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Abstract: Multi-element nanoparticles (NPs) consisting of five or
more elements have been increasingly studied in the past 5 years.
Their emergence is taking materials science one step further
because they exhibit superior properties to conventional NPs in a
range of respects, including catalysis. This review focuses on the
recent progress in multi-element NPs regarding synthesis,
especially in regard to chemical synthesis, characterization, and
properties. We begin with a brief introduction of the multi-element
NPs and an overview of their synthesis methods. Then, we
present representative examples of multi-element alloy NPs and
ceramic NPs, including oxide NPs prepared by chemical
syntheses. This review intends to provide useful insights into the
chemical methods that are used to synthesize multi-element NPs,
and includes a discussion on the possibilities arising from their
use in new functional materials.
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1. Introduction

There are about 120 elements on the periodic table, and all
natural and artificial materials are composed of their combinations.
The properties of these materials have been generally improved
by mixing some elements into the main elements, for example,
Fe-based alloys and Ce-based oxides.'? To overcome the
limitations of this conventional approach, increasing numbers of
studies have recently focused on multi-element alloys. In
particular, the idea of high-entropy alloys (HEAs) consisting of five
or more elements with equal or relatively large compositions was
proposed in the early 2000s,4 and this approach has become
very popular. For such alloys, we cannot define the main
component, and they often show unexpected properties that are
not observed in the constituents themselves (known as the
“cocktail effect”). This could be a game-changer that would
transform how functional materials are designed and release us
from the preconceived image of the elements. Although studies
on multi-element materials started from the mechanical properties
of solid-solution alloys, they have recently expanded to include
the synthesis of not only alloys, but also ceramics, and to
investigate their thermoelectric, magnetic, and ion-conducting
properties.!

Nanoparticles (NPs) have attracted attention because their
physical and chemical properties differ from those of their bulk
forms because of their large surface-to-volume ratio and the
quantum size effect.’l To enhance their unique properties, many
types of synthesis techniques have been developed for not only
metal NPs, but also ceramic NPs. Chemical synthesis is one of
the best ways to tune the particle size,° morphology,*°-* and
composition*#-11 of NPs and obtain new materials that cannot be
found in bulk states*”-?YI because NPs are built up from metal ions
at the atomic level during reaction in a solution. As with bulk
materials, mixing some elements into the main elements is also
known to improve properties, and many binary and ternary alloy
NPs and ceramic NPs have been investigated.?>2% After the
explosive growth in the number of studies on multi-element alloys,
research since 2018 on multi-element alloy NPs, including HEA
NPs, has been extensive.?%-3 Mirroring the development of alloy
NPs, multi-element ceramic NPs, including oxide, sulfide, and
carbide NPs, have been reported,®**1 describing attractive
properties such as high catalytic activity and stability. In addition,
the number of studies on multi-element NPs is increasing year-
by-year.

For multi-element NPs, configurational entropy S is much
larger than in binary systems because, with a simple calculation,
the number of atomic configurations in a crystal structure
increases exponentially with an increasing number of
constituents.®! However, this is not perfectly correct. It is reported
that chemical short-range order in a multi-element solid-solution
phase affects the number of atomic configurations. The chemical
short-range order is developed by the heat of mixing of immiscible
elements and local lattice distortion. Therefore, in a precise sense,
the number of atomic configurations depends on not only the
number of constituents but also the overall thermal history of the
solid.*? Therefore, considering Gibbs free energy, G = H — TS,
synthesis at higher temperatures is considered to be favorable for
obtaining a single solid-solution phase in which all constituents
are randomly and homogeneously distributed. However, since
high temperature also accelerates particle growth and sintering, it
is difficult to apply simply the synthesis techniques of bulk HEAs



and high-entropy ceramics (HECs) to synthesize multi-element
NPs. In addition to the synthetic challenges, for multi-element NPs,
characterization and understanding of the mechanism of their
properties become much more difficult because many kinds of
elements exist in a nanometer-sized particle.

