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BACKGROUND:High-entropy nanoparticles con-
tain more than four elements uniformly mixed
into a solid-solution structure, offering oppor-
tunities for materials discovery, property op-
timization, and advanced applications. For
example, the compositional flexibility of high-
entropy nanoparticles enables fine-tuning of
the catalytic activity and selectivity, and high-
entropy mixing offers structural stability under
harsh operating conditions. In addition, the
multielemental synergy in high-entropy nano-
particles provides a diverse range of adsorp-
tion sites, which is ideal for multistep tandem
reactions or reactions that require multi-
functional catalysts. However, the wide range
of possible compositions and complex atomic
arrangements also create grand challenges
in synthesizing, characterizing, understand-
ing, and applying high-entropy nanoparticles.
For example, controllable synthesis is chal-

lenging given the different physicochemical
properties within the multielemental com-
positions combined with the small size and
large surface area. Moreover, random multi-
elemental mixing can make it difficult to
precisely characterize the individual nanopar-
ticles and their statistical variations. Without
rational understanding and guidance, efficient
compositional design and performance opti-
mization within the huge multielemental space
is nearly impossible.

ADVANCES: The comprehensive study of high-
entropy nanoparticles has become feasible
because of the rapid development of synthetic
approaches, high-resolution characterization,
high-throughput experimentation, and data-
drivendiscovery.Adiverse rangeof compositions
and material libraries have been developed,
many by using nonequilibrium “shock”–based

methods designed to induce single-phase mix-
ing even for traditionally immiscible elemen-
tal combinations. The nanomaterial types have
also rapidly evolved from crystalline metallic
alloys to metallic glasses, oxides, sulfides,
phosphates, and others. Advanced characteri-
zation tools have been used to uncover the
structural complexities of high-entropy nano-
particles. For example, atomic electron tomog-
raphy has been used for single-atom-level
resolution of the three-dimensional positions
of the elements and their chemical environ-
ments. Finally, high-entropy nanoparticles
have already shown promise in a wide range
of catalysis and energy technologies because of
their atomic structure and tunable electronic
states. The development of high-throughput
computational and experimental methods can
accelerate the material exploration rate and
enable machine-learning tools that are ideal
for performance prediction and guided opti-
mization. Materials discovery platforms, such
as high-throughput exploration and data
mining, may disruptively supplant con-
ventional trial-and-error approaches for de-
veloping next-generation catalysts based on
high-entropy nanoparticles.

OUTLOOK:High-entropy nanoparticles provide
an enticing material platform for different ap-
plications. Being at an initial stage, enormous
opportunities and grand challenges exist for
these intrinsically complex materials. For the
next stage of research and applications, we
need (i) the controlled synthesis of high-
entropy nanoparticles with targeted sur-
face compositions and atomic arrangements;
(ii) fundamental studies of surfaces, order-
ing, defects, and the dynamic evolution of
high-entropy nanoparticles under catalytic
conditions through precise structural char-
acterization; (iii) identification and under-
standing of the active sites and performance
origin (especially the enhanced stability) of
high-entropy nanoparticles; and (iv) high-
throughput computational and experimen-
tal techniques for rapid screening and data
mining toward accelerated exploration of
high-entropy nanoparticles in a multiele-
mental space. We expect that discoveries
about the synthesis-structure-property rela-
tionships of high-entropy nanoparticles and
their guided discovery will greatly benefit
a range of applications for catalysis, energy,
and sustainability.▪
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High-entropy nanoparticles and data-driven discovery. Emerging high-entropy nanoparticles feature
multielemental mixing within a large compositional space and can be used for diverse applications,
particularly for catalysis. High-throughput and machine-learning tools, coupled with advanced characteriza-
tion techniques, can substantially accelerate the optimization of these high-entropy nanoparticles, forming a
closed-loop paradigm toward data-driven discovery.C
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High-entropy nanoparticles have become a rapidly growing area of research in recent years. Because of
their multielemental compositions and unique high-entropy mixing states (i.e., solid-solution) that
can lead to tunable activity and enhanced stability, these nanoparticles have received notable attention
for catalyst design and exploration. However, this strong potential is also accompanied by grand
challenges originating from their vast compositional space and complex atomic structure, which hinder
comprehensive exploration and fundamental understanding. Through a multidisciplinary view of
synthesis, characterization, catalytic applications, high-throughput screening, and data-driven materials
discovery, this review is dedicated to discussing the important progress of high-entropy nanoparticles and
unveiling the critical needs for their future development for catalysis, energy, and sustainability applications.

H
igh-entropy nanoparticles have received
a great amount of attention in recent
years because of their multielemental
composition (typically five or more
elements) and homogeneously mixed

solid-solution state, providing not only an
enormous number of combinations for ma-
terials discovery but also a unique micro-
structure for property optimization (Fig. 1A)
(1–3). Early reports of multielemental (five
or more) alloy nanoparticles suggested the
potential of these unique materials (4–6) but
did not provide detailed structural understand-
ing or reveal a general synthesis route for
different compositions. In 2016, Mirkin and
colleagues made a substantial advance in
synthesizing various compositions of multi-
elemental nanoparticles using confined nano-
reactors (7). However, these materials featured
heterogeneous structures with phase separa-
tion due to elemental immiscibility. Recent

