres with enriched active
reaction sites, coupled with the strain effects and electronic
modulation amidst the trimetals, were the factors that were
talysts; (b) MA of all catalysts in the EGOR; (c) proposed mechanism of
his figure has been adapted/reproduced from ref. 217 with permission
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primarily accountable for the enhanced catalytic performances
and durability of the constructed PtRuPd NSs for the EGOR and
ORR.216 Zhu et al. designed trimetallic PtPbBi hexagonal nano-
plates (HNPs) having a hexagonal close-packed structure via the
solvothermal technique for the EGOR and ethanol oxidation
reaction, as shown in Fig. 10.217 In an alkaline ethanol solution,
the designed PtPbBi HNPs exhibited good MA (8870 mAmgPt

−1)
towards the ethanol oxidation reaction, which was 12.7 times
higher, while the MA (10 225 mAmgPt

−1) towards the EGOR was
1.85 times higher than that of standard Pt/C. Moreover, the
designed trimetallic exhibited better durability and catalytic
activity than the reported Pt-based catalyst and standard Pt/C. A
mass activity of 42.7% was retained for the EGOR even aer
a 3600 schronoamperometric test, which was unusual for other
Pt-based catalysts.

Chen et al. demonstrated the fabrication of PtRhCo petal-
assembled alloyed nanoowers (PtRhCo PAANFs) for the
EGOR and HER via the solvothermal method.218 The designed
nanocatalysts possess signicantly improved CO tolerance and
recoverability and increased SA and durability for the HER in
the alkaline electrolyte by incorporating Rh. The SA of the
PtRhCo PAANF nanocatalyst (9.57 mA cm−2) was 3.3 times
higher than that of Pt/C (2.93 mA cm−2) towards the EGOR. In
addition to this, the MA of PtRhCo PAANFs (2.221 A mg−1) was
roughly around 3.5 and 1.8 times higher than those of PtCo NDs
(0.627 A mg−1) and Pt/C (1.242 A mg−1).

Ferreira et al. designed the synthesis of trimetallic PtRhNi
nanocatalysts supported on carbon for electro-oxidation of
ethanol, EG, glycerol, and methanol in acidic media via
a reduction method with different atomic rates.219 The way in
which the nanocatalysts catalyze the electro-oxidation of glyc-
erol, EG, methanol, and ethanol was categorized using the
alcohol oxidation current density and the onset potential ob-
tained aer 3600 s of chronoamperometry. The ECSA values for
the ternary catalysts Pt60Rh20Ni20/C, Pt43Rh43Ni14/C, and Pt54-
Rh28Ni18/C are 0.923 cm−2, 0.956 cm−2, and 0.803 cm−2,
respectively, indicating that they have more available active
sites for alcohol oxidation. When compared to the Pt/C Alfa
Aesar catalyst, Pt43Rh43Ni14/C showed a current density that was
2.2 times higher aer 3600 seconds towards EG. Wan et al.
designed the synthesis of a novel GO/CoMoO4 nanocatalyst for
EG, ethanol, and methanol via a hydrothermal technique fol-
lowed by calcination. Then, Pd–Ni–Ag alloy NPs were deposited
on the GO/CoMoO4 nanocatalyst surface by an impregnation–
reduction approach.220 The peak current density of the designed
electrocatalyst (PdNiAg@rGO/CoMoO4) for electro-oxidation of
EG was 7.28 times greater than that of Pd/C, while for methanol
and ethanol, it was 5.23 and 4.69 times higher than that of Pd/C,
respectively. Moreover, even aer 250 cycles, the PdNiAg@rGO/
CoMoO4 catalyst possesses the highest durability and catalytic
activity.
Proton exchange membrane fuel cells (PEMFCs)

PEMFCs have garnered much interest in academia and industry
for the past ten years. PEMFCs comprise a cathode, anode, and
proton exchange membrane. Hydrogen is injected into the
1108 | Nanoscale Adv., 2026, 8, 1089–1136
anode as fuel, oxygen is oxidized at the cathode, and water is
produced as a by-product.221 PEMFCs are one of the classes of
fuel cells that have drawn interest in sustainable energy owing
to their elevated energy conversion efficiency of 60% and
capacity to produce more than 80% of electrical and thermal
energy, thus causing zero pollution.120 Furthermore, H2-
PEMFCs can be created for various applications, including
portable, stationary, and automotive systems.121 However, just
like other emerging technologies, H2-PEMFCs also have some
drawbacks, such as slow oxygen reduction reaction (ORR)
kinetics occurring at the cathode of the fuel cell. To speed up
the cathodic process, it is necessary to enhance the perfor-
mance of nanocatalysts.122 Platinum (Pt) and Pt-based nano-
materials as electrocatalysts have been extensively used in fuel
cells, including PEMFCs, as the best electrocatalysts.222 Under
operational conditions, Pt electrocatalysts may quickly dissolve
in the solution due to the acid electrolyte's low pH, which
corrosively affects Pt-based materials used as the cathode of
PEMFCs.119 So, the primary focus of current research is the
synthesis of electrode materials that can improve kinetics and
durability while lowering the price of Pt-based cathode cata-
lysts.118 So, various efforts have been put in by researchers to
limit the use of Pt in PEMFCs.
Oxygen reduction reaction (ORR)

Wang et al. designed a trimetallic Pd-based branched nano-
catalyst to enhance ORR activity in aqueous media.223 The
PdCuAu nanothorn assemblies (PdCuAu NAs) were formed
using the facile one-step method. The catalyst exhibited an
enhanced ECSA of 38.1 m2 g−1, around 2.4, 1.7, and 1.1 fold
better than those of PdCuAu–H NAs, PdCuAu-L NAs, and stan-
dard Pt/C. The highly branched nanostructure of the PdCuAu
NAs was primarily responsible for the greater ECSA because of
the presence of more vacant active sites. Compared to
commercial Pt/C catalysts (0.93, 0.83 V), PdCuAu–H NAs (0.88,
0.82 V), and PdCuAu–L NAs (0.85, 0.80 V), the PdCuAu NA
catalyst exhibited the most positive Eonset and half potential (E1/
2) values (0.96, 0.86 V) which further suggests that the PdCuAu
NAs had superior catalytic activity for the ORR.

Cruz-Mart́ınez and co-workers reported the synthesis of
Ni60Pd20Pt20/C NPs mixed with Vulcan carbon for enhancing
ORR activity in an acidic medium.224 During the synthesis,
oleylamine and oleic acid were used as the surfactant, solvent,
and mild reducing agent. The ECSA was calculated in acidic
media based on CV, rotating disk electrode (RDE), and CO-
stripping and was compared to Pt/C. The NiPdPt/C catalyst
possessed an ECSA of 80.78 ± 3.5 m2 gPt

−1, which was around
1.4 times higher than that of the other (58.70 m2 gPt

−1), while
the SA and MA of the designed nanocatalyst were around 1.2
and 1.7 times higher than those of Pt/C. The Tafel slope of
NiPdPt/C was 68.9 mV dec−1, which was lower than that of Pt/C
(81.2 mV dec−1). All these electrochemical activities explained
the enhanced ORR activity of NiPdPt/C in an acidic medium.
Wang et al. explained the synthesis of PtPdNi trimetallic
mesoporous octahedral nanocages (PtPdNi MTONs) via a two-
step reaction procedure for enhancing ORR activity (see
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11).225 In the rst step, Pd@PtPdNi MTOs were prepared by
the one-step co-reduction method using F127 as a surfactant,
followed by the etching of the Pd cores with the help of nitric
acid to form the nal nanocage PtPdNi MTONs. The enhanced
electrochemical properties towards the ORR were due to their
surface morphology. The electrochemical performance of
PtPdNi MTONs towards the ORR was evaluated based on amore
positive onset potential and half-wave potential, greater ECSA,
MA and SA, and a lower Tafel slope as compared to standard Pt/
C and Pd@PtPdNi MTOs. The catalyst showed a more positive
Eonset (1.04 V) and E1/2 (0.942 V) as compared to Pt/C (Eonset =
0.95 V; E1/2= 0.873 V) and Pd@PtPdNi MTOs (Eonset= 0.97 V; E1/
2 = 0.884 V). The Tafel slope of the designed nanocage (67.5 mV
dec−1) was less than that of Pd@PtPdNi MTOs (80.1 mV dec−1)
and was quite similar to the Pt/C catalyst (68.7 mV dec−1). The
MA, SA, and ECSA of PtPdNi MTONs were 1.14 mA mgPt

−1, 1.52
mA cm−2, and 55.7 m2 g−1, respectively, which were higher than
those of Pt/C and Pd@PtPdNi MTOs. Hence, the designed
catalyst is more durable and stable than the others because it
showed negligible degradation aer 1000 cycles in LSV.

Li et al. designed Au@PdPt core–shell NPs based on the Au
catalytic reduction method followed by a metallic replacement
reaction.226 The designed NPs (Au@Pd1.19Pt1) were ultrathin
and were stable in an acidic medium towards the ORR. The
catalyst possessed SA and MA around 1.31 and 6.09 times
greater than those of the standard Pt/C catalyst. Moreover, these
NPs exhibited higher durability in an acidic medium as there
was no change in ORR activity even aer 3000 potential cycles in
the potential range between 0.1 and 0.7 V (vs. Ag/AgCl). This was
considered one of the best results for designing simple and
cost-effective NPs for the ORR. It was observed that by
increasing the Pd content, the PdPt shell protects the Pt surface
from corrosion and improves the electrochemical stability of
Au@PdPtNPs. The one-step synthesis of PtPbPd ultrathin
nanowires by octylphenoxypolyethoxyethanol was designed
using hydrogen bubbles produced in situ in an aqueous
medium by Duan et al.227 The as-obtained nanowires (PtPbPd)
performed better than commercial Pt/C (20 wt%), PtPb NWs,
PtPd NWs, and PdPb NWs in terms of their electrocatalytic
characteristics for the EOR and ORR. The designed catalyst
showed higher MA, SA, and ECSA of 1.20 Amg−1, 2.78 mA cm−2,
and 43.32 m2 gPt

−1 as compared to those of Pt/C (0.86 A mg−1,
1.79 mA cm−2, and 80 m2 gPt

−1) in 0.5 M KOH solution. Addi-
tionally, the catalyst showed a positive shi in the Eonset and E1/2
(Eonset, 0.993 V, E1/2= 0.891 V) for the ORR over Pt/C (0.895 V; E1/
2 = 0.829 V) in 0.1 M KOH electrolyte. Gao et al. designed
a simple, low-cost, stable, and highly active nanocatalyst Pt2-
Fe3Ni3/C for enhancing ORR performance in PEMFCs by the
two-step reaction.63 The rst 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 MA of the Pt2Fe3Ni3/C
catalyst at 675 °C was 0.73 AmgPt

−1, which was around 3.5 times
higher than that of the standard Pt/C catalyst, whereas the SA
and ECSA of the Pt2Fe3Ni3/C-675 catalyst were 0.77 mA cmPt

−2

and 110 m2 gPt
−1 while those of Pt/C were 0.55 mA cmPt

−2 and
80 m2 gPt

−1. The designed nanocatalyst was stable and more
© 2026 The Author(s). Published by the Royal Society of Chemistry
durable than Pt/C, and it possessed more active sites due to the
tendency of alloying Pt metal with others. Alfaro-Lopez M. et al.
reported the synthesis of a Pt2NiCo/C nanocatalyst in an organic
medium using two steps to enhance ORR activity in acid
media.228 In the rst step, Pt2NiCo NPs were formed under
a nitrogen atmosphere by the reduction method using W(CO)6
as a reducing agent. In contrast, in the second step, Pt2NiCo NPs
were uniformly dispersed on Vulcan carbon followed by stir-
ring, which resulted in the formation of Pt2NiCo/C nano-
catalysts. The measured SA and MA of the designed catalyst
were around ∼6.4 and ∼2.2 times higher than those of Pt/C due
to the synergic effect between different metals. It exhibited
a lower Tafel slope of −56.2 mV dec−1, which was quite similar
to that of Pt/C (−55.5 mV dec−1), whereas it also showed a lower
overpotential than that of Pt/C. The ECSA of the designed
nanocatalyst remained unchanged even aer 5000 cycles, as
observed by CO stripping. In contrast, there was around a 10%
decrease in ECSA properties of Pt/C, which explained its
stability in an acidic medium. According to the characteristics
mentioned above, it was concluded that the Pt2NiCo/C nano-
catalyst can act as a viable candidate as a cathode electrode to
use PEMFCs. Tyagi et al. explained the synthesis of Al-
substituted MnFe2O4-based tertiary oxide and RGO, known as
the MAF-RGO nanocomposite, via in situ co-precipitation and
a hydrothermal process, which was then tested for ORR
electrocatalysis in the alkaline electrolyte.92 The electrocatalytic
performance of MAF-RGO was further supported by the unique
ORR peak positioned at 0.56 V vs. the reversible hydrogen
electrode (RHE) in CV experiments. The electrocatalyst also di-
splayed a methanol poisoning resistance of 82% and an
increased relative current stability of 86%, which were much
better than those of the conventional Pt/C catalyst. It possessed
a positive Eonset of 0.92 V, which was 0.11 V higher than that of
Pt/C. The enhanced performance was only possible by the
synergic interaction between the Al-substituted metallic oxide
and the RGO sheets.