In this review, we focus on recent progress in the
development of multi-element NPs, including alloys and ceramics,
in regard to synthesis, especially in chemical synthesis,
characterization, and properties. Although the history of synthesis
for multi-element NPs is relatively new, we would like to introduce
mainly wet-chemical synthesis because the wet-chemical method
is well developed in monometallic NPs and allows the size,
morphology, and composition of multi-element NPs to be finely
tuned. We begin with a brief introduction of multi-element NPs and
present an overview of their synthesis methods. Then, we discuss
representative examples of multi-element alloy NPs and ceramic
NPs, including oxide NPs prepared by chemical syntheses. This
review intends to provide useful insights into the chemical
methods that are used to synthesize multi-element NPs, and to
discuss the possible use of such NPs as new functional materials.

2. Overview of Multi-element NPs
2.1. Overview of Multi-element NP Synthesis Methods

Figure 1 shows the number of publications related to multi-
element NP synthesis. To investigate trends in synthesis methods
for multi-element ceramic NPs as well as alloys, we used “high-
entropy” and “nanoparticle” as search keywords. Since the
carbothermal shock (CTS) method was reported by Yao et al. in
2018,P¢1 reports on multi-element NPs, especially those that have
five or more elements, have increased drastically. These
synthetic methods can be classified into four categories: pyrolysis,
chemical synthesis, mechanochemical synthesis, and the top-
down method.
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Figure 1. The number of publications related to multi-element nanoparticle
synthesis using the keywords “high-entropy” and “nanoparticle” to search
SciFinder (March 2022). Orange: pyrolysis, yellow: chemical synthesis, blue:
mechanochemical synthesis, light blue: top-down method, and gray: others.

2.1.1. Pyrolysis
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Pyrolysis is the most common method to obtain multi-element
NPs. In the typical case, metal salt precursors mixed in a solution
are loaded on supports such as carbon materials and alumina. A
subsequent heating process decomposes the salts to produce
NPs. In particular, rapid heating and cooling processes such as
the CTS method and fast-moving bed pyrolysis*®! have been
studied intensively because these methods enable the formation
of solid-solution NPs, even in immiscible elemental combinations.
Alternatively, sol-gel materials or metal—-organic complexes such
as metal-organic frameworks (MOFs) can be used as a
precursor.“°44 |n addition to HEAs, high-entropy oxides, sulfides,
phosphides, and carbides are also increasingly synthesized by
using pyrolysis methods.

2.1.2. Chemical Synthesis

Multi-element NPs can be synthesized from multiple metal salts
in solution by chemical reaction, such as reduction, hydroxylation,
and sulfurization. The details are discussed in the following
sections.

2.1.3. Mechanochemical Synthesis

Mechanochemical synthesis is a classical method used for bulk
HEAs and NPs. Multiple metal powders and supports are mixed
with stainless steel or ceramic balls, and multi-element NPs are
obtained by homogeneously milling the mixture.%#% The greatest
advantage of this approach is its simplicity and ease of scale-up.
Several patents have been filed in this field.

2.1.4. Top-down Method

In the top-down method, multi-element NPs are synthesized from
bulk metal sources using breakdown methods such as laser
ablation, sputtering, and arc-discharge techniques.?®4¢l These
methods provide NPs without any protective agents. As metal
sources for the top-down method, both single element targets and
pre-alloyed ingots can be used.[3247]

2.1.5. Other Methods

Various other methods for synthesizing multi-element NPs have
been developed; however, there are few reported cases,
electrodeposition being one of them. By extending the CTS
method, in this technique, metal precursors confined in water
nanodroplets are rapidly reduced by electro-shock.[*!

2.2. Chemical Synthesis Method of Multi-element NPs

Chemical synthesis methods have been used to synthesize
monometallic and bimetallic NPs,**-54 and the approach has
recently been extended for the synthesis of multi-element NPs. In
the chemical synthesis method, multi-element NPs are
synthesized in a bottom-up manner from multiple metal salts in
solution, and well-dispersed NPs are easily obtained. One of the
advantages of the chemical synthesis method is that NPs with
small sizes such as in the 1-5 nm range can be obtained because
the synthesis can be carried out under milder temperature
conditions (<300°C) than that required for other methods such as
pyrolysis techniques. These features make this method promising
for developing efficient catalysts, which require many reaction



sites on the surface. The reported chemical syntheses of multi-
element NPs, especially focusing on five or more elements, are
summarized in Table 1. The number of reports on multi-element
NPs using chemical synthesis has been increasing since 2015.
Most of these refer to metal NPs, which are synthesized by using
reducing agents such as NaBH, and LiBEtsH. Solvents such as
ethanol, ethylene glycol (EG), and triethylene glycol (TEG), and
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protective agents such as oleylamine, can also serve as reducing
agents. Multi-element oxide NPs are also synthesized by a
chemical reaction in the presence of alkali. In many cases, the
chemical reactions are carried out under mild heating, and
microwave heating is also used. The details are discussed in the
following sections.