advances in ultrafast synthetic methodologies,
such as nonequilibrium thermal-shock-based
approaches, have since enabled a variety of
high-entropy nanoparticles without phase
separation, even among immiscible elemental
combinations (Fig. 1B) (8). In a typical thermal
shock process (e.g., 2000 K in 55ms), the rapid
heating of precursors to a high temperature
induces multielemental mixing and alloying
to achieve a solid-solution state, whereas the
short heating duration and subsequent rapid
quenching help to retain and freeze the uni-
form structure and small particle size (8). Since
then, various high-entropy nanomaterials, in-
cluding alloys (e.g., PtPdFeCoNiAuCuSn)
(9–14), metallic glasses (e.g., amorphous
CoCrMnNiV) (15, 16), intermetallics [e.g., L10
type (Pt0.8Pd0.1Au0.1)(Fe0.6Co0.1Ni0.1Cu0.1Sn0.1)]
(17, 18), oxides, fluorides, sulfides, carbides,
MXenes (19–25), and van der Waals materials
(e.g., dichalcogenides, halides, and phospho-
rus trisulfide) (26), have all been successfully
demonstrated using thermal shock and other
nonequilibrium approaches.
Despite having been developed only recent-

ly, high-entropy nanoparticles have already
shown great promise for a range of emerging
energy-related processes and applications,
particularly in catalysis (Fig. 1C) (27–36). The
compositional flexibility of high-entropy nano-
particles enables fine-tuning of the catalytic
activity, whereas the high-entropy solid-
solution mixing potentially offers structural
stability 1that is critical for operation under
harsh conditions. For example, non-noble
(CoxMo0.7-x)Fe0.1Ni0.1Cu0.1 nanoparticles have
been shown to overcome the immiscibility of
Co–Mo, allowing for robust tuning of theCo–Mo
ratios and associated surface adsorption proper-
ties. As a result, (Co0.25Mo0.45)Fe0.1Ni0.1Cu0.1

nanoparticles have demonstrated a fourfold
improvement in ammonia decomposition com-
pared with noble Ru and are stable at 500°C
for 50 hours without noticeable degradation
(36). In another example, Pt18Ni26Fe15Co14Cu27
nanoparticles were developed for electro-
chemical hydrogen evolution and showed a
lower onset potential (11 versus 84 mV), a
higher activity (10.98 versus 0.83 A/mgPt), and
excellent stability compared with commercial
Pt–C catalysts (11). These examples epitomize
the strong potential of high-entropy nano-
particles as highly efficient and cost-effective
catalysts (9, 11, 12, 20, 36–39).
Compared with materials having relatively

simple compositions (i.e., one to three elements),
high-entropy nanoparticles have two distinct
features: (i) a vast compositional space that
derives from themultielemental combinations
and (ii) complex atomic configurations due
to the random multielemental mixing. The
former provides huge compositional choices
for catalyst design and development, and the
latter makes these materials fundamentally
different from conventional catalysts in that
they feature a diverse range of adsorption
sites and a near-continuous binding energy
distribution pattern (40, 41). These qualities
are particularly attractive for complex or
tandem reactions that involve numerous
intermediate steps and require multifunction-
ality (28, 38, 40, 42–44).
However, along with these opportunities,

the vast number of possible compositions and
complex atomic arrangements create grand
challenges in the design, synthesis, charac-
terization, and application of these unique
nanomaterials. First, considering the wide
spanof physicochemical properties (e.g., atomic
size and electronic structure) among the dif-
ferent constituent elements, synthesizing high-
entropy nanoparticles in a highly controllable
manner is difficult. Moreover, characterizing
the detailed structure of high-entropy nano-
particles, such as the reactive surfaces and
defects, is challenging or still lacking because
of the complex atomic configurations and
multiple elements of similar electron contrasts.
Additionally, we have very limited knowledge
of how elemental composition and synthesis
methods affect the structure and properties
of high-entropy nanoparticles. Although iden-
tifying these relationships for such complex
materials is a daunting task, understanding
them is critical to guiding material design
and optimization.
In response to the increasing interest, rapid

development, and large challenges of this
field, we aim to highlight the important
progress and critical unknowns regarding the
synthesis, structure, characterization, and ap-
plications of high-entropy nanoparticles. We
also discuss the potential and implementation
of computationally guided and data-driven
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accelerated exploration of high-entropy nano-
particles, along with the remaining challenges
and future directions for this field. We intend
to stimulate continuing and integrated efforts
from multiple disciplines to study high-entropy
nanoparticles and explore synthesis-structure-
property relationships in the multidimensional
space. Note that we use the term “high-entropy
nanoparticles” to refer to such particles with a
complex composition (five or more elements)
and solid-solution structure rather than the
conventional definition based on the some-
what subjective threshold of 1.5 kB per atom
for metals or per cation for ceramics, where kB
is the Boltzmann constant (3, 45). In this review,
although we focus on high-entropy nano-
particles, the basic concepts are expected to
be applicable to other nanomaterials as well.
We anticipate that with these advances,
high-entropy nanoparticles will have a sub-
stantial impact in many fields and particularly
catalysis, where this new material can poten-
tially replace the longstanding noble metal
counterparts.