Metal–air batteries and regenerative fuel cells are viable
green alternatives for replacing fossil fuel-based energy
systems. Bifunctional electrocatalysts, which can work for the
OER and ORR, must work efficiently for these energy devices in
an acidic medium. Thus, Geethalakshmi and co-workers
synthesized carbon-supported trimetallic Ir30Pd5Pt65/C and
Ir50Pd5Pt45/C NPs by in situ and ex situ techniques to evaluate
their OER and ORR activities.229 Among the synthesized
compositions, the in situ produced Ir50Pd5Pt45/C composite
exhibited a high limiting current density of 5.151 mA cm−2,
a Tafel slope of 121 mV dec−1, and a half-wave potential of
0.931 V vs. RHE at 10 mA cm−2 for the ORR. Similarly, it out-
performed the OER above other compositions by providing
a low Tafel slope of 127 mV dec−1 and a low overpotential of
80 mV at ten mA cm−2. Thus, a possible bifunctional electro-
catalyst was in situ synthesized Ir50Pd5Pt45/C in acidic media.
Water splitting

Water splitting has appeared as the most suitable sustainable
hydrogen conversion technology in the twenty-rst century
Nanoscale Adv., 2026, 8, 1089–1136 | 1109
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Fig. 11 (a) Schematic illustration for the synthesis of PtPdNi MTONs; (b) comparison of Eonset and E1/2 potential; (c) ORR polarization curves of
PtPdNi MTONs before and after the durability tests; (d) Tafel plots of different catalysts; (e) MA and SA of different catalysts at 0.9 V (vs. RHE). This
figure has been adapted/reproduced from ref. 225 with permission from American Chemical Society, copyright 2019.
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because of its high hydrogen production purity and low envi-
ronmental contamination.230 The oxygen evolution reaction
(OER) on the anode and the hydrogen evolution reaction (HER)
on the cathode are two of the half-reactions involved in the
water-splitting process.231 The simplest method of producing
hydrogen is to split water (2H2O + O2 + 2H2) in an electrolyzer
using the cathodic half-reaction of the HER, which requires
a two-electron transfer process in an alkaline electrolyte (2H2O +
2e− + H2 + 2OH−). From a kinetic perspective, the other half of
the anodic reaction of the OER involves the slow four proton-
coupled electron transfer in the alkaline electrolyte (4OH−+ O2

+ 2H2O + 4e−), which reduces the efficiency of overall water
splitting.232
Hydrogen evolution reaction (HER)

The HER is one of the most widely studied electrochemical
processes due to its signicance in multiple branches of phys-
ical chemistry and its close ties with the heavily debated subject
of renewable energy sources.233 Designing more active cathodes
for the HER is one of the critical challenges that must be
overcome to improve electrolysis' efficiency and economic
viability for large-scale production.234 Noble metals are still
favored over non-noble metals for the fundamental research of
HER electrocatalysis despite their high cost and limited avail-
ability. They offer better activity and stability under electro-
chemical conditions and possess better-dened surface
properties.132 It was reported that Pt is considered the most
viable electrode material for the HER, followed by Re, Pd, Rh,
and Ir.130 Therefore, to use Pt as a benchmark for HER electro-
catalysis, one of the primary research goals is undoubtedly to
1110 | Nanoscale Adv., 2026, 8, 1089–1136
increase its activity while simultaneously reducing the propor-
tion of Pt in catalysts as it is costly. Pt is alloyed by employing
other metals to achieve both targets of forming bi- and tri-
metallic catalysts.235 The activity of the bi- and trimetallic cata-
lysts increases because of the symbiotic interaction of the
different metals, which further reduces the cost by lowering the
use of Pt for the HER. Transition metal sulphides,131 sele-
nides,133 borides,134 and nitrides135 are some promising
electrocatalysts that have been reported to be helpful in the
HER. Fu et al. described the colloidal synthesis of monodisperse
IrNiFe nanoparticles (NPs) with a diameter of 2.2 nm.236 Due to
the strong synergistic electronic effect of Ir, Ni, and Fe and
narrow atomic size, the resulting IrNi0.57Fe0.82 NPs displayed
good activity and durability for both the OER and HER in acidic
electrolyte. The overpotential of the HER and OER was 24 and
284 mV in 0.5 M HClO4 to achieve a current density of 10 mA
cm−2. The Tafel slope possessed by this catalyst towards the
HER was 34.6 mV dec−1, which was very close to Pt/C (29.6 mV
dec−1), whereas the Tafel slope towards the OER was smaller
than that of standard Ir/C (76 mV dec−1). Moreover, IrNi0.57-
Fe0.82 NPs were successfully used as a bifunctional catalyst (HER
and OER) for acidic overall water splitting, producing a stable
current density of 10 mA cm−2 at 1.64 V. Smiljanić et al. fabri-
cated trimetallic Rh@Pd/Pt(poly) electrodes in an alkaline
medium to boost the performance of bimetallic electrodes
towards the HER.237 The electrode was prepared by the co-
deposition of Rh metal on the surface of the Pd/Pt(poly) elec-
trode. The trimetallic catalyst was characterized using CV and
CO stripping voltammetry electrochemical techniques, and its
activity towards the HER was examined using linear sweep
voltammetry in 0.1 M NaOH solution. In comparison to the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 HER performance of a Pt plate, NiFe, FeMo, NiMo, and NiFeMo measured in 1.0 M KOH. (a) Polarization curves; (b) onset HER potential;
(c) comparison with selected state-of-art water-splitting electrocatalysts; (d) polarization curves of NiFeMo before and after 1000 cyclic vol-
tammetry cycles. This figure has been adapted/reproduced from ref. 238 with permission from American Chemical Society, copyright 2018.
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initial Pt(poly) and the associated bimetallic Rh/Pt(poly) and Pd/
Pt(poly) electrodes, the Rh@Pd/Pt(poly) catalyst has demon-
strated improved catalytic activity for the HER. The CO strip-
ping revealed that the ECSA value of the bimetallic electrode
was 0.27 cm−2, which was increased to 0.33 in the case of tri-
metallic due to the layer formation of Rh on the Pd surface,
resulting in an increase in more active sites for the HER. Qin
et al. fabricated the design of a NiFeMo alloy nanocatalyst to
boost the overall performance of electrochemical water splitting
via the hydrothermal deposition technique, as shown in
Fig. 12.238 A whole-cell structured on NiFeMo electrodes on the
Ni surface exhibited a low voltage of 1.45 V at a current density
of 10 mA cm−2, which resulted in low over-potentials for the
HER (45 mV) and OER (238 mV). The sensor also possessed
a lower Tafel slope for the OER (35 mV dec−1) compared to IrO2

(51 mV dec−1), while the Eonset was 12 mV. The Ni–Fe–Mo (oxy)
hydroxides were self-formed on the outer layer of the NiFeMo
anode, which acted as active sites for the OER. In contrast, the
nanocrystals (Ni, Fe, and Mo) were closely linked at the atomic
level, which enables the synergistic effect of metal for efficient
HER.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Chen et al. designed AuPtPd nanodendrites (NDs) via the
quick and easy wet-chemical synthesis in an alkaline medium at
room temperature, employing ascorbic acid as a reducing agent
and L-proline as a guiding agent, respectively, for enhancing the
performance towards the HER and OER.136 The as-prepared
AuPtPd NDs exhibited signicantly higher ECSA (27.65 m2

g−1), SA (0.21 mA cm−2), and MA (58.94 mA mg−1) for the HER
and OER compared to standard Pt black (ECSA: 20.88 m2

gmetal
−1, SA: 0.13 mA cm−2, MA: 26.68 mA mg−1), which

explained the improved results of the formed NDs towards the
OER and HER. The NDs also possessed a lower over potential
(29 mV) and Tafel slope (36 mV dec−1) for the HER compared to
Pt/C (46 mV and 43 mV dec−1), which explained the enhanced
electrocatalytic efficiency of AuPtPd NDs towards the HER.
Zhang et al. designed the synthesis of novel trimetallic FeNiMo
encapsulated in carbon cages to improve its activity towards the
HER.239 The electrocatalyst was synthesized at room tempera-
ture via direct carbonization and hydrothermal reaction
methods. Due to more active reaction sites, the designed
electrocatalyst exhibits improved catalytic efficiency towards the
HER in alkaline and acidic media. It displays a desired potential
Nanoscale Adv., 2026, 8, 1089–1136 | 1111
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Fig. 13 (a) Schematic representation for in situ fabrication of tri-metallic sulfides; (b and d) overpotential comparison delivering j10 for different
catalysts; (c and e) Tafel slopes for different catalysts at the current density j10. This figure has been adapted/reproduced from ref. 243 with
permission from Wiley-VCH, copyright 2020.
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of 246 mV at 10 mA cm−2 in acidic solution and 199 mV in
alkaline solution, which was lower than that of other bimetallic
NPs but exceptionally higher than that of Pt/C, resulting in
1112 | Nanoscale Adv., 2026, 8, 1089–1136
better electrocatalytic performance towards the HER. The NPs
possessed better durability, stability, and recovery than others.
Moreover, the immobilization of Mo transition metal on the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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bimetallic FeNi was also the reason behind the enhanced
performance.

Until 2020, no studies have been carried out on NiV-based
phosphides simultaneously doped with anionic (OER) and
cationic (HER) elements, producing signicant electrocatalytic
activity for total water splitting. Fan et al. designed the synthesis
of N–P heteroatom-doped trimetallic Ni–V–Fe for total water
splitting (OER and HER) by the hydrothermal method.240 The
“embroidered” structure of nanosized NiVFe LDHs was then
converted into a high-performance phospho-nitride electro-
catalyst (N–NiVFeP/NFF) by N2–PH3 plasma doping. This tech-
nique successfully added N–P and improved the stability,
electrocatalytic activity, and HER and OER performance of the
N–NiVFeP/NFF catalysts under industry-relevant conditions.
The electrocatalyst exhibited a lower overpotential of 79 mV and
229 mV as well as a smaller Tafel slope of 78.6 mV dec−1 and
72.6 mV dec−1 towards the HER and OER as compared to other
bimetallic and commercially available RuO2. Li et al. presented
a straightforward two-step method for producing trimetallic Fe/
Co/Cu-based phosphides implanted on nitrogen-doped carbon
graphene (FeCoCuP@NC).241 The FeCoCuP@NC exhibited
excellent electrocatalytic HER performance and long-term
durability in acidic and alkaline media. The heterojunctions
formed between various phosphides and the synergistic inter-
action between the N-doped carbon-graphene and active phos-
phides were responsible for better HER performance of
FeCoCuP@NCs. The FeCoCuP@NC at 1 and 10 mA cm−2

current densities exhibited the highest HER activity with lower
overpotentials of 80 mV in acidic and 169 mV in an alkaline
medium as well as possessed a smaller Tafel slope of 47.6 mV
dec−1. The NCs exhibited a higher ECSA (789.4 cm2), indicating
the presence of higher active sites, and are responsible for
excellent electrocatalytic performance compared to mono and
bimetallic phosphorus-doped NCs. Wang et al. designed the
synthesis of Mo–Ni–Co trimetallic selenide (MoSe2–NiSe2–
CoSe2/PNCF) nanorods on the surface of Ni–Co foam treated
with plasma.242 Furthermore, at 38 and 180 mV overpotentials,
the electrocatalyst can deliver a current density of 10 and 100
mA cm−2, respectively, which set a benchmark compared to
other reported catalysts. The nanorod possessed a smaller Tafel
slope of 38 mV dec−1 and a higher MA of 91 mA g−1. The H2

generation rate (2.6 mmol h−1) was signicantly higher than
most previously reported electrocatalysts based on transition
metals. When reactions were conducted continuously for more
than 100 hours at a high current density (j100), the catalyst
exhibited improved long-term electrochemical stability with no
obvious decay. It should be noted that the HER exhibits better
electrocatalytic activity when MoSe2, NiSe2, and CoSe2 phases
are combined rather than when a single-phase material is used.

