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ABSTRACT
Ultrasmall high-entropy nanomaterials (USHENMs, <10 nm) merge multicomponent chemistry with size-dependent effects,
forming a distinct class of materials with unprecedented properties. This review presents a focused overview of USHENMs and
their key advantages, including high defect densities, strong atomic interactions, abundant active sites, fast reaction kinetics,
and unique binding energetics. To rationalize their formation, we classify recent synthesis strategies according to the dominant
driving force, namely entropy, kinetics, or enthalpy. Entropy-driven routes, commonly involving high-temperature melting-
fusion-solidification processes, exploit configurational entropy and enable single-phase USHENMs through various established
approaches. Kinetically controlledmethods, guided by the LaMer nucleation-growthmodel, offer effective ways to controlling size
and provide the most accessible means of reliably achieving sub-10 nm particles under low-temperature conditions. In contrast,
enthalpy-driven routes are rarely reported, and producing USHENMs is particularly challenging because growth is dominated by
sluggish, diffusion-controlled processes. At such extreme dimensions, surface and interface enthalpies determine phase stability,
even when (bulk) thermodynamics predicts segregation. Finally, the review concludes by emphasizing future needs in long-term
stabilization, in situ characterization, and machine-learning-assisted discovery to accelerate progress in materials design and
expand application possibilities.
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Introduction

ltrasmall nanomaterials are generally defined as particles with
imensions below 10 nm, often in the range of 1–5 nm. At this
cale, the majority of atoms are located on or near the surface,
iving rise to properties different from larger nanoparticles or
ulk materials [1–7]. These ultrasmall systems have become
ncreasingly important across diverse fields, including electronics
3, 8, 9], energy storage and conversion [10–16], and environmen-
al technologies, where precise control over particle size is critical
or achieving desired performance [17–20]. In this context, the
oncept of ultrasmall high-entropy nanomaterials (USHENMs)
as recently gained attention, combining the intrinsic advan-
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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tages of nanoscale materials with the compositional diversity of
high-entropy systems [21, 22].

The term “high entropy” has been increasingly explored in mate-
rials science, particularly for the design and synthesis of nanoma-
terials with potentially enhanced structural and functional prop-
erties [23–27]. Originally proposed in 2004 formetallic alloys [28],
the high-entropy concept describes materials composed of five or
more principal elements (each typically contributing 5‒35 at.%),
where the resulting high configurational entropy can promote
the formation of single-phase solid solutions, even among ele-
ments that are otherwise immiscible, particularly at elevated
temperatures. This endows high-entropy materials (HEMs) with
se, which permits use, distribution and reproduction in any medium, provided the
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xceptional tunability and functional diversity, allowing their
ompositions to be tailored to meet the requirements of targeted
pplications [23, 29–32]. Consequently, high-entropy systems,
haracterized by random atomic distributions and vast compo-
itional space, generate strong synergistic effects that surpass the
erformance of conventional single- or two-component materials
23, 33–36].

n recent years, the development of HEMs has expanded far
eyond their metallic roots. While high-entropy oxides (HEOs)
emonstrated the potential of entropy stabilization in 2015 [37],
ubsequent breakthroughs have extended the concept to ceramics
37–41], chalcogenides [42, 43], MXenes [44–46], metal-organic
rameworks (MOFs) [47, 48], polyanionic compounds [49–51],
nd other material classes [52–62]. Most reviews to date have
xamined HEMs from a general perspective, covering compo-
itions, synthesis methods, and applications, but have placed
elatively little emphasis on the ultrasmall size range [63–65].
nspired by thework ofWang et al. [66], whowere among the first
o describe HEMs from the macroscopic to the sub-nanometer
cale and highlighted the significance of nanoscale effects, the
ole of particle size has become increasingly important [21, 67].
owever, the majority of reviews published over the years have
dvanced the field in complementary directions without explic-
tly focusing on size effects, although numerous studies report
n ultrasmall systems [68–70]. For example, Yang et al. recently
rovided a comprehensive overview of major synthesis strategies
or high-entropynanoparticles, but their analysis spans sizes from
he nanometer to the micrometer level and does not emphasize
he unique potential associated with USHENMs [23]. Likewise,
ao et al. presented a multidisciplinary perspective covering
ynthesis, characterization, catalysis, high-throughput screening,
nd data-driven discovery, yet without dedicated discussion of
ize-dependent behavior below 10 nm [26]. Zhou et al. examined
he influence of the high-entropy concept on electrochemical
erformance, but their analysis does not address how reducing
EMs to the ultrasmall size range alters structural stability or
unctionality [71]. Collectively, these studies underscore the need
or a focused review dedicated to sub-10 nm HENMs, where size
lays a central and transformative role in determining structure,
tability, and functionality, and new phenomena emerge.

o far, numerous studies across diverse fields have demonstrated
hat reducing size of HEMs unlocks markedly different and
ften superior properties compared to their bulk counterparts
66, 71–79]. For example, in biomedicine [22, 80], Ai et al. reported
n single-atom PtPdRuRhIr (∼1.5 nm) exhibiting peroxidase-
ike activity that catalyzes endogenous hydrogen peroxide into
oxic hydroxyl radicals, enabling effective cancer cell ablation
hrough the synergistic action of enzymatic and photothermal
ffects. In catalysis [21, 64, 81], Chen et al. demonstrated that
2 nm PtFeCoNiCuZn intermetallics achieve an ultrahigh mass
ctivity of 2.403 A mgPt−1 at 0.90 V vs. reversible hydrogen
lectrode (RHE) for the oxygen reduction reaction, that is, up to
9 times higher than that of commercial Pt/C [82]. Similarly, in
lectrochemical energy storage [36, 83], Ren et al. showed that
SHENMs with abundant active sites are capable of accelerating
he oxygen reduction and evolution reactions, enabling quasi-
olid-state zinc-air batteries with a power density of 545mWcm−2

nd stable operation over 165 h at 50mA cm−2. In the field of elec-
ronics, Yoo et al. developed single-crystalline (MgCoNiCuZn)O
of 31
films on epitaxial electrodes for memristor applications [84].
Local structural disordering within the ultrathin films provides
customized electronic properties, rendering these devices highly
promising for advanced spatiotemporal data-processing systems.
Furthermore, recent developments include systems with 10 or
more principal elements, in extreme cases even up to 25 [11, 24,
26, 40, 85–88]. Nevertheless, comprehensive summaries of the
advantages, synthesis strategies, and formation mechanisms of
USHENMs remain scarce.

In this review, we focus on sub-10 nm HENMs, referred to as
USHENMs, and highlight the unique advantages that emerge
as particle size decreases (Figure 1). We define 1‒5 nm as the
ultrasmall range and classify 5–10 nm as the transition range.
We systematically summarize accessible synthesis strategies,
categorized into entropy-, kinetics-, and enthalpy-driven routes,
and discuss how each determines particle size. Entropy-driven
approaches, typically based on high-temperature melting-fusion-
solidification, can yield ultrasmall particles through five main
strategies: (i) ultrafast heating and cooling; (ii) localized energy
input; (iii) spatial confinement; (iv) matching of precursor prop-
erties; and (v) using low-diffusivity supports. Kinetics-driven
approaches, guided by the LaMer nucleation-growth model,
enable synthesis at low or ambient temperatures. Representative
strategies include: (i) using strong reducing agents or highly
reactive precursors for burst nucleation; (ii) inducing nucleation
through rapid thermal fluctuations; (iii) using high energy input
to trigger ultrafast reactions; and (iv) promoting rapid nucleation
at moderate temperatures within short reaction windows. In
contrast, enthalpy-driven reaction pathways are rarely described,
and their mechanisms for size control remain poorly understood,
underscoring the need for additional investigations.

Overall, this review establishes a roadmap outlining the unique
advantages, synthesis strategies, and formation mechanisms of
USHENMs. By bridging nanoscale design principles with compo-
sitional complexity, it paves the way for the rational development
of next-generation materials, opening new frontiers in catalysis,
energy storage, and beyond.

2 High-Entropy Nanomaterials

2.1 Size Effects

As shown in Figure 2a, four fundamental effects—high entropy
of mixing, sluggish diffusion, lattice distortions, and cocktail
effects—are universally observed in HEMs [34, 95]. Instead of a
periodic arrangement of one or two types of atoms, they exhibit
a random distribution of various types on the same sublattice.
This suppresses long-range order and rather results in the
formation of disordered solid solutions. Each site experiences a
distinct chemical environment, altering local bonding, charge
distribution, and electronic structure. Moreover, atomic size
mismatches induce compressive and tensile stresses, giving rise to
lattice distortions [96]. These distortions diminish the periodicity
of the lattice, thereby broadening diffraction peaks and reducing
crystal symmetry. Cocktail effects arise from synergistic
interactions between the species, while sluggish diffusion reduces
ion mobility due to different potential energies of the constituent
elements, effectively inhibiting particle agglomeration and
Advanced Functional Materials, 2026
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FIGURE 1 Schematic illustration of the downsizing process, from bulk HEMs to USHENMs, highlighting their key attributes and application
potential resulting from increasing structural and compositional complexity. Reproducedwith permission [89]. Copyright 2018, AmericanAssociation for
the Advancement of Science. Reproduced from [90]. CC BY 4.0. Reproducedwith permission [91]. Copyright 2021, Elsevier. Reproducedwith permission
[92]. Copyright 2023, American Chemical Society. Reproduced with permission [93]. Copyright 2023, Wiley-VCH GmbH. Reproduced with permission
[40]. Copyright 2025, Springer Nature. Reproduced with permission [94]. Copyright 2025, Wiley-VCH GmbH.
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reserving nanocrystal integrity during synthesis. Although
hese effects have been extensively studied in HEMs, their
everity in the size range below 10 nm is largely unexplored and
s likely to be underestimated [97, 98].

efects: Classical effects may change in the sub-10 nm size
ange, as defects in ultrasmall particles often shift from bulk-type
vacancies, dislocations, etc.) to surface-dominated structural
nes (disorder). Continuous dislocations in crystals smaller
han 5 nm in diameter are rare, leading to increasing non-
toichiometry, bond distortions, and amorphization (rather
han well-defined line dislocations). More specifically, when a
SHENM is formed, more than half of its atoms reside at
r near the surface. At this scale, the material’s behavior is
etermined not only by compositional disorder, but also by
ronounced surface and finite-size effects, aswell as by curvature-
nduced strain. Each nanoparticle or nanograin has limited
pace for strain relaxation, eventually causing local stresses to
ccumulate. The curved surface and confined volume force
toms into non-ideal lattice positions, further increasing internal
dvanced Functional Materials, 2026
stress/strain. Under these conditions, defect formation becomes
energetically favorable, as they can reduce local stresses and
lower the total free energy of the system. Consequently, in
USHENMs, defects are not merely structural anomalies, but
key contributors to their properties. It should also be noted
that lattice diffusion in USHENMs is faster than the sluggish
diffusion observed in bulk HEMs due to their dimensions. For
example, a library of USHENMs, including oxides, nitrides, and
borides, has been developed as electrocatalysts for water splitting
[25]. They were found to exhibit superior performance owing
to the presence of distinct lattice distortions and unsaturated
coordination sites, which enhance catalytic activity. Similarly,
Sun et al. reported that the resulting USHENMs (nanowires)
exhibit pronounced lattice distortions [99], thus modulating
the electronic structure [68]. As a representative example of
increased structural defects, Niu et al. synthesized nanoscale
(MoWVNbTa)C through wire-cut electrical discharge machining
of bulk material (Figure 2b) [75]. The sub-10 nm particles,
enriched with vacancies, stacking faults, and pronounced lat-
tice distortions (Figure 2c), showed promising catalytic activity
3 of 31
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FIGURE 2 (a) Schematic illustration summarizing four key attributes of HENMs, namely high entropy of mixing, lattice distortions, cocktail
effects, and sluggish diffusion. Structural defects in carbideUSHENMs and their electrocatalytic performance for theHER in 0.5MH2SO4: (b,c)HAADF-
STEM images with corresponding elemental maps and enlarged local views, (d) linear sweep voltammetry curves, (e) overpotentials at a current density
of 10 mA cm−2 (η10), and (f) Tafel slopes. Reproduced with permission [75]. Copyright 2022, Wiley-VCH GmbH. (g,h) Enhanced atomic interactions in
USHENMs lead to improved performance of the sulfur cathode in lithium-sulfur batteries. Reproduced with permission [92]. Copyright 2023, American
Chemical Society.
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Figure 2d–f) and durability for the hydrogen evolution reaction
HER).

