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Improve existing catalyst systems and create new catalytic nanomaterials via high entropy design
strategy has been an emerging topic in field of material. High entropy oxides (HEO) possess unique
properties, resulting in a complexity of the localized environments and expected wide adjustability,
owing to the “cocktail” effect. However, oxides exhibit quite different behavior to their characteristics
after the replacement of >5 elements in cation sites comparing to the condition of alloy. The practical
applications of HEO nanomaterials are still lack of breakthrough in catalysis and remain largely
unexplored. Limited understanding of HEOs, no matter the microscopic disordered composition or the
mechanism behind, is primarily responsible for these problems. Herein, we demonstrate the
fundamental comprehension of high entropy oxides from a structural perspective. Generally, synthetic
procedures, catalytic applications and the complementation with single atoms of HEOs are elaborated
in detail. Representative strategies to theoretically predict and screen the potential HEOs against the
massive combinations of elements are discussed in this review. Furthermore, we predict short-term and
long-term directions and present our perspectives with regards to design strategies and synthesis novel
HEO based catalysts in the future.

Keywords: High entropy oxide (HEO); Single-atom catalysts (SAC); Heterogeneous catalysis; Lattice distortion; Non-
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Introduction ments, or a configurational entropy (S) larger than 1.61R or 1.5R
From conventional alloy to high entropy (where R is the gas constant), respectively.
Since the proposal of concept in 2004 [1,2], high entropy alloys As the understanding deepens in field of alloy, HEAs are also

(HEA) have endowed a new field of material science, owing the divided into two generations [6]. Its initial definition on compo-
unique properties and innovative strategy in material design sition was found too strict to the range of HEAs. Relaxed restric-
[3,4]. The definition of HEAs could be controversy but there are  tions on HEAs compositions, non-equimolar, dual or complex

two commonly accepted definitions, according to several com-  phase and consist of at least four principal elements, are pro-
positional requirements or meet the criterion of entropy [5]. That ~ posed and named as 2nd generation HEAs. Correspondingly,
is single phase and equimolar, requiring at least five principle ele- ~ HEAs under the strict definitions are defined as the 1st genera-

tion. Conventional alloys possess composition points around
the corners of phase diagram, while the HEAs are located at the
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The concept of “high entropy” was also extended to other
type of materials and nano field subsequently [8-10]. Referring
to its initial definition, variety of compounds with multiple equal
molar components are proposed and synthesized other than
HEA, collectively referred as high entropy materials (HEM),
including oxides (HEO) [11,12], carbides, nitrides, borides (the
foregoing materials also referred as high entropy ceramics,
HEC), hydroxides [13], selenides [14], coordination compounds
[15], salts [16], etc. meanwhile, other structure, such as amor-
phous oxide [17], metallic glasses [18-21] and intermetallic com-
pounds [22] are also be discovered.

Tradeoff between entropy-driven stability and >5 components
In contrast to the metallic bonding in alloys, HEMs are formed
by various types of bonds, such as ionic, covalent, or even coor-
dination bonds. The elemental sites in specific phase of HEA are
equaled but turned to distinct and complicated in other com-
pounds. Taking the multiary oxide as example, stoichiometric
metal and oxygen atoms distribute in the lattice by a specific
configuration via charge balance, moreover, multivalence of
cations and their coordination numbers created multisites or
M—O units within single phase. Furthermore, mono- or multisite
could be replaced with multicomponent, respectively. Some oxi-
des easily form defects and vacancies. In addition to configura-
tion, disorder originated from dislocations additionally
contributes in the total entropy [23]. Such situations broaden
the field of compounds, however, resulting in vague definition
of HEMs other than HEAs, not only to the compositional defini-
tion but also raising controversy for the calculation of configura-
tional entropy.

Meanwhile, the entropy stabilized material is a correlative but
different concept, although the use of “high entropy” materials
is more common and both concepts are interchangeable in some
cases [12]. The first proofed entropy stabilized oxide (ESO) was
synthesized in 2015 [24]|. The concept was highlighted due to
the entropy-driven stability and reversible solid-state transforma-
tion. The Gibbs function of ESOs suggests that the negative AG
is predominantly influenced by the larger configurational entropy
rather than conventional enthalpy, resulting in high temperature
favored stability [25]. Therefore considering the strict definition,
most ESOs are thermodynamically metastable at relative low tem-
perature (Of course, a few counterexamples are discovered) and
tend to transform to multi-phase during the annealing process.

Demonstrated by the theoretical studies, the choice of five ele-
ments for defining “high entropy” is not arbitrary but rather the
“sweet point” [26]. As the number of elements exceed five, the
entropy raises while the enthalpy effect on AG is further weak-
ened. As for oxides, the effect on configuration entropy by add-
ing number of metal elements is weakened due to the fixed
oxygen in the certain site of the oxide lattice [27]. Furthermore,
entropy calculations, especially for multiary oxides, can be con-
fusing. Take the simple binary oxide with fluorite structure and
five equimolar of cations as example, the configuration entropy
per formula unit (1.609R), cation (1.609R) and atom (0.536R) cal-
culations give different results, which would be more ambiguous
for ones with multisite. Attempt for inspection the range of
HEOs was also made by establishing entropy metric, which con-
siders the influence of sublattice but still weak relation with

entropy-driven stability [28]. While oxides such as triple per-
ovskites or heavily doped rare earth crystal [29] (e.g., garnets,
melilites) have gathered quite a lot elements in their cation sites
and obviously derive a comparable configuration entropy with
aforementioned materials, but these oxides could not be consid-
ered as HEO and maintain their phase in the single crystal
growth with quite small temperature gradient [30]. Is the crite-
rion of entropy-driven stability fully included by the criterion
of >5 components? Surprisingly, ESOs exist in nature and are
also found in the slag of blast furnace steelmaking, even the limit
of five components are broken with exception of some ternary
spinel type oxides, as retraced in early reports [27].

Since the first reported HEA and ESO/HEO, their research
fields both garner significant attention and broaden respectively
[31-35]. Their characteristics and definition have deviated from
each other for the emerging materials in different fields. Due to
the customary, HEO becomes the most widely used concept
and lots of researchers still analogize the definition of 1st gener-
ation HEA, which can be roughly expressed as the multi-
component oxides with five or more equimolar components tak-
ing the place of the initial components and forming single phase,
to describe their materials. At the same time, the coexistence of
multiple definitions will continue before thoroughly under-
standing the field of HEMs and entropy-driven stability.

Properties gained from high entropy

Four core effects: entropy effect, distortion effect, cocktail effect
and sluggish diffusion effect are summarized for HEAs for their
unique properties [36]. For oxides, although selected calculations
present a configuration entropy just falling in the low to medium
entropy range defined for alloys, they still exhibit similar
changes in mechanical, physical and chemical properties, but
distinguish from the range of traditional monocomponent mate-
rials [11]. These oxides also perform a reversible phase transfor-
mation during annealing process and are successfully prepared
using synthesis strategies modified from those of HEAs [37]. High
entropy also provides HEOs with unique properties in many
aspects related to oxide characteristics.