High-entropy nanoparticle synthesis

From a thermodynamic point of view, the
formation of high-entropy nanoparticles is a
result of competition between enthalpy and

entropy (DG = DH – T • DS). 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 enthalpy of the multielemental
interactions (DHij) varies largely depending on
the nature of the constituent elements, which
directly affects the resulting phase under near-
equilibrium conditions (Fig. 2B). For example,
elemental combinations that have highly posi-
tive values of DHij (i.e., repelling force) cause
immiscibility and phase segregation, whereas
highly negative values of DHij (i.e., attractive
force) promote structural ordering, such as
intermetallic formation. If all DHij pairs in
the multielement composition are near-zero
values, indicating little attraction or repelling
between these elements, the entropic term
then dominates and promotes homogeneous
random elemental mixing and high-entropy
formation (Fig. 2B). However, because of the
large physicochemical differences among dif-
ferent elements (i.e., the wide range of DHij

values), natural single-phase mixing is often
challenging and rare (46, 47), with phase-
segregated structures beingmore typicalwhen
using near-equilibrium approaches (e.g., wet
chemistry) to synthesizemultielemental nano-
particles (7, 48, 49).

The initial breakthrough in the general
synthesis of high-entropy alloy (HEA) nano-
particles with a wide compositional range
(including many immiscible combinations)
and large elemental numbers (up to eight)
was realized by a high-temperature “thermal
shock” process invented by the Hu group at
theUniversity ofMaryland (8, 50–52) (Fig. 2C).
The cooling rate of this synthesis approach is
an important parameter because it affects
the degree of nonequilibrium and structural
ordering that can be achieved by the constit-
uent elements, as described in the well-known
temperature-time-transformation diagrams used
in physical metallurgy and polymer curing
(Fig. 2D) (8, 53, 54). The generated structures
can include metallic glass nanoparticles (ran-
dom mixing in a disordered lattice), regular
HEA nanoparticles (randommixing in a crystal-
line lattice), intermetallic nanoparticles (chemi-
cal ordering between sublattices but random
mixing within each sublattice), and heteroge-
neous nanoparticles (phase separation) (8, 17).
Moreover, the short duration and rapid quench-
ing of thermal shock synthesis also assist the
formation of small and uniform particles (8, 55),
which can be further modulated through defect
engineering and appropriate substrates (56–58).
Similar to this “shock”-based concept, a variety
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Fig. 1. Development of high-entropy nanoparticles with multielemental
composition and enhanced functionality. (A) Schematic showing high-
entropy mixing in a face-centered cubic lattice. Multiple elements will occupy the
same lattice site randomly to form a high-entropy structure such as a high-
entropy alloy. (B) The study of bulk high-entropy alloys has taken off and gained
substantial interests since 2004 (1, 3). In 2016, a multielemental nanoparticle
library was synthesized (though with immiscibility, and thus phase segregation),
followed by various single-phase, high-entropy nanoparticles with an

increasing number and range of elements (7, 8, 14, 20). Reprinted
from (14) with permission from Elsevier. (C) These high-entropy nano-
particles have found critical application in thermo- and electro-catalysis,
energy storage and conversation, and environmental and thermoelectric
technologies (29–31, 35, 36). Reprinted from (31) with permission
(copyright 2021 American Chemical Society) and from (35) with permission.
Other portions of the figure are reprinted from (7, 8) with permission, from
(20) with permission from Springer-Nature, and from (36) CC BY 4.0.
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of other methods have also been developed
that have enabled a wide range of high-
entropy nanoparticles, including vapor phase
spark discharge (13), rapid radiative heating
or annealing (12, 59, 60), acute chemical re-
duction (33, 43), low-temperature hydrogen
spillover (61), sputtering (9, 62–64), transient
electrosynthesis (15), and plasma, laser, and
microwave heating (65–67), all featuring a
strong kinetics-driven process. These rapid,
shock-type syntheses are also fast enough to
enable the efficient manufacturing of nano-
catalysts (10, 12, 13, 68, 69).

The Ellingham diagram can be used to
guide the thermochemical synthesis of high-
entropy nanoparticles by illustrating the oxi-
dation potential of the constituent elements as
a function of temperature (Fig. 2E). Despite
being initially developed for bulk metallurgy,
we found that the Ellingham diagram is also
applicable for nanoscale, shock-type reactions
(14, 20). Generally, elements closer to the top
of the Ellingham diagram, such as noble metals
and Fe, Co, and Cu, have smaller oxidation
potentials (i.e., are more easily reduced) and
can form alloy nanoparticles through high-

temperature syntheses, such as octonary HEA
nanoparticles of PtPdFeCoNiAuCuSn (Fig. 2F)
(8). By contrast, elements near the bottom of
the diagram, such as Zr, Ti, Hf, and Nb, have
larger oxidation potentials and can form
high-entropy oxide nanoparticles, such as
(ZrCeHfCaMgTiLaYGdMn)Ox (Fig. 2G) (20).
For the elements in themiddle, such asMo,W,
and Mn (as shown in green in Fig. 2E) with
moderate oxidation potentials, different syn-
thesis strategies have been explored that can
toggle the elements between their metallic
and oxide states, thus expanding possible
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Fig. 2. High-entropy nanoparticle synthesis and structure. Thermodynamic
analysis of high-entropy mixing considers both entropy (A) and enthalpy
(B), which are mainly determined by the composition of high-entropy nano-
particles (8). (C) Thermal shock synthesis of high-entropy nanoparticles features
a high-temperature pulse for elemental mixing and then rapid temperature
quenching to maintain the high-entropy structure. (D) Temperature-time-
transformation diagram describing how the cooling rates of high-temperature,

kinetically controlled syntheses can be adjusted to form various nanoparticles
featuring different degrees of structural and chemical ordering. (E) The
Ellingham diagram [reprinted from (14) with permission from Elsevier] provides a
guide for composing either alloy (e.g., PtPdFeCoNiAuCuSn) (8) (F) or oxide
high-entropy nanoparticles (e.g., ZeCeHfCaMgTiLaYGdMnOx) (20) (G) according
to the oxidation potentials of each element. Reprinted from (20) with
permission from Springer Nature.
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high-entropy alloy or oxide elemental spaces
(14, 20, 70). In addition to high-entropy oxides
(8), other high-entropy compounds (e.g., sul-
fides and carbides) have also been synthesized
with a wide range of sizes, shapes, and phases
(8, 12, 14–18, 26–30, 71).