tomic interactions: While HEMs are often idealized as having
ully random atomic distributions, in practice, they exhibit
hort-range order. In USHENMs, short-range ordering can be
ore pronounced due to strong surface effects and distinct
ocal interactions. At ultrasmall dimensions, atoms are closely
onfined, with many occupying low-coordination surface or
of 31
interfacial sites. This confinement enhances orbital overlap and
charge transfer between dissimilar atoms, increasing the coupling
among different elements. The resulting hybridized electronic
states can optimize bonding and catalytic activity, thereby
enhancing synergistic effects. For example, Theibault et al.
reported on (Zn0.30Co0.31Cu0.19In0.13Ga0.06)S, where uniformly dis-
tributed, nanosized sulfide nanoparticles exhibit a pronounced
“cocktail effect” (Figure 2g) [92]. The synergistic interactions
between the different atoms effectively mitigate the polysulfide
Advanced Functional Materials, 2026
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huttle phenomenon, resulting in long-term cycling stability in
ithium-sulfur batteries (Figure 2h). As another example, very
ecently, Zhang et al. reported on sub-3 nm PtRuFeCoNiCu par-
icles, densely anchored on carbon fiber paper, exhibiting unique
urface functionalities [67]. Specifically, Ru-rich regions facilitate
2O dissociation, FeCoNiCu sites positively affect hydrogen
iffusion kinetics, and Pt-rich regions promote efficient hydro-
en recombination. This synergy of dissociation, diffusion, and
ecombination on the surface ofUSHENMs enables a record-level
ER performance among known catalysts.

n addition to the advantages mentioned above, the benefits of
SHENMs can be broadly divided into three main aspects: (i)
igh active-site density, (ii) accelerated reaction kinetics, and (iii)
ptimized binding energies.

ctive-site density: In bulk materials, most atoms are located
eep within the crystal lattice and do not directly interact
ith the environment, so only a small fraction, those at the
urface/interface, is functionally active. USHENMs overcome
his limitation because the entire nanoparticle can behave like an
all-surface structure,” in which nearly every atom has catalytic
r reactive potential. Their exceptionally high surface-to-volume
atio greatly increases the number of accessible surface atoms
er unit mass, thereby maximizing utilization and allowing a
uch larger fraction of atoms to serve directly as active sites. As
n example, Cai et al. recently demonstrated a clear correlation
etween size and catalytic performance in a series of PtRuPdCoNi
articles with precisely controlled sizes of 1.7, 2.3, 3.0, and
.9 nm (Figure 3a,b) [72]. The smaller ones exhibited increased
ctivity for both the HER and oxygen reduction reaction (ORR),
learly outperforming commercial Pt/C catalysts. Specifically, a
eduction inHENMsize leads to enhancedHER, due to increased
urface atom exposure (density of active sites) [21]. This has been
urther evidenced by Feng et al. [100], who recently reported that
.48 nm NiCoMoPtRu nanoclusters exhibit a high mass activity
f 12.85 A mg−1 (normalized to the noble metals) for the HER at
0.07V vs. RHE, nearly twice that of their 6 nm counterparts (6.51
mg−1) under identical conditions. Feng et al. also reported on
rdered 6 nm PtIrFeCoCu particles supported on carbon, featur-
ng a high density of active facets [101]. Theoretical calculations
ombined with experimental results revealed that the superior
RR performance of HENMs primarily originates from the
ormation of highly active facets, particularly the (100) facet. Last
ut not least, Jo et al. compared CoFeNiMoWTe nanosheet arrays
∼10 nm) with a spherical CoFeNiMoW counterpart (∼100 nm)
102]. The porous nanosheet architecture provides numerous
ctive sites and demonstrated high performance in the (acidic)
xygen evolution reaction (OER) with low overpotential and
table operation for more than 100 h, outperforming the larger
articles. When applied in proton exchange membrane water
lectrolysis, the catalyst achieves 1 A cm−2 at only 1.81 V and
aintained long-term stability with minimal degradation.

verall, it is evident that USHENMs maximize the utilization of
urface atoms, with the exposed ones serving as genuine active
ites, thus delivering competitive performance compared to their
ulk counterparts [103, 104].

eaction kinetics: USHENMs exhibit an exceptionally high
urface-to-volume ratio, exposing a large fraction of atoms for
dvanced Functional Materials, 2026
catalytic or reactive processes. Their multielement composition
produces a chemically diverse surface with numerous active
sites, each offering distinct adsorption energies and reaction
pathways. This heterogeneity enables reactants (molecules) to
find favorable binding configurations, thereby lowering activa-
tion barriers and accelerating surface reactions. Moreover, the
reduced particle size shortens the average path lengths for charge
transport, minimizing resistance and enabling rapid exchange
between active material and reactant(s) (Figure 3c). For example,
Zheng et al. demonstrated a 5 nm (NiFeCoCuSnMo)O system
(Figure 3d), where the dense active sites significantly accelerate
redox kinetics in all-solid-state lithium-sulfur batteries by low-
ering the free energy barrier across the entire sulfur conversion
reaction [105, 106]. Similarly, Yang et al. reported a USHENM
cathode (Mn0.25Co0.25Ni0.25Cu0.25Fe2)C for organosulfur batteries,
in which the embedded HENMs not only accelerate the reaction
kinetics, but also effectively anchor soluble sulfur species, thus
suppressing the shuttle effect while reducing the activation
energy of redox processes [107]. As a result, the cathode delivers
a high initial specific capacity of 527 mAh g−1 at 0.5C and
demonstrated good cyclability over 500 cycles, with minimal
capacity decay of only 0.078% per cycle. Last but not least, Liao
et al. reported that K(Mg0.2Mn0.2Fe0.2Co0.2Ni0.2)F3 (HE-KMF3)
embedded in carbon nanofibers (CNFs) exhibits a higher surface
energy and reactivity than single-component KMF3, enabling
strong binding to the CNFs and limiting fluoride nanoparticle
growth (∼10 nm) [36]. Aside from high-entropy effects, the
reduction in particle size shortens the path lengths for ion
and electron transport, while the nanoparticle-embedded CNFs
promote the formation of a robustmixed-conducting network. As
a cathode in potassium-ion batteries, HE-KMF3@CNFs delivers
a reversible specific capacity of 122 mAh g−1 at 20 mA g−1 and
shows high stability over 5000 cycles at 500 mA g−1. These
studies collectively highlight that downsizing HENMs is a highly
effective strategy to accelerate reaction kinetics, overcome energy
barriers, and stabilize long-term electrochemical performance.

Binding energy: In USHENMs, the close proximity of dissimilar
elements promotes strong electronic hybridization and charge
redistribution across the lattice. This interaction modifies the
local density of electronic states near the Fermi level, thereby
optimizing adsorption energies for intermediates and facilitating
electron transfer during redox processes. Maximizing the activity
of nanoparticle catalysts requires active sites that bind reactants,
intermediates, and products with optimal strength. As described
by the Sabatier principle, nanoparticle catalytic performance
follows a “volcano” trend, with peak activity achieved when
binding is neither tooweaknor too strong [63, 108]. InUSHENMs,
compositional tuning adjusts the d-band energy, while short-
and long-range interactions between the binding atom(s) and
their neighborsmodulate the surface electronic structure. Careful
selection of elements and stoichiometry in USHENMs enables
a near-continuous distribution of binding energies (Figure 3e).
Importantly, reducing particle size further shifts binding toward
the Sabatier optimum, as the high fraction of low-coordination
surface atoms and altered local electronic environments favor
intermediate-strength adsorption. This synergy of size and com-
position allows USHENMs to achieve near-ideal binding energies
and thereby maximizes catalytic activity. As an example, den-
sity functional theory (DFT) calculations by Cai et al. showed
that orbital hybridization engineering combined with nanoscale
5 of 31
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FIGURE 3 Size effects in USHENMs. (a) Schematic illustration of high active-site densities and (b) corresponding improved catalytic activity
toward HER and ORR. Reproduced with permission [72]. Copyright 2025, Wiley-VCH GmbH. (c) Schematic illustration of accelerated reaction
kinetics and (d) corresponding improvement in lithium-sulfur solid-state batteries. Reproduced with permission [105]. Copyright 2023, Springer Nature.
(e) Schematic of USHENM surfaces with representative binding energy patterns for on-top adsorption of reactants on an idealized infinite single-crystal
lattice (excluding step, edge, and defect sites). (f) Calculated hydrogen-adsorption free energy on Pt and HENMs (alloys) with four different sizes,
showing reduced energy barriers, and (g) free-energy diagrams of the ORR pathway (*O2 → *OOH). Reproduced with permission [72]. Copyright 2025,
Wiley-VCH GmbH.
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onfinement can effectively lower reaction barriers and acceler-
te reaction kinetics [109]. In particular, smaller particles reduce
he hydrogenation barriers of key intermediates, including *O2→

OOH, *CO2 → *COOH, and *NO→ *NHO, while optimizing the
ydrogen binding energy [72]. Remarkably, the Gibbs free energy
or *OOH formation on the smallest particles (HEA-S1) is only
.177 eV, significantly lower than that of larger ones, indicating
hat size reduction positively affects the electronic structure and
nhances electrocatalytic performance (Figure 3f,g).

inally, the reduced size of HENMs greatly increases the like-
ihood of defect formation, enhanced atomic interactions, high
ctive-site densities, accelerated reaction kinetics, and optimized
of 31
binding energies [69]. Despite these advantages, a comprehen-
sive understanding of nanoscale effects in USHENMs remains
limited. In particular, the complex interplay between defect
formation and multielement electronic interactions is not yet
fully understood and further theoretical and experimental studies
are required to unravel how they affect activity and stability.