In terms of structure, the first prepared HEO (MgCoNiCuZn)O
has rock salt structure while the common phases of CuO and ZnO
are not the same structure [24|. Moreover, another HEO
(GATbDyTmYbLu),Si,O; with six components in specific site
doesn’t share its y-Y,Si,O7 structure with any of the Ln,Si,O;
formed by the six individual elements [38]. As for the valency, a
single perovskite HEO could gather five different valences (Ba
(ZnYbTiNbW)O3) or have no tetravalent cations (Ba(YbY-
GaNbW)O;) in a tetravalent site [39]. For structures in multiary
oxides, such as perovskite (ABO3), spinel (AB,O4) and pyrochlore
(A2B,05), the A-site and B-site can be simultaneously replaced
with multiple elements amount to ten totally [40,41]. HEOs could
also support and stabilize materials with unstable valence. Take
the well-studied (MgCoNiCuZn)O as example. The Au species
could dissolution in the HEO lattice despite of its intrinsic inert-
ness [42]. The Cu selectively precipitated and formed CeCuOx
with higher trivalent ratio after ball milling with CeO, [43].
Another inherent notion that HEMs thermodynamically favor at
high temperature and are metastable therefore unstable after
annealing, seems not working for some HEOs, especially rare-
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earth based ones. (GdATbDyHoEr),03 is able to irreversibly main-
tain a high entropy structure in annealing, even at a quite high
temperature of 1650 °C, and has phase stability contrary to the
of the individual oxides of components [44]. Should be noticed
that this HEO has a relatively simple structure of cubic bixbyite,
with all cations randomly distributed in the only sites. The five
lanthanide cations have similar ionic radii ranging from 0.89 to
0.94 A, which probably results in a lower internal strain, in turn
enhancing its stability. Single crystals of (LuYHoNdLa),O; and
(LuYGdNdLa),0O3 with a single monoclinic B-type phase were also
grown [30]. Another long-term annealing test showed that fluorite
type (HfZrCeYYb)O,_s remain stable over a fairly wide temperature
range, affirming adequate stability in practice [45].

Bulk materials to nanocatalysts
Oxide based materials are of great significance for heterogeneous
catalysts and supports for hybrid materials, especially precious
metal catalysts. The interaction between oxides and metals plays
important role in the catalytic properties [46,47]. The effects of
HEO bring the unprecedented wide adjustability to basic charac-
teristics, thus HEOs have promised as candidates for addressing
long-standing problems in the field of catalysis.

Apart from the particles and clusters, single-atom catalysts
(SAC) have been frontiers in this field, attracting substantial

Clg (g Ty

attention [48-52]. One of the most fascinating aspects of HEOs
is their wide adjustability as supports, which arises the advan-
tages along with the maximized atom utilization, undercoordi-
nated active centers and quantum size effects of SACs [53,54].
The combination of both emerging material concepts provides
new approaches to low-cost, greener and more efficient catalysis.

Catalytic applications accounted for a large proportion of
researches on HEMs [36]. HEOs benefit from aforementioned
properties providing new material design strategy beyond
traditional doped or hybrid materials with limited major com-
ponent and bring the following advantages in catalysis field.

1. Complex structural changes are enabled by slight component
tuning, greatly affecting the properties and extending the
range.

2. Abundant of defects, vacancies, high strain of M—O bonds
and lattice distortion are easily generated in the structure,
resulting in similar properties to those of amorphous materi-
als [37].

3. Localized disorder cations distribution creates multiplicative
number of microenvironments inside and on the surface of
the material organed from valence differences of cations and
diverse sites, bringing more complex situations compared to
M—M bonds in HEA [27].
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Schematic illustration of high entropy oxides in nanocatalysis.
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4. Non-trivial structures for the monocomponent are allowed
and provided with high localized tension. A diversity of elec-
tronegativity could coexist in specific site via combining non-
constitutive valences.

This review will discuss nanoscale morphology, synthetic pro-
cedures, structures and catalytic properties, and look ahead the
structural design, complementation with SACs and perspective
for HEOs in nanocatalysis (see Scheme 1).

Synthesis

Template sintering method

Sintering is commonly used in HEO fabrication, which is still a
typical and common method for nanosized HEOs. Traditional
solid-state sintering usually involves the ball milling process to
make the precursor oxides uniformly mixed and longtime high
temperature calcination for sintering, with optional compression
step before or during sintering process. The obtained materials
are usually bulk or solid particles with high grain size and low
specific surface area. The compression step make further efforts
on reducing porosity and enhancing crystallinity, which is par-
ticularly important for the application of bulk materials [41].
Take the (MgCoNiCuZn)O as example, a minimum sintering
temperature at about 900 °C is required for the phase formation
from oxide precursors via solid-state sintering, and its single
phase will be destroyed when annealed at about 700 °C.

Salts such as carbonate, nitrate, acetate and acetylacetonate,
or even metal complexes, MOFs, other types of HEM (e.g. alloy
[55] and hydroxide [56]) can also be used as precursors [55,57].
According to the precursors, the synthesizing temperature of
HEO could be as low as 500 °C. Xing and coauthors fabricated
metal-PVP precursor by electrospinning and subsequent calcina-
tion, obtaining all rare earth HEO (YYbSmEuEr),O3 with bixbyite
(Ia-3) structure [58]. Synthesis methods bring considerable per-
formance differences. However, the products via solid-state sin-
tering are always not suitable for the field of catalysis where
structured nanoparticles and narrow distribution are desired
[59]. The specific surface area decreases (Fig. 1a) and active sites
aggregate after longtime sintering, even with nanosized precur-
sors. So modifying the synthetic procedure by adding removable
templates to separate the particles is a feasible way.

Dai’s team chose the SiO; as removable hard-template, which
could be etched by NaOH aqueous solution (Fig. 1b). Fumed sil-
ica was ball-milled with metal salts and together pyrolyzed at
900 °C. After etching process, rich porosity and atomically dis-
persed Pd are formed and the obtained fluorite type Pd;(-
CeZrHfTiLa)Ox HEO reached a pretty high specific surface area
of 162.1 m?g~! [60]. They also use soluble NaCl as hard-
template in synthesis of perovskite type Zry s(NiFeCuMnCo)g s-
Oy. NaOH and NaCl were added to chloride salts and the anions
exchanged during balling and subsequent calcination at 500 °C.
Finally, the sodium salt could be removed by washing, remaining
pores with specific surface area up to 84 m?g~! [61]. Post-process
of template removal adds the complexity of the porous HEO syn-
thesis. Also the template materials need to maintain stable dur-
ing calcination (for instance, SiO, reacts with many transition

metal oxides at high temperatures) but easily etched or washed,
so the choice of etchant and template is limited.