Advanced characterization

High-entropy nanoparticles should display a
single-phase structure, demonstrating uniform

and random mixing of the constituent ele-
ments. However, the characterization of this
random mixing of multielements and their
synergy is very challenging. Conventional
techniques, such as powder x-ray diffraction
(XRD, l = 1.5418 Å), scanning and transmis-
sion electron microscopy (SEM and TEM,
respectively), and x-ray photoelectron spec-
troscopy (XPS), can help to determine the
basic phase structure, morphology, elemental

distribution, and valence state, but may lack
the required resolution to decouple the multi-
elemental mixing. Synchrotron x-ray–based
techniques, which use a much shorter wave-
length (e.g., l = 0.2113 Å), can provide a high
resolution to better understand the atomic
arrangement, bonding and coordination, and
electronic properties of high-entropy nano-
particles (Fig. 3A). For example, synchrotron
XRD can detect the overall phase structure
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Fig. 3. Advanced characterization of high-entropy nanoparticles. (A) Schematic
of the macroscopic and bulk characterization of the structural, chemical, and
electronic hybridization in high-entropy nanoparticles through x-ray–based
techniques, including XRD, XAS, and HAXPES, particularly using synchrotron
x-ray sources that provide higher resolution. (B) 4D-STEM and strain mapping of
a high-entropy nanoparticle, in which local diffraction (e.g., spots 1 to 3) is
collected and compared with the average structure to derive the local lattice
strain distribution including tensile (red) and compressive (blue). Reprinted from

(14) with permission from Elsevier. (C) Determining the 3D atomic structure of a
high-entropy metallic glass nanoparticle by AET. Shown are a representative
experimental image (top left), the average 2D power spectrum (top right), and
two 2.4-Å-thick slices of the 3D reconstruction in the x–y and y–z planes
(bottom). Scale bar, 2 nm. (D) Experimental 3D atomic model of the high-entropy
metallic glass nanoparticle. (E) Identification of four types of crystal-like medium-
range order that coexist in the metallic glass nanoparticle based on AET results
(16). Reprinted from (8) with permission and from (36) (CC BY 4.0).
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as well as possible immiscible phases and im-
purities in high-entropy nanoparticles with
greater accuracy (49, 72), confirming whether
high-entropy mixing is achieved. x-ray absorp-
tion spectroscopy (XAS) is an element-specific
technique that can be used to study the atomic
and/or local coordination environment of
each element, which is critical to understand-
ing the multielemental mixing and possible
short-range or local ordering in high-entropy
nanoparticles (14, 73, 74). Finally, hard x-ray
photoelectron spectroscopy (HAXPES) can
reveal the electronic structure (e.g., valence
band and d-band center) in high-entropy
nanoparticles, which is closely related to the
adsorption and binding energy of key reaction
intermediates, helping to rationalize the cor-
responding catalytic activity (75).
Although x-ray techniques can provide statis-

tical analysis, electron microscopy–based tech-
niques are critical to directly visualizing the
particle size and distribution, phase, struc-
ture, composition, and chemical environ-
ments. For example, in situ TEM has been
used to study nanoparticles synthesized by the
high-temperature shockmethod, revealing the
formation process as well as their dispersion
and stability on defective carbon substrates
(76). Another advanced approach that could
meet higher-throughput and higher-resolution
needs is four-dimensional scanning transmis-
sion electron microscopy (4D-STEM) (Fig. 3B)
(14, 77). 4D-STEM uses a small probe (~1 nm)
to scan a large geometric region of up to ~1 ×
1 mm2 in area, thus enabling fast and high-
resolution characterization of high-entropy
nanoparticles for local lattice distortion, struc-
tural heterogeneity, and short-range ordering
(78). As shown in Fig. 3B, local diffraction pat-
terns can be obtained on high-entropy nano-
particles, and corresponding strain maps within
the nanoparticles can be generated by com-
paring the differences between the local and
average phase structures (14, 77), indicating
potential lattice distortion and strain.
For more advanced characterization of the

3D atomic structure, atomic electron tomog-
raphy (AET) has proven to be the method of
choice (Fig. 3C) (79–81). Very recently, AET
was sufficiently advanced to resolve the 3D
atomic structure of a high-entropy metallic
glass nanoparticle containing eight elements:
Co, Ni, Ru, Rh, Pd, Ag, Ir, and Pt (Fig. 3C) (16).
Because the image contrast of AET depends on
the atomic number, AET is currently only
sensitive enough to classify the eight elements
into three types: Co and Ni as type 1 (green);
Ru, Rh, Pd, and Ag as type 2 (blue); and Ir and
Pt as type 3 (red) (Fig. 3, D and E). Figure 3D
shows the 3D atomic structure of the high-
entropy metallic glass nanoparticle, in which
the type 1, 2, and 3 atoms are uniformly dis-
tributed. The 3D atomic structure revealed four
different crystal-like medium-range orderings,

including face-centered cubic, hexagonal close-
packed, body-centered cubic, and simple cubic
structures that coexist in the high-entropy
nanoparticle (Fig. 3E). These results provide
direct experimental evidence that support the
general framework of the efficient cluster
packing model of metallic glasses (82) and
demonstrate how AET techniques will enable
researchers to study the 3D structure of high-
entropy nanoparticles at the single-atom level.