2.2 Synthesis

Despite their advantages, USHENMs present substantial chal-
lenges in synthesis. Their preparation generally relies on two
strategies: (i) top-down methods, which break down bulk HEMs
Advanced Functional Materials, 2026
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FIGURE 4 Schematic summary of the existing synthesis methods for USHENMs and their corresponding formation mechanisms. Adapted with
permission [40]. Copyright 2025, Springer Nature. Adapted with permission [75]. Copyright 2022, Wiley-VCH GmbH. Adapted with permission [89].
Copyright 2018, American Association for the Advancement of Science. Adapted from [103]. CC BY 4.0. Adapted with permission [110]. Copyright 2025,
American Chemical Society. Adapted with permission [76]. Copyright 2022, American Chemical Society. Adapted with permission [30]. Copyright 2025,
Wiley-VCHGmbH. Adapted from [90]. CC BY 4.0. Adaptedwith permission [111]. Copyright 2022, American Chemical Society. Adaptedwith permission
[112]. Copyright 2021, American Chemical Society.
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nto smaller particles through disassembly or recrystallization,
nd (ii) bottom-up methods, which directly construct USHENMs
rom atomic, ionic, or molecular precursors [21, 23]. While the
op-downapproach is conceptually straightforward, it depends on
ulk materials that must first be produced via high-temperature
rocesses, making the overall route energy-intensive and costly
ue to the additional fragmentation steps. By contrast, bottom-
p methods bypass the bulk precursor stage, involve fewer
ynthesis steps, and are therefore more versatile and energy-
fficient, offering greater potential for scalable production of
SHENMs. However, achieving uniform atomic-level mixing
compositional homogeneity) remains inherently challenging at
he nanoscale. The high surface energy of sub-10 nm particles
ften induces element segregation, structural instability, and
gglomeration during storage and/or electrochemical operation,
hus necessitatingmore stringent synthesis conditions (Figure 4).
o address these challenges, the following section discusses
ecent strategies for realizing high-quality USHENMs.

he formation of USHENMs can be governed by three distinct
riving forces: entropy, kinetics, or enthalpy. Since the dominant
actor varies among these pathways, we summarize the key
spects underlying USHENM formation and elaborate on the
orresponding mechanisms for each route. Although this review
learly distinguishes the contributions of entropy-, enthalpy-,
dvanced Functional Materials, 2026
and kinetics-driven routes, synthesis is typically determined by
a complex interplay among these factors. In practice, one can
usually identify only themajor contribution for a specificmethod.
Therefore, this paper emphasizes the primary driving forces for
USHENM formation while recognizing that even when entropy
plays a major role at high temperatures, kinetic effects can still
exert local effects.

2.2.1 Entropy-Driven Routes

Entropy-driven formation of USHENMs typically occurs at high
temperatures, where configurational entropy becomes the domi-
nant thermodynamic driving force stabilizing multielement solid
solutions [Figure 4(i)]. Note that high configurational entropy
arises from the random distribution of different elements across
equivalent lattice sites. The associated TΔS term can compensate
for positive mixing enthalpies (ΔG = ΔH−TΔS), enabling a
metastable or thermodynamically favoredmixed phase.Although
high temperatures are often required for the formation of
USHENMs in entropy-driven approaches, such conditions can
also accelerate atomic diffusion, grain growth, and particle
agglomeration, thereby compromising compositional uniformity
and performance. To address these challenges, it is important to
overcome diffusion barriers among immiscible metals, suppress
7 of 31
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FIGURE 5 Key factors for synthesizing USHENMs at high temperatures. (a) Traditional heating/cooling process. (b) FJH process with a cooling
rate of ∼1000 K s−1. (c) Temperature versus time diagram of supercooled liquid alloys and metallic glasses. The blue and red dashed arrows correspond
to the thermal profiles of (a) and (b), respectively. Reproduced from [113]. CC BY 4.0. (d) TEM images showing the effect of thermal shock duration
on particle size and dispersity. Scale bars: 100 nm. Reproduced with permission [89]. Copyright 2018, American Association for the Advancement of
Science. (e) High-temperature platform designed to localize and control energy input. Reproduced from [114]. CC BY-NC-ND.
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article growth and phase segregation during synthesis, and to
orm solid solutions within extremely short periods of time.
ccordingly, this review summarizes five critical factors that
nable the realization of ultrasmall particle sizes, namely (i)
ltrafast heating and cooling; (ii) localized energy input; (iii)
patial confinement; (iv) compatibility of precursor properties;
nd (v) low-diffusivity supports.

ltrafast heating and cooling: The formation of USHENMs
equires stringent synthesis conditions, often involving high
emperatures and short reaction times, followed by rapid cooling
t rates exceeding 103 K s−1 to “freeze” the system in a non-
quilibrium state (Figure 5a–d) [26, 115]. However, ultrafast
eating methods are effective only if they are capable of creating
state of high atomic mobility (e.g., local melting). Typically,
of 31
they induce localizedmolten or gas/plasma-like states that ensure
the necessary diffusion. Consequently, such synthesis methods
enable effective incorporation of otherwise immiscible elements
into a metastable (single) phase, while the extremely short
reaction time (milliseconds) prevents particle growth [40, 91].
Traditional furnace heating, which is often limited to around
1300 K, has slow heating and cooling rates of only a few
tens to a few hundred K min−1, which can lead to element
segregation or excessive crystal growth [37]. At present, a vari-
ety of rapid heating approaches, including ultrafast sparking
synthesis, hydrocarbothermal flow synthesis, flash Joule heating
(FJH), or electrical discharge, have enabled the preparation of
sub-10 nm HENMs by leveraging fast heating and quenching
(for suppressing atomic diffusion) [67, 90, 115–117]. For exam-
ple, Zheng et al. recently reported on hydrogen-substituted
Advanced Functional Materials, 2026
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raphdiyne-assisted ultrafast sparking synthesis (GAUSS) for the
ormation of 5 nm NiFeCoCuSnMo particles [105]. The GAUSS
latform is capable of reaching temperatures of 3286 K within
ms, corresponding to a heating rate exceeding 105 K s−1. Simi-
arly, FJH is used in the synthesis of USHENMs via carbothermic
eactions in graphite heating devices, where temperatures of
3000 K are reached withinmilliseconds [114]. Furthermore, Yao
t al. demonstrated that even strongly immiscible metals, such
s Au/Ir or Au/Ru, can be successfully integrated into single-
hase nanostructures through FJH (1800 K, 50 ms) [91]. Using
his strategy, they synthesized highly complex USHENMs (PtP-
RhRuIrAuCuFeCoNiCrMnWMoSn) with particle sizes below
0 nm. Benefiting from ultrafast heating, Niu et al. proposed
novel electrical discharge method to transform bulk HEMs

nto sub-10 nm (MoWVNbTa)C particles [75]. The USHENMs
re obtained from the waste liquids produced during wire-cut
lectrical discharge machining. In this process, a pulsed voltage
onizes the dielectric liquid and forms a plasma channel between
he electrodes. Temperatures above 10 000 K lead to rapid surface
aporization and ultrafast quenching of the USHENMs—up to
00 000 times per second—resulting in numerous defects, such
s vacancies, stacking faults, and/or severe lattice distortions.

ocalized energy input: In methods such as flame synthesis,
JH, laser ablation, or plasma discharge, the energy input
s spatially confined to a small region (Figure 5e), typically
icrometers to millimeters in size, where temperatures can
each 1500‒3000 K in milliseconds [40, 118]. Because only the
ocalized zone attains these extreme conditions, atomic diffusion
nd coalescence remain restricted to that region. Meanwhile,
he adjacent cooling matrix acts as a heat sink, facilitating rapid
uenching of the reaction zone and effectively “freezing” the
anoparticles before significant growth or agglomeration can
ccur. For example, a versatile flame-synthesis process has been
hown to produce high-entropy single atoms and nanoparticles
n soot-like carbon by blending organometallic precursors into
fuel (paraffin wax), followed by combustion. The localized
nergy input from the outer flame (∼1800 K) enables strong
etal‒carbon interactions and bonding among dissimilar species
up to 25metals) regardless of their thermodynamic compatibility,
s recently demonstrated by Liu et al. [40]. For FJH, electrical
ulses provide sufficient thermal energy to simultaneously melt
nd homogenize multiple metal precursors, while the highly
ocalized energy input effectively suppresses bulk growth [119].
y limiting the reaction volume and using ultrashort heating
imes, FJH enables the synthesis of metastable USHENMs [(2.37
0.78) nm] of uniform composition [120], which are otherwise
ot accessible under conventional treatment conditions [83].
pproaches such as GAUSS and carbothermic reduction also
se high-temperature synthesis platforms that limit the energy
upply to specific areas of the reaction zone. Aside from that,
all milling offers another form of localized energy input on the
icrometer scale, where repeated high energy collisions induce
ontinuous fracturing and cold-welding of particles. The high
echanical energy can potentially increase the local temper-
ture to over 1000 K, promoting diffusion in the solid state
nd triggering chemical reactions between precursor materials
121, 122]. However, the occurrence of such high temperatures
emains controversial, as their distribution and duration are
ncertain. As an illustrative example, Ni, Cr, Co, Cu, and Femetal
owders with a diameter of (8 ± 2) nm were incorporated into
dvanced Functional Materials, 2026
high-purity graphite powder through mechanical milling and
subsequent sonication-assisted dispersion [123]. Although this
approach allows for the incorporation of multiple elements with
reasonably uniform distribution, it requires prolonged milling
times (up to 80 h reported in this work) and can result in severe
particle agglomeration, limiting the dispersion quality.

Compatibility of precursor properties: In ultrafast entropy-driven
synthesis, the precursors must react synchronously under the
same energy input, otherwise uneven nucleation (broad particle
size distribution) or even phase segregation may occur due to
different reaction kinetics. For example, a facile carbothermal
shock (CTS) process proposed by Yao et al. uses rapid heating and
cooling (∼2000 K, ∼105 K s−1, 55 ms) to process metal precursors
on an oxygenated carbon support [89]. In their study, particle size
was affected by composition, with Pt and Cu identified as being
the most and least active, respectively. Notably, the Pt particles
had a size of (6.3 ± 1.6) nm (Figure 6a), while the Cu-based ones
were significantly larger (∼56.8 nm). This difference arises in part
because the chemical composition and solubility of the precursors
influence both nucleation rate and growth dynamics, with more
reactive precursors forming numerous small nuclei, while less
reactive ones lead to fewer but larger particles. Therefore, the
use of precursor compositions of similar chemical nature and
solubility promotes synchronous melting, nucleation, and co-
growth, thereby minimizing element segregation and preventing
excessive crystal growth.