To let the precursors forming self-template maintains the sim-
plicity of the solid-state synthesis and enables the fabrication of
nano-structure. Zhou and Huang’s team chose molten glucose as
the self-template and inspired by “black powder”, additional
ammonium nitrate was added along with metal nitrates which
generated large amount of gas by heating, blowing molten glu-
cose to form a foam structure. By further carbonization and cal-
cination, the carbon was fully oxidized and removed, thus
ultrathin porous oxide sheets were obtained (Fig. 1c) [62]. The
strategy could synthesize a wide range of monocomponent oxi-
des and was also extended to two kind of HEOs, including cubic
bixbyite type (ErGdYbSm,,Y(g),O3 and spinel type
(CoMnNiCrFe)3;04, remaining their single phase. Similar strategy
was developed by Dong'’s team, they adopted the deep eutectic
solvent which is consist of glucose and urea. Owing to the low
melting point, the liquid can directly dissolve metal salts at oper-
able temperature. In addition to the carbonization of glucose, the
urea component also acts as a foaming agent similar to ammo-
nium nitrate. The precursors were carbonized to black foam by
directly microwaving and calcined to obtain HEOs (Fig. 1d)
[63]. Solvents helps to mix the metals more uniformly than ball
milling. Furthermore, by varying the metal concentration, differ-
ent morphologies of nanowires and nanosheets can be tuned.
This method is applicable to a variety of HEOs, including rock-
salt type (SM)O, spinel type (5M);04 and perovskite type La
(5M)Os.

Soluble salt precursors could also be encapsuled in porous
templates via simple solution process. Qiao’s team used oxidized
graphene sheets as cation adsorber for synthesizing porous
lamellar structured rock-salt type (SM)O [64]. A relative high
specific surface area of 42 m?g~' was achieved. There are also
HEOs deriving from MOFs [65] and electrospinning [66] by calci-
nation. These methods basically maintain the original structure
to avoid sintering, thus creating more interface and abundant
surface defects, which are beneficial to catalysis.

Combustion method is a variant of thermosynthesis. Organic
molecules such as citric acid, glycine, are used as incendiary
agent, which have high fuel to oxidizer ratio and good coordina-
tion property. By forming gel with metal salt precursors, the
molecules help to distribute the ions evenly despite of valence
difference and form the template. The auto combustion assisted
by low temperature heating completes the reaction violently.
With the aid of glycine, Gautam and Ahmad presented the syn-
thesis of rock-salt type (SM)O at a low trigger temperature of
185 °C without demand of post-annealing [67]. Nevertheless,
combustion reaches a high temperature but only for a short per-
iod, so annealing may still be required to ensure high
crystallinity.

Rapid heating and cooling method

Regular laboratory furnaces are enough for meeting the require-
ment for thermal synthesis of HEOs in most time, to achieve a
high temperature gradient is still highly desired. The relatively
low temperature gradient and long heating time are always unfa-
vorable for nano size of materials. A quick quenching step in
HEO synthesis not only quenches the metastable phase, but also
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Schematic illustration of temperature driven synthesis and morphology of corresponding HEOs. a) A typical surface morphology of HEO bulk from solid-state
sintering. Reproduced with permission [68]. Copyright 2021, Elsevier. b) Porous SAC/HEO synthesized via hard-template. Reproduced under the terms of the
Creative Commons CC BY license [60]. Copyright 2020, Springer Nature. c) HEO sheets synthesized via self-template. Reproduced under the terms of the
Creative Commons CC BY license [62]. Copyright 2022, AAAS d) Sheet and wire shaped HEO synthesized using deep eutectic solvent. Reproduced with
permission [63]. Copyright 2021, Springer Nature. e) HEO particles supported on CNTs synthesized via Joule heat [69]. The schematic illustration of Joule heat
is adapted from Ref. [70] and shows the situation of HEA synthesis. Reproduced with permission. Copyright 2021, Springer Nature. Copyright 2018, AAAS.

helps to obtain defects, reduce the phase separation and grain ing (SPS) [73], and heating by arc, current [74], microwave [75] or
size, especially for nanomaterials. But operation like removing oxygen plasma are practicable for HEM synthesis and made avail-
the as-heated crucible from working furnace and cooling in air able for HEO, but not all of these suitable for nanocatalysts.

are not follow the rules with quite risk. For safely and effectively To accurate a similar reaction pathway as solid-state sintering,
forming high heating and cooling gradients in sintering, various localized heating methods with high power density acting upon
methods including laser irradiation [71,72], spark plasma sinter- small amount of samples are proposed. Wang’s team adopt
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microwave synthesis for HEO by grinding CNTs and metal acety-
lacetonates. (RuNiMoCrFe)Oy particles in ~6 nm size were uni-
formly supported on CNT supports, which also acted as
microwave absorber [75]. Current heating method, named with
Joule heat invented by Hu's team provides ultrahigh temperature
gradient of heat/cooling (magnitude of 10° K/s) and ultrahigh
pyrolysis temperature (up to about 2000 K), allowing the mate-
rial to be synthesized in less one second (Fig. 1e) [69,70]. More
ideally, this method is suitable for a wide range of HEMs by vary-
ing the precursors and the atmosphere with uniform size distri-
bution. The heating time could be precisely controlled using a
programmable DC power supply. However, conductive supports
are essential in this method, such as carbon fiber or high melting
point metal foils [76]. And temperature changes cause sharp
changes in resistance, making it impossible to precisely maintain
the heating power. Another challenge is the poor uniformity for
temperature due to the uncontrollable current distribution,
despite the temperature which this method could reach is high
enough to ensure the transformation of HEO phase. The HEO
products are also inconveniently separated from the support,
Coincidentally, for applications such as electrocatalysis, these
conductive supports alone with the HEO could be directly used
as self-stand electrode.

If we keep the basic structure of laboratory furnaces, but
allowing the sample to quickly pass through the heating zone,
it is also possible to accurate heating and cooling gradient.

The spray pyrolysis method provides such resolution. Small
isolated droplets of the precursor solution could be generated
by collision nebulizer and move through a high temperature
zone. The droplets evaporate and shrink by constraint of surface
tension, finally remain uniform spherical solids, avoiding size
growth of the products during the traditional pyrosis process.
By addition of ammonium nitrate or urea, porous [77] and hol-
low [78] morphologies are obtained. This method could achieve
continuously synthesis with size control ability by tuning the
concentration or droplet generation.

Tube furnaces widely used in spraying synthesis have many
disadvantages. Gases are not good conductors of heat, so uneven
heat transfer in the heating chamber become a very serious prob-
lem. Hu's team adopted the micro channel from carbonized
wood heated by Joule heat to achieve a uniform temperature dis-
tribution in addition to an ultrahigh temperature of 2000 K. Both
HEA and HEO could be synthesized by this method [78]. Another
problem is the diffusion of the spray difficult to control and the
material tending to adhere to the tube walls, leading to low yield
and difficulty in collecting, which could also combine with elec-
trostatic spray to control droplet size and limit its motion.
Endogenous heating could simultaneously prevent the thermal
conduction and tube wall problem. By ejecting and reacting
the precursors in the petroleum gas flame heat source of more
the 2000 °C, flame spray pyrolysis produced about 10 nm size
fine powder [79]. The plasma heating [80] could reach even
higher temperature and promotes HEO synthesis.