One of the most promising methods for producing sustain-
able hydrogen energy is water electrolysis using electrocatalysts
based on non-precious transition metals. Zhang et al. con-
structed high-performance catalysts made of trimetallic sulde
nanosheets (Ni3S2–FeS–CoS) enriched with bimetallic-nitroxide
nanodots (NiCo(N,O)x) on a surface of 3D NiFeCo foam using in
situ synthesis methods such as hydrothermal and plasma sul-
phurization and the dielectric barrier discharge (DBD) approaches
© 2026 The Author(s). Published by the Royal Society of Chemistry
(see Fig. 13).243 The nal catalyst exhibited a remarkable electro-
catalytic activity for total water splitting with overpotentials of
170 mV for the OER and 82 mV for the HER at a current density of
10 mA cm−2, which set a benchmark in comparison to other
existing non-noble metal electrocatalysts. The Tafel slopes for the
HER (68 mV dec−1) and OER (76 mV dec−1) were slightly higher
than the standard Pt/C (36 mV dec−1) and RuO2 (45 mV dec−1) but
were lower than other catalysts. The nanocatalyst showed excellent
stable electrochemical properties and structural durability with
negligible changes aer continuous OER or HER tests over 50
hours.

Chen et al. designed hollow alloyed 3D multipods (HAMPs)
of trimetallic PtNiCo with a rough surface in an alkaline
medium via a one-pot solvothermal approach followed by acid
etching.244 Due to their distinct morphologies and the synergic
effect of the trimetal compositions, PtNiCo HAMPs out-
performed commercial Pt/C catalysts, PtCo nanocrystals (NCs),
and homemade PtNi HAMPs regarding HER performance. The
catalyst also exhibited a smaller Tafel slope (46.3 mV dec−1) and
a lower overpotential (20 mV) at a current density of 10 mA
cm−2. The PtNiCo HAMPs showed excellent ECSA (18.46 m2

gPt
−1) and higher MA (0.44 mA mgPt

−1), which indicated the
availability of more active sites for the HER and also possessed
improved durability with minimal loss aer a 10 h continuous
test of the HER. Li et al. designed efficient and durable tri-
metallic oxyphosphide nanoparticles (Fe1Co3Mo3 P–O NPs) for
overall water splitting in an alkaline medium via a simple
hydrothermal approach.245 At a current density of 10 mA cm−2

in an alkaline medium (1.0 M KOH), the ideal Fe1Co3Mo3 P–O
NPs exhibited extremely low overpotentials for the HER (111
mV) and OER (231 mV) and smaller Tafel slopes for both the
HER (58.2 mV dec−1) and OER (54.5 mV dec−1), respectively.
The ECSA of Fe1Co3Mo3 P–O NPs (3.39 mF cm−2) towards the
OER was 1.42 and 1.22 times higher than those of Fe0.5Co3Mo3P
and Fe3Co3Mo3 P–O and possessed structural stability for
minimum 50 h. Fu et al. fabricated Pt-inlaid Ni–Fe nano-
catalysts for the HER and OER by uniformly depositing Pt
nanoparticles on the Fe–Ni PBA cube structure and using AA as
a reducing agent.230 A porous structure was created on the PBA
cube using the acid etching process, which increased the cata-
lyst's exposed area and provided more active sites for the HER
and OER. The porous Ni–Fe–Pt nanocubes (NCs) demonstrated
outstanding long-term stability and electro-catalytic activity
towards the OER and HER because of their porous structure,
high ECSA, and uniformly embedded Pt nanoparticles. In this
work, the Tafel slopes for the HER and OER were 40 and 65 mV
dec−1, the h values at a current density of 10 mA cm−2 were 463
and 339 mV, and the onset potentials were 0.444 and 1.548 V,
respectively. Thus, the designed nanocubes showed excellent
durability and stability. Khalid et al. synthesized FeCoNi alloy
nanocatalysts embedded in an N-doped carbon shell via
a straightforward one-step chemical reaction using two organic
linkers (2,6-naphthalene dicarboxylic acid dipotassium and 2-
methylimidazole) and three metals (Fe, Co, and Ni) followed by
pyrolysis.246 To produce a current density of 10 mA cm−2 in
alkaline electrolyte, the synthesized catalyst (Fe1.0Co1.1Ni1.4-NC)
required a voltage of 1.52 V and overpotentials of 270 and
Nanoscale Adv., 2026, 8, 1089–1136 | 1113
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168 mV for the OER and HER, respectively. The nanocatalyst
offered a small Tafel slope for water splitting (168 mV dec−1 for
the HER and 60 mV dec−1 for the OER). According to X-ray
photoelectron spectroscopy, Fe3+ ions were inherently linked
to the strong catalytic activity of Fe1.0Co1.1Ni1.4-NC.

Developing non-noble metal-based bifunctional (HER and
OER) electrocatalysts in water splitting is still challenging. Ren
et al. fabricated FeNiCo@NC/NF via the MOF-on-MOF technique,
which included loading nickel foams with nitrogen-doped
carbon nanotubes.247 FeNiCo@NC/NF electrodes exhibited
outstanding HER and OER activity at a current density of 10 mA
cm−2 with a low overpotential of 145 and 245 mV and a small
Tafel slope of 82 mV dec−1 for the HER and 32 mV dec−1 for the
OER, respectively. The catalyst required only 1.61 V to obtain 10
mA cm−2 for water splitting when employed as both the anode
and cathode, and it even outperformed the reference electrode
couple of Pt/C‖RuO2 at greater current densities. The research
concluded that trimetallic FeNiCo nanoparticles were respon-
sible for increased synergetic metal active sites. In contrast,
conductive Ni foam substrates lowered a material's internal
impedance, and N-doped carbon nanotube arrays gave more
effective electron transport channels. Yaseen et al. presented
a straightforward and cost-effective approach for the in situ
production of Ni–Fe–Co-based nanoparticles enclosed in ultra-
thin carbon nanosheets (NFC@CNSs).248 The NFC@CNSs were
prepared using a simple pyrolysis process. The designed nano-
particles exhibited low overpotentials of 213 and 254 mV for the
HER and OER in alkaline solution at a current density of 10 mA
cm−2 as well as produced small Tafel slopes of 115.1 and
61.29 mV dec−1 towards the HER and OER. Furthermore, the
NFC@CNSs-700 catalyst exhibited a hierarchical ower-like
structure and showed a broad SBET surface area of 145.39 m2

g−1, enhancing catalytic efficiency. The improved performances,
such as robust stability and electronic structure, resulted from
strong coupling between carbon nanosheets and TMNPs. Yang
et al. described the synthesis of iron-based metal phosphide
(IMP) nanoparticles stabilized on phosphorus-doped vertically
aligned graphene (IMPs/P-VG).249 The Fe0.5Co1.5Ni0.5P/P-VG
nanocatalysts exhibited the best catalytic activities and dura-
bility towards the HER and OER with low overpotentials of 56mV
and 340mV and small Tafel slopes of 58.9mV dec−1 and 63.9mV
dec−1, respectively, in 1.0 M KOH electrolytic solution at 10 mA
cm−2 current density, which were comparable to those of
commercial nanocatalysts. In addition, Fe0.5Co1.5Ni0.5P/P-VG
exhibits good stability over a 12-hour test without signicant
loss in various electrolytes. The designed nanocatalysts had
exceptional VG structures created by directional freeze casting
and helped stabilize the abundant active sites.
Oxygen evolution reaction (OER)

The OER is a crucial half-reaction involved in various electro-
catalytic processes, including electrolytic water splitting, metal–
air batteries, electrochemical reduction of CO2 and N2, and so
on.250 Noble metal compounds such as IrO2 and RuO2 have
demonstrated outstanding OER performance in alkaline media,
offering low overpotential, which set a benchmark compared to
1114 | Nanoscale Adv., 2026, 8, 1089–1136
other metals. Still, their high cost, extremely low earth abun-
dance, and poor durability at high current density operations
restrict them from being used on an industrial scale.251 There-
fore, in recent years, researchers have worked hard to develop
novel materials that are less expensive, stable, and perform
better at high current densities towards the OER.252 In this
regard, a wide range of electro-catalysts for the OER has been
produced, including transition-metal-based alloys,253 metal
oxides,254 nitrides,255 suldes,256 selenides,257 hydroxides,258

tellurides,259 phosphides,260 and carbides.261

Yang et al. demonstrated the synthesis of stable Ni6Fe2Cr1
LDH nanocatalysts to enhance the catalyst activity towards the
OER compared to other standard catalysts.262 Additionally,
these nanostructures were produced directly on carbon paper,
which offers a large surface area for the 3D electrode, and this
electrode required the lowest over potential as low as 225 mV to
attain a catalytic current density of 25 mA cm−2 in alkaline
electrolyte and showed a small Tafel slope of 69 mV dec−1.
Trimetallic NiFeCr LDH is among the most potent triggers for
OER catalysts to date and is much more active than NiFe LDH
because of the synergistic interactions between these metal
centers. Wang et al. synthesized a trimetallic Ni@Au@Pd core–
shell electrocatalyst for the ORR and OER.263 The catalyst was
made up of a bishell (Au@Pd) and Ni core using rGO as
a substrate via a chemical reduction-replacement method.
According to the research, it was concluded that Ni@Au@Pd-
rGO displayed a half-wave potential of 0.7713 V which was
similar to Ni@Pd-rGO and much better than industrial plat-
inum (Pt/C). In addition, a higher limiting current (5.6 mA
cm−2) was obtained for the designed catalyst compared to
Ni@Pd-rGO and Pt/C, demonstrating its enhanced activity
towards the ORR. Among these three materials, Ni@Au@Pd-
rGO had the lowest Tafel slope (0.199 V dec−1), the lowest
overpotential (0.52 V), and the lowest onset potential (Eonset)
(1.5663 V) in the OER when observed in alkaline media. So, the
results conrmed that the sensor worked effectively for the OER
and ORR. The stability and synergic effect of these three metals
were the main reason behind their enhanced electrochemical
activity. The electrocatalyst was also employed in lithium–air
(Li–O2) batteries as a cathode electrocatalyst. It showed
a specic capacity of 500 mAh g−1, and the terminal voltage
decreased aer 207 cycles. It also exhibited 8077 mAh per g
catalyst capacity at a current density of 100 mA g−1. Lu et al.
reported the formation of trimetallic N-doped carbon nano-
tubes via the reux method for enhancing the OER activity
compared to other reported nanocatalysts.264 Due to the addi-
tion of the third metal, the synergic interaction between the
three metals increases, and thus, it also enhances its perfor-
mance towards the OER. The CoFeNi@CNTs required an over-
potential of 287 mV to obtain a current density of 10 mA cm−2,
which was signicantly lower than required by IrO2 (355 mV),
CoNi@CNTs (392 mV), and FeNi@CNTs (319 mV), respectively.
The Tafel slope for CoFeNi@CNTs was 32 mV dec−1, which was
smaller than that of CoNi@CNTs (79 mV dec−1), FeNi@CNTs
(50 mV dec−1), and IrO2 (38 mV dec−1), respectively. So, it was
clear that CoFeNi@CNTs show a kinetically faster reaction with
lower mass and electron transport barriers.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Li et al. fabricated ternary FeCoNi alloy nanoparticles
enclosed in bamboo-like N-doped CNTs.265 To improve electro-
catalytic performance for the OER in alkaline media, the FeCoNi
alloy and N-CNTs were combined to produce FeCoNi@N-CNTs,
which had a substantial active surface area, high graphitic
carbon content, and a lot of active metal C/Nx species. The
optimized Fe1Co1Ni1@N-CNTs exhibited a small onset potential
(Eonset) of 1.43 V and an overpotential of 249 mV at a current
density of 10 mA cm−2. More importantly, a potential of just
1.62 V was required for the water electrolysis to achieve
a current density of 10 mA cm−2 when Fe1Co1Ni1@N-CNTs act
as the anode and their previously reported Fe1Co3Mo3 P–O act
as the cathode electrode, which was comparable to the IrO2‖Pt/
C couple. Khodabakhshi et al. synthesized NiFeCu phosphide
nanosheets on nanodendrite Ni3S2/NiF substrates as a cathode
via the electrodeposition method by partially substituting Cu
with Ni and Fe in NiFeP@Ni3S2/NiF to evaluate OER activity in
an alkaline medium.266 Cu doping in place of Ni or Fe changes
electron density and increases the conductivity and ESCA of
designed nanocatalysts. The hierarchical electrocatalyst
required an overpotential of just 230 mV to reach 10 mA cm−2,
which was one of the best OER results for metal phosphides and
also possessed good OER stability at a current density of 20 mA
cm−2. Senthil Raja et al. designed [FeCoNi(OH)3(BDC)1.5]/NF
MOF nanoslabs as working electrodes by the equimolar depo-
sition of Fe, Co, and Ni metals via a one-step solvothermal
technique, which allowed to grow on the NF substrate, and
employing 1,4-benzenedi-carboxylic acid as the organic
linker.267 The sensor had extremely low overpotentials of 196
and 284 mV at corresponding current densities of 10 and 1000
mA cm−2. The sensor exhibited a low Tafel slope of 29.5 mV
dec−1 in an alkaline medium. The catalyst showed only a 5%
loss in current densities when tested at a high current density of
1000 mA cm−2 for 50 hours continuously, which means the
catalyst is stable.