Spatial confinement: Structural scaffolds, such as carbon nan-
otubes (CNTs), mesoporous (carbonaceous) materials, zeolites,
or MOFs, can be used to support nanoparticles during high-
temperature treatment by providing nucleation sites and prevent-
ing aggregation through confinement (Figure 6b,c). In particular,
sacrificial templates, such as MOFs, offer an effective way
to generate USHENMs embedded in porous carbon, with the
scaffold serving to control particle growth [125]. For example,
Wang et al. used a zeolitic imidazolate framework (ZIF)-based
adsorption-nitridation strategy to incorporate ∼5 nm HENMs
into nitrogen-doped carbon dodecahedra, achieving abundant
active sites and efficient mass transport [126]. Du et al. recently
developed a co-melting-filling-freezing method to produce high-
quality 1D HENMs (metal phosphide nanowires), realizing an
average diameter of only 1.3 nm [127]. This method involves
encapsulating multiple metal cations in single-walled CNTs, fol-
lowed by post-synthetic modifications, such as phosphorization,
sulfurization, or selenization. The CNTs play a versatile role in
this process. Specifically, they act both as a porous template
(i.e., as nanoreactors for controlled conversion reactions) and as
an atomically thin protective shell that stabilizes the resulting
nanowires. Very recently, Chen et al. provided an in-depth
analysis of how structural scaffolds determine particle size in
HENMs [124]. By using quenching-induced confinement of liquid
metal droplets in various meso- and microporous molecular
sieves (MSs), they achieved precise control over particle size in the
range of 1‒5 nm. The MSs not only act as spatially confined hosts
that anchor the metal species and prevent aggregation, but also
as shape-selective templates that enable uniform nanoparticle
formation. Under confined, non-wetting conditions, droplets
smaller than the pore size exhibit growth behavior similar to
that on free surfaces and expand until they match the pore
dimensions. If, on the other hand, the droplet size exceeds the
9 of 31
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FIGURE 6 Key factors determining the synthesis of USHENMs at high temperatures. (a) SEM images showing the influence of different precursors
in the CTS process on particle size using identical CNF supports. Reproduced with permission [89]. Copyright 2018, American Association for the
Advancement of Science. Schematics of HENMs (b) loaded onto surfaces and (c) confined within nanopores. (d, e) The relationship between liquid
metal droplet size and total surface Gibbs free energy and corresponding fractional step lattice Boltzmann (FSLB) simulations. Reproduced from [124].
CCBY 4.0. (f) SEM images of AuNi nanoparticles onCNFs carbonized at different temperatures, illustrating the influence of surface defect concentration
on particle size and dispersion. Reproduced with permission [89]. Copyright 2018, American Association for the Advancement of Science.

p
h
b
s

L
r
c
a
i
b
s
o

1

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.76274, W
iley O

nline L
ibrary on [12/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
r

ore diameter, the geometric constraints lead to the formation of a
ybrid structure consisting of two hemispherical ends connected
y a cylindrical segment, accompanied by a slight increase in total
urface energy, as illustrated in Figure 6d,e.

ow-diffusivity supports: Low-diffusivity supports play a critical
ole in stabilizing USHENMs by limiting atomic diffusion and
oalescence during ultrafast (high-temperature) synthesis. From
mechanistic point of view, these supports provide strong

nterfacial interactions (e.g., metal‒nitrogen or metal–carbon
onding) and are capable of anchoring individual atoms or
mall clusters, while the spatial confinement imposed by porous
r defective structures restricts the lateral migration of nuclei.
0 of 31
Representative examples include the CTS and FJH methods,
in which precursors are deposited onto carbon supports prior
to ultrafast synthesis, as mentioned above [91]. Wang et al.
demonstrated that the choice of granular support has a strong
influence on particle size by creating a library of HENMs using
a pulsed nanosecond laser scanning ablation technique [25].
Under identical laser pulse power densities, the average size of
HENMs was markedly different when deposited onto different
substrates (∼10 nm on CNFs, compared to ∼700 nm on copper
foam). The variation in particle size is primarily determined
by the substrate-dependent thermal diffusion length [128, 129],
expressed as LT =

√
𝐷𝜏, where D denotes the thermal diffusivity

and τ the laser pulsewidth. Copperwith a high thermal diffusivity
Advanced Functional Materials, 2026
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∼10−4 m2 s−1) yields a diffusion length of about 710 nm [25,
30], whereas carbonaceous supports (graphene, CNTs, CNFs)
xhibit much lower diffusivities [(0.1–7.6) × 10−6 m2 s−1] [25,
31], corresponding to significantly shorter diffusion lengths of
2–195 nm. The greater thermal diffusion length in the case of
opper facilitates the formation of larger HENMs with more
ronounced melting signatures compared to carbon substrates.
n addition, the surface defect concentration of the support has
lso been found to directly affect the particle size of HENMs.
his was demonstrated by carbonizing electrospun polyacryloni-
rile (PAN) fibers at different temperatures, thereby generating
NFs with varying defect densities [89]. Lower carbonization
emperatures result in smaller particles and more uniform dis-
ersions (Figure 6f), since high-temperature treatment leads to
depletion of O* species on the surface of the CNFs. Building
n this understanding, they were able to synthesize PtPdIrRhRu
ith an average particle size of (3.3 ± 0.8) nm using the CTS
ethod, indicating that USHENMs can be successfully pro-
uced by carefully controlling the defect concentration (carbon
arrier).

ther related methods reported to date, such as microwave
eating [132], aerosol droplet-mediated synthesis [133], laser
canning ablation [134], or arc-discharge plasma approaches [24],
ave generally resulted in larger HENMs [135]. However, as
iscussed previously, considering the five critical factors enables
he synthesis of sub-10 nm HENMs. For example, for aerosol
roplet-mediated synthesis, an aqueous solution of metal salts
s nebulized into submicron droplets, with each acting as an
ndependent nanoreactor. This strategy eliminates the need for
recursor deposition onto granular supports. Upon rapid on-
he-fly heating and quenching, the dissolved salts are directly
onverted into single-phase HENMs, as demonstrated by Yang
t al. [133]. However, He et al. revealed important limitations of
his approach [103]. In the absence of a carbon substrate and at
igh pyrolysis temperatures (1373 K), significant sintering occurs,
esulting in large HENMs (∼60 nm)with a broad particle size dis-
ribution. To overcome this, they developed amodified single-step
ynthesis, in which aerosol droplets containing metal salts, car-
on, and water are pyrolyzed at a significantly lower temperature
1123 K) under Ar flow. The addition of carbon provides structural
onfinement to suppress sintering, while in situ generated H2
rom hydrocarbothermal reactions enables the complete reduc-
ion of the metal salts, ultimately resulting in uniform (sub-2 nm)
SHENMs.

n summary, although high temperatures often increase the risk
f grain growth and coarsening, sub-10 nm particle sizes can
evertheless be achieved through various targeted strategies:
i) minimizing reaction times through high heating/cooling
ates to limit atomic diffusion; (ii) localizing energy input to
onfine the reaction volume and prevent bulk growth; (iii)
roducing hosts by dispersing atomic or ionic species on high-
urface-area supports (having open pores or cavities), such as
arbonaceous materials, MOFs, or polymers, or by encapsulating
hem (solvent droplets) in nanoreactors prior to crystallization;
iv) using precursors with similar reduction properties, decom-
osition temperatures, and solubilities to promote synchronous
elting, nucleation, and growth, thereby minimizing element
egregation and improving compositional homogeneity; and (v)
arefully selecting support/substrate materials with inherently
dvanced Functional Materials, 2026
low atomic diffusivity to reduce atomic migration and particle
coarsening.

2.2.2 Kinetics-Driven Routes

As discussed above, the entropy-driven synthesis of USHENMs
typically relies on rapid thermal processes that demand special-
ized equipment and additional components, such as conductive
substrates, thereby increasing both cost and complexity.However,
various milder and more accessible kinetics-driven strategies
(requiring lower temperatures or even room temperature) have
since emerged, expanding the feasibility of USHENM production
[Figure 4(ii)]. Therein, both particle size and compositional
uniformity are determined more by the reaction rate than by
the thermodynamic equilibrium. It should be noted that, in the
context of solution-phase synthesis, the term “high entropy”
(used in many articles) often refers primarily to compositional
complexity,meaning the introduction ofmultiple elements rather
than to a true entropy effect.

At low temperatures, the contribution of configurational entropy
to the mixing free energy (change in Gibbs free energy) is
significantly reduced (Figure 7a,b). This often results in a positive
ΔG, which thermodynamically favors phase segregation over
the formation of homogeneous nanomaterials. From a kinetics
perspective, the differing standard reduction potentials (E0) of
metal precursors lead to asynchronous reduction processes. This
mismatch causes uneven nucleation and growth, resulting in
materials with nonuniform element distribution and relatively
narrow compositional ranges, challenges that become more
pronounced with the synthesis of sub-10 nm HENMs. Therefore,
successful kinetically controlled approaches are based on initiat-
ing reactions so quickly that atoms are forced to combine/bond
before they can rearrange themselves into thermodynamically
stable (in-equilibrium) phases. By promoting rapid nucleation
and limiting diffusion, kinetics-driven routes trap the system in a
metastable state, thereby enabling the formation of composition-
ally uniform USHENMs, which, under conditions that are more
strongly controlled by equilibrium, would otherwise undergo
phase segregation or coarsen. In general, favorable conditions
for the kinetics-driven synthesis can be realized across various
media, in which the reactants are evenly dispersed.

In the following, we show that kinetic control can be achieved
through four main strategies: (i) using strong reducing agents
or highly reactive precursors to realize instantaneous nucleation;
(ii) triggering reactions through high energy input; (iii) inducing
nucleation through sudden changes in temperature; and (iv)
promoting rapid nucleation at moderate temperatures within a
short period of time.

Using strong reducing agents/reactive precursors: Common wet-
chemistry methods, such as sol-gel [136], solvothermal method
[137], co-precipitation [47, 96, 138], or colloidal synthesis [139],
can produce HENMs, but must be modified to facilitate the
formation of USHENMs. Wet-chemistry methods are solution-
based synthesis routes, in which metal precursors react under
mild conditions, often with strong reducing agents, to prepare
nanoparticles [140, 141]. In these approaches, differing redox
potentials of the precursors pose major challenges, and the
11 of 31
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FIGURE 7 Comparison of synthesis routes for sub-10 nm HENMs. (a) Entropy-driven thermal shock synthesis under off-equilibrium conditions
and (b) kinetics-driven wet-chemical, colloidal synthesis. (c) Low- and (d) high-magnification HAADF-STEM images (oriented along the [110] zone
axis in panel (d), with cyan circles indicating atomic positions in a distorted lattice and the yellow line representing the intensity profile). Insets:
corresponding particle size distribution and Fourier diffractogram. (e) Quantitative EDS analysis. Reproduced with permission [110]. Copyright 2025,
American Chemical Society.
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ethods strongly rely on chemical driving forces rather than high
nergy input to achieve an even distribution of elements [142,
43]. As an example, Zhang et al. recently developed an inno-
ative colloidal strategy that enables the synthesis of USHENMs
∼1.9 nm) at a low temperature of ∼443 K [110]. This approach
tilizes the in situ generation of active hydrogen, which acts
s a strong reducing agent. The hydrogen is produced through
rganic dehydrogenation reactions occurring at the free surface
f nuclei or seed particles. Because hydrogen has a significantly
ower standard reduction potential (E0 =−2.3 V) thanmost noble
nd non-noble metals (E0 > −1 V), the authors suggest that this
pproach creates a near-equilibrium environment (Figure 7b),
eading to simultaneous reduction of multiple metal precursors
Figure 7c‒e). The claim that in situ hydrogen generation can
romote quasi-simultaneous reduction is plausible, but should
e treated with caution. Hydrogen diffusion and local concen-
2 of 31
tration are critical, and in some cases, it may not form quickly
enough to be effective. As another illustrative example, Sun et al.
developed a reduction-diffusionmethod for synthesizing a library
of 17 distinct, Pt-based USHENMs in the form of nanowires,
incorporating three to 10 elements (Pt, Rh, Mo, Ir, Co, Ru, Fe, Ni,
Mn, and Cr) [99]. This wet-chemistry approach ensures uniform
multielement integration and precise control over nanowire
morphology and composition at relatively low temperatures (453–
493 K, 60–90min). In this system, CO generated in situ, primarily
from the decomposition of Mo(CO)6, which apparently serves a
dual role. Specifically, it acts as a strong reductant, promoting
the nucleation of metal atoms, and as a structure-directing
agent, guiding the formation of 1D nanostructures. Additionally,
it suppresses uncontrolled lateral growth and self-seeding of
other metal atoms, thereby facilitating the formation of com-
positionally complex nanowires. Furthermore, the latest work
Advanced Functional Materials, 2026
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y Liu et al. reports on a scalable, wet-chemical reduction for
he rapid synthesis of libraries of nanosheets, featuring arbitrary
ombinations of five to 12 metal species and resulting in up to
302 compositions [94]. This approach makes use of designed
eactions betweenmetal cations dissolved in ethanol and NaBH4,
epresenting a kinetics-driven, solution-phase reductionmethod.
t also enables the production of over 100 g per batch in less than a
inute. Last but not least, Liu et al. developed a low-temperature,
olyoxometalate (POM)-assisted solvothermal synthesis strategy
hat enables precise control over size and shape of particles
t the sub-1 nm scale [10]. By employing POM clusters as
tructure-directing agents, they successfully incorporated mul-
iple immiscible metals (oxides) into well-defined nanowires at
nly 413 K, creating a tunable library of highly ordered composite
aterials of flexible composition. When tested as anodes in
odium-ion batteries, the nanowires showed improved cycling
erformance with increasing compositional complexity. Notably,
CoZnCuNiFeZrCe)Ox-POM nanowires retained around 92% of
heir capacity after 5000 cycles at a rate of 10C, underscoring
heir high stability and promise for long-term electrochemical
nergy-storage applications.