Non-temperature-driven synthesis

Synthesis strategies of HEO under mild conditions are highly
desired. The synthetic temperature of hydrothermal method
can be significantly lower than the solid-phase synthesis temper-

ature, but it deviates from the thermodynamic formation tem-
perature of HEO and may causes poor crystallinity or
amorphous produtcts [81] unless mediating by strong agent
(such as high concentration alkali, oxidant) or post-sintering
process. A spinel type HEO with hollow sea urchin morphology
were synthesis by hydrothermal method at 120 °C for 12 h via
ostwald ripening (Fig. 2a), achieving a very high specific surface
area of 199.93 m?g~! poor crystallinity [82]. The poor crys-
tallinity could be solved by post annealing, which effectively
reduces the calcination temperature [83,84] and retains the con-
trollable morphology formed by hydrothermal synthesis [13].
Wei’s team used a ligand-assisted hydrothermal method to fabri-
cated polymer spheres, solid and hollow mesoporous HEO were
then obtained by relative low temperature calcination at
400 °C or 600 °C [83]. Li's team adopted a viscosity mediated
micelle assembly strategy and fabricated dendritic mesoporous
HEO by two-step hydrothermal and calcination (Fig. 2b). Up to
denary of rare earth element were formed with uniform dendritic
structure [85].

Apart from the traditional hydrothermal or solvothermal reac-
tions, more reaction media are adopted. Zheng’s team choose
ionic liquids as solvent and HEO were one-step synthesized with
the aid of NaOH, the ionic liquids significantly reduced the par-
ticle size due to the improved Ostwald ripening [86]. Iwase and
Honma also invested a one-step hydrothermal synthesis for spi-
nel type HEO fabrication using supercritical water at 400 °C for
15 min as the solvent, obtaining small particles around 20 nm
with high crystallinity (Fig. 2c) [87].

Mechanochemical and sonochemical process are also adopted
in HEO synthesis. As mentioned in solid-state sintering proce-
dure, ball milling is commonly used for mixing the precursors.
The high-energy ball milling technique can achieve localized
high temperature and pressure for atomic-level mixing, which
is also adopted in largescale synthesis of SACs [88]. This method
also emerges as fast and solvent-free synthesis, achieving direct
chemical transformations without further processing through
high energy of mechanical collision. Dai’s team endowed rapid
synthesis of HEO in 2 h operated at room temperature, and
ball-milling accelerates the diffusion of M—O bonds from oxide
precursors. As high as 5 wt% Pt or Ru were loaded on (NiMg-
CuZnCo)O, coexisting of single-atoms (SAC) and clusters [89].
Zhang's team modified the mechanochemical synthesis with
double replacement and self-redox of the precursors [90]. The
chloride salts (except Mn) exchanged with NaOH and partial
Co oxidized by KMnOy after ball milling, forming amorphous
hydroxide and NaCl. Porous (CosMnNiCuZn)Ox HEO with spi-
nel structure are obtained after washing NaCl and calcination
at 600 °C. Dai’s team also developed ultrasonication-assisted syn-
thesis, further shorten the time to 10 min. By sonicating the pre-
cursors in high concentrated NaOH, porous perovskite type
HEOs are obtained with specific surface area up to 85.5 m?g~!
(Fig. 2d) [91].

Oxidative etching method transforms the substrates into
HEOs. Qiu’s team used a dealloying process of etching Al-rich
HEA by NaOH. The obtained HEO had spinel lattice according
to TEM and up to octonary cations, but with weak peak in
XRD analysis duo to the poor crystallinity and small grain size
[92]. By adopting precious metal in the Al-riched HEA systems,
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Schematic illustration of non-sintering synthesis and morphology of corresponding HEOs. a) Hollow HEO spheres synthesized via ostwald ripening.
Reproduced with permission. Reproduced with permission [82]. Copyright 2020, Wiley-VCH. b) Dendritic mesoporous HEOs synthesized via micelle assembly
strategy. Reproduced under the terms of the Creative Commons CC BY license [62,85]. Copyright 2022, AAAS. c) High crystallinity HEO synthesized via
supercritical hydrothermal method. Reproduced with permission. Reproduced with permission [87]. Copyright 2022, ACS. d) Porous HEO synthesized via
ultrasonication. Reproduced with permission [91]. Copyright 2020, Wiley-VCH. e) Mesoporous Pt/HEO synthesized via dealloying of HEA. Reproduced with
permission [94]. Copyright 2021, ACS.
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Ag, Pt or even the precious metal based HEA of PdPtCuAgAu
retained as nanoparticles and uniformly dispersed on the HEOs,
which could be nanowire, nanorod, or rugged morphology with
rich porosity depending on the shape of the intermetallic phase
(Fig. 2e) [93,94]. Huang and coauthors developed an two step
electrochemical oxidation method to synthesize (CoCeNi-
FeZnCu)Ox from CuS [95]. The other cations firstly exchange
with Cu ions, and then converted by electrochemical oxidation,
forming the CuO structure and remaining the nanoplate mor-
phology of initial CuS.

Characterization

The multicomponent nature brings new difficulties in investigat-
ing the structure of HEOs, especially for nanocatalysts. A crucial
point is to detect the element of individual atoms and M—O—M
bond relations. Unfortunately, most characterizations give the
average data within certain area, ranging from nanoscale to bulk.
Even some techniques could reach sub-dngstrom resolution at
the atomic scale, there are still problems that no enough infor-
mation to detect elements, for example, contrast in aberration-
corrected scanning transmission electron microscope (AC-TEM)
is related to atomic number of elements but inadequate to distin-
guish them. Nevertheless, owing to improvement of frame rate
in the sampling and computational photography, tomography
is promised to reconstruct the 3D structure. Or quite thick sam-
ples are required to ensure the signal-noise ratio, such as X-ray
absorption spectroscopy (XAS) [96], which gives average data
from macroscopic samples, X-ray energy-dispersive spectroscopy
(EDS) and electron energy-loss spectroscopy (EELS), which both
require high crystalline to reach their resolution limit and prefer
position with ~nm sample to collect data point and output 2D
patterns. Scanning probe microscopy (SPM) has enough
mechanical resolution in atomic scale, but quite a lot of modes
require the conductive samples. The atomic force (AFM) mode
doesn’t fit the mechanism research, which acquires no informa-
tion related to element distribution or electronic structure.

So far, only atom probe tomography (APT) is adapted to deter-
mine the exact 3D atomic compositional mapping in 3D spatial
of HEOs (Fig. 3a) [97]. APT uses time-of-flight mass spectrometry
(ToF-MYS) to collect a huge data set from atom evaporation in a
destructive process towards sample induced by a pulsed laser
and reconstructs nanoscale cloud mapping of individual atoms
[98]. APT provides information including chemical segregation,
dislocations in defects, grain boundaries and agglomeration of
elements, which are hardly obtained in common characteriza-
tion. Combining APT with microscopies and spectroscopies
could comprehensively reveal the structure of HEO, which will
provide new insights into the structure of HEOs and inspire
future research in the field of catalysis.

Powder X-ray diffraction (XRD) also plays important role in
characterizing HEOs. Its patterns present strong evidences
regarding to the phases and structures. Should be noticed that
identifying pure phase materials from HEO candidates via XRD
could be challenging, as multiphase materials may diffract indis-
tinguishable peaks due to same structure and slightly change in
lattice, which demands further refinement for accurate identifi-
cation. To achieve high signal-noise ratio in HEO characteriza-

tion, synchrotron X-ray methods [99] and neutron diffraction
[100] take effect and could detect extra short- and long-range
order information for delving deeper into the structural
mechanism.

