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Sub-nanometer high-entropy materials (HEMs) have opened new pathways in electrocatalysis and
biomedicine, leveraging their tunable composition, ultrahigh specific surface area, abundant active sites,
and multi-element synergy. In electrocatalysis, their highly disordered multi-element structures signifi-
cantly enhance the intrinsic activity and stability for the hydrogen evolution reaction (HER), oxygen evo-
lution reaction (OER), and CO, reduction reaction (CO,RR), while their unique "cocktail effect” enables
precise electronic structure modulation. For biomedical applications, their ultrasmall size facilitates cellu-
lar uptake and tissue penetration. Simultaneously, their multi-element composition endows them with
multifunctionality, including photothermal/photodynamic/catalytic/magnetic therapy, multimodal imag-
ing, and drug delivery, while also optimizing biocompatibility and reducing toxicity. However, challenges
remain in the precise synthesis and mechanistic understanding of sub-nanometer HEMs, hindering their
development for next-generation high-performance electrocatalysts and intelligent theranostic platforms.
In this review, we comprehensively explore the composition-structure design principles of HEMs, with
a focus on the multifunctional properties achieved by small sizes, particularly in the sub-nano range,
and their applications in electrocatalysis and biomedicine. Additionally, this paper prospectively discusses
emerging strategies that may drive the future development of HEMs, with particular emphasis on the

application potential of sub-nanometer HEMs.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

1. Introduction

proving its performance and stability [9]. However, conventional
materials face limitations due to elemental constraints [10-13],

High-entropy materials (HEMs) refer to materials that contain
five or more elements in nearly equal proportions within the same
crystal structure [1,2]. Unlike traditional materials, which are typ-
ically composed of one or a few elements, the uniqueness of
HEMs lies in their complex composition and high entropy char-
acteristics [3-5]. The core of this concept is the increase in en-
tropy, meaning that by introducing multiple elements [6,7], the
disorder of the material is significantly enhanced [8], thereby im-
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reaching a performance bottleneck. In response, Cantor et al. in-
dependently introduced the concept of HEMs in 2004, homoge-
neous multi-component alloys with near-equimolar atomic ratios
[14]. Thermodynamically, these alloys exhibit high mixing entropy,
which overcomes enthalpy-driven limitations [15-17]. Since their
discovery, HEMs have sparked extensive research interest in both
scientific and industrial communities [18,19], with applications
spanning catalytic energy conversion, energy storage technolo-
gies, and biomedical materials [20-22]. Their continuously tun-
able compositional distributions break the miscibility barriers of
traditional materials [23,24], providing ideal adsorption/desorption
energetics for reaction intermediates [25,26]. Furthermore, ad-
vances in nanotechnology have enabled significant improvements
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Fig. 1. The major effect mechanisms, opportunities, challenges, and outlook of
HEMs.

in surface activity through geometric engineering and electronic
state modulation [27,28]. The integration of nanomaterial concepts
have led to the development of nano and even sub-nano HEMs,
which have garnered widespread attention in fields such as en-
ergy conversion and catalysis due to their enhanced functionality
[29,30].

The introduction of the sub-nanoscale (typically referring to
feature sizes below 1 nanometer) has opened up an entirely new
dimension for HEMs [31-33]. At this critical scale, materials ex-
hibit remarkable quantum confinement effects, extremely high
specific surface areas, unique electronic structures, and highly ex-
posed and tunable active sites. When the structural units of HEMs
are precisely reduced to the sub-nanoscale. A "quintuple syn-
ergy" unprecedented synergy emerges: the compositional flexibil-
ity and unique electronic structure conferred by "high entropy"”
synergize powerfully with the ultimate atomic utilization efficiency
and ultra-strong surface/interface effects bestowed by the sub-
nanoscale [34-36]. This synergistic effect not only effectively over-
comes the inherent limitations of conventional HEMs in cataly-
sis and biological applications but also drives remarkable perfor-
mance leaps in cutting-edge fields such as electrochemical en-
ergy conversion, biosensing, and diagnostic-therapeutic integration.
We systematically summarize rational design strategies for Sub-
nano HEMs structures, including: (1) Non-equilibrium thermody-
namic synthesis [37], (2) control of (sub)nanometer dimensions
and anisotropic morphologies [38], and (3) engineering of atomic
ordering/disordering [39]. Specifically, size regulation and multidi-
mensional architectures are recognized as two crucial trends in de-
veloping HEMs.

Although recent reviews have reported on the advantages and
synthesis of HEMs [40-43], there is still a lack of reviews specifi-
cally focusing on recent progress, emerging roles, or fundamental
design principles for sub-nanometer HEMs in catalysis and emerg-
ing fields of biomedicine. Herein, we provide a systematic re-
view of advances in sub-nanometer HEMs, focusing on structure-
property relationships, catalyst-support interactions, and poten-
tial applications. Finally, we outline key challenges and future
research directions to guide researchers in this emerging field
(Fig. 1).
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Fig. 2. Thermodynamic analysis of high-entropy mixing considers both entropy (a)
and enthalpy (b), which are mainly determined by the composition of high-entropy
nanoparticles. Reproduced with permission [46]. Copyright 2022, AAAS.