Multifunctional catalytic activity

Previously, high-entropy materials, particu-
larly high-entropy alloys, were mostly used
for structural engineering applications (3).
Wang et al. for the first time demonstrated
that high-entropy alloy nanoparticles can serve
as highly efficient catalysts in thermocatalysis
(8, 36). In catalysis, the binding of reactants or
intermediates to the catalyst surface should be
neither too strong nor too weak (the Sabatier
principle) to maximize the performance, thus
showing a “volcano plot” in the dependence of
activity on binding energy (83, 84). As sche-
matically shown in Fig. 4A, the binding energy
distribution patterns of individual elements
(e.g., Co, Mo, Fe, Ni, and Cu) often exhibit
sharp peaks because of their relatively fixed
structure and adsorption sites. However,
when multiple elements are mixed into high-
entropy alloys (e.g., CoMoFeNiCu), their adsorp-
tion energy could transform into a broadened,
multipeak, nearly continuous spectrum through
electronic hybridization. Recently, Löffler et al.
reported “current-wave” patterns in electro-
catalysis on high-entropy catalysts, wheremul-
tiple inflection points and current plateaus
were observed, a strong indication of multiple
active site centers in the high-entropy nano-
particles (40, 42).
Because of the unique binding energy dis-

tribution, high-entropy nanoparticles can be
readily tuned to obtain the desired surface
properties for optimal catalytic performance
(28, 40, 62). For example, in the NH3 decom-
position reaction (2NH3 → N2 +3H2), it was
theoretically proposed that non-noble Co–Mo
alloy could outperform Ru because of the opti-
mized *N adsorption based on the theoretical
analysis (volcano plot in Fig. 4B) (85); however,
such a design is hindered by the immiscibi-
lity between Co and Mo. Recently, alloyed
CoMo-based catalysts were demonstrated in
(CoxMo1-x)70(FeNiCu)30 HEA nanoparticles syn-
thesized using the thermal shock method (36).
The Co:Mo elemental ratio can be tuned to
optimize the nitrogen adsorption energy (DEN)
under the given reaction conditions, achieving
superior performance compared with Ru, the
most active monometallic catalyst (Fig. 4C).
Similar high performances of high-entropy
nanocatalysts have also been observed inmany
other systems (9, 15, 20, 43, 62, 73, 75, 86, 87),
demonstrating the importance ofmultielemen-

tal design and compositional tunability. It
should be noted that the diverse and hetero-
geneous active sites can lead to statistical
variations in local activity (<50 nm) but overall
repeatable performances (88).
Theoretically, the volcano plot can be

interpreted as the result of the linear scaling
relation (LSR) in first-principle calculation
studies (85, 89). The LSR says that in a com-
plex or multistep reaction, the adsorption
energies of reaction intermediates (e.g., O* or
OH*) are linearly linked or scale linearly (83);
in other words, strong adsorption of reactants
will likely lead to the strong adsorption of
products (i.e., difficult to desorb), thus slowing
down the reaction substantially (90). Many
strategies have been proposed to circumvent
the LSR in nanoparticle catalyst design, in-
cluding the introduction of co-adsorbates and
tethers, promoters, ligands, and new alloys
with complex synergy between the constituent
elements (83, 85). High-entropy nanoparticles
offer complex atomic configurations, diverse
adsorption sites, and tunable binding energies
that could lead to a range of new opportunities
compared with simple catalysts (83). For
example,Wu et al. reported noble IrPdPtRhRu
HEA nanoparticles for the hydrogen evolution
reaction (2H2O→O2+2H2) and found that the
material displayed superior performance com-
pared with individual metals (Ir, Pd, Pt, Rh,
and Ru) (Fig. 4D) (75). More importantly, the
turnover frequency of the IrPdPtRhRu was
far beyond what was expected by traditional
LSR theories (blue region in Fig. 4E), sug-
gesting the HEA’s ability to circumvent the
LSR predictions.
In addition, the broadband adsorption energy

landscape of high-entropy nanoparticles is
particularly promising for catalysis in tandem
and complex reactions, which normally require
different active sites and adsorption formultiple
reaction intermediates to achieve overall high
activity and/or selectivity (27, 71). For example,
in the ethanol oxidation reaction,which involves
a complex 12-electron transfer and a range of
intermediates, high-entropy PtPdRuRhOsIr
(PGM-HEA) nanoparticles not only demon-
strated amuchhigher activity thanmonometallic
catalysts and their physical mixture but also
enabled a much higher 12-electron selectivity to
complete oxidation to CO2 (Fig. 4F) (43, 62, 71).
In another example, Ru22Fe20Co18Ni21Cu19 HEA
nanoparticles demonstrated high activity and
selectivity in the nitrogen reduction reaction
(NRR: N2 + 3H2 → 2NH3) (38). Theoretical
analysis found that Fe in the HEA is suitable
for N2 adsorption and dissociation, whereas
the nearby Co–Cu and Ru–Ni combinations
favor H2 adsorption and dissociation, illus-
trating the importance of multifunctional
active sites for overall efficient NH3 synthesis.
Similarly, high-performance high-entropy nano-
particles have been reported for other complex
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and multistep reactions, such as the CO2 reduc-
tion reaction (39, 71, 91) and the oxidation of
various chemicals such as methanol (11, 13, 43).