Due to the complexity of simulation and the difficulty for
accurate characterization of active sites, Lack of mechanism
researches limited our understanding in catalytic applications
of HEOs. Based on current techniques, researchers still revealed
some differences compared to traditional oxides. Pan’s team
combined the data from AC-TEM (Fig. 3b) to estimate elemental
fluctuation and charge distribution at atomic scale of perovskite
type HEOs [101]. Gao’s team visualized the fluorite type HEO for-
mation via in situ TEM, showing the surface evolution and local-
ized clustering with nonuniform elements concentration in
10 nm scale region [102]. Ultrahigh density of dislocations
(~10° mm™?) in variety types of HEOs were observed by Wan'’s
team using geometric phase analysis, which had high correlation
with the configuration entropy (Fig. 3c) [23].

Structure

The rock salt structure (cubic, Fm-3m) HEOs possess chemical
composition of AO (the A and B present different cation sites,
similarly hereinafter), principally transition metal elements
[24]. The experiment number of this compound (MgCoNi-
CuZn)O is J14 by the first discoverer Rost. He and coauthors also
synthesized and tested the 4-component medium entropy mate-
rials by removing every component and concluded that Cu plays
important role in stabilizing the structure. The specificity of Cu
was also illustrated by Anand’s research [103]. GULP simulations
focusing the J14 system showed the enthalpy loss is quite low for
the increasing numbers of elements in the oxide system. The
M—M bond lengths and M—O bond lengths tend to be average,
thus generating a large stress for Cu and Zn elements comparing
with their monocomponent oxides. However, it is interesting to
note that the common phase of oxide for these two elements are
exactly not rock salt structures in opposite with other 3 elements.
Probably due to the relative high difference of transition metal
ion radius, only a few divalent ions, such as Fe and Mn, could
enter the lattice of rock salt structured HEO [76]. There are also
HEOs which share components close to the rock salt type J14
but have different structure. Huang and coauthors developed a
series materials, one of which only replaces Mg element by Fe (di-
valent oxide FeO is still a rock salt structure), but has a single
phase CuO structure (monoclinic, C2/c) [95].

In addition, LiF and NaCl could also dope in rock salt struc-
tured HEO and maintain its single phase, which inspires applica-
tions in ion conduction and ion batteries. Lun et al. searched and
synthesized possible HEOs with rock-salt structure by density
functional theory (DFT) [104]. Due to the cationic disordered
structure, these Li contained HEOs have very high capacity as
cathodes. Besides these, the synergy of monovalent element
(Li, Na) and trivalent element (Mn, Sc, Ge, etc.) maintains the
charge balance and single phase but extend the range of feasible
ions in rock salt structure HEO. Monovalent and trivalent ions
(allowing a small amount of other valence ions) can also form
layered NaFeO, structure HEO (hexagonal, R-3m) with potential
energy storage applications [105].
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Techniques for investigating HEOs at the atomic scale. a) Atom probe tomography and illustration of the test sample. Reproduced with permission [97].
Copyright 2019, Elsevier. b) AC-TEM based measurement. Reproduced under the terms of the Creative Commons CC BY license. [101] Copyright 2022,
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For cations with various valence, a more complex behavior is valency. The first spinel structure HEO of (NiCoCrFeMn);Oy4
observed when they forming HEOs. The spinel structure (cubic, reported by Dabrowa and coauther [106] was then investigated
Fd-3m) HEOs have both divalent and trivalent sites in the lattice, by Sarkar and coauthors and determined to be [Cog ¢Feg 4][Cro 3-
possessing chemical composition of AB,O4, where of the cations Fep1Mng 3Nig 3]204 for their chemical composition, where the Fe
filled in but their distribution is not fully disordered owing the dispersed in both two sites [107]. This spinel HEO is magnetic
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and can be used for dye degradation and detection [83]. The
structure of (FexCoNiCrMn);O4 could be transformed from spi-
nel type (x < 3) to a-Fe,O3 type (x > 5) with increasing the Fe con-
tent [108]. A variety of di- and trivalent transition metal ions can
enter the spinel structure, including Al, Mg, Zn, Ti, etc. Some spi-
nel type HEOs also have slightly componental different with J14,
such as replacement of Zn by Fe [77] or replacement of Mg by Mn
[90].

A perovskite structure (cubic, Pm-3m) oxide may have diva-
lent and tetravalent cations or both trivalent cations in its cation
sites. The chemical composition of perovskite structure HEOs
could be diverse, which means not only transition metals, alka-
line or rare earth metal elemnts could also enter its sites with for-
mula of ABOs.

Due to the lanthanide contraction, the rare earth oxides are
easily doped with each other with common formula (RE)O,.s.
These rare earth oxides formed cubic structure with various space
groups. The rare earth elements all exhibit the trivalence and the
corresponding oxide belongs to sesquioxide, which has bixbyite
structure (Ia-3). Specific rare earth elements such as Ce and Pr
also possess tetravalence. The ceria has the fluorite structure with
general Fm-3m space group. Tetravalent ions of non-rare earth
elements such as Zr, Hf, Ti, and Sn, are able to enter the fluorite
structure, where the rare earth content can be as low as 1/5 [109].
Some non-rare earth HEOs with a high average valence were dis-
covered, such as rutile type (tetragonal, P42/mnm) [75].

Pianassola and coauthors investigated rare earth based HEOs
and determined the role of Ce and Pr for their structure [110)].
Besides the entropy effect, the redox atmosphere can also affect
the structure. Ce and Pr contribute to the formation of a cubic
phase in oxidizing environments. All samples without either
Ce or Pr developed a single monoclinic structure. Spiridigliozzi
and coauthors reported a simple model applicable to the phase
prediction and found that the deviation of the elemental ion
radii is crucial for the formation of a single crystalline phase,
using standard deviation to measure the cation radii dispersion
[111]. Systems with standard deviation s > 0.095 for the distribu-
tion of cation radii result in the formation of a fluorite structure.
For s < 0.095, first a biphasic system is formed, and then a single-
phase bixbyite structure is formed. Besides these, rare earth based
HEO can also be transformed into pyrochlore phase (cubic, Fd-
3 m) [112].

Catalysis

Thermocatalysts for oxidation

Some oxides inherently possess catalytic activities, so it is not
surprising that HEOs perform well for these reactions. Chou'’s
team reported fluoride type HEO (CeLaPrSmY)O, s in absent of
precious metals with better CO oxidation properties than pure
CeO, [113]. CO oxidation is the common probe reaction adapted
in the research. Its mechanism over J14 nanocatalyst was
detected different from the component oxide alone. Fracchia
and coauthors invested CO oxidation behavior of pure (MgCoNi-
CuZn)O by operando XAS and a reversable Cu(I)/Cu(Il) redox
cycle was observed, indicating a difference in electronic struc-
ture. The HEO was highly active at high temperatures in different
atmospheres, and also exhibited vapor resistance [114]. The spi-

nel type (CuNiFeCoMg)O-Al,O3 catalyst also showed good sul-
fur tolerance in CO oxidation [77]. Dai’s team doped 25% of
cation in CeO, with transition metals using colloidal synthesis
[115]. The HEO dopants induced oxygen vacancies and activated
lattice oxygen, which is proofed by 80 isotope exchange, pro-
moting good CO oxidation property and resistance to poisoning
and vapor.