Table 1. Summary of high-entropy nanoparticles synthesized by chemical synthesis and their synthesis conditions.

Element Temp. Reductant | Solvent Protective Size Structure Properties Ref.
[°C] additional agent agent [nm]
NiFeCrCuCo 250 LiBEtsH benzyl ether oleic acid/ 26.7 fce - 1521
oleylamine
PtAuPdRhRu RT EGHE EG - 2.8 fcc catalysis 53]
CoCuMgNiZnO 400 - H>O/EtOH/EG Pluronic 5 spinel catalysis 28]
P123
PtirPdRhRu 200 EtOH EtOH/acetone - 200 fcc - 31
RuRhPdOsIrPt 230 TEGWP! TEG PVPL 3.1 fcc catalysis (541
CrMnFeCoNiO 140 urea water CATBU 100-200 spinel capacitance 551
BaSr(ZrHfTi)Os, RT NaOH water - 5.9 perovskite catalysis 561
BaSrBi(ZrHfTiFe)Os,
Ru/BaSrBi(ZrHfTiFe)Os
PtNiFeCoCu 220 oleylamine/gluco  oleylamine CTACE) 3.4 fce catalysis (301
se/Mo(CO)s oleylamine
IrPdPtRhRu 230 TEG TEG PVP 55 fce catalysis 1571
PdCuPtNiCo 236 oleylamine oleylamine/ oleylamine 10.4 B2(PdCu)core/ catalysis 58]
octadecene PtNiCo shell
ZnCoCulnGaS 140 di-tert-butyl oleylamine/ trioctylphos 13 wurtzite-type - 1591
disulfide octadecene/ phine
benzyl ether
PtPdFeCoNi microwave - - - 12.8 fce - (60]
(MgCuNiCozZn)O microwave NH4OH water - 60-100 amorphous Li-ion storage 161]
NiCoFePtRh, RT NaBH4 H2SOa4/water - 1.68 fcc catalysis 162]
PtRhAulrPd,
CoCuANnPtPd,
NiCoCuPtAu,
CdNiPtIrPd,
CoNiCdPtPdIr,
CoCdPtPdIrAu,
CoNiCuCdPtPdIr,
FeCoNiCuCdPtirPd
FeCoNiCuSn RT NaBH4 HCIEG - 8-135 intermetallic capacitance 163]
RuFeCoNiCu 220 oleylamine oleylamine oleylamine 15-16 hcp catalysis 164]
PdFeCoNiCu 220 oleylamine oleylamine oleylamine 34 bce catalysis 651



AuHgPdPt RT - water
AuPdPtRhRu RT ionic liquid water/ionic liquid
RuRhPdAgOsIrPtAu 230 TEG TEG
PtRuNiCoFeMo 210 oleylamine/gluco  oleylamine

se
IrPdPtRhRu 230 TEG TEG
IrPdPtRhRu 300 Ethanol NaOH/H20
IrPdPtRhRu RT ?? THF
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sodium 30-40 fcc catalysis [66]
citrate

- 3 fcc catalysis (67]
PVP 4 fce catalysis 24
STABIY fce catalysis (2]
oleylamine

carbon 4.6 fcc catalysis [68]
PVP 3.1 fcc - 169]
carbon 1.32 fcc catalysis [70]

[a] EG: ethylene glycol. [b] TEG: triethylene glycol. [c] PVP: polyvinylpyrrolidone. [d] CATB: (1-Hexadecyl)trimethylammonium bromide. [e] CTAC: (1-Hexadecyl)

trimethylammonium chloride. [f] STAB: trimethyl ammonium bromide.