2. Synthesis of sub-nanometer HEMs

The key challenge in fabricating HEMs lies in suppressing phase
separation [44,45]. The configurational entropy of high-entropy
nanoparticles increases with a greater number of elements and
acts as a driving force for single-phase mixing (Fig. 2a). The en-
thalpy of the multielement interactions varies largely depending
on the nature of the constituent elements, which directly affects
the resulting phase under near-equilibrium conditions (Fig. 2b)
[46]. Traditional thermodynamics-driven synthesis methods, such
as metallurgy, electrospinning, and wet chemistry, rely entirely on
the Gibbs free energy of the material system to determine phase
stability, expressed as:

AGmix = AHmix - TASmixAHmix (l)

where AGpix, AHpix» ASmix and T denote the Gibbs free energy,
mixing enthalpy, mixing entropy, and absolute temperature, re-
spectively.

As entropy-dominated materials, high-entropy systems must
account for various entropy contributions, including configura-
tional, vibrational, electronic, and magnetic dipole entropy. Among
these, configurational entropy plays the dominant role. Under ideal
conditions, it can be calculated as:

AScont = —RZX,'lﬂXi (2)

where R is the gas constant, and x; represents the molar fraction
of the element.

Recently, kinetics-driven synthesis has emerged as a crucial
strategy for HEMs’ formation. By leveraging rapid non-equilibrium
processes, metastable high-entropy phases can be kinetically
trapped through localized extreme conditions, ensuring phase ho-
mogeneity. For instance, ultrafast heating and cooling can anchor
single-phase solid solutions in energy minima, effectively prevent-
ing phase separation.

When high-entropy materials achieve sub-nanometer struc-
tures, their high surface atom exposure ratio and electron
delocalization effects enhance their catalytic performance in
heterogeneous catalysis. In sufficiently small volumes, sur-
face energy becomes non-negligible, leading to the expression
Grotal = Gpulk + Gsurface» Where Ggyrface = y(T)A(T) plays a decisive role.
Consequently, overcoming surface energy to achieve controllable
synthesis and precise morphological regulation remains a near-
term priority in the development of high-entropy materials. Al-
though numerous high-entropy nanomaterials have been synthe-
sized, reliably controlling their size to ~1nm remains a signifi-
cant challenge due to high surface energy. Current high-entropy
nanomaterials primarily suffer from elemental immiscibility due
to compositional differences and complexity. Therefore, non-
equilibrium synthesis techniques involving extreme temperatures,
pressures, or external energy fields remain essential for achieving
uniform elemental mixing and reducing particle size [47].
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Beyond conventional high-entropy synthesis, achieving sub-
nanometer-scale materials demands even more stringent condi-
tions. Sub-nanometer HEMs formed via homogeneous nucleation
exhibit significant biomedical advantages due to their enhanced
metabolic clearance, thereby minimizing potential toxicity. How-
ever, calculating AG for such materials require additional consid-
eration of interfacial tension (o) and surface area (A):

AG = —nAp + oA 3)

where Apu is the chemical potential difference.
In contrast, heterogeneous nucleation introduces a correction
term:

AG = QAG (4)
Here, ¢ is the contact angle function:
@ = (2 + cost)(1 - c059)2/4 (5)

Notably, only when 6 = m does the nucleation rate of hetero-
geneous nucleation match that of homogeneous nucleation. For all
other contact angles, the energy barrier for heterogeneous nucle-
ation is lower, making it the more favorable pathway. Thus, select-
ing suitable substrates to mediate interfacial tension offers a viable
route for synthesizing sub-nanometer high-entropy materials.

3. Core mechanism of HEMs

The unique properties of HEMs primarily stem from four dis-
tinct effects that differentiate them from conventional materials:
(1) High-entropy effect: Stabilizes single-phase solid solutions by
maximizing configurational entropy; (2) Lattice distortion effect:
Results from atomic size mismatch, leading to localized strain and
modified electronic structures. (3) Sluggish diffusion effect: Slows
atomic migration due to compositional complexity, enhancing ther-
mal and kinetic stability. (4) Cocktail effect: Synergistic interactions
among multiple elements yield emergent properties beyond linear
combinations. These effects collectively explain the unusual phe-
nomena observed in HEMs and have been experimentally validated
over the years of research. Notably, as the size decreases, these ef-
fects become more pronounced. In this section, we discuss the fun-
damental mechanisms of these four core effects, providing insights
for the rational design of novel HEMs.

3.1. High-entropy effect

The high-entropy effect is a defining characteristic of HEMs,
which inhibits the formation of brittle, stoichiometric compounds
with strongly ordered atomic arrangements. Instead, this effect
promotes the stabilization of solid solutions. Due to the dominant
role of entropy, equimolar multi-component alloys (even those
with up to 20 elements) preferentially adopt face-centered cubic
(FCC) crystal structures in most cases.

3.2. Lattice distortion effect

The concept of lattice distortion has a long history in physi-
cal metallurgy. Typically, HEMs contain solid-solution phases with
multiple principal elements, where all atoms in the system act
as solute atoms. This results in neighboring atoms with different
atomic radii and asymmetric bonding, inevitably causing deviations
from their average lattice positions.