Recent research has identied transition-metal phosphates
and phosphides as potential components for electrochemical
conversion, energy conversion storage, and chemical stability.
Moreover, producing such materials frequently involves toxic
precursors and enormous energy costs, which are considered
disadvantages for practical use. In this paper, Kim et al.
described the synthesis of transition-metal phosphates at
ambient temperature for supercapacitors and the OER.123 The
trimetallic iron-doped porous nickel pyrophosphate (NFPy)
nanoparticles were synthesized via a simple co-precipitation
method. Ni, Fe, and pyrophosphate precursors were initially
constantly stirred at ambient temperature. The Tafel slope and
overpotential of NFPy towards the OER were just 47.4 mV dec−1

and 0.210 V, which were lower than those of commercialized
Ru2O. The as-prepared nanocatalyst exhibited long-term
stability and durability, as it was exposed to air for around 8
months and no change in electrochemical performance was
observed. Zhang et al. designed a chain of hierarchical tri-
metallic LDHs comprised of monolayer nanosheets fabricated
from oxalate MOFs formed on copper foil via in situ conformal
transformation.124 The octahedral shape of MOFs, which was
made up of extremely thin nanosheets, was preserved by LDHs.
© 2026 The Author(s). Published by the Royal Society of Chemistry
In an alkaline electrolytic solution, these trimetallic LDHs
exhibited excellent activity and stability towards the OER.
Compared to most previously reported catalysts, FeCo0.5Ni0.5-
LDH exhibited the smallest overpotential of 248 mV and a small
Tafel slope of 38 mV dec−1. Hou et al. reported the synthesis of
trimetallic nanosheets SjNiNx–PC/EG via pyrolysis of ternary
dicyandiamide–thiophene–nickel salt, which was grown on
electrochemically exfoliated graphene (EG) foil in an Ar atmo-
sphere at 900 °C and further underwent an acid leaching
process.232 The SjNiNx species were well dispersed on porous
carbon (PC) and represented the presence of active sites for the
OER. The developed SjNiNxPC/EG nanosheets performed better
towards the OER than all previously reported transition metal–
carbon catalysts, including the industry-standard Ir/C catalyst
(1.59 V at 10 mA cm−2) in alkaline media. They represented
a low overpotential of 1.51 V at 10 mA cm−2 and a small Tafel
slope of 45 mV dec−1. Liu et al. designed a trimetallic nitride
nanocatalyst, CoVFe/NF, which was grown on nickel foam to
enhance its OER performance compared to expensive electro-
catalyst RuO2.125 The overpotential of CoVFeN@NF was rela-
tively lower at 212 and 264 mV at 10 and 100 mA cm−2 in
alkaline media, respectively, as well as it exhibited a small Tafel
slope of 34.8 mV dec−1 for the OER. According to structural
characterization, it was revealed that the superior catalytic
activity was primarily caused by the development of oxyhydro-
xide species on the catalyst's surface as well as by the increased
synergic effect of the trimetallic system. Wang et al. described
a novel Janus-type nanoarchitecture made from trimetallic
sulde nanowires (Ni–Co–Fe–S/rGO) wrapped in rGO obtained
from MOFs and followed by hydrothermal suldation for
enhancing electrocatalytic OER performance and photocatalytic
organic compound degradation (POD).126 It shows good dura-
bility and cycling stability towards the OER in aqueous solution
as it also gave a small Tafel slope of 56.4 mV dec−1and a lower
overpotential of 251 mV at 10 mA cm−2. It also exhibited a high
rate of photocatalytic degradation (96.06%) for the rhodamine B
dye and can maintain this rate in cyclic degradation.

Kahnamouei and Shahrokhian reported the synthesis of
a NiCoFe nanocatalyst with an open-cage/3D frame-like struc-
ture for the OER.64 It was prepared by the sequential thermal
treatment on the cage structure of CoFe Prussian blue (CoFe-
PBA) under an argon (CoFeA-TT) atmosphere, followed by the
electrochemical deposition of Ni–Co–sulphide (NiCo–S) nano-
sheets forming a shell layer on it. The electrochemical data
indicated that the deposition of NiCo–S on CoFeA-TT (NiCo–
S@CoFeA-TT) showed the best catalytic performance as
compared to a standard RuO2 catalyst, as it required only a low
overpotential of 268 mV to reach a current density of 10 mA
cm−2 and exhibited a Tafel slope of 62 mV dec−1. It also
demonstrated high catalytic stability in an alkaline media over
a long period. Its remarkable electrocatalytic performances
were due to abundant active sites, cage-like structures, and
synergic interactions between hybrid components.

Ramakrishnan et al. used a simple, efficient, and one-step in
situ hydrothermal procedure to design a unique method for
synthesizing hierarchical iron cobalt molybdenum sulde
nanoowers enclosed in nitrogen-doped graphene
Nanoscale Adv., 2026, 8, 1089–1136 | 1115
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(FeCoMoS@NG), as shown in Fig. 14.127 Due to its porous
network, hierarchical nanostructures, and more signicant
specic active sites, FeCoMoS@NG exhibited excellent catalytic
activity, as it required overpotentials of only 238 mV for the OER
and 137 mV for the HER to reach 10 mA cm−2 and also showed
a small Tafel slope of 60 mV dec−1. FeCoMoS@NG cathode-
based zinc–air batteries were also developed to check their
use for overall water splitting. These rechargeable batteries were
prepared using the FeCoMoS@NG nanohybrid as the air
cathode and commercial Zn foil as the anode. These turned out
to be one of the best batteries for overall water splitting in
comparison to other Zn-based expensive metal batteries, as they
exhibited a high-power density of 118 mW cm−2, an ultra-high
open-circuit voltage of 1.44 V and long-term cyclic stability for
over 70 h. So, FeCoMoS@NG turned out to be an inexpensive
and easy method for water splitting.

Zhou et al. described the synthesis of a series of trimetallic
MnxFeyNi-MOF-74 electrodes in situ by a solvothermal method,
which were grown on NF to evaluate bifunctional electro-
catalysts for overall water splitting in a primary medium.128 Mn
was added to create a uniform lm by controlling the
morphology of MOF-14, and more active sites were created by
the oxidation of Fe2+ to Fe3+ ions. The optimized Mn0.52Fe0.71Ni-
MOF-74 lm electrode needed an overpotential of just 99 mV to
reach 10 mA cm−2 current density for the HER, whereas an
overpotential of 267 mV was required to reach 100 mA per cm
for the OER, respectively. When it was used as an electrolyzer,
Fig. 14 (a) Bare chart comparing OER overpotentials; (b) Tafel plots of N
KOH; (c) bare chart comparing HER overpotentials; (d) Tafel plots of NG
KOH. This figure has been adapted/reproduced from ref. 127 with perm

1116 | Nanoscale Adv., 2026, 8, 1089–1136
the electrode demonstrated good performance towards total
water splitting as it required overpotentials of 462 mV and
245 mV to achieve current densities of 100 and 10 mA cm−2,
respectively. This research offers a new perspective on how to
create multi-metal MOF-based electrocatalysts. Mao et al.
synthesized a trimetallic electrocatalyst composed of Fe, Co and
Ni stabilized on nanosheets made of polypyrrole and rGO (PPy/
rGO) by the one-step reduction method. The catalyst exhibited
higher OER due to the synergic effect among metals as
compared to other monometallic and bimetallic nanosheets.129

Additionally, FeCoNiBOx/PPy/rGO provides the lowest over-
potential of 290 mV, as compared to IrO2, which had a compa-
rable overpotential of 288 mV and was much lower than the
overpotential of FeCoNiBOx (366 mV) and FeCoNiBOx/rGO (311
mV) at a current density of 10 mA cm−2, respectively. It also
exhibited the lowest Tafel slope of 47.0 mV dec−1, which was
comparable to commercial IrO2 (48.4 mV dec−1) and was much
lower than rGO (78 mV dec−1), PPy/rGO (115.1 mV dec−1),
FeCoNiBOx/rGO (78.0 mV dec−1), and FeCoNiBOx (103.6 mV
dec−1). The synthesis of Ag@NiV0.2Co0.2 nanosheets was
designed on the surface of nickel foam and uniformly decorated
by Ag NPs using the hydrothermal method for the OER by Du
et al.268 Furthermore, the surface reconstruction caused by the
redox reaction and leaching of V metal in an alkaline solution
resulted in a highly active oxygen-decient (oxy)hydroxide layer
on top of Ag@NiV0.2Co0.2 nanosheets. Furthermore, the ECSA
was adjusted by positioning the number of Ag NPs to expose
G, MoS@NG, CoMoS@NG, FeCoMoS@NG and RuO2 for the OER in 1 M
, MoS@NG, CoMoS@NG, FeCoMoS@NG and Pt–C for the HER in 1 M
ission from Elsevier, copyright 2020.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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more active sites. The Ag@NiV0.2Co0.2 catalyst exhibited a Tafel
slope of 38.3 mV dec−1 and an overpotential of around 255 mV
at 10mA cm−2 in an alkaline solution. The designed nanosheets
exhibited higher catalytic performance as compared to other
transition metal oxyhydroxides because of (i) the active (oxy)
hydroxide layer on the Ag@NiV0.2Co0.2 nanosheet surface, (ii)
the considerably enhanced charge ability as a result of the
incorporation of Ag NPs; and (iii) the extensively exposed active
sites. Keerthana et al. explained the synthesis of Cu6Mo5O18

nanoparticles via a schematic hydrothermal treatment for the
OER.269 The nanocatalyst shape was investigated using surfac-
tants such as polyvinylpyrrolidone (PVP) and sodium lauryl
sulfate (SDS). The PVP surfactant produced product (SDS-
Cu3Mo2O9) with better morphology and supports OER activity
than the SDS-assisted (PVP-Cu2Mo3O18) and pure sample
(Cu3Mo2O9). The PVP-assisted nanocatalysts exhibited a very
low overpotential of 124 V and a high current density of
227 mA g−1 at 10 mV s−1. They also demonstrated long-term
stability over 16 hours towards the OER.

The synthesis of a dendritic CoFeCu electrocatalyst was
designed, and it was allowed to grow on nickel foam (NF) using
the electrodeposition method for the OER by Wang et al.270

Initially, the synthesized CoFeCu/NF electrode catalyst had
a rough surface and cracks, which was modied by adding
different amounts of Cumetal, and it also possesses more active
surface sitea than CoFe/NF. When the optimized CoFeCu/NF
obtained a current density (j) of 10 mA cm−2 in an alkaline
solution (1.0 M KOH), it exhibited outstanding electrocatalytic
Fig. 15 (a) Schematic overview of trimetallic NiCo2xFexO4 NBs; (b) overpo
been adapted/reproduced from ref. 272 with permission from Wiley-VC

© 2026 The Author(s). Published by the Royal Society of Chemistry
activity with an overpotential of 202 mV for the OER. The
nanocatalyst also showed a small Tafel slope of 75 mV dec−1

compared to CoFe (80 mV dec−1). It also possesses high ECSA
and has a fast charge transfer rate. Chen et al. introduced MoS2
and LDH on NiCrFe to form an improved NiCrFe-LDH/MoS2
nanocatalyst using a hydrothermal method to enhance the OER
performance.271 Due to the insertion of Cr and MoS2, the
nanocatalyst possesses faster kinetics and improved charge
transfer ratio. The potential of NiFeCr-LDH@MoS2 was only
1.50 V, which was lower than that of a standard Ir/C catalyst
(1.59 V) at 10 mA cm−2, which demonstrated that the designed
nanocatalyst had superior catalytic properties. The enhanced
OER performance in alkaline solution was determined by low
overpotential (270 mV) and lower Tafel slope (85 mV dec−1)
compared to other reported catalysts. Huang et al. reported the
synthesis of porous Co-based ternary spinel oxide nano boxes
(NiCo2−xFexO4 NBs) by a metal–organic framework (MOF)
strategy to evaluate their performance towards the OER, as
shown in Fig. 15.272 This strategy included cation exchange and
chemical etchingfollowed by thermal oxidation processes. Due
to the synergic effect of the structure, they exhibited excellent
electrocatalytic performance and good stability in an alkaline
medium. The catalyst required an overpotential of only 274 mV
to reach a current density of 10 mA cm−2. In contrast, it also
possesses a small Tafel slope of 42 mV dec−1 compared to other
Cu-based mono/bimetallic and even smaller than standard
RuO2, which were the characteristic features of nanocatalysts
displaying good OER performance in water splitting.
tentials at j10 and j30; (c) Tafel plots of different catalysts. This figure has
H, copyright 2021.
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Table 2 TMNP-based modifiers for supercapacitor applications