3. Chemical Synthesis and Properties of Multi-
element Alloy NPs

3.1. Synthetic Methods of Multi-element Alloy NPs

For clarity, we confined the chemical synthetic method to (1)
solution-based reactions and (2) reduction by a reducing agent.
The first report can be traced to 2015, when Singh and Srivastava
reported the formation of NiFeCrCuCo NPs by injecting a strong
reducing agent, namely superhydride (LiBEtsH), into a reaction
mixture of benzyl ether, oleic acid, oleylamine, and metal
precursors under a 250°C and Ar atmosphere.? The authors
claimed that “there exists a particle-to-particle compositional
distribution between the nanoparticles in the as-synthesized
nanoparticle dispersion”. After 4 years, Liu and coauthors
reported an ultrasonication-assisted wet chemistry method to
synthesize carbon-loaded PtAuPdRhRu alloy NPs with around a
3 nm diameter.%l In localized microscopic regions, formation,
successive growth, and implosive collapse of microscopic
bubbles occurs, which can achieve extremely high temperatures
(ca. 5000°C) for momentary time spans (< 10~° s).['*"2 The as-
prepared NPs were dual fcc phases that changed into a single fcc
phase after high-temperature annealing at 700°C in an N
atmosphere. We note that one of the definitions of HEA is single-
phase. In 2020, Broge et al.®* explored the possibility of obtaining
PtirPdRhRu HEAs by a one-pot solvothermal process. The
homogeneous distribution of each element for NPs with larger
sizes was evident. Whereas the stoichiometries varied for smaller
particles; for example, some NPs have a Pd-rich tail. The authors
concluded that “HEA solvothermal synthesis is possible, but the
product is slightly inhomogeneous with a minor fraction of
particles deviating from the main HEA phase”. After the three
early reports noted above, various chemical synthetic methods
have been reported to afford well-defined multiple-elemental alloy
NPs.
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Figure 2. Schematic illustration of the hot-injection method.

3.1.1. Hot-injection Method

In 2020, Wu and coauthors reported the first example using a non-
equilibrium wet-chemical process to synthesize HEA NPs.5 As
shown in Figure 2, the solution of the metal precursors was
injected into a preheated mixture of reducing agent (i.e.,
triethylamine glycol, TEG) and protecting agent (i.e.,
polyvinylpyrrolidone, PVP). This was termed the hot-injection
method, which ensures the reduction of all metal ions
simultaneously.["®!

Taking IrPdPtRhRu HEA NPs as a showcase, five metal
precursors, namely, HalrCls, Ky[PdCls], K2[PtCls], RhCl3-nH,0,
and RuCls-nH;0, were dissolved in ultrapure water (0.2 mmol of
each precursor, total 50 mL water).5” Then, the aqueous solution
was added dropwise to a preheated TEG solution (300 mL)
containing PVP (K30, MW ca. 40000, 1.11 g) at 230°C. High-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images showed that the prepared
NPs had a mean diameter of 5.5 + 1.2 nm. The energy-dispersive
X-ray spectroscopy (EDX) maps showed the homogenous
distribution of each element over the whole NP (Figure 3a). X-ray
photoelectron spectroscopy (XPS, Mg Ko anode) showed that
each peak could be assigned a metallic state (Figure 4a,b).
Furthermore, the lab XPS using Al or Mg Ko was useful in
determining the surface compositions. The consistent result
between XPS (surface composition) and X-ray fluorescence



spectroscopy (XRF, bulk composition) (Figure 4c) suggested the
successful preparation of HEA NPs by the hot-injection method.

A similar method can be used to synthesize PVP-protected
platinum-group-metal (PGM) HEA NPs (PGM-HEA NPs, Figure
5a,b)> and noble-metal group HEA NPs (NM-HEA NPs, Figure
5¢,d).?4 Both PGM-HEA NPs and NM-HEA NPs can be well-fitted
with a single fcc phase.