Stability

High-entropy nanoparticles can potentially
provide enhanced stability for catalytic appli-
cations, similar to their bulk scale counter-
parts that feature improved structural stability
(3, 45, 53, 92). Thermodynamically, the high-

entropy nature benefits the formation and
stabilization of high-entropy nanoparticles
(DG = DH – TDS), especially at high temper-
atures where the TDS term is more pronounced
(20, 73, 93). In situ TEM analysis has revealed
the stability of high-entropy alloy and oxide
nanoparticles, where the size distribution, par-
ticle dispersion, and solid-solution phase remain
unchanged even when subjected to temper-
atures up to 1073 K (13, 20, 73). Kinetically,

the high-entropy mixing may also improve the
structural stability because of the size mis-
match of the different elements and result-
ant lattice distortion, which can cause large
diffusion barriers that help to prevent phase
segregation, particularly at low temperature
(2, 20, 53, 70). As an example, the diffusion
coefficient of Ru atoms in RuRhCoNiIr HEA
nanoparticles was simulated to be two orders
of magnitude lower compared with the diffusion
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Fig. 4. High-entropy nanoparticles in catalytic reactions. (A) Multielemental
synergy in high-entropy nanoparticles leads to multiactive sites and a broadband
binding energy distribution pattern (40, 42). (B) The composition volcano plot is
a facile guide for designing high-performance catalysts, in which alloying can
enable tuning of the adsorption energy toward peak performance, such as
CoMo alloys. Reprinted from (100) with permission from Springer Nature.
(C) Optimized CoMoFeNiCu HEA nanoparticles showed a four times higher
conversion rate at 500°C compared with Ru, which was achieved by adjusting
the composition ratio between Co and Mo to adjust the DEN. Reprinted from
(36) (CC BY 4.0). (D and E) IrPdPtRhRu HEA nanoparticles display superior

hydrogen evolution reaction performance (D) and a much higher turnover
frequency than that of the individual metals after a linear scaling relation (E),
indicating strong nonlinear synergy in HEA catalysts. Reprinted from (75).
(F) PGM-HEA (IrPdPtRhRuOs) nanoparticles show excellent performance for
the complex and multistep ethanol oxidation reaction (EOR) compared with
individual metals (43). (G) In situ oxidation of HEA nanoparticles (PtFeCoNiCu)
leads to an HEA-core/oxide-shell structure. (H) HEA nanoparticles show much
slower logarithmic oxidation kinetics compared with pure Co, which catastrophically
oxidized in 1 min. Reprinted from (97) with permission (copyright 2021 American
Chemical Society).
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of Ru in bimetallic Ru–Ni, suggesting better
kinetic stability in HEA nanoparticles (73).
Another important factor affecting catalyst
stability is the interfacial bonding between
catalysts and supports to avoid particle ag-
gregation. The high-temperature shock syntheses
can enable better interfacial stability between
the high-entropy nanoparticles and substrates
(76, 87, 94). Experimentally, the stability of
high-entropy catalysts has been illustrated
by their steady performance in both high-
temperature and electrochemical catalytic
reactions (11–13, 15, 20, 36–38, 43, 44, 73, 75).
However, the entropy stabilization role could
become limited and surface reconstruction
can easily occur in harsh conditions (95–97). For
example, Shahbazian-Yassar et al. performed in
situ oxidation of Fe0.28Co0.21Ni0.20Cu0.08Pt0.23
HEA nanoparticles and observed surface
oxidation of the non-noble elements while the
core of theHEAnanoparticles remained stable
with a Pt-rich composition (Fig. 4G). Qualita-
tive analysis revealed that the HEA nanopar-
ticles exhibit logarithmic oxidation kinetics,
resulting in a stable HEA-core and oxide-shell
structure after 40 minutes of exposure in an
oxidative environment at 400°C (Fig. 4H). By
contrast, pure Co nanoparticles underwent
catastrophic oxidation kinetics and oxidized
within ~1 min. The surface reconstruction or
transformation of high-entropy catalysts is
often more evident in electrochemical reac-
tions, in which the entropic stabilization ef-
fect is less profound compared with chemical
leaching and electrochemical redox. Never-
theless, many studies have reported stable
performance of high-entropy nanoparticles
in diverse electrochemical conditions, especially
compared with their fewer-element counter-
parts (12, 29, 75, 86, 87).

High-throughput screening

Despite the superior catalytic performances
observed in several cases, it remains unknown
how to generally develop high-entropy nano-
particles for targeted catalytic reaction schemes.
In addition, identifying catalytic active sites
in high-entropy nanoparticles is challenging
because of the complex microstructure and
binding energy distribution pattern (40, 42, 98).
These issues may be resolved by taking advan-
tage of emerging high-throughput (64, 99, 100)
and data-driven material discovery approaches
(27, 71, 101–103).
Computationally, first-principles-basedmethods

have been developed to predict the composition-
structure-property relationships of high-entropy
nanoparticles (84, 100, 104). Additionally, high-
throughput computation has been demon-
strated for phase prediction of multielemental
compositions by following empirical rules de-
rived from high-entropy materials (46, 73) or
using calculation of phase diagram (CALPHAD)
methods with largely reduced parameter spaces