n conclusion, the use of strong reducing agents/reactive precur-
ors to trigger solution-phase reactions is an excellent strategy for
roducing sub-10 nmHENMs, offering high efficiency, high yield,
ow cost, and great versatility in terms of composition.

igh energy input: Through the use of specific techniques
hat directly utilize high energy inputs to trigger simultaneous
eactions, such as plasma treatment [76] or ultrasound-assisted
ynthesis [145, 146], it is also possible to produce sub-10 nm
ENMs, as summarized in Table 2. Plasma processes provide a
igh energy density and generate reactive species that promote
he cleavage of chemical bonds in the reactants, thereby enabling
fficient reduction. For example, hydrogen cold plasma reduction
nder ambient conditionswas used byWuet al. to prepare a series
f Pt-USHENMs (PtCrTaVFeAl) [76]. This process utilizes H−

pecies generated from plasma (Figure 8a) that have a favorable
tandard reduction potential, enabling the simultaneous reduc-
ion of both noble and reactive metal precursors. From a kinetics
erspective, the hydrogen plasma provides an extremely strong
nd instant reducing environment, characterized by nearly zero
ctivation time. This facilitates the co-reduction ofmultiplemetal
ations into zero-valent species. As a result, the rapid reduction
nd nucleation result in uniform (∼10 nm) particles of spherical
hape. Okejiri et al. reported an ultrasound-assisted strategy that
xploits acoustic cavitation to directly produce single-phase per-
vskite Ru/(BaSrBi)(ZrHfTiFe)O3 USHENMs (∼5.9 nm) without
he need for calcination [145]. During ultrasonication, cavitation-
nduced localized high-temperature and high-pressure microen-
ironments promote rapid nucleation while simultaneously
uppressing particle growth, thereby enabling the formation of
ub-10 nm HENMs. USHENMs can also be synthesized using
low-reactor systems, where rapid and uniformmixing of precur-
ors and reductants under controlled conditions ensures uniform
ucleation and growth. This approach enables the dissolution of
ultiple cations into separate solutions that are then combined
hrough engineered flow pathways to maintain compositional
niformity during particle formation. As an example, Minami-
ara et al. prepared (1.3 ± 0.4) nm IrPdPtRhRu particles using
continuous-flow reactor with liquid-phase reduction at room
dvanced Functional Materials, 2026
temperature (Figure 8b) [144]. The flow design enables rapid
mixing of precursors and reductants while controlling nucleation
and growth, ultimately resulting in uniform USHENMs.

Sudden change in temperature: USHENMs are often produced by
initiating solution-phase reactions through sudden temperature
changes, as in the colloidal hot-injection method [80, 147]. In
this approach, typically performed at relatively low temperatures,
a precursor solution containing metal ions or organometallic
compounds is rapidly injected into a preheated solvent containing
surfactants or other stabilizing agents. The abrupt change in
temperature triggers a burst of nucleation (driven by thermal
energy), followed by controlled growth, enabling precise control
of particle size, composition, andmorphology [148]. For example,
Zhang et al. recently synthesized sub-10 nmCs(PbSnSrMnZn)Br3
HENMs using this method (Figure 9a) [30]. In that case,
metal acetates were first dissolved in coordinating solvents
(oleic acid and toluene), then cesium and tin precursors were
added. Nucleation is triggered by the rapid injection of a halide
source, completing the reaction within ∼3 min. Specifically, the
strong exothermic interactions between metal cations and halide
anions induce nucleation, while ligand coordination stabilizes
the surface, ultimately facilitating the formation of structurally
stable USHENMs (Figure 9b‒e). Notably, even after 8 months
of air exposure, the nanomaterials retained both monodispersity
and structural integrity. Furthermore, Wood et al. synthesized
(LaCePrNdSmEuGdDyHoErYbScY)OCl nanomaterials by incor-
porating 13 rare-earth elements into a single phase using a
similar method and proposed a library with up to 7099 com-
positions derived from all possible combinations of five to 13
elements [85].

Overall, the hot-injection method has been shown to enable the
synthesis of multicomponent particles across various classes of
HEMs, including oxides [35], alloys [29], intermetallics [149], and
chalcogenides [31]. In addition, electrospinning in combination
with pyrolysis also uses thermal energy to drive rapid (solution-
phase) reactions. For example, Yang et al. electrospun a solution
of PAN containing metal precursors and multi-walled CNTs
into nanofibers, which were subsequently thermally stabilized
and carbonized, resulting in uniformly embedded sub-10 nm
HENMs in CNFs [107]. Similar results were reported by Liao
et al. [36].

A new strategy has recently been reported that differs from
conventional thermal methods. It is based on a bilayer ice recrys-
tallization process at sub-freezing temperatures; this enables the
synthesis of USHENM particles or aerogels containing up to 11
metal species [78]. In this system, pre-melted ice channels are
designed to regulate the controlled release of precursors and
reducing agents, facilitating seed formation. It is also believed
that these seeds act similarly to de-icing agents and promote the
uniform mixing and assembly of elements along the ice grain
boundaries.

Rapid nucleation at moderate temperatures: Some thermal-shock
methods, while unable to fully melt all species involved, can
facilitate rapid nucleation through kinetic control. For example,
Zhang et al. reported on a precursor that was heated to 1023 K
at a high rate of 2333 K s−1, followed by cooling at 302 K s−1 [67].
This extremely fast heating and the short duration of the thermal
13 of 31
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FIGURE 8 (a) Kinetics-driven hydrogen cold plasma reduction. Reproduced with permission [76]. Copyright 2022, American Chemical Society.
(b) Continuous-flow liquid-phase reduction. Reproduced with permission [144]. Copyright 2022, American Chemical Society.
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hock not only promote rapid nucleation, but also suppress
urther particle growth, resulting in HENMs with an average
article size of only 2.3 nm. Furthermore, Gao et al. proposed
fast-moving bed pyrolysis (FMBP) strategy to immobilize
SHENMs on a carbon support, achieving a uniform particle
ize distribution of 2 nm for MnCoNiCuRhPdSnIrPtAu at 923
in 5 s (Figure 9f) [90]. The extremely small size is due to

he rapid pyrolysis process, which induces a high nucleation
ate and limits subsequent particle growth. In contrast, the fixed
ed pyrolysis (FBP) strategy usually results in phase-separated
nd larger HENMs (Figure 9g), as the metal precursors are
educed sequentially during the comparatively slow increase in
emperature (∼20 K min−1) according to their different reduction
otentials. In short, inducing rapid nucleation through kinetic
ontrol via ultrafast temperature ramping proves to be an effective
trategy.

aken together, kinetics-driven strategies for synthesizing
SHENMs focus on precise control of nucleation and particle
rowth. They involve (i) the use of strong reducing agents or
eactive precursors, with chemical reductants triggering the
imultaneous reaction of multiple metal species; (ii) sudden
hanges in temperature (hot-injection method), resulting in
mmediate nucleation at relatively low temperatures; (iii)
igh energy input-driven nucleation, with techniques such as
4 of 31
plasma treatment, continuous-flow reactors, or ultrasound-
assisted precipitation delivering sudden energy to induce
ultrafast nucleation and controlled particle growth, typically
at low or ambient temperatures; and (iv) rapid nucleation
at moderate temperatures (FMBP strategy), with ultrafast
ramping generating a high nucleation rate in a short period
of time and resulting in USHENMs with minimal phase
segregation.

2.2.3 Enthalpy-Driven Routes

Under low-temperature conditions, where the enthalpies of
mixing between elements are moderately negative or similar,
the reduction in interfacial energy can cause multiple phases
to combine into a single-phase material. At the nanometer
scale, surface and interfacial energies strongly affect phase sta-
bility and can act as a dominant thermodynamic influencing
factor. However, “enthalpy-driven” does not imply that both
entropy and kinetics are completely negligible in the formation
of USHENMs. Enthalpy-controlled reaction pathways become
particularly effective when the particle size falls below a critical
threshold, where surface effects outweigh bulk thermodynamics
[23]. They require atoms to relocate into lower energy positions,
meaning that enthalpy reduction is only possible through atomic
Advanced Functional Materials, 2026
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FIGURE 9 (a) Schematic representation of a colloidal hot-injection process for USHENMs. (b‒e) TEM images of particles with increasing
compositional complexity: (b) Cs(PbSn)Br3, (c) Cs(PbSnSr)Br3, (d) Cs(PbSnSrMn)Br3, and (e) Cs(PbSnSrMnZn)Br3. Reproduced with permission [30].
Copyright 2025, Wiley-VCH GmbH. (f) Schematic representation of an FMBP-based experimental setup for the synthesis of HENMs. (g) Schematic
representation of the synthesis of uniform and phase-separated HENMs by FMBP and FBP strategies, respectively. Reproduced from [90]. CC BY 4.0.
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iffusion. Typically, nanoparticles are used as seeds or templates,
nd diffusion drives the incorporation of additional elements
o produce HENMs. Unlike kinetics- or entropy-driven routes,
his approach does not require instantaneous nucleation, rapid
eduction, or high temperatures. Rather, the respective HENMs
ften form through the sequential incorporation of elements via
on diffusion [93], such as through galvanic replacement or ion-
xchange reactions [Figure 4(iii)] [111, 112]. However, there are
nly a few reports on enthalpy-derived HENMs, most of which
nvolve relatively large particles [150–153]. Because the number
f studies is limited, the factors that govern the formation of
dvanced Functional Materials, 2026
USHENMs remain poorly understood. Current findings indicate
that seed size and reaction conditions, such as temperature and
time, play an important role.