SACs occur good poisoning resistance, unlike the clusters.
Adopting the HEOs as substrate further enhances the ability.
Zhao and coauthors prepared a Pt SAC-HEO/AIL, O3 hybrid cata-
lyst for CO oxidation. The spinel type HEO (CoNiFeZnCu)Ox
assisted for the vapor resistance and Pt stabilization, the Pt trans-
formed to oxidic-metallic phase but maintained the activity com-
pare to non-HEO samples [116]. Dai’s team also prepared HEO/Pt
SAC with good CO oxidation property and thermostability at a
relatively low loading of 0.3 wt%, which remained highly dis-
persed after high temperature reduction [117]. Another porous
HEO (CeZrHfTiLa)Ox could stabilize Pd SAC, which enters the
fluorite lattice, but the process is forbid with CeO, alone [60].
The change from monocomponent to multicomponent caused
shift of diffraction peaks in XRD. According to XPS, Pd is tetrava-
lent, but XAS results indicated that Pd is between zero and biva-
lent. The phenomenon could be the result of abundant surface
oxygen vacancies, which are able to stabilize the Pd SAC and
consistent with the conclution of other studies [118,119]. CO
oxidation was tested and the HEO/Pd SAC exhibited low activa-
tion energy and high hydrothermal stability.

As for the HEO-based precious metal nanocatalysts, Hu’s team
reported a (ZrCe)os(MgLaYHfTiCrMn)3Pdo 10, x catalyst
designed according to material library from their high through-
put synthesis. The precious metal contained HEO exhibited good
methane combustion properties and long-term stability no mat-
ter the presence of water [69]. Dai’s team discover the high lattice
compression in the porous perovskite type HEO Ru/[Bag 351 3-
Big 4][Zro 2Hfo 2 Tip 2Fep 27]O3. Even only a loading of precious
metal as low as 0.2 wt% performed better then BaRuO3; material
in CO oxidation [91]. A self-regenerative catalyst concept based
on HEO/Au materials was also exhibited [42]. Trivalent Au was
stabilized only when existence of rock salt high entropy phase
in treatment at 900 °C. The phenomenon was not appeared in
non-HEO samples. Annealing at 700 °C resulted in phase separa-
tion along with Au cations diffusing out of the HEO lattice, indi-
cating that entropy is an important factor in stabilizing Au
species (Fig. 4a). Au agglomeration leaded to higher CO oxida-
tion activity and the surface condition could be restored by sin-
tering and annealing cycles.

Other than CO oxidation, HEO nanocatalysts are also discov-
ered application of organics oxidation in mild condition. Shu
and coauthors reported a highly defective fluorite structure
Cep.5(ZnCoMgNiCu), s0x with half of the cations all bivalent,
while 50% atomic ratio doped CeO, with CuO is biphasic
[120]. The material showed good VOC combustion properties
due to the oxygen vacancies [121] and also high hydrothermal
stability (Fig. 4b). The porous lamellar structured (MgCoNi-
CuZn)O synthesized by Qiao’s team promoted good benzyl alco-
hol oxidation activity. They found the porous structure
accompanied with multicomponent increased the density of
oxygen vacancies (Fig. 4c). Removing any of the five elements
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leaded to a decrease in activity, which confirmed the entropy
effect affects the activity [64].

Thermocatalysts for C; transformations
Precious metal loaded (MgCoNiCuZn)O materials were investi-
gated for CO, hydrogenation. Using mechanochemical synthe-
sis, HEO supported highly dispersed Pt or Ru were fabricated by
one-step method, promoting high loading up to 5 wt% [89].
The catalysts were used for FWGS and exhibited good sintering
resistance. Under the condition of 500 °C, the precious metal
maintained as SAC and cluster, and therefore exhibited high
CO selectivity, usually originated from the highly dispersed sites
[122]. Meanwhile, similar single-phase materials loaded with pre-
cious metal prepared by incipient wetness impregnation were
unable to resist sintering and therefore prefer CH,4 production.
The spinel type porous (CosMnNiCuZn)Oy was test in tWGS
reaction and the Cu, Co and Ni elements were partially reduced,
the derived catalysts exhibited good stability and self-
regenerative properties (Fig. 4d) [90]. Zhang's team also reported
HEO nanocatalyst Zrgs(NiFeCuMnCo)ys0x  with  self-
regenerative alloy exsolution in reducing atmosphere and tested
the rWGS reactions, achieving good sintering resistance proper-
ties for a period of 500 h [61]. Wang and coauthors reported a
spinel HEO (CoCrFeNiAl);0y4 in ethanol steam reforming, reach-
ing 81% of the hydrogen yield [123].

Electrocatalysts for water splitting
HEOs are also used in several electrocatalytic reactions, among
these, the oxygen evolution reaction (OER) is one of the two
half-reactions of water decomposition, which could produce
green hydrogen and replace the non-renewable fossil fuel [124—
126]. Liu and coauthor tested the OER activity of nanosized J14
HEO derived from electrospinning metal-PAN polymer precur-
sors. Enhanced Co/Ni-O covalency was confirmed by com-
pressed Co—O and Ni—O bonds (Fig. 5a) and improved four-
electron OER performance with the aid of abundant lattice oxy-
gen and oxygen vacancies [66]. Wu and coauthors used Ni foil as
the conductive supports of Joule heat for (MgFeCoNiZn)O syn-
thesis, where a little compositional difference from J14 is that
Fe element replaces Cu. Atomic strain distribution pattern clearly
showed uneven strain caused by Fe replacement (Fig. 5b). The
continuous electronic structure of HEO could tune the d-band
center to increase the OER property [76]. The same compression
of the M—O bonds in HEO structure occurs with increasing com-
ponents. The adsorption of OH* is crucial step in OER reaction.
The volcano plot on adsorption energy showed a six component
(CoCeNiFeZnCu)Ox material closer to the peak (Fig. 5c¢) than
other HEOs or monocomponent oxide which also exhibited
highest OER activity and demonstrated by simulated binding
energies of oxygenated intermediates. Besides rock salt structure,
Wang's team tested the spinel HEO hybrid with carbon nan-
otubes and significantly improved the OER properties compared
with pure HEO [84]. The HEO fabricated by supercritical
hydrothermal synthesis had the site occupancy determined as
[Fe.35C00.33ZN0 32| [Mng 71Feg.00C00.03Nio.36] 04 by XAS analysis,
which showed low Tafel slope in alkaline OER [87].
Rare-earth-containing perovskite nanomaterials have been
used in OER reaction [127]. Ting’s team examined the OER activ-