S. no. Trimetallic activity Synthesis methods Electrode/electrolyte Specication Ref

1 NF-based uorinated
graphene trimetallic NPs
(Ni–Co–Fe nitride)

Hydrothermal method Carbon-supported NF
(AC@NF) as the anode and
NCF-N@FG/NF-3/500 °C
hybrid as the cathode

Specic capacitance
−2110 F g−1 at 1 A g−1

269

2 Prussian blue analog (PBA)
@NiCo layered double
hydroxide (NiCoLDH)
nanocomposite

Hydrothermal approach PBA@NiCoLDH/NF
nanocomposite electrode

Specic capacitance
−2004.26 mF cm2

at one mA cm2

270

3 NiVCe-layered double
hydroxide NPs

Sol–gel method NiVCe-LDH NPs Specic capacitance
−740C g−1 at 10 A g−1

103

4 Ni–Zn–Co–S hollow
nanocages

Sequential nickel
nitrate etching, co-
precipitation, and
vulcanization

Ni–Zn–Co–S-0.25 electrode Specic capacitance
−1930.9 at 1 A g−1

271

5 Ni–Co–Mn sulde
nanoower-like structure

Anion exchange approach — Specic capacitance
−657.7C g−1 at 1 A g−1

272

6 Cu–Ni–Co (CNCo) oxide
NWs

Hydrothermal method CNCo Specic capacitance
−2535 F g−1 at a current
density of 1 A g−1

273

7 Co3O4@MnO2@NiO/GO
nanocomposite

Hydrothermal method — Specic capacitance −215–
732 F g−1 at current density
1 A g−1

274
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Sankar et al. described the fabrication of a trimetallic zeolite
imidazolate framework (ZIF) derived brous material (CoNiFe-
ZIF-MFs) using a wet chemical approach, which further
undergoes a dependable electro-spinning technique.273 First, it
was ensured that metals were successfully implanted into
organic frameworks, and then they were used as an electro-
catalyst for the OER in an alkaline media. At a current density of
10 mA cm−2, the designed material displayed a lower over-
potential of 273 mV and a small Tafel slope of 87 mV dec−1. It
also showed stability for 12 hours. So, it was quite evident that
the morphology of the designed material was responsible for an
increase in electrocatalytic properties towards the OER.

Gopi et al. fabricated a trimetallic MOF nanocatalyst based on
Ni, Co, and Zn utilizing BTC as a linker for expanding the
performance of a single catalyst towards the OER, 4-nitrophenol
reduction reaction, and urea oxidation reaction (UOR).274 The
teamwas also involved in the fabrication of its metal oxides, such
as carbon composites, at various temperatures, including 600 °C
(TM-MOF-600), 700 °C (TM-MOF-700), and 800 °C (TM-MOF-800)
by carbonization. The average particle size was measured to be
60–110 nm aer calcination, resulting in an inconsistent
agglomeration and irregular nanomaterial surface. As per
electrochemical tests, it was concluded that TM-MOF-800
exhibited superior performance in both OER and UOR
processes, with onset potentials (Eonset) of 1.37 V for the UOR and
1.66 V for the OER at a current density of 10 mA cm−2. In the
presence of an excess of NaBH4, 4-nitrophenol was catalytically
reduced to 4-amino phenol in a signicantly less period. These
catalysts exhibited excellent stability over the long term when
used in an alkaline media. Venkatkarthick et al. thoroughly
examined the electrocatalytic activity of the standard NCM
hydroxide materials for the two crucial compositions, NCM-523
and NCM-811, in an alkaline medium without adding lithium
1118 | Nanoscale Adv., 2026, 8, 1089–1136
by a straightforward co-precipitation method for the OER.275 For
better OER kinetics, the NCM-811 composite exhibited the lowest
Tafel slope (91.7 mV dec−1) and onset potential (Eonset) (1.5 V). In
contrast, the NCM-523 composite exhibited a relatively higher
Tafel slope (175.6 mV dec−1) and onset potential (1.55 V).
Moreover, this catalyst exhibited sustained catalytic performance
of continuous water electrolysis for 25 hours. When lithium salts
were calcined with the standard hydroxide materials at higher
temperatures, the resulting compositions were employed as
practical cathodes in lithium-ion batteries (LIBs). However, it was
observed that lithium-decient NCM oxide (NCM-523 or LiNi0.5-
Co0.2Mn0.3O2) electrodes had a disordered structure and exhibi-
ted superior electrocatalytic activity compared to its original
structure for the OER.
Supercapacitors

Researchers have recently gained much attention on super-
capacitors due to their specic energy, high-specic power,
excellent cycling performance, faster charging time, and
ecological safety features over conventional batteries.2 SCs are
employed in hybrid electric vehicles and several power-
stabilizing applications because of their excellent operating
temperature range and steady cycling behavior. Nonetheless, it
bridges the gap between ordinary batteries and capacitors,
which have poor power densities and low energy densities,
respectively. Numerous research studies have been carried out
to improve the capacitance and energy density of super-
capacitors, with an emphasis on electrode materials. Carbon
materials (carbon aerogels, activated carbon, carbon nanotubes
(CNTs), and graphene) possess a large surface area and store
charges through the electronic double-layer capacitance (EDLC)
mechanism, which involves the adsorption and desorption of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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electrolyte ions at the electrode/electrolyte interfaces. The two
key performances that determined the factors for SC devices are
the suitable selection of the electrode material and the appro-
priate selection of the substrate, as shown in Table 2.

Ishaq et al. designed NF-based uorinated graphene TMNPs
(Ni–Co–Fe nitride) prepared via a one-step nitrogenization
process, which acted as an electrode for supercapacitors
(SCs).276 An asymmetric supercapacitor (ASC) device was
designed using activated carbon-supported NF (AC@NF) as the
anode and an NCF-N@FG/NF-3/500 °C hybrid as the cathode.
The optimal NCF-N@FG/NF hybrid yielded a rate capability of
87.2% at 20 A g−1, a specic capacitance (capacity) of 2110 F g−1

at 1 A g−1, and a capacitance retention of 97.6% aer 5000
cycles. The device showed outstanding cycling stability with
only 11.5% capacitance loss aer 10 000 cycles and a stable
potential window of 1.5 V. Moreover, it attained a power density
of 374.6 W kg−1 and an energy density of 56.3 Wh kg−1 at
0.5 A g−1. The device retained a power density of 7484.2 W kg−1

and an energy density of 39.5 Wh kg−1 at 10 A g−1. The designed
supercapacitor demonstrated excellent electrode stability and
electrochemical activity for real-time applications.

Chen et al. designed a supercapacitor electrode using
a Prussian blue analog (PBA)@NiCo layered double hydroxide
(NiCoLDH) nanocomposite electrode material via a hydro-
thermal approach.277 Initially, nickel foam (NF) was used to
create three-dimensional (3D) controlled NiCo-LDH nanosheets
with large interlayer spaces under mild conditions. The target
PBA@NiCoLDH/NF nanocomposite electrode was created in
situ from the precursor by a simple thermal ion exchange
reaction with potassium ferricyanide. The best electrochemical
performance was demonstrated by the PBA@Ni0.4Co0.6-LDH
electrode, with an area capacitance of 2004.26 mF cm2 at 1 mA
cm2, which was signicantly about three times better than the
characteristics of any one component. The SC electrode shows
higher cycling stability. Gonçalves 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.107 The NiVCe-LDH NPs had shown good
Fig. 16 (a) Synthesis overview of the glucose sensor; (b) amperometric re
additions of glucose from 0.005 to 9 mM. This figure has been adapted/re

© 2026 The Author(s). Published by the Royal Society of Chemistry
potential as an electrode material for hybrid energy storage
devices, delivering a specic charge of 740C g−1 at 10 A g−1 and
a charge retention of 68.7% at 100 A g−1. Furthermore, as
demonstrated by their low Tafel slope of 47 mV dec−1, NiVCe-
LDH nanoparticles have been effectively employed as a proto-
type for the OER. Finally, using a quick and easy batch injection
analysis approach, trimetallic NiVCe-LDH-based screen-printed
electrodes were designed to detect hydrogen peroxide directly in
an accurate mouthwash sample. They were able to achieve
a recovery value of approximately 98%.

Zhao et al. prepared a series of Ni–Zn–Co–S hollow nano-
cages by sequential nickel nitrate etching, co-precipitation, and
vulcanization using a bimetallic zeolitic imidazolate framework
(Zn–Co-ZIF) with varied Zn/Co ratios as the template.278 The Ni–
Zn–Co–S-0.25 electrode successfully served as an electrode
material for a three-electrode SC in an aqueous alkaline elec-
trolyte, achieving an extremely high specic capacitance of
1930.9 at 1 A with a reasonable rate performance of 64.5% at
10 A g−1. The Ni–Zn–Co–S-0.25 material was assembled into an
asymmetric energy storage device using an activated carbon
(AC) anode to demonstrate its advantages further. The Ni–Zn–
Co–S-0.25/AC cell has an exceptional capacity for energy storage
(32.8 Wh kg−1 at 864.8 W kg−1) and an excellent cycle life
(keeping 92.2% of the starting capacitance aer 10 000 cycles).
The Ni–Zn–Co–S-0.25 electrode showed excellent electro-
chemical performance due to the trimetallic sulde hollow
nanocage, i.e., a large active surface area, good electronic
conductivity, fast charge transfer, and the synergic effect of
different metal ions. Zhang and co-workers worked on
designing excellent battery materials for hybrid supercapacitors
by constructing ower-like structures using an anion exchange
approach.279 The amounts of Mn had been adjusted to control
the performance of suldes. It was discovered that Mn doping
produces pure phase sulde while preserving the same oral
structure. Mn-doping improved the specic capacity and cycling
stability of suldes, and the resultant suldes retained a low
charge transfer resistance. A specic capacity of 339.5C g−1 was
attained when the specic current was increased 50 times to
50 A g−1 in Mn-doped suldes, with a maximum specic
sponse of the GOD-BLG-PtAuPd-RGO/GC electrode upon successive
produced from ref. 282 with permission from Elsevier, copyright 2018.

Nanoscale Adv., 2026, 8, 1089–1136 | 1119

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00936g


Nanoscale Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 3
:1

7:
57

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
capacity of 657.7C g−1 at 1 A g−1. A hybrid supercapacitor with
decreased graphene oxide was formed using the NiCoMn-based
sulde, achieving a maximum specic energy of 36.3 Wh kg−1.
It also exhibited long-term cycle stability. Thakur and co-
workers prepared Cu–Ni–Co (CNCo) oxide nanowires on
carbon cloth (CC) via hydrothermal with a subsequent calci-
nation approach.280 CNCo delivered excellent supercapacitive
performance on the conducting scaffold, with specic capaci-
tance as high as 2535 F g−1 at a current density of 1 A g−1 and an
outstanding rate capability of 94% at 5 A g−1 even aer 5000
cycles. CNCo was further considered a reliable and valuable
electrode material for constructing a symmetric supercapacitor.
The manufactured device exhibited exceptional cycling stability
(capacitance retention of more than 100% aer 10 000 cycles)
and a specic energy of 39 Wh kg−1 at a particular power of 0.45
kW kg−1. The synergistic effect that inuenced the rate of redox
charge transfer and enhanced the cycling stability and rate
capability was strengthened by the coordination of metal ions.
Al Shoaibi and co-workers designed a Co3O4@MnO2@NiO/GO
nanocomposite via a hydrothermal approach, a suitable
supercapacitor material.281 Furthermore, GO was added to
enhance the applications of this nanocomposite for electrode
production. The synergistic combination of these composites
with GO improves the performance, longevity, and stability of
the electrode. The supercapacitor had a specic capacitance of
215–732 F g−1 at a current density of 1 A g−1 and a potential
window of 0–0.8 V.
Electrochemical sensing application

The growth of complex microuidic instruments for identifying
a wide range of biological molecules appeared as a vital strategy
for the real-timemonitoring of various diseases. The fabrication
of smart devices relying on bio-nanomaterials is considered the
result of transdisciplinary work from the materials science to
the medical eld, as the target analytes recognized by these
devices are proteins, enzymes, antibodies, DNA/RNA probes,
and microorganisms, which can be detected with features such
as low detection limits, great accuracy, and sensitivity. By the
biochemical mechanism involved in the detection, the bio-
detection system can be developed as a bio-catalytic or bio-
affinity-based system. In the rst scenario, the bioreceptor
(proteins, enzymes, or cells) engages in a catalytic reaction with
the analyte. In contrast, equilibrium is reached in the latter case
due to a particular binding mechanism between the bioreceptor
(aptamer or antibody) and the analyte. Based on the trans-
duction routes, biosensors can be divided into electrochemical,
piezoelectric, optoelectronic, and calorimetric types.