(105), both of which are capable of screening
millions of elemental compositions (Fig. 5A).
However, these calculations are mostly based
on thermodynamic equilibrium considerations
of bulk materials, which may not be readily
transferable to high-entropy nanoparticles
because of their small size and synthesis under
nonequilibrium conditions.
For the prediction of functional properties

(e.g., catalysis) of high-entropy nanoparti-
cles, there are additional challenges, such as
building precise atomic packing models
and determining binding sites (11). Recently,
Rossmeisl et al. developed a high-throughput
computation method combined with super-
vised learning to explore the random atomic
configurations in high-entropy nanoparticles
and predict their adsorption energies in cat-
alysis (Fig. 5B) (27, 71, 101). The authors also
simulated the near-continuous binding energy
distribution pattern (Fig. 5B) for high-entropy
catalysts. On the basis of these calculations,
high-performancemultielemental catalysts for
oxygen reduction and CO2 reduction were ex-
perimentally realized (27, 71, 101, 106). Addi-
tional machine learning (ML)–based methods
are being developed to efficiently explore the
configurations of adsorbates on multielemen-
tal surfaces, including the effects of variable
adsorbate coverage, multiple adsorption species,
and surface reconstruction on the catalytic
properties (107).
Experimentally, researchers have demon-

strated the combinatorial synthesis and high-
throughput screening of multielemental catalysts
(64, 108–110). For example, Ludwig et al. achieved
the combinatorial synthesis of hundreds of
high-entropy compositions (~342 per batch)
on thin-film substrates using co-sputtering
of multiple metal sources, along with high-
throughput characterization, including energy-
dispersive spectroscopy (composition), XRD
(structure), and scanning droplet cell (electro-
chemistry), to rapidly screen these 2D thin-film
samples for rapid catalyst discovery (64, 111–113).
Direct high-throughput synthesis and screening
of high-entropy nanoparticles have also been
achieved (9, 72). By combinatorial co-sputtering
into ionic liquid (~ 40 ml per cavity, in total 64
cavities), Ludwig et al. demonstrated synthesis
of CrMnFeCoNi-based HEA nanoparticles im-
mobilized on themicroelectrodes with various
compositions, which led to the discovery of
Cr9Mn60Fe9Co11Ni11 with exceptional activity
for oxygen reduction reaction (9). Yao et al.
reported the high-throughput synthesis of
ultrafine and homogeneous HEA nanopar-
ticles with different elemental combinations
frombinary up to octonary PtPdRhRuIrNiCoFe
(Fig. 5C) (72). In the process, different metal-
precursor solutions were ink printed, followed
by a high-temperature radiation shock synthe-
sis to obtain uniform microstructures despite
different compositions. Scanning droplet cell

screening then enabled the discovery of high-
performance PtPdFeCoNi HEA catalysts for
oxygen reduction reaction, the catalytic perform-
ances of which were verified by conventional
rotating disk electrode measurement (72). The
combinatorial synthesis and high-throughput
screening pipeline therefore presents a new
paradigm for accelerated exploration of high-
entropy nanoparticles.

ML acceleration and active exploration

ML is an excellent tool with which to ac-
celeratematerials discovery by enabling exten-
sive prediction of unmeasured compositions
(the generalization process in ML), guided
exploration to quickly find the performance
optima (active learning in ML), and quanti-
tatively understanding of composition and
process-structure-property relationships (feature
analysis inML) (27, 63, 71, 101–103, 114, 115). As
an example, ML prediction has been used to
guide the design of ternary medium-entropy
PtFeCu catalysts, illustrating the closed-loop
process by (i) model building and simulation
data generation, (ii) ML and fitting of the
simulation data, (iii) extensive exploration
and screening byML in a larger compositional
space, and (iv) experimental verification and
feedback to previous simulations and ML
models (Fig. 5D) (116). A similar process has
also been demonstrated for multielemental
catalysts in the Ag-Ir-Pd-Pt-Ru space by com-
bining computational prediction withML and
using thin-film–based high-throughput syn-
thesis and screening for data feedback and
model refining, thus forming a closed-loop
optimization protocol to improve the prediction
power toward high-performance catalysts (63).
Despite these advances, current efforts can

atmost cover <1% of available compositions in
high-entropy nanoparticles (113). Therefore,
guided optimization and careful sampling are
critical for identifying important data points
to save exploration efforts. This can be realized
by using active learning methods (e.g., Bayesian
optimization and reinforcement learning)
(103, 117–119). For example, Rossmeisl et al.
used Bayesian optimization with Gaussian
process surrogate function models to discover
multielemental catalysts based on computa-
tional data (120). With ~150 iterations based
on Bayesian optimization,many important local
optima of targeted properties were discovered,
illustrating the great promise of active learning
in exploring the vast multidimensional space.
Such approaches can also be combined with
graph network descriptors of the HEA sur-
faces and neural networks to accelerate the
development of surrogate computationalmodels
of the surface and adsorption properties (107).
Active learning can also enable multiobjective
optimization, which has not yet been realized
in the development of high-entropy nano-
particles but is highly desirable toward the
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goal of achieving superior catalysts with sim-
ultaneously high activity, selectivity, and stability.
Understanding synthesis-structure-property

relationships will always be challenging for
material systems as complex as high-entropy
nanoparticles. Some initial efforts have used
theoretical models and neural networks to
decouple themultielemental synergy into ligand
effects (i.e., different elements) and coordination

effects (i.e., different structures) to correlate the
structural features with their catalytic perform-
ances (101). Therefore, instead of a traditional
synthesis-structure-property relationship built
upon a clear picture of the catalytic mecha-
nism, data-trained mathematical models may
gradually learn and facilitate property predic-
tion, guided optimization, and fundamental
understanding of high-entropy nanoparticle

catalysts (Fig. 5E). Such trainedmodels (in the
form of a Gaussian process model or a neural
network)may become a newnorm for the study
of complex materials such as high-entropy
nanoparticles.