ities of La(CrMnFeCoNi)O3 system where six samples including
the multicomponent in equimolar and double dosage of each
metal were synthesized and tested [128]. All samples outper-
formed better than any monocomponent and the non-
equimolar HEO with high Co content had the highest perfor-
mance (Fig. 5d), proofed by free energy of the rate-determining
step and Co(III)/Co(Il) ratio from DFT. The composition predic-
tion and optimization was further invested by Okazaki and coau-
thors based on Bayesian optimization [129]. They gave the same
conclusion that non-equimolar HEOs with high ratio of active
elements performed better in OER. These compositions were all
rhombohedral with R-3c¢ space group and the configuration
entropy calculated by formula unit belonged to the medium
entropy, due to the and inactive elements (see Fig. 7c) . Besides
oxides, cation sites of halide perovskites could also be replaced
by five or more elements. Dai and yang’s team reported a per-
ovskite type HEMs K(MgMnFeCoNi)F;, which could form
oxide-fluoride solid solution with La(CrMnFeCoNi)O3 and fur-
ther improved the configuration entropy (Fig. 5e), endowing a
new strategy for improving the activity in OER [130]. Sun’s team
observed the abundant surface oxygen vacancies and fast oxygen
ion diffusion rate in HEO nanocatalyst [Lag Sro.4][CoosFeo 1-
Mng1]O35, promoting OER kinetics [131]. Promoted OER by
oxygen vacancies of HEO was again proofed by their subsequent
research. The disordered cations in HEO nanocatalyst [Lag ¢St¢.4]
[Cog 2Fep ,Mng 2Nip 2Mgp 2]O3 reconstructed the surface, thus
kinetically favoring oxygen formation via lattice oxygen-
participated pathway [132].

Wang's team reported a rutile type HEO composite (RuNi-
MoCrFe)O,/CNT catalyst and showed better acidic OER activities
than RuO; [75]. Svane predicted the OER properties on (110) sur-
face of another theoretical rutile type HEOs (RuTilrOsRh)O, and
gave the model describing the reaction pathways [133].

Electrocatalysts for other reactions

Although most known HEO-based electrocatalytic nanomaterials
are used for OER reations, the researchers still found some that
applied to other reactions. Liu’s team reported (CoCuNiFeMn);-
0O, for oxidation of ammonia with 85%+ Faradic efficiency
[134]. Chen’s team predicted potential HEO catalysts from DFT
and synthesized the sea urchin shaped (Nip 20C0g.16F€0.24Mng 18-
Vo.22)304 comprised of ultrathin sheets. The structured interfaces
and unique electronic structures promoted remarkable bifunc-
tional N, reduction reaction (NRR) and OER properties (Fig. 6a)
[82].

Tian’s team synthesis a perovskite type HEO system in which
Lag 7Bip 3Mng 4Fep 3Cup 303 had the largest lattice compression,
exhibiting high ORR properties and other electrochemical appli-
cations. The electron-electron couplings between the donor and
acceptor cations were enhanced by cocktail effect [135]. Qiu’s
team reported a bifunctional electrocatalyst of spinel type Ag/
(AINiCoFeCr);04. The existence of Ag provided good ORR prop-
erties and also promoted the OER reaction comparing with pure
HEO. Although Ag is not suitable in OER but it still significantly
decreased the Tafel slopes and overpotentials [93]. A kilogram
synthesis of Pb(NiWMnNbZrTi)O3 was achieved by Kang’s team
by solid sintering. The HEO exhibited 91% selectivity in alkaline
electrosynthesis of H,O, over a wide potential while the low-
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entropy Pb(ZrTi), sO3 performed worse in stability and selectivity
of two electron ORR reaction [136]. The released lattice strain
and reduced electron migration capability detected by in situ
Raman could be the reason of such differences. This bifunctional
catalyst also had fenton reaction activities, which degraded pol-
lutants using the as-produced H,O, in ORR.

Mascotto’s team reported a [Lag 4Sro6.4][Tio.6Fe0.35Nip.05]O345
catalyst with metallic active sites formed by exsolution during
catalysis [137]. The HEO support has advantages including
oxygen vacancies and tunable Fe-Ni ratio by changing the Sr
content, bimetallic Fe-Ni sites prefer oxidative dehydrogenation
of ethane rather than ethane reforming in the present of Fe(0)
sites.

Photocatalysis
Edalati and coauthors reported a mixture of monoclinic (AB,O7)
and orthorhombic (AgB,O,7) type perovskites with formula of
(TiZrHfNbTa)sO;;, the HEOs had enhanced visible adsorption
and bandgap as 2.9 eV, exhibited photocatalytic activity for
water splitting and CO reduction [57]. Spinel HEO
(GaCrMnNiZn);0O4 was synthesized by Wang’s team and after
calcining at different temperature, with narrow bandgap of
1.53 to 1.64 eV [138]. The catalyst with treatment at 800 °C pos-
sessed the highest activity in photocatalytic CO, reduction.
Sarkar and coauthors started from compound (CePr)O,,
designed a series of rare earth oxides of the (CeGdLaNdPrSmY)
O, system by adding element one by one and tested their
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potential in photocatalysis [79]. A phase transition from Fm-3m
to Ia-3 after calcined at 1000 °C was observed when the oxide
is HEO at the condition of 5-7 elements. Since all elements other
than Ce and Pr are trivalent, the 6 becomes larger as the number
of elements increased, consistent with the measured change in
amount of oxygen vacancies, produced a lower band gap in the
visible light (Fig. 6b). Wu’s team reported piezo-photocatalytic
properties for dye decomposition using (CaxZrYCeCr)O, with fer-
roelectricity [139].

The status quo of HEOs to catalytic applications

Despite the promising catalytic applications, should recognize
that the performance of the current HEOs basically follows the
“cocktail” effect, where the performance of HEOs still highly
depends on the intrinsic activity with effort from synergies.
Non-equimolar ratio in HEO system may still be more beneficial
for catalytic applications despite of the highest configuration
entropy, despite of the entropy effect. There is no coincidence
that the HEO catalysts possess the same catalytic applications
and similar reaction pathway as specific one or several compo-
nents. The initial progress in these reactions has been facilitated
by these active elements, as the mainstream research ideas reflect
that creating HEO based catalyst still relies on simple strategies,
such as adding elements and finding analogues based on the
existed catalytic materials. Thus, the industrial potential of these
applications has yet to be fully realized.

In summary, electrocatalysis studies focused on the rock salt,
spinel, and perovskite type HEOs mainly composed of transition
metals, some of which are inherently active in alkaline OER reac-
tions [140]. While photocatalysis studies prefer fluorites type
mainly composed of rare earth elements, especially Ce, its oxide
has visible photocatalytic properties [141]. HEOs containing ele-
ments with variable valence are found to be effective in oxida-
tion reactions, such as Ce, Cu, Co, etc., nevertheless, their
oxides also exhibited CO oxidation properties as the probe reac-
tion [142]. Monovalent Cu appears in CO environment and has
good resistant to vapor, which is in consistent with prior reports
[120]. And some elements seem having the higher weight in
determining the properties. As motioned above, Ce and Pr are
able to stabilize the fluorite structure with strongly favor of phase
formation of fluorite. But the fascinated properties from unex-
ceptional synergies were rarely discovered for HEOs.