Han et al. designed trimetallic PtAuPd NPs via an easy
technique for the electrochemical detection of glucose in
human serum, as shown in Fig. 16.282 The PtAuPd NPs were
reduced on the surface of b-lactoglobulin (BLG)-functionalized
rGO to form a BLG-PtAuPd-RGO nanocomposite. The glucose
sensor was designed by immobilizing glucose oxidase (GOx),
which was further modied on a GCE. The BLG-PtAuPd-RGO
sensor showed a linear range of 0.005 to 9 mM, a lower LOD
of 0.13 mM, and a remarkable sensitivity of 63.29 mAmM−1 cm−2
1120 | Nanoscale Adv., 2026, 8, 1089–1136
(4.43 mA mM−1). The ECSA of designed NPs was 1.5 and 1.2
times higher than that of the bare GC electrode and BLG-RGO/
GCE, respectively. The developed sensor exhibited excellent
stability and reproducibility. Thus, the results indicated that it
showed excellent results for sensing glucose in real human
serum and can be used to diagnose diabetes.

Dong et al. synthesized AuPtPd/rGO trimetallic nano-
composites (NCs) via a one-step method for the electrochemical
detection of H2O2 released from living breast cancer cells (MDA-
MB-231 and T47D).283 The H2O2 was released from the cancer
cell lines by adding AA, which the designed NCs further detec-
ted. The AuPtPd NCs were prepared onmodied rGO and a GCE
by physical adsorption. Superior catalytic efficacy for the
reduction of H2O2 was demonstrated by the AuPtPd/rGO-
modied GCE, which also had a wide linear range of 0.005
mM to 6.5 mM and a low detection limit of 2 nM. Additionally,
aer 20 days of storage at room temperature, the as-prepared
sensor still retained 87% of its initial response current,
demonstrating that the suggested sensors had acceptable
repeatability and good stability. Shi et al. explained the
synthesis of PtAuRu nanoparticles using a simple one-pot
method and a glassy carbon electrode (GCE) to detect caffeic
acid (CA) via an electrochemical process.284 The synthesized NPs
were uniform, and the PtAuRu/GCE showed a photocurrent
response towards visible light illumination. The PtAuRu/GCE
demonstrated a higher anodic current in 0.1 M phosphate
buffer solution, which contains 0.5 mM of CA, as compared to
the bare GCE, which suggested that modifying the GCE with
synthesized PtAuRu NPs could improve the electrochemical
activity towards the detection of CA. This was most likely caused
by the high conductivity of metal NPs and the increased surface
area because of the synthesized PtAuRu NPs. The linear range
and limit of detection (LOD) of the TMNPs were 0.0087 mM to
16.6 mM and 3.9 × 10−7 M, respectively. These ndings high-
light the potential of light illumination to improve the electro-
chemical detection capabilities of metallic nanocomposite-
based sensors. Barman et al. synthesized Pd@Au@Pt NPs,
which were electrodeposited on –COOH terminated function-
alized rGO for the electrochemical detection of cancer
biomarkers (prostate-specic antigen (PSA) and carcinoem-
bryonic antigen (CEA)) in human serum.285 It was discovered
that proper COOH-rGO treatment on Pd@Au@Pt NPs, followed
by further EDC/NHS activation, resulted in improved selectivity
and stability of the sensing platform. The designed sensor
exhibited a sensitivity of 0.099 ± 0.007 mA ng−1 mL, a LOD of 8
pg mL−1, and a linear range of 12 pg mL−1 to 85 ng mL−1 for
CEA, while for PSA, the sensitivity was 0.267 ± 0.02 mA ng−1 mL,
LOD was 2 pg mL−1, and the linear range was three pg mL−1 to
60 ng mL−1, respectively. This sensor was used for PSA and CEA
biomarkers and other biomarkers. Annalakshmi and coworkers
explained the synthesis of a NiFeCo nanoalloy sensor via
a hydrothermal approach for the electrochemical detection of
hydrazine in water samples.286 It was discovered that the NFC-
fabricated electrode exhibited excellent electro-chemical
sensing ability toward HY, which may be due to its low
impedance behavior and synergistic interaction with the
metallic nanoparticles. The designed sensor demonstrated
© 2026 The Author(s). Published by the Royal Society of Chemistry
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acceptable analytical performance with a wide linear change of
0.020–3080 mM, low LOD (6.4 Nm), and low detection time, i.e.,
2 s. The designed sensor demonstrated the results with high
accuracy and sensitivity as it was helpful for the detection of HY
in various water samples such as lakes, rivers, tap water, and
sewage water. Alkahtani and co-workers designed the synthesis
of a AuPdPt NPs@rGO/GCE nanocomposite for the sensing of
retigabine (REG) oxidation in human plasma and urine
samples.287 The AuPdPt NPs were synthesized using the wet
chemical method and then uniformly dispersed on rGO. The
sensor possessed superior electrocatalytic activity, stability, and
sensitivity towards REG oxidation due to the synergic effect of
various metals. The AuPdPt NPs@rGO/GCE exhibited a wide
linear range of 2.0–40.0 × 10−7 M, a LOD of 0.001 mg mL−1, and
a LOQ of 0.003 mg mL−1. Aer being stored for 18 days, the
modied electrode lost 1.5% of its initial response, demon-
strating that the constructed sensor could detect REG over this
time. This work was anticipated to provide a new platform for
the straightforward one-pot reduction approach of combining
non-metals and metals.

Fan et al. designed an electrochemical sensor to detect and
sense serum human epididymis protein 4 (HE4), a diagnostic
biomarker for ovarian cancer, which was made up of AgPtCo
NDs and magnetic nanocomposites (Fe3O4@SiO2@Au MNCs)
by the one-pot method.288 AgPtCo NDs offered a large surface to
immobilize secondary antibodies because of their unique
dendritic structure. The LOD and linear range of the sample
were 0.487 ng mL−1 and 0.001–50 ng mL−1, respectively. It is
interesting that this immunosensor was able to examine HE4 in
real samples and displayed strong agreement with clinical
studies. Therefore, the suggested electrochemical immuno-
sensor could serve as a viable POCT platform for tumor
patients, which is essential for the early diagnosis, treatment,
and prognosis monitoring of cancer patients. Ye et al. designed
the Cu/Au/Pt NPs for the colorimetric detection of glucose and
cancer via the NaBH4 co-reduction method.289 A colorimetric
assay technique was initially proposed to detect glucose based
on the catalysis of Cu/Au/Pt TMNPs during the reaction of
hydrogen peroxide (H2O2) and 3,3,5,5-tetramethylbenzidine
(TMB). A novel theranostic probe was also created by coating
Cu/Au/Pt TMNPs with thiolated aptamers. This probe exhibited
good photothermal killing performance for the target cancer
cells and could successfully realize selective, visual, and sensi-
tive analysis. The LOD for glucose and cancer cells were 25 mM
and 200 cells, while the linear range for the same was 0 to 200
mM and 0–10 000 cells, respectively. It was believed that these
NPs could be used for various bio-sensing applications and
theranostics. Sharifuzzaman et al. synthesized COOH–AgPtPd/
NH2-rGO NPs for electrochemical detection of H2O2 and
prostate-specic antigen (PSA) by a green method.290 First, with
the help of the layer method, the amino-functionalized rGO
(NH2-rGO) and carboxylic surface-modied AgPtPd (COOH–

AgPtPd) NPs were synthesized, which were used as sensors for
various probes. The enhanced synergic effect between NH2-rGO
and COOH–AgPtPd raises the electron transport rate and
electrocatalytic activity. The LOD and linear range of the sensor
towards H2O2 were 0.0002 mM and 0.001 to 500 mM, while
© 2026 The Author(s). Published by the Royal Society of Chemistry
towards PSA were 0.000004 ng mL−1 and 0.000004 ng mL−1 to
300 ng mL−1. This sensor was claimed to be used for other
applications, too. Salman and co-workers synthesized PdCoAg/
C nanostructures using the polyol method, which acted as an
electrocatalyst that helped electrochemical sensing of glucose
concentration in fruit juices and carbonated drinks.291 The
sensor was distinguished by a range of methods, such as X-ray
diffraction, SEM, and TEM, and the results concluded that the
insertion of the third metal changed the electronic state of the
PdCoAg/C nanocatalyst. Due to the synergistic interaction of the
ternary metals, the obtained enzyme-free sensor showed
outstanding catalytic activity towards glucose with a low LOD
(0.003 mmol L−1), broad detection range (0.005 to 0.35 mmol
L−1), high sensitivity (4156.34 mA mmol−1 L−1 cm−2), as well as
long-term durability (10 days).

Sharifuzzaman et al. designed a new, facile, green approach
for synthesizing grGO/MoS2-NRs/AuPdAg NCs for the electro-
chemical detection of ochratoxin A.292 First, a unique method
was discovered for the synthesis of GO, which was prepared by
oxidation with NaIO4 and used as a substrate for the growth of
MoS2. The resultant grGO/MoS2-NR nanocomposite demon-
strates outstanding electrocatalytic activity because of the
excellent electrical coupling activity of grGO and the exposed
active edge sites of MoS2-NRs. The sensor exhibited a lower
detection limit of 0.000005 ng mL−1 and a linear range of
0.00001–150 ng mL−1, which were much better than those of
other reported sensors. Qiu et al. designed new trimetallic
nanotubes (PtAuAg NTs) to sense methanol in alcoholic bever-
ages.102 The PtAuAg NTs were synthesized via a simple galvanic
replacement reaction using Ag NRs as the self-sacriced
template, which were obtained using the hydrothermal
method. The PtAuAg NTs demonstrated an exceptionally high
catalytic efficiency towards the MOR, with a LOD of 0.02 mM,
a high sensitivity of 24.3 mAmM−1 cm−2, a linear range of 0.05–
1.8 mM, and a low working potential of −0.2 V. The electron
transfer from Au to Pt may have caused the Au component
enhancement effect, which encouraged the creation of active
oxygen species on Pt. Additionally, the methanol sensor showed
outstanding selectivity, repeatability, and storage stability. The
stability of this sensor was examined by continuously testing it
for 21 days, and the response current was evaluated aer three
days. The electrode retained 92.3% of its initial response over
this time frame. The technique provided a well-organized route
for chemical sensors to effectively identify harmful substances
on a large scale. Nie et al. synthesized PdCuAu NPs via a one-
step synthesis method for the colorimetric detection of H2O2

and glucose.293 The produced PdCuAu NPs exhibited good
catalytic activity for peroxidase-like enzymes. In the presence of
H2O2, TMB can rapidly accelerate and be oxidized into a visible
blue product (oxTMB). This study used the colorimetric PdCuAu
NP platform to detect glucose and hydrogen peroxide depend-
ing on its distinct peroxidase-like characteristics. The LOD for
glucose and H2O2 was 25 and 5 nM, respectively, and the linear
range was 0.5–500 mM and 0.1–300 mM. This rapid and facile
technique offers a promising future for detecting glucose and
H2O2 in real-world applications. Abdelwahab et al. designed
a susceptible and novel electrochemical sensor that was capable
Nanoscale Adv., 2026, 8, 1089–1136 | 1121
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of determining acetaminophen (AP), dopamine (DA), ascorbic
acid (AA), and tryptophan (TP) simultaneously in human blood
serum.294 The sensor comprised evenly capped trimetallic (Au,
Ag, and Pd) NPs in electroplated graphene oxide (EPGrO). The
nanocomposite electrode demonstrated excellent repeatability
and greater stability, reecting the present sensor's efficacy for
identifying AA, DA, AP, and TP. The linear range and LOD
exhibited by the sensor were 5–650 mM and 0.24 ± 0.03 for AA,
1–700 mM and 0.02 ± 0.01 for DA, 5–700 mM and 0.12 ± 0.04 for
AP, 1–600 mM and 0.03 ± 0.01 mM for TP, respectively. Finally,
the (Au/Ag/Pd)NPs/EPGrO nanocomposite electrodes were
effectively used for determining the concentration of AP, DA,
AA, and TP in a real sample of human blood serum. Wu et al.
described the fabrication of a new Cu/Au/Pt TN-encapsulated
DNA hydrogel by NaBH4 co-reduction method for colorimetric
microcystin-LR (MC-LR) detection in fresh sh tissue and water
samples.288 The MC-LR aptamer was hybridized with two main
DNA strands on linear polyacrylamide chains to create the DNA
hydrogel network. The hydrogel dissolves and releases the
preloaded Cu/Au/Pt TNs, which may catalyze the interaction
between H2O2 and TMB to create color changes if MC-LR is
present. This Cu/Au/Pt TN-encapsulated DNA hydrogel-based
colorimetric biosensor may achieve quantitative detection of
MC-LR due to this sensitive methodology. The results showed
that this colorimetric biosensor, with a linear range of 4.0 e 10
000 ng L−1 and a detection limit of 3.0 ng L−1, could sensitively
detect MC-LR. Using this target-responsive and signal-
amplication technique, colorimetric biosensors may be
developed for different targets, demonstrating the sensor's
signicant potential for MC-LR detection.