Lattice distortion influences various material properties and re-
duces thermal effects. Many studies have reported the contribution
of severe lattice distortion to the mechanical properties of HEMs.
It has also been shown that distorted atomic planes in some HEMs
enhance X-ray diffuse scattering, leading to weaker peak intensi-
ties. This distortion also increases electron scattering, significantly
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reducing electrical conductivity. Additionally, severe lattice distor-
tion enhances phonon scattering, further lowering thermal conduc-
tivity.

3.3. Sluggish diffusion effect

The sluggish diffusion effect is inherently derived from the
lattice distortion effect characteristic of HEMs. It is well known
that atomic diffusion occurs more rapidly in amorphous regions
or along grain boundaries. Additionally, body-centered cubic (BCC)
structures exhibit faster diffusion rates than FCC structures due to
their lower atomic packing density. However, compared to conven-
tional materials with uniform bond lengths and strengths, HEMs
with severe lattice distortion possess aperiodic atomic traps. This
contrasts sharply with the regular energy fluctuations in perfect
crystalline lattices of pure elements. While atoms at low-energy
sites have a higher probability of escaping their positions, those
trapped in short-range atomic wells face significantly higher en-
ergy barriers and activation energies for diffusion. This effectively
suppresses sustained atomic diffusion behavior. The resulting slug-
gish diffusion contributes to the exceptional thermal stability and
kinetic resistance to phase separation observed in HEMs, even at
elevated temperatures. This phenomenon has been experimentally
verified through tracer diffusion studies and molecular dynamics
simulations in various HEM systems.

3.4. Cocktail effects

The cocktail effect in HEMs highlights performance enhance-
ment through synergistic interactions among multiple elements,
suggesting that atomic-scale composite behavior can yield unex-
pected functionalities. Incorporating specific elements can mod-
ulate material properties including density, oxidation resistance,
wear resistance, and electrical conductivity. However, the current
understanding of this cocktail effect remains incomplete, necessi-
tating further research to elucidate its fundamental mechanisms.

Sub-nanometer materials typically exhibit significant sub-
nanometer-scale phenomena, such as pronounced quantum con-
finement effects. As the size of nanoparticles decreases, the propor-
tion of surface atoms increases dramatically. However, when the
size reaches the sub-nanometer level, strong surface energy arises
between the nanoparticles. As a result, nanoparticles tend to ag-
gregate to balance this high surface energy. Therefore, developing
synthesis methods for sub-nanometer ultra-small HEMs remains a
common goal among researchers.

4. Synthesis method of sub-nanometer HEMs

The synthesis of HEMs typically relies on the mixing of mul-
tiple metal salt precursors to achieve a solid solution with max-
imum mixing entropy. Traditionally, HEAs have been synthesized
mainly through melting or plasma methods, which can produce
atomic mixed phases. However, the preparation of nanostructured
alloys often employs wet chemical synthesis, which involves co-
reduction of metal salts with capping agents to prevent crystal
growth and aggregation. Due to differences in the reaction rates
of various metal salts, this method is limited in the types of alloys
that can be synthesized. Furthermore, scaling down high-entropy
alloys to the nanoscale is a highly challenging task [48].

To date, numerous synthesis strategies for HEMs have been
developed, which can be generally categorized into three main
approaches: Solid-phase, liquid-phase, and gas-phase processing.
Solid-phase methods involve grinding metal salts or metals, ther-
mal decomposition, and other processing techniques to directly
form nano powders from their respective solid phases [49,50].
Liquid-phase processing, including arc melting, induction melting,
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and metal spray techniques, has been used to prepare HEMs. Gas-
phase processing of high-entropy alloys involves converting metal
salt precursors into gaseous states and then solidifying the desired
materials under specific atmospheres [51]. Despite the many tra-
ditional and modern methods for preparing HEMs, exploring new
synthesis methods for HEMs with ideal properties has become one
of the most important research topics in this field.

5. Size-miniaturization of HEMs

For bulk materials, non-surface atoms cannot directly interact
with reaction intermediates in catalytic systems, which fundamen-
tally limits the catalyst’s performance ceiling. However, reducing
the material size to nanoscale or even sub-nanoscale/cluster di-
mensions can maximize the utilization of surface-active atoms. No-
tably, as material dimensions decrease, the number of exposed
surface atoms increases exponentially, creating vast possibilities
for the development of catalysts. This has driven significant re-
search interest in sub-nanometer materials. Sub-nanometer ma-
terials exhibit unique characteristics including discrete electronic
energy levels, pronounced surface/interface effects, and quantum
size/macroscopic quantum effects - collectively termed as the
"nano-size effect”. Sub-nanometer HEMs inherit these properties
while achieving a synergistic "nano-high-entropy" effect. However,
traditional materials at extremely small sizes demonstrate strong
surface energy. To minimize this energy, adjacent nanoparticles
tend to aggregate, particularly when particle size falls below 2 nm,
leading to substantial degradation of material functionality. To ad-
dress this challenge, researchers have developed various strate-
gies to prevent nanoparticle agglomeration, including confinement
engineering, self-assembly methods, and template approaches, all
aimed at optimizing both functionality and stability of these ad-
vanced materials.