It's still early to assert that HEOs could reduce the cost of cat-
alysts. Active components are always expensive due to the
reserves of mineral, supply and demand, and whether existing
other applications. Mineral resources are not evenly distributed
among countries and for example, during the COVID-19, the
prices of most precious metals fluctuated greatly, due to the
impact of supply, which the is limited to a few production areas
and not heavily stored by the downstream industries. Compar-
ing to the catalysts with active element as the major component,
HEO could significantly lower the price of raw materials by
reducing the usage of monocomponent, where some cheap ele-
ments filled in. However, HEOs with high ratio of “inactive” ele-
ments, such as Mg for battery anode or Cr and Mn for OER [129],
may perform less well even than single component materials. For
supported precious metal catalysts, the cost is dominated by their
loading amount, rather than the substrates. Additionally, the

recycling of HEOs could be challenge owing to the separation
process of the multicomponents.

Discussion

Prediction new HEOs

The formation of new HEOs is full of challenges as viable combi-
nations of elements can be scarce, despite a large number of pos-
sible combinations. Analogously, according to a search of the
simulated materials database AFLOW, very few viable combina-
tions of metals exhibited entropy stabilization from increasing
the number to offset enthalpy [143]. Thus, more mechanistic
investigations on both short- and long-range disorder are neces-
sary. The assumption that cations in HEOs are completely disor-
dered overlooks the impact of factors such as charge interactions,
radii differences, and dislocation on material entropy. In design-
ing new HEO materials and HEO supported SACs, strategies
focusing building blocks can be adopted. As far as we know,
the stability of HEO is highly dependent on the ionic radius.
The significant differences in the ionic radii among transition
metals present a challenge for discovery of new HEOs. Neverthe-
less, the concentrated radius resulting from lanthanide contrac-
tion in rare earth elements may provide opportunities for the
discovery of previously unknown HEO materials. Considering
this, Dong’s team presented a material design method based on
cluster model for optimizing the rutile type HEOs containing
Ti, Sn, Nb, Ta and Ga/Fe/Cr (Fig. 7a) [144]. Block strategy con-
nects small domain associating multiple atoms with long-range
lattice periodicity and distribution disorder, which simplifies
the amount of configurations. The results will facilitate the
understanding of interatom relationships [145-148] and help
in identifying more factors affecting stability from a multicom-
ponent perspective. Novel HEO supported SACs could also be
design based on the metal pairs, undercoordinated atom sites
or coordination in higher shells for more accurate microenviron-
ment regulation.

Moreover, algorithms become more important in theorical
studies [149]. Computer clusters enable the parallel searching
of materials and predicting of properties via DFT calculations.
Multistep filtering strategy based on randomization and iterated
local search (Fig. 7b) have been demonstrated in some researches
[150]. However, current strategies may be inefficient due to lim-
itations in computer performance (unfortunately, it is reaching
the bottleneck) and material complexity. Therefore, new algo-
rithms capable of handling larger datasets and more complex
models describing the disorder condition of HEMs are highly
demanded. Fortunately, machine learning-assisted design along
with robotic high-throughput synthesis and screening (Fig. 7¢)
technique [151] holds promise in developing new HEO materials
and optimizing catalysts. Velasco and coauthors adopted materi-
als library with the aid of machine learning and robotic high
throughput synthesis, more than 100 samples of (CePrLaSmY)
O, are tested (Fig. 7d) and the phase, oxygen vacancy and the
direct band gap are examined [151]. The research revealed more
on inter-element interactions in multicomponent beyond focus-
ing on single element by a traditional viewpoint based on strat-
egy of elemental addition and deletion in synthesis.
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Combining HEO with SAC

SACs feature maximized atom-utilization efficiency, unique
selectivity and poisoning resistance, inheriting both advantages
from homogeneous and heterogeneous catalysis, which inno-
vates the catalysis field in past decade [152-154]. By adopting
HEOs as supports, active materials such as precious metals could
be introduced and further atomically dispersed, solving the prob-
lem of low activity that plagues current researches of HEOs [155].
SACs loaded on HEO take advantage of the enhanced effects and
make most of the wide adjustability from high entropy structure,
also arise the unique coordination environments and electronic
structures themselves. The combination of both exhibits high
industrial potential. But so far, there are still limited reports of
SAC/HEO materials, probably due to the high tendency of aggre-
gation of dispersed precious metal atoms on ordinary oxides
under high temperature. Some synthetic procedures of SAC
could perform at the temperature of HEO synthesis. For example,
ceria showed ability trapping single atoms during calcination
[156] and similar strategy may also works for other flourite type
HEO:s. Fortunately, a considerable number of SACs are fabricated
by post-synthetic methods and avoid annealing process, which
remain possibility in extending the methods to SAC/HEO hybrid
material synthesis. On the other hand, HEOs have the potential
instead to overcome the difficulties the traditional oxide-based
SACs facing, such as poor loading capacity, low high-
temperature stability and serious leaching. Their advantages of
rich defects, abundant oxygen vacancies and enough stability
against catalytic atmosphere not only meet the criteria for
atomic stabilization but also contribute to an enhanced metal-
support interaction [157,158], which even promoting better
properties of SACs. The surface reconstruction ability also
enables self-refreshing of active sites and redispersion of SACs
owing to high-temperature favored dynamic structure of HEOs.

Perspective for HEOs in nanocatalysis

HEO has brought innovative ideas to nanocatalyst design. By just
replacing the component of specific site with > 5 major compo-
nents, if the oxide remains a single phase, it probably gain from
the multiple effects, exhibiting advantages including abundant
lattice oxygen, high density of dislocation and defects, corrosion
resistance properties, amorphous like properties, acceptable sta-
bility and self-regenerated properties, which are beneficial to
catalysis. More importantly, HEOs provide wide adjustability
and complexity in localized environments owing to the multi-
component. By exploring synthetic procedures in extreme con-
ditions and fast quenching methods to achieve valence
combinations and non-trivial structure design, there is great
hope to obtain novel catalyst systems, aiming to solve long-
standing problems in vision of catalysis, such as selective oxida-
tion and activation of C—H bonds [159,160]. At the same time,
the mechanisms involved in current HEO systems still remain
largely unstudied. Same as the ordinary oxide based catalytic
materials, characteristics including specific surface area, defects,
facets, etc. also influence the of activities of HEOs, demanding
systematic researches. The revolution in technique may bring
possibility to obtain information about electron density, valence
states, lattice distortion, vacancies, etc., which enhances the

understanding and answer the numerous unknowns about the
formation and mechanism in HEOs.

Systematic study of these properties and find green synthesis
strategies to achieve large-scale, low cost and morphology con-
trollable production of HEOs are another challenge but more
confident to achieve breakthrough in the short-term. The goal
is beneficially for the improvement of existing catalytic systems
and has high application prospects in oxophilnic reactions
[161] especially for nanozymes [162], OER and CO, reduction
[163]. Moreover, HEOs can serve as not only catalysts but also
ideal supports for metallic active sites, opening up new avenues
for research and industrial applications in thermo-, electro-,
and photocatalysis.
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