As an example, Dey et al. demonstrated the compositional
evolution of NiPdPtRhIr nanoparticles, as shown in Figure 10a
[31]. In that case, the reaction begins with the rapid formation of
Pd-rich seeds at 548 K, after which Ni is incorporated primarily
through deposition, followed by significant atomic diffusion,
thereby gradually reshaping the early particle structure. Once
PdNi domains have formed, Pt begins to incorporate. It is
15 of 31
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FIGURE 10 (a‒c) Time-dependent formation ofNiPdPtRhIr, FePdPtRhIr, CoPdPtRhIr, andNiSnPdPtIr nanoparticles showing their compositional
evolution. Reproduced with permission [31]. Copyright 2023, American Chemical Society.
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mportant to note that the introduction of Pt requires the prior
resence of Ni and/or Pd and occurs through the slow diffusion
f atoms into the growing nanoparticles. Subsequently, a similar
iffusion-driven and autocatalytic sequence enables the reduc-
ion and incorporation of Rh and Ir. Overall, atomic diffusion
lays a central role in this multistage process, as it determines
oth the sequence and depth of integration of various metals into
he final structure. Aside from that, to introduce significant frac-
ions of Fe and Co, the reaction conditions must be adjusted, for
xample, by increasing the temperature (to 588 K) and extending
he dwell time (to 1 h) to promote complete decomposition of
6 of 31
the respective precursors (Figure 10b). In the NiSnPdPtIr system
(Figure 10c), Sn likely induces the immediate and rapid reduction
of all noble metal species while simultaneously suppressing
the formation of PdNi domains (nuclei), a behavior that differs
from that observed for the Sn-free counterpart. However, it
should be noted that this type of “template modification” is
highly system-dependent and cannot be readily generalized.
These findings demonstrate that the reaction pathways can vary
significantly depending on composition and synthesis conditions,
with both factors being important for achieving precise size
control.
Advanced Functional Materials, 2026
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FIGURE 11 (a) Schematic representation of the galvanic replacement synthesis ofHENMs, alongwith anHAADF-STEM image and corresponding
EDS maps. Reproduced with permission [111]. Copyright 2022, American Chemical Society. (b) Schematic representation of multication exchange
showing the formation of Zn0.25Co0.22Cu0.28In0.16Ga0.11S from roxbyite Cu1.8S, along with an HAADF-STEM image and corresponding EDS maps.
Reproduced with permission [112]. Copyright 2021, American Chemical Society.
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imilarly, Wang et al. prepared 5 nm HENMs comprising up
o 14 principal elements, including combinations of strongly
mmiscible pairs, such as Bi and W [93]. Their method utilizes
t-rich cores as seeds, followed by an ion diffusion process to
ntroduce additional metals that are otherwise difficult to reduce.
he resulting HENMs were further annealed at 973 K, which
romotes homogenization, but may also lead to particle growth.
his work represents the smallest particle size reported to date for
ENMs produced via an enthalpy-controlled reaction pathway.
n short, the quality of the template and the initial particle size
et the lower limit for enthalpy-driven routes.

n the case of galvanic replacement synthesis, atoms in a
reformed nanomaterial (serving as template) are substituted
y atoms from solution. The process occurs through oxidation
f the sacrificial metal species by ions with higher reduction
otentials and is primarily driven by enthalpy, with entropy
laying a relatively minor role. For example, Tao et al. prepared
D HENMs as ribbons with a record thickness of only 0.8 nm
nd lengths in the micrometer range using Ag nanowires as
template (Figure 11a) [111]. During synthesis, atoms on the
anowire surface are replaced by metal species, such as Pt2+ and
d2+, through galvanic exchange, due to differences in reduction
otential. The core was then removed using dilute nitric acid,
esulting in freestanding nanoribbons with up to 8 principal
lements. Xia et al. further demonstrated that combining the
alvanic replacement between Pd nanocubes and K2PtCl4 with a
o-reduction process using citric acid effectively reduces particle
ize [154].
dvanced Functional Materials, 2026
In ion exchange, ions within a template material are partially
or completely replaced by two or more distinct ions from
solution without redox processes taking place. Importantly, the
lattice structure remains intact. Due to the large number of
available species, cation exchange reactions are generally pre-
ferred for HENM formation. For example, McCormick et al.
developed a low-temperature, multication exchange strategy
to synthesize HENMs with discrete morphologies (∼13 nm)
[112]. In this post-synthetic approach, preformed binary nano-
materials, such as Cu1.8S, which serve as sacrificial templates,
undergo controlled cation exchange with various ions (e.g.,
Zn2+, Co2+, In3+, Ga3+) in solution (Figure 11b). An important
enthalpic driving force in this process is the strong solvation
of the displaced copper by coordinating ligands, such as TOP,
OLAM, or benzyl ether, which stabilize Cu+ in solution and
prevent its reprecipitation. This enables efficient exchange while
maintaining the original nanoscale morphology and anionic
framework. As the authors emphasized, both enthalpic and
entropic factors contribute to the stabilization of the multi-
component phase. In particular, enthalpy affects the overall
structure by determining if the materials form a single or mixed
phase (heterostructure). Leveraging this strategy, Theibault et al.
synthesized (Zn0.30Co0.31Cu0.19In0.13Ga0.06)S HENMs [(18 ± 2)
nm], which exhibit strong catalytic activity toward lithium
polysulfide adsorption and conversion [92]. Their nanoscale
size and high surface reactivity help mitigate polysulfide shut-
tling, which is a major limitation in lithium-sulfur batteries,
significantly improving both capacity and long-term cycling
stability.
17 of 31
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FIGURE 12 Schematic illustrations highlighting the key factors driving the entropy-, enthalpy-, and kinetics-controlled synthesis of USHENMs.
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n general, particle formation is limited by ion diffusion. The
ncorporation of multiple species requires diffusion to achieve
hermodynamic equilibrium, which becomes increasingly inef-
icient with smaller particles and usually requires elevated
emperatures. The latter favors particle growth, thus setting a
ower size limit andmaking it difficult to achieve particles smaller
han 5 nm in diameter. This in turn suggests that enthalpy alone
s not sufficient to induce the formation of sub-5 nm HENMs.
n some cases, local kinetic control or carefully designed growth
trategies, such as layer-by-layer growth or ligand stabilization,
ay enable the formation of ultrasmall particles. Consequently,
nthalpy-driven routes are suitable for fine compositional con-
rol and the formation of complex structures, but less so for
he scalable production of USHENMs. Their applicability is
learly system-dependent, and they are naturally subject to size
imitations.

n summary, the formation of USHENMs discussed herein can
e broadly classified according to the dominant driving force,
eaning entropy, enthalpy, or kinetics (Figure 12). Entropy-
riven approaches rely on high configurational entropy to realize
ompositionally complex mixing, but this typically requires
xtreme thermal conditions and specialized equipment, with
oth reproducibility and scalability remaining major challenges.
ecause of this and the high sensitivity to minor variations in
recursor placement, energy input, and/or reaction environment,
t is difficult to achieve consistent particle size, composition,
nd homogeneity across batches. Furthermore, most ultrafast
8 of 31
syntheses are currently limited to small batch sizes, and upscal-
ing to gram or kilogram levels while maintaining favorable
particle properties is not trivial. However, they benefit from
processing at very high temperatures, which provide sufficient
energy to overcome the positive enthalpies of mixing between
otherwise immiscible species. Under these conditions, even
highly immiscible element pairs can be forced into a single-
phase (solid solution) structure [91]. Ultimately, this enables
the integration of a wide variety of elements, even those with
very different reduction potentials, atomic sizes, and/or bonding
preferences.

Kinetics-driven routes offer significant advantages (Figure 13a),
as they do not necessarily require high reaction temperatures
(entropy contribution), but instead rely on rapid nucleation and
growth control under moderate conditions. As a result, such syn-
theses are more cost-effective, experimentally better accessible,
and capable of producing USHENMs with uniform composition
and higher yields compared to other approaches. Although the
compositional space ismore limited than in entropy-driven (high-
temperature) routes, they are very attractive for the production
of USHENMs due to their practicality and good size control.
Enthalpy-driven processes are determined by the intrinsicmixing
energetics of the constituent elements, which strongly depends
on ion diffusion. Due to these limitations, it is hardly possible to
achieve particle sizes below 5 nmwith this approach (Figure 13b).
Therefore, further development of enthalpy-controlled reaction
pathways is necessary.
Advanced Functional Materials, 2026
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FIGURE 13 (a) Schematic illustrations highlighting the advantages and limitations of entropy-, enthalpy-, and kinetics-driven synthesis routes.
(b) Specific particle size ranges and (c) nanoscale effects.

TABLE 1 Entropy-driven synthesis strategies for USHENMs.

Method Temp./K
Particle
size/nm Composition Formation mechanism Refs.

Ultrafast sparking synthesis ∼3286 ∼5 NiFeCoCuSnMo Melting-fusion-quenching
(metallic glass)

[105]

Flame synthesis ∼1800 <10 FeCoNiCuRuRh
PdIrPt

Melting-quenching in flame [40]

Laser fragmentation in liquids >2000 <2 AuPtRuRhIr Melting-fusion-quenching [118]
Carbothermal shock ∼2000 ∼3 PtPdIrRhRu Melting-fusion-quenching

(metallic glass)
[89]

Mechanical ball-milling and
sonication-assisted exfoliation

Not
reported

∼8 NiCrCoCuFe Solid-state diffusion and high
energy impact

[123]

Electrical discharge >10 000 <10 (MoWVNbTa)C Melting-quenching in
dielectric medium

[75]

Co-melting-filling-freezing-
modification

1023 <2 (MnFeCoCuZn)P Co-melting-filling-freezing [127]

Space-confined liquid metal
droplet method

1173 1‒5 PtMnFeCoCuZn
In

Co-melting-filling-freezing [124]

Hydrocarbothermal flow
synthesis

1123 <2 FeCoNiCuPt Melting-fusion-solidification [103]

ZIF-derived
adsorption-nitridation
strategy

1273 ∼5 (TaMnVCr)NC Melting-fusion-solidification [126]

2
P

A
b

A

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.76274, W
iley O

nline L
ibrary on [12/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
r

.3 Size Evolution (from Sub-10 nm to Sub-1 nm
articles)

s evident from Tables 1 and 2, nanoparticle formation can
e achieved via both entropy- and kinetics-driven synthesis
dvanced Functional Materials, 2026
strategies. Entropy-driven approaches include laser fragmen-
tation in liquids, co-melting-filling-freezing methods, space-
confined liquid metal droplet methods, and hydro-/carbothermal
flow syntheses. In parallel, kinetically controlled routes, such
as continuous-flow liquid-phase reduction, fast-moving bed
19 of 31
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yrolysis, and POM-assisted solvothermal methods, can also
over the ultrasmall size range under appropriate conditions. The
ynthesis of sub-nanometer HEMs (<1 nm) poses a particular
hallenge, as conventional entropy stabilization fails at this scale.
ere, finite-size effects, surface energy, and discrete atomic
nteractions favor segregation over the stable mixing of multiple
lements, necessitating strict kinetic control or spatial confine-
ent [155]. In particular, ligand-mediatedwet-chemical synthesis
epresents a typical kinetically controlled pathway [140], in
hich the rapid reduction of metal precursors (e.g., acetylace-
onates or chlorides) in the presence of strong ligands, such
s thiols, oleylamine, or phosphines, leads to burst nucleation
nd immediate surface passivation, thereby halting growth at
he cluster stage. Representative systems include thiol-protected
ultimetallic clusters and oleylamine-mediated co-reduction
ystems.

as-phase cluster processes (e.g., magnetron sputtering or laser
blation combined with inert gas condensation and mass selec-
ion) provide alternative approaches. They create structures
rom just a few atoms, sorted by size, in the gas phase,
hich are then deposited onto a substrate (support), resulting
n well-defined (high-entropy) atomic clusters. Depending on
he system, confinement-assisted synthesis can be associated
ith both entropy-driven and kinetic strategies. For example,
iquid metal droplet methods and hydro-/carbothermal pro-
esses can be used to generate ultrasmall clusters in confined
nvironments. More commonly, sub-1 nm particles are stabi-
ized in zeolite cages, MOFs, or defect-rich carbon matrices
hrough solution-based infiltration, followed by reduction or
hermal treatment, thereby physically limiting atomic diffusion
nd aggregation. Overall, while many of the methods men-
ioned above can produce ultrasmall nanoparticles (1–2 nm
n diameter), access to the sub-1 nm range relies primar-
ly on strong ligand stabilization, size selection in the gas
hase, or spatial confinement, which effectively suppresses
rowth.