For traditional bulk materials, the limited number of surface
atoms restricts their catalytic activity. Reducing the material size to
the nanoscale can significantly increase the ratio of surface atoms
to total atoms, thereby improving atomic utilization efficiency. This
approach holds the potential to enhance material performance be-
yond that of single-element nanoparticles [52]. At the nanoscale,
high-entropy materials exhibit unique phenomena not observed
in their bulk counterparts, including size-dependent effects, en-
hanced surface and interfacial effects, quantized electronic energy
levels, as well as quantum size and macroscopic quantum tunnel-
ing effects [53]. The regulation of nanomaterial surface chemical
activity by size plays two key roles: First, it weakens the binding
strength between the solid energy bands and surface valence or-
bitals, enhancing the tendency and intensity of surface atoms to
form surface coordination bonds; Second, it amplifies the influence
of other structural factors by attenuating energy band strength. For
instance, the specific surface area (surface area-to-volume ratio)
of spherical particles is inversely proportional to their diameter.
When the particle size decreases from 10 nm to 1nm, the propor-
tion of surface atoms increases from 50% to 99%, with nearly all
atoms existing in a surface state.

This vast surface area significantly elevates the surface free en-
ergy, residual valence, and bond strength of nanoparticles, result-
ing in non-equilibrium and non-integer coordination of surface
chemical valence [54]. Moreover, the electronic properties exhibit
pronounced size-dependent behavior. The overall electronic char-
acteristics of a material are influenced by the overlap of atomic
orbitals across all atoms. In supported catalysts, electron transfer
may occur between the active material and the substrate due to
differences in their Fermi levels. Larger interfacial areas and higher
surface-to-volume ratios lead to more significant changes in the
junction effects and catalytic performance of the material [55]. Ad-
ditionally, other factors such as geometric effects, dimensional ef-
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fects [56], and spatial confinement effects [57] also significantly in-
fluence the material’s physical properties (e.g., viscosity, density)
and chemical properties (e.g., catalytic behavior, photosensitivity).
Therefore, the synthesis of high-entropy nanomaterials with con-
trolled size, morphology, structure, and reaction performance has
remained a key research focus in the field of HEMs. Owing to their
high specific surface area, unique coordination environments, un-
conventional local configurations, electron delocalization, and dis-
tinctive spatial arrangements, high-entropy sub-nanometer materi-
als often exhibit unprecedented catalytic active sites.

5.1. Applications of sub-nanometer HEMs in electrochemistry

Due to several key advantages of HEMs as described in Section
"2. Advantages of HEMs", these materials have seen rapid develop-
ment in electrocatalysis. Essentially, they regulate adsorption en-
ergy through the hybridization of electrons at asymmetric sites.
Therefore, it is possible to optimize ligands, components, or crys-
tal phases to achieve synergistic effects between sites, thereby fur-
ther dominating the electrocatalytic activity and stability of HEMs.
At present, various HEMs have been applied to the field of elec-
trocatalysis through rational regulation of electronic states, such as
in promising reactions like water electrolysis electrocatalysis, fuel
cells, and small molecule oxidation. To emphasize the importance
of HEMs as electrocatalysts in catalysis, this section selects sev-
eral key electrocatalytic reactions as representatives to introduce
the significant progress of HEMs in the field of electrocatalysis.

Advances in material innovation and a deeper understanding
of reaction mechanisms will be key to addressing the challenges
of high overpotentials and slow kinetics in electrocatalysis. HEMs,
with their multi-component and homogeneous distribution, are
candidates for multi-level electronic synergy. The abundant elec-
tronic interactions in HEMs are key to achieving deep oxidation,
which is essential for activating the lattice oxygen mechanism
(LOM). HEMs increase configurational entropy by incorporating
multiple elements (i.e., chemical disorder). This redistributes elec-
tronic energy levels, potentially enhancing electron transfer and
catalytic activity. Chemical disorder allows for variable surface ad-
sorption energies, enabling flexible adsorption and desorption and
optimizing reaction pathways. Their dynamic characteristics also
provide self-healing abilities, adapting to environmental changes
and maintaining stable catalytic performance. However, there is
still a lack of guidelines for designing and constructing thermo-
dynamically favorable LOM pathways in a targeted manner. Al-
though HEMs have attracted widespread attention for their poten-
tial in the oxygen evolution reaction (OER) and several materials
have been reported, identifying effective synergistic reaction sites
remains an unresolved challenge. For example, the specific role of
each constituent element in catalytic activity remains unclear, and
sub-nanometer high-entropy catalysts with higher atomic utiliza-
tion are still to be developed.

5.1.1. Sub-nanometer HEMSs in water splitting

To obtain clean energy, water splitting for hydrogen produc-
tion has been identified as one of the efficient and environmentally
friendly technologies available under ambient conditions. Regulat-
ing the adsorption/desorption energies of adsorbed hydrogen (H*)
for the hydrogen evolution reaction (HER) and oxygen-containing
intermediates (O*, HO* and HOO*) for the OER can generate the
most outstanding catalytic activity. Notably, the diversity in com-
position and structure, as well as the unique advantages such as
the high-entropy effect of HEMs allows for continuous regulation
of the electronic structure of the catalyst surface, which is con-
ducive to breaking the scaling relationships in traditional elec-
trocatalysis. As a result, excellent catalytic performance can be
achieved in both acidic and alkaline electrolytes. Zhang et al. [58]
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Fig. 3. (a) TEM image of the HES nanoparticles and particle size analysis. (b) LSV
curves of HES. Reproduced with permission [59]. Copyright 2021, Wiley-VCH. (c)
HRTEM image of HEA@Ir-MEO. Inset is the particle size analysis of the HEA@Ir-MEO.
(d) HAADF-STEM image and elemental mappings of the HEA@Ir-MEOQ. (e) LSV curves
of HEA@Ir-MEO. (f) Chronopotentiometry test curves of HEA@Ir-MEO. Reproduced
with permission [62]. Copyright 2024, Wiley-VCH.