Ye et al. worked on the synthesis of ultrasonication-dry
synthesis of gold (Au) NP-supported copper ferrite (CF) on
rGO(Au-CF@rGO). A modied Au-CF@rGO/GC electrode was
also created to conduct the electrochemical analysis to detect
dopamine in banana milk samples. The glassy carbon electrode
of Au-CF@rGO/GCE (modied electrode) demonstrates
remarkable sensing properties, including a wide linear range of
0.001–119.6 mM, an LOD of 0.34 nM, and an enhanced sensi-
tivity of mA mM cm−2. On the other hand, the modied Au-
CF@rGO/GC electrode exhibited high selectivity, reproduc-
ibility, repeatability, and outstanding storage stability. To
enhance the immobilization of the primary antibody (Ab1),
Au@MOFs were used as the substrate. In addition, the insertion
of Au NPs enhanced the MOF conductivity and sped up electron
transmission at the interface. Secondary antibodies were
labeled with sub-30 nm trimetallic Au@PdPt NCs placed onto
ultrathin MnO2 nanosheets (MnO2 UNs/Au@PdPt NCs).
Hydroquinone (HQ) oxidation by catalytic H2O2 reduction was
boosted by the MnO2 UNs/Au@PdPt NCs, which acted as
amplication labels to magnify the reductive current signal
effectively. The immune sensor demonstrated a low LOD (4.17
fg mL−1), broad detection range (10 fg mL−1 to 100 ng mL−1),
and good repeatability and stability. These ndings suggested
that the immune sensor has a promising future in the early
clinical diagnosis of NSE. Sharifuzzaman et al. designed an
electrochemiluminescence (ECL) immunosensor made up of
Au@Pd@Pt NPs for sensing ractopamine (RAC) in the peroxy-
1122 | Nanoscale Adv., 2026, 8, 1089–1136
disulfate/oxygen system.290 The TNMP core shell was used as
a catalyst, and further, to increase the performance, a layer of
noroxacin-L-cysteine (NC) was coated on Au@Pd@Pt NPs. As
a result, the suggested immunosensor exhibited a low LOD
(0.00003 ng mL−1) and a broad linear range (0.0001 to 1000 ng
mL−1). Salman et al. synthesized a trimetallic oxide MoO2–

Fe3O4–CuO nanocomposite by the co-precipitation method for
sensing para-nitrophenol (p-NP).291 Aer synthesis, the nano-
composite was coated onto a GCE for the electrochemical
detection of p-NP by enhancing the conductivity of MoO2–

Fe3O4–CuO. The p-NP content was checked in real samples,
such as drinking water from a plastic bottle and industrial
effluent water. The sensor possessed excellent sensitivity
(5.2430mAmM−1 cm−2), wide linear range (1.0 pM to 0.01mM),
and low LOD (0.2 pM) in signicantly less reaction time. The
sensor displayed excellent stability and consistency.

Sharifuzzaman et al. designed TMNPs AuPdPt functionalized
MWCNTs-AuPdPt for the detection of Staphylococcus aureus (S.
aureus) in food samples to prevent foodborne diseases in
humans by ensuring food safety.292 By depositing AuPdPt
TMNPs on the surface of MWCNTs, the MWCNTs-AuPdPt
nanocomposite was created using an in situ growth technique.
The synthesized MWCNTs-AuPdPt had excellent conductivity
and exceptional catalytic activity for hydrogen peroxide. Anti-S.
aureus antibodies were further used to functionalize the
MWCNTs-AuPdPt nanocomposite, which already had good
biocompatibility and a high specic surface area. The immo-
bilized antibodies effectively attracted S. aureus to the modied
electrode through an immunological response, which led to
a shi in the strength of the catalytic current to enable the
sensitive detection of S. aureus. The sensor possessed low LOD
(39 CFU mL−1) and a wide linear range (1.1 × 102 to 1.1 × 107
CFU mL−1). The proposed immunosensor was also effectively
used to identify S. aureus in real samples with satisfactory
outcomes. So, this sensor effectively determines S. aureus and
other pathogens in real samples. Nie and co-workers synthe-
sized AuPtPd uffy-like nanodendrites (FNDs) by a one-pot
thymine-mediated method for the highly selective and sensi-
tive electrochemical detection of cardiac troponin I (cTnI).293

The immunosensor was constructed by employing K3[Fe(CN)6]
as a signal probe, which was then tested on dilute serum
samples. Such nanostructures demonstrated a high specic
surface area to boost the loading of the cTnI Ab, and the
electrochemical signals of the probe were enhanced because of
the structural advantages, electronic effects, and synergetic
catalysis of the trimetals. The sensor demonstrated a broad
linear range (0.01–100.0 ng mL−1) and low LOD (3 pg mL−1).
Additionally, this biosensor offers a reliable platform for
investigating other cardiac indicators in real-world samples.
Akhter and co-workers reported a biosensor for the detection of
the anticancer agent nilutamide (NLM) that was based on a tri-
metallic organic framework (MOF).294 The tri-metallic Co–Ni–Cu-
MOF was grown on an NF substrate along with the single metal
Ni-MOF, Co-MOF, and Cu-MOF by a solvothermal method. The
Co–Ni–Cu-MOF/NF sensor showed vigorous electrocatalytic
activity. It displayed a broad concentration range of 0.5–70 mM
and 70–900 mM, a low LOD of 0.48 ± 0.02 nM, and a high
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 A schematic map for the future trajectory in research for TMNPs: from advanced green synthesis methods, followed by advanced high-
resolution and in situ characterization, mechanistic understanding aided by machine learning, device integration, and deployable, scalable real-
world applications.
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sensitivity of 10.712 mA mM−1 cm−2. These results demonstrated
the excellent selectivity and sensitivity of the tri-metallic MOF for
the detection of NLM in serum samples. Wu et al. worked on
synthesizing trimetallic Ni/Ag/Zn nano-sensors by the green
microwave-assisted co-precipitation reduction method for
detecting dopamine (DA).295 By analysis of the microstructure,
morphological variations resulting from various metal composi-
tion ratios were discovered. The elemental and phase composi-
tion of the synthesized samples were determined using XRD, XPS,
and FT-IR. The modied GCE exhibited good sensing capability
for DA, the sensor sensitivity was 0.96 mA mM−1 cm−2, the LOD
was 0.3 mM, and the linear range was 1–25 mM. This sensor
possessed good anti-interference and selectivity for ascorbic acid
(AA), uric acid (UA), and other ion-simulated biological settings.
Zhang and co-workers designed the one-pot novel synthesis of
Au1.5Pt1Co1 NPs at room temperature, the co-reduction of Co2+,
PtCl6

−, and AuCl4
− with hydrazine hydrate for the sensing of

hydroquinone in real water samples.296–303 The morphology,
elemental mapping, and surface roughness of the coated poly-L-
cysteine (P-L-Cys) layer on the Au1.5Pt1Co1/GCE surface were
examined to conrm continuous electrode modication
processes. The sensor possessed two linear ranges for HQ, which
were 0.1 to 30 and 30–200 mM, with a low LOD of 0.045 mM, while
the sensitivity of the sensor was 4.247 mA mM−1 cm−2, which
conrmed the excellent catalytic behaviour of the sensor. The
designed sensor also possessed excellent selectivity, stability,
reproducibility, and repeatability. The sensor might develop into
a valuable instrument for detecting electro-active substances in
tiny amounts in food or environmental samples. The core/shell
structured bimetallic NPs are oen reported to have high cata-
lytic activity for partial hydrogenation of diene to olen owing to
the ligand effect between the core and shell atoms. A similar
© 2026 The Author(s). Published by the Royal Society of Chemistry
strategy, when applied to TMNPs, can result in the sequential
dispersion of the electronic charge among the layers, which can
be conrmed by XPS data.304 The electron density of the surface
element in TMNPs could be inuenced by the electronic level of
elements present within the inner layers. In cases where the
electronic levels of three elements are aligned for enhancing the
overall electronic charge shi, TMNPs possessing a triple core/
shell structure and a sequential potential eld will assist in
delivering the highest activity due to the ligand effect.305 Table 3
gives a summary of the most relevant trimetallic nanostructure-
based sensing platforms and their analytical performance.
Comparison of the electrocatalytic sensitivity of mono-/bi-
metallic nanoparticles with TMNPs

The electrocatalytic sensitivity of mono- and bimetallic nano-
particles has been compared with that of trimetallic systems,
and clear performance advantages of the latter have been
observed across major electrochemical reactions, as shown in
Table 4. Bimetallic catalysts such as Ni–Fe for the OER and Ni–
Mo for the HER have already exhibited enhanced activity over
their monometallic counterparts; however, their overpotentials
typically remain in the ranges of 230–320 mV for the OER and
60–150 mV for the HER at 10 mA cm−2. In contrast, trimetallic
compositions such as Ni–Fe–Co, Ni–Fe–Mo, and Ni–Mo–Fe have
demonstrated further improvements due to additional syner-
gistic effects, showing reduced OER overpotentials of 150–
280 mV and HER values as low as 20–120 mV. Similarly, in
overall two-electrode water splitting, trimetallic Ni–Fe–Mo
electrodes have delivered a lower cell voltage (∼1.45 V)
compared to conventional NiFe/NiMo combinations (∼1.6–1.8
V). In noble-metal systems, Pt–Ni–Co trimetallic catalysts have
Nanoscale Adv., 2026, 8, 1089–1136 | 1127
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surpassed Pt/C benchmarks by offering signicantly higher
ORR mass activity. These improvements are attributed to
enhanced electronic modulation, increased active-site density,
improved charge-transfer properties, and superior structural
stability provided by the third metal. Overall, TMNPs have
consistently shown higher electrocatalytic sensitivity and
durability than mono- and bimetallic systems, conrming the
benecial role of multi-metallic synergy.27,28
Summary

The compiled table (Table 3) highlights recent advancements in
trimetallic nanomaterial-based sensing platforms across
electrochemical and colorimetric techniques. These studies
demonstrate that synergistic combinations of three metals
signicantly enhance catalytic activity, conductivity, selectivity,
and analytic performance. As evident from the reported LODs,
linear ranges, and sensitivities, trimetallic nanostructures
exhibit remarkable detection capabilities for a wide spectrum of
analytes, including biomarkers, environmental pollutants,
pharmaceuticals, and food contaminants. The versatility of
fabrication strategies, ranging from hydrothermal and electro-
deposition methods to green synthesis and one-pot routes,
further underscores the adaptability of these materials for
practical sensing applications. Overall, the summarized litera-
ture establishes trimetallic nanomaterials as powerful trans-
ducers with strong potential for next-generation high-
performance analytical sensors.
Conclusion

TMNPs have emerged as superior electrocatalysts, out-
performing their traditional monometallic and bimetallic
counterparts in various energy conversion processes, including
fuel cells, water splitting, and CO2 reduction. The synergistic
interactions among the three constituent metals lead to a uni-
que electronic structure and optimized binding energies for
reaction intermediates, signicantly enhancing catalytic activity
and selectivity.

(1) For instance, Pt–Pd–Au TMNPs have shown remarkable
activity in the ORR in PEMFCs, attributed to the modied d-
band center and reduced poisoning by intermediates.

(2) Similarly, Ni–Co–Fe TMNPs have demonstrated excellent
performance in the proton exchange OER due to their high
conductivity, large electrochemically active surface area (ECSA),
and robust structural integrity under harsh electrochemical
conditions.

(3) Beyond catalysis, TMNPs have shown exceptional poten-
tial in sensing applications, leveraging their unique physico-
chemical properties. The high surface area, enhanced electron
transfer rates, and tunable surface chemistry of TMNPs enable
the detection of analytes with high sensitivity, selectivity, and
rapid response times. For example, Au–Pt–Pd nanoparticles
have been effectively employed in electrochemical sensors for
glucose detection, demonstrating superior performance to
commercial sensors.
1128 | Nanoscale Adv., 2026, 8, 1089–1136
(4) Additionally, TMNPs have been utilized in environmental
monitoring to detect pollutants such as heavy metals and
organic contaminants with high accuracy. Incorporating
TMNPs in sensor devices improves detection limits and
enhances durability and resistance to fouling, making them
ideal for long-term monitoring applications.