n ultrasmall systems, the role of entropy stabilization may be
ess decisive than previously thought (Figure 13c). In contrast,
inetic trapping and surface effects can dominate the energetics
nd potentially overshadowgenuine entropy-driven stabilization.
n particular, the balance between thermodynamic stability and
inetic trapping differs fundamentally from that observed in
arger particles. This interplay therefore deserves a more critical
nd nuanced discussion. At this scale, the total free energy is
etermined primarily by surface energy, lattice strain, and non-
quilibrium bonding, while the contribution of configurational
ntropy is comparatively small. Although high configurational
ntropy can, in principle, promote mixing, its stabilizing effect
ecreases strongly as particle size decreases, since the num-
er of atoms involved in bulk disorder becomes limited and
urface atoms increasingly determine the overall energetics. As
result, many USHENMs are not thermodynamically stable
olid solutions. Instead, they often correspond to kinetically
rapped states that arise under conditions of rapid synthesis
e.g., ultrafast heating, burst nucleation, transient melting, etc.).
hese conditions cause the atoms to be frozen in metastable,
ixed configurations before phase separation or ordering occurs.
xperimentally verifying true entropy stabilization at this scale
s extremely difficult. Regardless, the minimization of surface
dvanced Functional Materials, 2026
energy and kinetic trapping likely play a greater role than
entropy-driven stabilization.

Due to their high surface-to-volume ratio, sub-nanometer HEMs
exhibit increased surface entropy, due to vibrational, trans-
lational, and rotational contributions from undercoordinated
atoms [155]. The relative balance of these entropy terms, together
with the surface energy, can influence anisotropic cluster for-
mation/assembly. In particular, increased translational entropy
favors elongated or belt-like structures, whereas dominant vibra-
tional entropy under strong confinement tends to stabilize more
compact, quasi-one-dimensional arrangements (e.g., nanowire-
like structures). Overall, morphological evolution is the result of
the interplay between surface entropy and surface energy and is
not determined by a single factor.

2.4 Formation Mechanisms

High- and low-temperature (or ambient-condition) syntheses
generally activate fundamentally different formation mecha-
nisms for USHENMs. High-temperature routes typically proceed
through a melting-fusion-solidification process (Table 1), reflect-
ing their strong dependence on entropy-drivenmixing at elevated
temperatures. In contrast, low-temperature routes predominantly
generate USHENMs through a LaMer-type burst nucleation
mechanism (Table 2). However, it should be noted that even
under high-temperature conditions, local kinetic effects, such as
rapid cooling or quenching, can significantly influence the final
particle size.

As illustrated in the respective temperature-time diagram in
Figure 5c, this mechanism requires that the maximum temper-
ature (Tmax) surpasses the melting point of all constituent metals,
ensuring complete decomposition of precursors and uniform
mixing in the molten state. Upon reaching Tmax (Figure 14a,b),
the metal precursors melt and fuse into alloy nanodroplets.
Rapid cooling, often induced by thermal shock or localized
quenching, leads to solidification into either nanocrystalline
or amorphous phases. If the cooling rate exceeds the critical
value for crystallization (∼1 K s−1), phase segregation is sup-
pressed, stabilizing the high-entropy phase and resulting in
compositionally uniform USHENMs [156]. This mechanism is
typical of synthesis methods that rely on direct, high-intensity
energy input. In ultrahigh-temperature approaches, such as
FJH, CTS, or electrical discharge, where temperatures exceed
2000 K, USHENMs usually form via a transient melting path-
way. These methods provide a liquid-like environment with
extremely high atomic mobility, enabling quasi-simultaneous
incorporation of multiple elements into the lattice. This is
typically the primary mechanism for achieving homogeneous
multielement distributions at the sub-10 nm length scale. Solid-
state diffusion contributes to atomic mixing, but is generally
slower than the timescale of ultrafast synthesis. Its effectiveness
is limited to sub-2 nm particles, unless surface effects accelerate
diffusion.

Moderate-temperature methods, such as FMBP, operate below
the melting point of most metals, yet provide enough thermal
energy to decompose precursors and induce the nucleation-
growth processes that characterize the kinetically controlled
21 of 31
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FIGURE 14 Formation mechanisms of USHENMs. (a) Ternary phase diagrams showing the distribution of crystalline (blue diamonds) and
amorphous (red triangles) phases for high-entropy alloys. The black region indicates the conventional glass formation range, while the red region
highlights the expanded glass formation region enabled by FJH. (b) Melting-fusion-solidification mechanism illustrating alloy formation during high-
temperature synthesis. Reproduced from [113]. CC BY 4.0. (c) Nucleation-growth mechanism of HENM formation via FMBP and FBP. The diagrams
illustrate the sequential processes of monomer formation (I), nucleation (II), and nanocrystal growth (III) against the reaction time for each method.
Reproduced from [90]. CC BY 4.0. (d) Schematic of nucleation and growth under repeated laser pulse irradiation, depicting enlargement through
monomer accumulation and particle fusion. Reproduced with permission [25]. Copyright 2022, Springer Nature.
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ormation of USHENMs. In such cases, the LaMer nucleation-
rowth model provides a suitable conceptual framework for
anomaterial formation (Figure 14c,d). This mechanism pro-
eeds via three key stages: [157, 158] (i) monomer generation:
hermal decomposition of metal precursors produces reac-
ive atomic species (monomers); (ii) burst nucleation: once
he monomer concentration exceeds a critical supersaturation
hreshold, rapid nucleation events occur; and (iii) particle growth:
s the monomer concentration declines, further monomers
2 of 31
deposit on existing nuclei, resulting in controlled particle growth.
Also, LaMer conditions are strongly influenced by the reaction
medium, ligands, pressure, and gas flow. In the context of FMBP,
the decomposition of precursors generates a high concentration
of reactive monomers. These monomers have low activation
energy barriers for nucleation, enabling the formation of small
alloy nuclei. Because of their small critical radius and fast
nucleation rate, HENMs with ultrasmall dimensions are readily
formed. Moreover, the rate of pyrolysis plays a pivotal role, with
Advanced Functional Materials, 2026
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aster pyrolysis leading to a higher degree of monomer supersat-
ration, which in turn increases the nucleation rate. A higher
ucleation rate results in a larger number of nuclei, ultimately
roducing smaller nanomaterials due to limitedmonomer supply
or growth. Hence, while the LaMermodel is traditionally applied
o solution-phase syntheses (especially at room temperature), its
rinciples can be adapted to describe the formation of USHENMs
n moderate high-temperature gas- or solid-phase environments.
owever, multielement systems often experience sequential
ncorporation rather than a single synchronized burst. Below
nm, even slight variations in nucleation or growth rate lead to
arge relative differences in particle composition and size. Ligands
r surfactants can preferentially bind to certain metal ions,
urther disrupting simultaneous nucleation. Therefore, LaMer-
ype nucleation bursts are barely reproducible for USHENMs.
ost successful syntheses rely on non-equilibrium methods,
ransient molten states, or kinetically trapped growth rather than
dealized LaMer behavior. In short, melting-fusion-solidification
echanisms are typically observed under high-temperature con-
itions, while LaMer-type nucleation-growth processes charac-
erize the moderate temperature (or room temperature)-driven
ormation of USHENMs.

ntropy-driven formation of USHENMs is strongly temperature-
ependent, while kinetic pathways are controlled by
eaction rates. The third mechanism, enthalpy-driven
ormation, primarily involves ion diffusion and is relatively
are; however, it has been described in detail in recent
tudies [23, 159, 160].

.5 Stability and Identification of Homogeneous
SHENMs

SHENMs offer exciting scientific and technological opportuni-
ies, yet their extremely small dimensions also introduce serious
ractical challenges. One of the most critical drawbacks is their
nstability during storage. Due to the high surface energy, the
anoparticles readily agglomerate, oxidize, or undergo structural
hanges even under mild conditions. As a result, preserving
he original size, composition, and surface chemistry over time
ecomes difficult, which can ultimately compromise their func-
ional performance. Very recently, Krouna et al. [161] investigated
he thermal stability of Au20Co28Cu11Ni20Pt21 nanoparticles (3.0–
.5 nm) from 298 to 973 K using aberration-corrected STEM.
heir results showed that atomic diffusion in the temperature
ange from 773 to 873 K leads to surface segregation of Au and
u, with a Janus-like configuration becoming evident mainly in
oalesced particles, where atomic mobility is higher. At 973 K,
iffusion is sufficiently activated to induce clear phase separation
n all particles. Interestingly, althoughhigher temperatureswould
onventionally be expected to increase solid-solution stability, in
itu TEM observations revealed a progressive surface segregation
f Au and Cu as the temperature increases. At the same time,
hanges in particle morphology and a reduction in average
ize were observed, indicating complex thermally-induced recon-
truction processes rather than simple stabilization. Overall,
his study highlights the limited thermal stability of multi-
etallic solid solutions at the sub-10 nm scale, where surface-
riven segregation becomes increasingly dominant at elevated
emperatures.
dvanced Functional Materials, 2026
To effectively overcome these challenges, it is essential to
stabilize the nanoparticle surface and control the storage
environment. Surface-engineering strategies, such as ligand
capping, polymer encapsulation, or embedding the nanopar-
ticles within protective inorganic or carbon-based matrices,
provide a robust barrier against aggregation, oxidation, and
undesired structural evolution. Equally important is main-
taining a controlled storage environment. Low temperatures,
inert atmospheres, and vacuum conditions have all been
shown to strongly improve long-term stability. Overall, these
approaches form a practical and powerful toolkit for pre-
serving the structural integrity and functional properties of
USHENMs.

Characterization presents another major obstacle. The smaller
the particles become, the more challenging it is to charac-
terize HENMs. Conventional analytical tools often lack the
resolution or sensitivity required to accurately probe such
multicomponent materials. To determine whether USHENMs
are truly homogeneous single-phase systems or exhibit com-
positional segregation, it is generally necessary to employ
advanced (high-resolution) characterization techniques, such
as synchrotron XRD, STEM-EELS [162, 163], 4D-STEM [91],
APT [164, 165], and/or XAS [48, 166]. Although limited by
particle size broadening, synchrotron-based diffraction can still
provide valuable insights into phase composition, lattice strain,
and crystallinity, as shown in Figure 15a. Synchrotron XAS,
including EXAFS and XANES, is particularly valuable for inves-
tigating chemical states and short-range ordering (Figure 15b).
APT, a cutting-edge technique, can provide (atomic-scale) 3D
compositional maps with extremely high sensitivity. It is par-
ticularly powerful for confirming whether the elements are
uniformly mixed or show signs of nanoscale segregation, criti-
cal questions for USHENMs. STEM-EELS offers higher spatial
and chemical sensitivity than EDS, allowing determination of
oxidation states, bonding environments, and fine elemental
variations within individual nanoparticles. Last but not least,
4D-STEM acquires a complete diffraction pattern at every probe
position during a scanning experiment, producing a true 4D
dataset (two spatial dimensions + two diffraction dimensions).
This capability enables quantitative mapping of strain, local
crystallinity, lattice orientation, and phase distribution with
high spatial resolution, information that is crucial for under-
standing the structural disorder and heterogeneity present in
USHENMs. As illustrated in Figure 15c‒f, localized strain fields
can be extracted from a 4D-TEM dataset to visualize lattice
distortions. The strain maps are generated by analyzing vari-
ations within the individual diffraction patterns at each probe
position and comparing them to the average Bragg vector
map, thereby revealing subtle structural deviations across the
nanoparticles [91].