synthesized NiFeCoCrWy, high-entropy alloy (HEAs), which effec-
tively activated the LOM through synergistic multi-path electron
transfer, achieving an overpotential of 220mV at a current den-
sity of 10mA/cm?2. It also exhibited good stability, with the po-
tential remaining unchanged by less than 5% of the current den-
sity at 100mA/cm? over 90 days. Besides, Cui et al. [59] first syn-
thesized CrMnFeCoNi sulfide (HES) solid solution nanoparticles via
a pulsed thermal decomposition method, and particle size has
reached 12nm (Fig. 3a). Computational and X-ray photoelectron
spectroscopy analyses indicated that the metal atoms exhibited
synergistic effects, resulting in unique electronic states to enhance
OER activity (a low overpotential of 295mV at 100mA/cm?2, Fig.
3b) and good durability. Subsequently, to obtain catalysts with high
atomic utilization, Cai et al. [60] designed highly exposed ultra-
small (~5.2nm) high-entropy sulfides confined in porous carbon
nanofibers. This structure involved a synergistic effect of dual en-
gineering of d-p orbital hybridization and nano-confinement. Cal-
culations revealed the hybridization between the transition metal
3d orbitals and the sulfur 3p orbitals. This orbital interaction in-
duced the movement of the d-band center towards the Fermi level,
promoting the redistribution of interfacial charges and endowing
HES with superior electron-donating ability to accelerate proton-
coupled electron transfer kinetics. This electronic modulation sig-
nificantly optimized the adsorption of OER intermediates (*OH, *O,
*OO0H). Experiments showed that HES had excellent OER perfor-
mance, with an overpotential as low as 200mV at 10 mA/cm? and
negligible current attenuation after operating for 300 h at current
densities ranging from 10 mA/cm? to 100 mA/cm?. The dual opti-
mization strategy of advanced electrocatalyst design through or-
bital hybridization engineering and size engineering has provided
a new pathway for the design of energy conversion technologies.
High-entropy transition metal phosphates (HEPi) have also been
successfully synthesized. Qiao et al. [61] first reported the synthe-
sis of HEPi catalysts (i.e., CoFeNiMnMoPi) in the form of highly
uniform spherical particles via a high-temperature flyover method.
This method enabled uniform confinement of metal and phospho-
rus precursors in an aerosol droplet, in situ oxidation of oxides
to phosphates at high temperatures, and uniform mixing of mul-
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timetal elements in the phosphate structure within a few millisec-
onds. For further tuning of morphology and size, Yao et al. [62]
reported the synthesis of IrRuCoNiMo@IrRuNiMoOx nanoparticles
(HEA@Ir-MEO) via a rapid liquid reduction combined with surface
current displacement strategy (Figs. 3c-f). By constructing an al-
loy/oxide form, the Ir-rich MEO shell was conducive to maintaining
structural stability and protecting the internal metals from severe
dissolution during the OER process, thereby exhibiting structural
stability. Its excellent electrocatalytic activity also changed the OER
catalytic mechanism through the construction of high-entropy al-
loys.

5.1.2. Sub-nanometer HEMs in fuel cells

Fuel cells, due to their low operating temperature and high
power density, have been widely used in various fields, including
vehicles and portable electronics. Among them, Li-O and Zn-O fuel
cells have been proven to be applicable in vehicles and portable
electronic devices. The oxygen reduction reaction (ORR) is a key
cathodic half-reaction in fuel cells, but its slow kinetics severely
hinder the development of fuel cells. A widely accepted rule for
designing efficient ORR catalysts is that the electronic structure of
the catalyst surface should have the optimal adsorption/desorption
strength for oxygen-containing intermediates. Although this the-
ory fits monometallic or traditional bimetallic alloys, the complex-
ity of the surface of HEMs, including factors such as the d-band
center and coordination number, makes it necessary to develop
new descriptors based on high-entropy structures to predict the
adsorption/desorption energies of *OH and *O on the surface of
HEMs, thereby constructing corresponding linear regression mod-
els. Xia et al. [63] demonstrated the excellent ORR electrocatalytic
performance of structurally ordered PtirFeCoCu high-entropy al-
loy (PIFCC-HEI) nanoparticles (Figs. 4a-c). At 0.85V, it achieved an
ultra-high mass activity of 7.14 A/mg of precious metals, with ex-
traordinary durability exceeding 60,000 potential cycles. Moreover,
a fuel cell assembled with PIFCC-HEI/C as the cathode provided a
peak power density of 1.73 W/cm? at 1.0 bar backpressure (Fig. 4d),
with almost no working voltage decay after 80 h of operation (Figs.
4e and f), proving its outstanding performance.