Conclusion and outlook

Great progress has been made on high-entropy
nanoparticles, but to further advance their
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Fig. 5. Data-driven high-entropy nanoparticle discovery. (A and B) High-throughput
computation for structural prediction based on size mismatch and enthalpy
(73) (A) and adsorption sites and binding energy distribution patterns to predict
catalytic properties (B). Reprinted from (27) with permission from Elsevier.
(C) Example of the combinatorial and high-throughput synthesis of high-entropy
nanoparticles (72). (D) Data-driven methodology for the discovery of PtFeCu

catalysts consists of (i) modeling and simulation, (ii) ML fitting and acceleration,
(iii) composition exploration and prediction, and (iv) experimental verification and
feedback. Reprinted from (116) with permission from Elsevier. (E) Synthesis-
structure-property relationships in conventional materials research may be
replaced by data-driven approaches featuring ML-trained models for prediction,
understanding, and optimization, which could even enable automated discovery.
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development, continued efforts are needed in
many areas, such as synthesis methodologies,
advanced characterization, fundamental under-
standing, and application- and data-driven
discoveries, as described below.
Tunable synthesis is currently the most

explored aspect of high-entropy nanoparticles
and now requires precision. Considering the
immiscibility caused by the elemental differ-
ences and compositional complexity in high-
entropy nanoparticles, syntheses must continue
to rely on nonequilibrium approaches in terms
of temperature, force, pressure, energy field, etc.,
to achieve uniform mixing and small particle
size. Furthermore, we still need to learn how
to balance nonequilibrium syntheses with deli-
cate structural or morphology control in terms
of size, phase, shape, facets, and surface decora-
tion, which will require considerable effort and
knowledge gained from existing wet chemistry.
An important aspect of high-entropy nano-

particle research that is currently lacking is a
fundamental understanding of the surfaces,
defects, and elemental distribution in high-
entropy nanoparticles, which will have a
profound impact on the catalytic properties.
We have not yet established basic knowledge
of surface or interface elemental segregation,
reconstruction, and electronic structure, espe-
cially their dynamic evolution under catalytic
operation conditions. Integrating state-of-the-
art in situ electron microscopies, such as in
situ liquid and environmental microscopy, into
advanced atomic-resolution chemical analysis
and atomic structural imaging will provide
valuable insight into the fundamental under-
standing of active sites and reaction pathways
in high-entropy nanomaterials for catalytic
applications. Also, we envision the combina-
tion of atomic-resolution in situ environmental
microscopy with ML-assisted data acquisition
and analysis to allow us to capture the critical
dynamic changes of high-entropy nanomateri-
als during catalytic reactions. Information such
as the evolution of surface atomic structure,
lattice strain, chemical diffusion, and electronic
structures of high-entropy nanoparticles will
be attained, providing reliable inputs for theo-
retical calculations and insights into under-
standing reaction pathways.
High-entropy nanoparticles have great prom-

ise for high-performance catalysis and are
particularly advantageous for multistep and
tandem reactions that require a combination
of different active sites. However, it remains an
open question how to properly design high-
entropy nanoparticles to best fit those reaction
schemes. In addition, it is unclear how to
identify the active sites and understand the
performance origin. Although catalyst discov-
ery based on traditional routes is possible,
high-entropy nanoparticle research would
greatly benefit from the advancement of high-
throughput methodologies and data mining.

Currently, combinatorial syntheses and high-
throughput screening are mostly limited to
thin-film samples and simple electrochemical
reactions. Additionally, high-throughput com-
putation often comes at the price of precision
for simplicity or computational efficiency,
leading to some disparity between screening
results and actual trends of performance.
Therefore, these data-driven methodologies
will likely require the most significant effort
in the next stages of research.
Many published research results demon-

strate different compositions with interesting
properties, but more systematic and stand-
ardized reporting is necessary to take full
advantage of these “expensive” data (102).
Therefore, establishing reporting standards
for a sharable data repository should be
developed so that the knowledge can be better
collected and analyzed. Some such efforts are
already taking place, such as the establish-
ment of the Materials Data Bank for archiving
the 3D atomic coordinates and chemical
species of a wide range of materials including
multielement and high-entropy nanoparticles
determined by AET (121). The experimentally
determined 3D atomicmodels of high-entropy
nanoparticles can be coupled with computa-
tional and ML methods to understand their
structure-property relationships at the funda-
mental level.We expect that with the expanding
knowledge of the synthesis-structure-property
relationships of high-entropy nanoparticles, an
integrated material discovery workflow com-
biningML-guided optimization and screening
will soon become possible to expedite progress
in this promising field, particularly multi-
objective optimization toward simultaneously
high activity, selectivity, stability, and low cost.
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Diversifying nanoparticles
Multielement nanoparticles are attractive for a variety of applications in catalysis, energy, and other fields. A more
diverse range and larger number of elements can be mixed together because of high-entropy mixing states accessed
by a number of recently developed techniques. Yao et al. review these techniques along with characterization
methods, high-throughput screening, and data-driven discovery for targeted applications. The wide range of different
elements that can be mixed together presents a large number of opportunities and challenges. —BG
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