However, characterizing USHENMs remains extremely chal-
lenging because most advanced techniques face fundamental
resolution, sensitivity, or damage-related limitations at this size
scale. For example, STEM-EELS can, in principle, resolve single
atoms, but sub-2 nm systems often suffer from severe beam
damage, atomic mobility under the beam, and overlap of EELS
edges from multiple elements, which complicates quantitative
mapping. 4D-STEM offers strain and lattice-dynamics analy-
sis, yet for clusters containing only a few hundred atoms,
23 of 31
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FIGURE 15 (a) Synchrotron XRD showing an overall single-phase FCC structure. (b) FT-EXAFS analysis of Fe, Ir, Ru, andW compared with their
metal foil counterparts, indicating alloy formation through peak shifts. (c) High-magnification HAADF-STEM image of a single nanoparticle used for
4D-STEM analysis. (d) Corresponding virtual ADF image, where each pixel represents a diffraction pattern, with three representative patterns shown.
(e) Bragg vector map generated from all diffraction patterns. (f) Resulting strain map, revealing localized lattice strain and structural inhomogeneity
arising from the complex elemental mixing. Reproduced with permission [91]. Copyright 2021, Elsevier.
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he coherence and diffraction signals are extremely weak,
aking strain fields and local ordering difficult to interpret.
PT provides 3D compositional mapping with near-atomic
esolution, but USHENMs tend to field-evaporate inconsis-
ently, leading to preferential loss of certain elements, tra-
ectory aberrations, and unreliable quantification, especially
hen the particle size is close to the evaporation radius.
AS is powerful for probing local bonding environments, but
t yields ensemble-averaged information, meaning subtle het-
rogeneities, such as local segregation or short-range order,
ay be masked by averaging across thousands or millions of
articles. With continued progress in stabilization strategies
nd high-resolution characterization tools, the full potential
f these remarkable materials can be realized in practical
pplications.
4 of 31
In general, well-founded claims of homogeneous single-phase
USHENMs should be supported by the characterization methods
mentioned above. Conventional EDS mapping alone is not
sufficient to confirm true homogeneity at the atomic level in
ultrasmall systems, as it may overlook phenomena, such as
segregation or short-range ordering. In fact, several reports that
mention uniform phases show an obvious uneven distribution
of elements, suggesting a possible phase separation/segregation.
Accordingly, true USHENMs should be confirmed by consis-
tent results from structural, chemical, and electronic char-
acterizations that demonstrate the following: (i) a random,
multicomponent atomic distribution at the nanoscale, (ii) the
absence of detectable phase separation, cluster formation, or
compositional segregation, (iii) uniform local chemical envi-
ronments across particles, and (iv) spectroscopic signatures
Advanced Functional Materials, 2026
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hat indicate statistical mixing rather than ordered or segre-
ated domains. Regardless, we emphasize the importance of
istinguishing equilibrium-like solid solutions from kinetically
tabilized or partially ordered states, particularly in the realm of
xtremely small dimensions, where surface and kinetic effects
ominate.

.6 Machine Learning-Based Materials Design
nd Discovery

EMs are highly complex systems and downsizing them to the
anoscale often results in unexpected, and in some cases, still
oorly understood properties. At the same time, their reaction
athways and characterization methodologies require further
efinement. The vast compositional space, coupled with severe
attice distortions and atomic-level heterogeneity, makes it dif-
icult to establish clear composition-structure-property relation-
hips. As discussed above, advanced characterization techniques
re essential, yet they remain time-consuming, data-intensive,
nd experimentally demanding. These challenges limit the pace
t which new USHENMs can be explored.

n this context, machine learning (ML) has emerged as a
owerful and timely solution. With rapid advancements in
ata-driven materials science, ML enables efficient predic-
ion of promising element combinations, discovery of mech-
nistic trends hidden within high-dimensional datasets, and
ccelerated optimization of multicomponent nanosystems [26,
67, 168]. This paradigm is particularly valuable for HEMs,
here the enormous configurational space and associated
ffects render conventional trial-and-error approaches slow and
ften ineffective. By integrating ML with high-throughput syn-
hesis and characterization workflows, researchers can more
apidly map the complex landscape of structures and proper-
ies, ultimately guiding the rational design of next-generation
SHENMs.

ery recently, Perumal et al. demonstrated the potential of this
trategy by developing sub-2 nm catalysts composed of 8 transi-
ion metals using an active-learning framework (Figure 16a‒e)
142]. By integrating Bayesian optimization (BO) with an
terative active-learning model, they efficiently navigated the
ompositional landscape of octonary USHENMs for both the
ER and OER. This closed-loop workflow enabled real-time,
ser-guided refinement of the model, ensuring rapid conver-
ence towardhigh-performance compositionswhile substantially
educing experimental effort. Gaussian process regression was
sed for property prediction, while SHapley Additive exPlana-
ions analysis and t-distributed stochastic neighbor embedding
rovided interpretable insights into composition-activity trends.
ltimately, this approach identified 10 highly promising com-
ositions that were experimentally validated, highlighting the
ransformative potential of ML-guided discovery for complex
anoscale systems. Furthermore, Pan et al. utilized a large
anguage model to identify 70 quinary combinations of HENMs,
arkedly accelerating the discovery of efficient electrocatalysts
169]. Likewise, Shan et al. integrated artificial intelligence
AI) with machine vision automation to screen 56 HENM
ystems, establishing a comprehensive dataset of 238 precursor
omposition-activity pairs, a foundation for predictive modeling
dvanced Functional Materials, 2026
of multicomponent materials [170]. Collectively, these advances
highlight how ML-driven discovery is revolutionizing the pre-
diction and design of USHENMs, enabling precise control over
atomic configuration and property optimization within previ-
ously inaccessible compositional regimes.

Although ML, in general, holds great potential, its application to
USHENMs also comes with important limitations. High-quality
and reliable datasets are essential for building accurate predictive
models, yet experimental data are often scarce, inconsistent, or
incomplete because of the inherent challenges in synthesizing
and characterizing materials at this scale. Such data limitations
can reduce model accuracy, introduce bias, and restrict the
generalizability of ML predictions. In addition, interpretability
remains a significant challenge. Many ML models, particularly
deep-learning approaches, function as “black boxes,” making
it difficult to understand or validate the physical mechanisms
behind their predictions. For complex systems like USHENMs,
wheremechanistic insights are as critical as performancemetrics,
these issues can constrain the usefulness and scientific trustwor-
thiness of ML-guided design. Looking forward, the integration
of ML with autonomous synthesis, in situ characterization, and
quantum-level simulations is expected to establish a smart closed-
loop platform for the accelerated discovery of next-generation
USHENMs.

3 Outlook and Conclusions

USHENMs combine compositional disorder with nanoscale
effects, giving rise to properties not accessible in the bulk. This
review has summarized recent progress in understanding the
merits of such materials, including controlling their synthesis,
improving their stability, advancing their characterization, and
accelerating their discovery throughML approaches. Building on
these developments, future advances will depend on addressing
several key challenges and opportunities that will determine the
next phase of research.

Advancing enthalpy-driven synthesis: Reports on enthalpy-driven
routes for USHENMs remain scarce and their underlying control
mechanisms are not well understood yet. Unlike entropy- or
kinetics-dominated approaches, enthalpy-driven reaction path-
ways often struggle to achieve ultrasmall particle sizes. Producing
sub-5 nm particles is particularly challenging due to limited
control over nucleation and sluggish diffusion. Future efforts
should focus on elucidating the fundamental thermodynamic
processes involved, improving precursor design, and integrating
external stimuli (e.g., pressure, reactive atmospheres, or chemical
templating) to overcome current limitations and unlock the full
potential of enthalpy-driven synthesis of sub-10 nm HENMs.

Toward Homogeneous USHENMs: A key and as yet unresolved
challenge in the development of USHENMs is achieving struc-
tural and chemical (compositional) homogeneity as particle size
decreases from the sub-10 nm range to the sub-5 nm range and
ultimately to the sub-nanometer scale. While some single-phase
structures can be produced relatively reliably at ∼10 nm, further
size reduction significantly increases the likelihood of composi-
tional fluctuations, surface segregation, and cluster formation,
phenomena that are often unavoidable due to thermodynamic
25 of 31
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FIGURE 16 Active learning framework for the discovery of high-entropy nanoparticle (HENP) catalysts for alkaline water splitting. (a) Schematic
workflow for identifying low-overpotential materials. (b) Illustration of the synthesis process. (c) Evaluation of HER and OER performance, including
linear sweep voltammetry curves for HENPs with the lowest (HENPs-y) and highest (HENPs-x) overpotentials. (d) Visualization of the active learning
process using BO. (e) HRTEM image of tailored HENPs, corresponding EDS elemental mapping, and linear sweep voltammetry curve for the overall
alkaline water splitting. Reproduced from [142]. CC BY-NC-ND 4.0.
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nd kinetic constraints. Consequently, although many studies
escribe USHENMs as single-phase systems, it remains very
ifficult to demonstrate true homogeneity at the atomic level.
hese limitations are raising concerns that some of the reported
ystems may not be solid solutions, but rather metastable or
artially segregated structures that lie beyond the resolution limit
f conventional characterization techniques.

ddressing this problem requires not only improved charac-
erization, but also the development of synthetic strategies
pecifically designed to ensure mixing at the atomic scale under
6 of 31
extreme size constraints. Several promising approaches have
been identified. First, kinetically controlled synthesis methods,
such as rapid quenching, ultrafast reduction, or non-equilibrium
deposition, can help “freeze” a uniform distribution of elements
before phase separation occurs. Second, strategies for strong coor-
dination or confinement—for example, using ligands, supports,
or spatially confined templates (e.g., porous matrices or carbon
scaffolds)—can suppress atomic diffusion and prevent segrega-
tion during nucleation and growth. Third, the design of precur-
sors at the molecular level, such as single-source or premixed
heterometallic complexes, offers away to ensure uniform element
Advanced Functional Materials, 2026
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istribution even before particle formation. Fourth, thermody-
amic stabilization through surface and interface engineering
ecomes increasingly important for dimensions below 5 nm,
ince surface energy dominates at these scales and can be tailored
o favor mixed configurations over segregated ones. In parallel,
dvanced characterization techniques with atomic resolution,
ombined with statistical analyses of large particle populations,
re essential for rigorously verifying homogeneity and distin-
uishing single-phase systems from locally segregated structures.
ntegrating such experimental approaches with theoretical mod-
ling will further clarify the limits of entropy stabilization at
ltrasmall scales.

n conclusion, sub-10 nm HENMs embody a unique conver-
ence of compositional complexity (occupational disorder) and
anoscale effects. Future progress will depend on the continued
evelopment of reliable frameworks for synthesis-structure ver-
fication that are capable of both producing and unambiguously
erifying homogeneousUSHENMs.Ultimately, they represent an
xciting new frontier in materials science and offer opportunities
or breakthroughs that cannot be achievedwith either bulkHEMs
r conventional nanomaterials.
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