Wang et al. [64] incorporated phosphomolybdic acid into the
synthesis of BiCuFeCeWPtOx-PMA nanowires (SNWs) high-entropy
oxides (HEO) as cathode catalysts in Li-O, batteries (LOBs). By em-
ploying a “cluster-core co-assembly” strategy, they formed well-
defined polyoxometalate (POM) clusters with a size of ~1 nm (Figs.
4g and h). The special sub-1nm structure enabled nearly 100%
atomic exposure, meaning that most metal oxides only needed to
be bonded to the material surface. As the variety of metal ox-
ides increased, the surface and configurational entropy were en-
hanced, significantly reducing the activation energy for HEO forma-
tion. This was the primary reason HEOs could be formed at lower
temperatures compared to traditional high-temperature methods
(>1000°C). As shown in Fig. 4i, the impact of elemental intrinsic
activity on battery performance has been investigated. BCFCWPOX-
PMA SNW-based LOBs demonstrated the specific capacity of 11,206
mAh/g and long-term stability of 213 cycles. The entropy modula-
tion effect also has the impact on specific capacity, which brought
the discharge capacity to gradually increase (Figs. 4j and k). Devel-
oping HEMs with various morphologies has significant application
value.

5.1.3. Sub-nanometer HEMs in electrocatalytic small molecule
oxidation

The electrochemical oxidation of small molecules holds great
promise for replacing OER or hydrogen oxidation reaction (HOR)
to enhance reaction kinetics and reduce energy consumption, as
well as for producing high-value chemicals or serving as fuels [65].
Zhan et al. synthesized a kind of PtRuNiCoFeMo HEA SNWs for the



Z. Shao, S. Wang, H. Yu et al.

Chinese Chemical Letters 37 (2026) 111910

*» Pt/Ir
» Fe/Co/Cu
dl-ﬂ- —a~PIFCC-HEVC H/0,-1.0 bar 122 f
——PUC 2.0 1404 T Initial PIFCC-HENC
g ~ T After 60h test
0.84 ennan P & S p0] I Afer 80h test

8 vy 16 0|

g bl 145 S0 s 100% 100%

2.0.64 37 3 &

¥ 4123 6 B 3

= e lné - > 80

- Y, 0 g B 6. * PIFCC-HEIC =

& ¥ 5

34 p o2 S S

L d Vg £ =
1 Weoug MR B A E
1 02 Joas 5 S
1 i = 2 Z
: 0.4 - 0 =

g 3 $ .6 2 ' y
1 Clrrrent density./'k om® 20 0 60 8 0h 60h 80h
e Jime(h)
T = F7 1 - e
i # ) 1 =2

» L"\

Li;0,

calhod,

electrolyte

HEO-PMA SNWs

3 30
J ——BO,-PMA
e BCO(-PMA-
~—BCFO,-PMA
e BCFCO,-PMA
—— BCFCWO,-PMA

Voltage (V)
[
b

——BO,PMA
——BCO,-PMA
~— BCFO,-PMA

20

2000 4000 6000 8000
— = — — —Specific Gapacity (mAh.a)l

I — o S S

Fig. 4. Atomic structure and electronic structure characterization of PIFCC-HEIs. Atomically resolved HAADF-STEM image (a) and its enlarged image (b) of a PIFCC-HEI NP
from the [T11] zone axis. (c) Corresponding fast Fourier transformation (FFT) pattern. (d) Polarization and power density curves of the H,/O, fuel cell with PIFCC-HEI/C
and commercial Pt/C as the cathode (0.10 Mg jople metal/CM?) under O, pressure of 1.0bar. (e) Long-term stability of the H,/O, fuel cell with PIFCC-HEI/C as the cathode at
a current density of 1 A/cm?2. (f) Quantitative comparisons of the stability shown in panel (e) at different times. Reproduced with permission [63]. Copyright 2023, ACS. (g)
HAADF-STEM images of BCFCWPOx-PMA SNWs. (h) TEM image of BCFCWPOx-PMA SNWs. (i) Schematic illustration of the rechargeable HEO-PMA SNWs based LOB. (j) Deep
discharge curves at a current density of 100mA/g. (k) Cycling stability at 100 mA/g with a limited capacity of 500 mAh/g. Reproduced with permission [64]. Copyright 2025,

ACS.

alkaline HOR [66]. They revealed that the strong interactions be-
tween different metal sites in HEA SNWs could greatly regulate
the binding strength of protons and hydroxyl groups, thereby en-
hancing HOR activity. Various alcohols can be oxidized through the
mechanism of alcohol molecule adsorption and further oxidation
of CO. However, the slow kinetics of traditional monometallic or
alloy catalysts severely limit the further application of electrocat-
alytic alcohol oxidation. The high-entropy effect exhibited by HEAs
can integrate the advantages of multiple sites, and the synergistic
mechanism can further accelerate reaction kinetics. The introduc-
tion of more non-precious metal elements in HEAs has also been
reported. Zhang et al. [67] developed a wet-chemical hydrother-
mal method to synthesize PtCuNiCoFe HEA nanoparticles with en-
hanced compositional uniformity and precise performance control
at ~170°C for electrochemical methanol oxidation reaction (MOR).
In addition to the tunability of elemental composition, the size ef-
fect on electronic state regulation should not be overlooked.