Despite the numerous advancements, several challenges
associated with utilization of TMNPs are yet to be addressed-

(1) One such major challenge is the complexity involved in
their synthesis procedures. The production of TMNPs oen
demands precise control over various criteria, including reac-
tion conditions, stabilizing agents, and ratios of different
metals. The involvement of numerous parameters oen results
in variations in shape, size and operational properties of the
TMNPs, thereby generating non-reproducible results with
reduced stability.

(2) Lower precision in controlling size, shape and distribu-
tion when employing conventional methods such as co-
reduction, impregnation, and sol–gel techniques for the
synthesis of TMNPs.

(3) Gaining ample interpretation regarding synergistic
effects between different metals in TMNPs is another persistent
challenge that has limited their utilisation in electrocatalytic
applications.

(4) Low compatibility with existing industrial processe,
hinders the development of robust protocols for integrating
TMNPs into commercial devices.

(5) There is a lack of characterization techniques for under-
standing the constituents and particle makeup, and only
a handful of reports based on machine learning (ML)
approaches are available.

(6) Few reports are available highlighting the role of indi-
vidual elements involved in promoting activity, many of which
have various inconsistencies, mainly in high-entropy systems.

(7) Another major hurdle is gaining control over elemental
distribution, phase purity, and surface termination, all of which
are highly essential parameters while designing application-
specic TMNPs.

Recent innovations have introduced advanced techniques
such as seed-mediated growth, galvanic replacement, and
atomic layer deposition (ALD). The adoption of these sophisti-
cated methods offers unparalleled control over nanoparticle
morphology, composition, and crystallinity. For instance, seed-
mediated growth enables the formation of core–shell structures
with controlled thickness. At the same time, ALD allows for
atomic-level precision in layering different metals, thus
tailoring the surface properties for specic catalytic reactions.
Such advancements have paved the way for designing TMNPs
with enhanced surface area, active sites, and stability, which are
crucial for high-performance applications.

The evolution of trimetallic nanoparticles (TMNPs) has
marked a signicant milestone in nanotechnology, character-
ized by groundbreaking advancements in synthesis methodol-
ogies, electrocatalytic performance, and sensing capabilities.323

In the current research scenario, various electrochemical-based
applications, including H2O2 generation, HER, overall water
splitting, drug degradation, electrochemical synthesis,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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supercapacitors, and battery-based applications involving the
utilization of 2D materials, are being extensively explored.324–326

The journey from rudimentary synthesis techniques to sophis-
ticated, precise control over nanoparticle morphology and
composition has been pivotal in optimizing catalytic activity
and enhancing the overall functional properties of TMNPs.327–329
Future perspectives

Continued research into alternative, cost-effective synthesis
methods, such as green chemistry approaches and bio-
templates, is being adopted for reducing production costs and
environmental impact. Additionally, advancements in compu-
tational modelling and machine learning can accelerate the
discovery and optimization of new TMNP compositions and
structures, tailoring them for specic applications, as shown in
Fig. 17. In summary, the multifaceted capabilities of TMNPs
underscore their pivotal role in advancing fundamental
research and practical applications.

Their superior electrocatalytic performance and exceptional
sensing capabilities make them promising candidates for next-
generation technologies for sustainable development and
precision diagnostics. Utilization of advanced characterization
techniques, including in situ/operando studies, can be used for
tracking structural and electronic variations occurring during
reactions with respect to the catalytic performance and to
establish direct links between the structure and function.
Incorporation of ML/deep learning can help in initial theoret-
ical screening followed by rational design of catalysts and
subsequently optimise various parameters, such as the d-band
center, which directly inuences the reactivity. In case of
applications demanding structural advantages, making
ambient use of the exibility and structural stability of TMNPs
can prove to be highly instrumental under conditions where
consistency and long-term stability are essential. Similarly,
TMNPs can be ideal candidates for applications requiring
interfacial or multifunctional catalysis, as they can improve
synergistic effects at interfaces, causing an overall upliment in
catalytic performance and durability. As we continue to rene
synthesis techniques, enhance catalytic properties, and expand
their functional applications, TMNPs hold the potential to
revolutionize various technological domains. Developing auto-
mated testing platforms for experimentally substantiating
theoretical predictions and constructing a comprehensive
structure–activity dataset could be highly benecial. By
addressing current challenges through collaborative, interdis-
ciplinary efforts, we can unlock the full potential of TMNPs,
driving innovation and fostering their integration into diverse
applications for a sustainable future.
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20 P. dos Santos Araújo, G. B. Belini, G. P. Mambrini,
F. M. Yamaji and W. R. Waldman, Int. J. Biol. Macromol.,
2019, 140, 749–760.

21 G. Allaedini, S. M. Tasirin and P. Aminayi, Chem. Pap., 2015,
70, 231–242.

22 X. L. Cai, C. H. Liu, J. Liu, Y. Lu, Y. N. Zhong, K. Q. Nie,
J. L. Xu, X. Gao, X. H. Sun and S. D. Wang, Nano-Micro
Lett., 2017, 9, 1–10.

23 W. T. Ralston, W. C. Liu, S. Alayoglu and G. Melaet, Top.
Catal., 2018, 61(9), 1002–1015.

24 I. Shmarakov, I. Mukha, N. Vityuk, V. Borschovetska,
N. Zhyshchynska, G. Grodzyuk and A. Eremenko,
Nanoscale Res. Lett., 2017, 12, 1–10.

25 K. Suwannarat, K. Thongthai, S. Ananta and L. Srisombat,
Colloids Surf., A, 2018, 540, 73–80.

26 K. Chatterjee, J. M. Howe, W. C. Johnson andM.Murayama,
Acta Mater., 2004, 52, 2923–2935.

27 W. He, J. Cai, H. Zhang, L. Zhang, X. Zhang, J. Li and
J. J. Yin, ACS Appl. Nano Mater., 2018, 1, 222–231.

28 M. Tsuji, M. Matsunaga, H. Kumagai, M. Ogino, S. Hikino,
Y. Yoshida and T. Ishizaki, CrystEngComm, 2013, 15, 1345–
1351.

29 X. Zhang, F. Zhang and K. Y. Chan, Catal. Commun., 2004, 5,
749–753.

30 B. Li and S. H. Chan, Int. J. Hydrogen Energy, 2013, 38, 3338–
3345.

31 Y. Y. Shen, Y. Sun, L. N. Zhou, Y. J. Li and E. S. Yeung, J.
Mater. Chem. A, 2014, 2, 2977–2984.

32 H. Zhang, L. Lu, Y. Cao, S. Du, Z. Cheng and S. Zhang,
Mater. Res. Bull., 2014, 49, 393–398.

33 M. A. Matin, J. H. Jang and Y. U. Kwon, Int. J. Hydrogen
Energy, 2014, 39, 3710–3718.

34 Z. L. Wang, Y. Ping, J. M. Yan, H. L. Wang and Q. Jiang, Int.
J. Hydrogen Energy, 2014, 39, 4850–4856.

35 J. Tayal, B. Rawat and S. Basu, Int. J. Hydrogen Energy, 2011,
36, 14884–14897.

36 Z. Khan, Int. J. Hydrogen Energy, 2019, 44, 11503–11513.
37 C. V. Rao and B. Viswanathan, J. Phys. Chem. C, 2010, 114,

8661–8667.
38 B. Karthikeyan and M. Murugavelu, Sens. Actuators, B, 2012,

163, 216–223.
39 P. P. Fang, S. Duan, X. D. Lin, J. R. Anema, J. F. Li, O. Buriez,

Y. Ding, F. R. Fan, D. Y. Wu, B. Ren, Z. L. Wang, C. Amatore
and Z. Q. Tian, Chem. Sci., 2011, 2, 531–539.

40 R. M. Navarro, M. A. Peña, C. Merino and J. L. G. Fierro, Top.
Catal., 2004, 30(1), 481–486.

41 X. Zhang, F. Zhang and K. Y. Chan, Catal. Commun., 2004, 5,
749–753.

42 J. Y. Lee, D. H. Kwak, Y. W. Lee, S. Lee and K. W. Park, Phys.
Chem. Chem. Phys., 2015, 17, 8642–8648.

43 C. Venkateswara Rao and B. Viswanathan, J. Colloid
Interface Sci., 2012, 367, 337–341.

44 Y. Suo, L. Zhuang and J. Lu, Angew. Chem., 2007, 119, 2920–
2922.
1130 | Nanoscale Adv., 2026, 8, 1089–1136
45 W. Hong, Y. Liu, J. Wang and E. Wang, J. Power Sources,
2013, 241, 751–755.

46 J. De Deken, P. G. Menon, G. F. Froment and G. Haemers, J.
Catal., 1981, 70, 225–229.

47 M. C. J. Bradford and M. A. Vannice, J. Catal., 1998, 173,
157–171.

48 G. Sharma, D. Kumar, A. Kumar, A. H. Al-Muhtaseb,
D. Pathania, M. Naushad and G. T. Mola, Mater. Sci. Eng.,
C, 2017, 71, 1216–1230.

49 Z. Khan, S. A. AL-Thabaiti and M. Z. A. Raquee, Int. J.
Hydrogen Energy, 2021, 46, 39754–39767.

50 S. Akhter, N. K. Mohd Zain, M. Shalauddin, V. K. Singh,
I. I. Misnon, R. K. Sharma, S. Das, W. J. Basirun,
M. R. Johan and R. Jose, Sens. Actuators, A, 2021, 325,
112711.

51 S. Hagos Gebre and M. Getaye Sendeku, J. Energy Chem.,
2022, 65, 329–351.

52 D. Yao, Y. Wang, Y. Li, A. Li, Z. Zhen, J. Lv, F. Sun, R. Yang,
J. Luo, Z. Jiang, Y. Wang and X. Ma, Nat. Commun., 2023,
14(1), 1–11.

53 H. Zhang, M. Okumura and N. Toshima, J. Phys. Chem. C,
2011, 115, 14883–14891.

54 K. H. Huynh, X. H. Pham, J. Kim, S. H. Lee, H. Chang,
W. Y. Rho and B. H. Jun, Int. J. Mol. Sci., 2020, 21, 1–29.

55 I. Ijaz, E. Gilani, A. Nazir and A. Bukhari, Environ.
Nanotechnol., Monit. Manage., 2020, 13, 59–81.

56 R. Ferrando, J. Jellinek and R. L. Johnston, Chem. Rev., 2008,
108, 845–910.

57 C. Pannu, M. Bala, S. A. Khan, S. K. Srivastava, D. Kabiraj
and D. K. Avasthi, RSC Adv., 2015, 5, 92080–92088.

58 K. W. Park, Y. E. Sung and M. F. Toney, Electrochem.
Commun., 2006, 8, 359–363.

59 G. Sharma, A. Kumar, S. Sharma, M. Naushad, R. Prakash
Dwivedi, Z. A. ALOthman and G. T. Mola, J. King Saud
Univ., Sci., 2019, 31, 257–269.

60 G. Liu, L. Peng, L. Fan, J. Wang, Y. Fu, L. Cao and W. Wu,
Catal. Surv. Asia, 2022, 26, 183–192.

61 M. Zhu, M. T. Nguyen, W. J. Sim and T. Yonezawa, Mater.
Adv., 2022, 3, 8967–8976.

62 P. Srinoi, Y. T. Chen, V. Vittur, M. D. Marquez and T. R. Lee,
Appl. Sci., 2018, 8, 1106.

63 P. Gao, Y. Cai, F. Wang, H. Zhu and M. Pu, Int. J. Hydrogen
Energy, 2020, 45, 16039–16048.

64 M. Hafezi Kahnamouei and S. Shahrokhian, ACS Appl.
Mater. Interfaces, 2020, 12, 16250–16263.

65 R. Wang, T. Hughes, S. Beck, S. Vakil, S. Li, P. Pantano and
R. K. Draper, Nanotoxicology, 2012, 7, 1272–1281.

66 V. Elayappan, S. Muthusamy, G. Mayakrishnan,
R. Balasubramaniam, Y. S. Lee, H. S. Noh, D. Kwon,
M. M. Mussa and H. Lee, Appl. Surf. Sci., 2020, 531, 147415.

67 Y. Wen, F. Ren, T. Bai, H. Xu and Y. Du, Colloids Surf., A,
2018, 537, 418–424.

68 N. Basavegowda, K. Mishra and Y. R. Lee, J. Alloys Compd.,
2017, 701, 456–464.
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