Li et al. [68] synthesized uniform and ultrasmall (~3.4nm)
PtgNipgFe;5Co14Cuy; HEA via a simple low-temperature oil-phase
strategy (Fig. 5a), which exhibited excellent bifunctional electro-
catalytic performance for MOR (Figs. 5d and e). The suitable elec-
tronic environment of HEAs enabled multiple active sites for the

appropriate adsorption of key intermediates and efficient electron
transfer in the electrocatalytic process, thereby maximizing the uti-
lization of surface electroactivity. To achieve higher atomic utiliza-
tion, Jing et al. synthesized high-entropy catalysts with small sizes
(~2.5nm) and high-density dispersion (up to 80 wt%) via in-situ
reduction of hydrogen boronene (Figs. 5b and c). Notably, due to
the stable intermetallic compounds and strong metal-support in-
teractions, annealing at 1000°C did not cause sintering of these
nanoparticles. They also exhibited excellent activity and stability in
electrochemical reduction reactions. According to DFT calculations,
the source of the significant electroactivity and durability of HEA in
HER and MOR was attributed to the synergistic effect of each ele-
ment on efficient electron transfer (Figs. 5f and g). From the above
discussion, it can be inferred that HEMs with smaller sizes have
significant research potential for reactions such as small-molecule
catalysis [69].

5.2. Sub-nanometer HEMs in biomedical applications
The aforementioned studies indicate that HEMs possess signifi-

cant potential for applications in the areas of water splitting, fuel
cells, and small molecule oxidation. Compared to traditional cat-
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Reproduced with permission [69]. Copyright 2020, Springer.

alysts, HEMs exhibit distinct advantages due to their high config-
urational entropy and sluggish diffusion and other effects. These
advantages include low overpotentials, exceptional thermal stabil-
ity, and rapid kinetics. As a result, HEMs hold great promise in the
biomedical field, particularly in disease treatment, where they rep-
resent one of the most promising directions for the development
of nanozymes [70-72].

Moreover, the advancement of multifunctional nanozyme sys-
tems that integrate targeting, imaging, and combinatorial therapies
could further enhance the translational potential of these materi-
als, offering substantial clinical value. In the realm of nanozymes,
there have already been several studies focused on high-entropy-
material nanozymes (HEMzymes). The construction of atomic-scale
HEMzymes is of paramount importance for developing efficient
catalytic systems and warrants further exploration. However, the
inherent multielemental composition and small size of atomic-
scale HEMzymes introduce significant thermodynamic instability.
This presents a considerable challenge for the development of sub-
nanometer high-entropy nanozymes (sn HEMzymes) [73-75]. Ad-
dressing this challenge will be crucial for harnessing the unique
properties of HEMs and translating them into effective therapeu-
tic applications. The exploration of HEMzymes not only advances
our understanding of catalysis at the nanoscale but also opens new
avenues for innovative biomedical applications. By leveraging the
unique characteristics of HEMs, researchers can potentially develop
novel therapeutic strategies that are more effective and tailored to
specific medical needs, ultimately contributing to improved patient
outcomes.

5.2.1. Biological nanoenzymes

Nanozymes are clearly defined as artificial enzyme mimetics
based on nanomaterials. Due to their exceptional environmental
tolerance, recyclability, and long-term stability, they are gradu-

ally emerging as viable alternatives to natural enzymes [76-78].
In Figs. 6a and b, Zhang et al. reported a MnFeCoNiCu transition
metal HEMzymes that leverages the unique surface atomic con-
figuration and pronounced d-orbital coupling characteristics of its
multimetallic components. DFT calculations indicated that the d-
orbital coupling among different metals increases the electron den-
sity near the Fermi level (EF) and induces a shift in the center
of the entire d-band. This enhancement improves the efficiency of
electron transfer while also boosting peroxidase (POD)-like activity,
making it promising for biosensing and antimicrobial applications
[79]. He and his collaborators designed a Ru-based HEMzymes
(RuPtIrRhCu) with simultaneously enhanced catalytic activity and
stability. It was demonstrated that the preferred adsorption site for
the nanozyme is the Ru atom, which exhibits a "hydroxyl spillover”
effect from Ru to Pt, resulting in a more favorable catalytic path-
way with lower energy barriers compared to single-metal sites
(Cu, Ir, Rh, and Ru) in Fig. 6¢c. Consequently, this nanozyme ex-
hibits notable POD-like activity and stability. Additionally, a multi-
channel sensing platform was developed based on this system to
screen various biological antioxidants and achieve precise discrim-
ination of chiral cysteine (Cys) [80]. In addition, Li et al. utilized
DFT calculations and the Sabatier principle to demonstrate that
self-polymerized polydopamine (PDA) surface engineering moder-
ately lowers the d-band center of HEAs, optimizes the surface
charge distribution, and enhances the adsorption-desorption effi-
ciency of substrates. For better application, the study innovatively
integrated HEzymes@PDA with hydrogels for biosensing analysis.
This research highlights the significant potential of high-entropy
alloys in catalytic sensing applications [81].

5.2.3. Anti-tumor treatment
In addition to the mechanism of removing reactive oxygen
species (ROS), HEMs can also generate ROS through the endoge-
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nous environment for disease treatment, showing significant po-
tential for application, particularly in tumor therapy [82,83].
Pavithra et al. explores one-dimensional Fe-Co-Ni-Cu-Zn HEA
nanowires (NWs) as biocompatible nanostructures with therapeu-
tic potential, demonstrating approximately 80% cell viability and
effective photothermal therapy (PTT) against murine melanoma
cells. This research highlights the potential of HEA NWs as in-
novative materials for cancer therapy in Fig. 7a [84]. Recent re-
search has further expanded the applications of high-entropy al-
loy nanoparticles (HEANPs) by developing ultra-small high-entropy
alloy nanoparticles (US-HEANPs), providing a new solution for
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tumor therapy. In Fig. 7b, these PtPdRuRhIr US-HEANPs pos-
sess strong photothermal conversion capabilities, converting near-
infrared light into thermal energy and successfully eliminating can-
cer cells [85].

The physicochemical advantages of HEMs are also reflected
in their ability to reprogram the tumor microenvironment (TME)
and provide anti-tumor treatment through cascade nanozyme-
activated chemical dynamics and immune synergistic therapy. For
example, Wang et al. demonstrated a multifunctional high-entropy
two-dimensional layered double hydroxide (HE-LDH) nanoplatform
that reprograms the tumor microenvironment through synergis-
tic cascade reactions, not only triggering a ROS storm and de-
pleting glutathione/GPX4 but also stimulating the activation of the
cGAS/STING pathway, thereby achieving the effect of inhibiting tu-
mor growth in Fig. 6¢ [75]. This study expands the possibilities for
applying HEMs in the medical field in Fig. 7c [86].

5.2.2. Antibacterial and anti-inflammatory

Furthermore, HEMs not only possess significant advantages in
terms of antibacterial and anti-inflammatory properties but also
play a role in wound healing and the treatment of biofilm forma-
tion, presenting a promising future in biomedical applications.

He et al. explored the application of high-entropy MXenes
(HE MXenes) in the field of antibacterial, particularly their effec-
tiveness against methicillin-resistant Staphylococcus aureus (MRSA)
in Fig. 8a. By introducing multiple transition metal elements,
the researchers successfully prepared HE MXenes with excellent
photothermal conversion efficiency and enzyme-mimicking ac-
tivity. And thereby assisting in the treatment of bacterial ker-
atitis and subcutaneous abscesses caused by MRSA [87]. Simi-
larly, a functional heterojunction composed of Ti;C,-MXene and
(CoCrFeMnNi);04 HEO has been developed, achieving synergistic
photodynamic and mild photothermal therapy for treating skin
biofilm infections through the valence electron fluctuation effect.
Under near-infrared light irradiation, photogenerated hot electrons
from MXene are efficiently transferred to the HEO surface, signif-
icantly enhancing ROS generation. At the same time, the built-in
electric field suppresses electron-hole recombination, ensuring the
efficient photothermal-photodynamic synergy and reducing exces-
sive heat generation (Fig. 8b) [88]. In addition to the composite
with carriers, studies have also reported on the antibacterial and
antibiofilm properties of HEA-NPs under photothermal assistance.
Research shows that HEA-NPs can rapidly heat up under sunlight,
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generating high temperatures that destroy bacterial cells and re-
move biofilms. Through the synergistic effect of copper ion release
and thermal damage, more ROS are generated, significantly im-
proving antibiofilm efficiency, reaching 97.4%. This study provides
a new solution for biofouling and microbial corrosion caused by
marine microorganisms [89].

6. Summary and outlook

We have briefly summarized the advantages of sub-nanometer
HEMs and their research progress in electrocatalysis and
biomedicine. Reported studies have demonstrated that small-
sized, especially sub-nanometer-sized, HEMs exhibit excellent
activity and stability. Their multifunctional characteristics endow
them with significant potential in energy storage and conversion
as well as in medical diagnostics and treatment [90-93]. The
following discusses the existing challenges and future research
directions.

(1) Synthesis: There is a need for safer, more efficient methods to
produce sub-nanometer HEMs. Current techniques often require
harsh conditions and focus on limited precious metal compo-
nents. Improving synthesis methods and expanding element se-
lection is essential for better control over composition and mor-
phology, enabling broader applications.

Material characterization: The unique multi-component and
small-sized nature of sub-nanometer HEMs relies on high-
resolution techniques like HAADF-STEM, XAFS, and XPS. Given
their high surface reactivity, developing refined characterization
techniques, such as atomic-level methods, is crucial to capture
dynamic changes in these materials.

Synthesis and reaction mechanisms: The reactivity of sub-
nanometer HEMs is often linked to existing catalytic mecha-
nisms, but the presence of multiple active sites and unique
quantum effects should also be considered. Researchers should
adopt a “trial and error” approach in synthesis and perfor-
mance exploration, focusing on systematic high-throughput cal-
culations and new catalytic mechanisms.
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(4) Applications: Sub-nanometer HEMs have potential in catalysis,
improving reaction rates in the field of energy catalysis. En-
hance energy storage in batteries and supercapacitors, and can
be tailored for sensitive sensors, magnetic storage, and envi-
ronmental remediation, showcasing their multifunctionality. In
biomedical applications, bioimaging and drug delivery are very
promising research directions. However, they also face several
challenges, including those related to biocompatibility, manu-
facturing complexity, stability, functionalization difficulties, reg-
ulatory issues, and unclear biological distribution and clearance
mechanisms.
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