Figure 3. HAADF-STEM images and their EDX maps of IrPdPtRhRu HEA NPs
prepared by different methods. Hot-injection method with (a) PVP as protecting
agent (adapted with permission from ref. [57] Copyright 2020, The Royal Society
of Chemistry) and (b) carbon as support (PVP-free) (adapted with permission
from ref. [68] Copyright 2021, The Royal Society of Chemistry). Continuous-flow
reactor method with (c) PVP as protecting agent (equipment in Figure 6a)
(adapted with permission from ref. [69] Copyright 2021, American Chemical
Society) and (d) carbon as support (PVP-free) (equipment in Figure 6c,d)
(adapted with permission from ref. [70] Copyright 2022, American Chemical
Society).
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Figure 4. Core-level XPS spectra of IrPdPtRhRu HEA NPs in (a) 277-350 eV
and (b) 55-88 eV. (c) Metallic ratios measured by XPS and XRF. Reprinted with
permission from ref. [57] Copyright 2020, The Royal Society of Chemistry. (d)
Synchrotron XRD pattern of 1.32-nm HEA NPs and its corresponding Rietveld
refinement results. The black circles and red, green, and gray curves represent
experimental data, fitting, background, and residual curves, respectively. Pt bulk
data are represented by the blue curve. The X-ray radiation wavelength is
0.630327(7) A. (e) PDF data and the fitting result of 1.32-nm HEA NPs.
Experimental data, fitting, and residual curves are represented by the black
circles and red and gray curves, respectively. The inset is the atomic-resolution
HAADF-STEM image with 2-nm scale bar. Reprinted with permission from ref.
[70] Copyright 2022, American Chemical Society.

PVP is a surface-protecting agent that might influence the
catalytic process of HEA NPs.["*"8 |n a modified process, Maruta
et al. mixed the metal precursors with carbon support and
obtained carbon-supported PVP-free HEA NPs.[8 As shown in
Figure 3b, the mean diameter of the carbon-supported
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IrPdPtRhRu HEA NPs was 4.6 + 1.7 nm. The homogenous
distribution of each element could be confirmed from the EDX
maps.

‘Spacegroup: Fm-3m d Obs
Lattice constant: a = 3.847(3) A
Cry. Size: 2.1 nm oy
Raragy = 2.35% Ry, = 7.59%

Spacegroup: Fm-3m
Lattice constant: 3.91087(50) A
Crystal Size: 1.7(3) nm

Diff. Rangy = 261% R, = 6.76%
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Figure 5. (a) HAADF-STEM images and corresponding EDX maps and (b)
synchrotron XRD pattern and Rietveld refinement result of PGM-HEA NPs.
Adapted with permission from ref. [54] Copyright 2020, American Chemical
Society. (c) EDX maps and (b) synchrotron XRD pattern and Rietveld
refinement result of NM-HEA NPs. Adapted with permission from ref. [24]
Copyright 2022, American Chemical Society. EDX maps were obtained by L-
line characteristic X-ray from each element. The radiation wavelength for the
XRD of PGM-HEA NPs and NM-HEA NPs is 0.62938(6) and 0.63003(7) A,
respectively. The black circles are experimental data. The red, blue, and gray
lines are background line, fitting data, and residual data, respectively

3.1.2. Continuous-flow Reactor Method

In contrast to batch synthesis, continuous-flow systems can be
used to realize mass production easily because of the high
reproducibility provided by the stable reaction conditions.’7-82
With the development of various types of flow-reactors, alloy NPs
with different compositions and structures have been reported in
the last 5 years.[69.70
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Figure 6. Schematic image (a,c) and real set-up image (b,d) of two home-
designed flow-reactors. (a) is reprinted with permission from ref. [69] Copyright
2021, American Chemical Society. (c) is reprinted with permission from ref. [70]
Copyright 2022, American Chemical Society.

Kusada et al. reported the first example of the synthesized HEA
NPs by using a home-designed flow reactor.[®® Inspired by the
hot-injection methods employed in the batch synthesis, the
reactor was designed to be able to realize the concurrent supply
of the constituent atoms during the nucleation and particle growth
processes. Using the IrPdPtRhRu HEA NPs as an example, the
flow reactor pumps reductant (50 vol% ethanol aqueous solution
with NaOH) and metal precursors (RuCls-nH2O, RhCl;-3H0,
K3[PdCls], IrClsy-nH20O, K;[PtCls], and PVP in water) separately
(Figure 6a, b). The reductant was preheated to 300°C, which
ensured the simultaneous reduction of all the constituent ions



when they met the reductant in the mixer. A back-pressure valve
was equipped with the reactor so that some solvents (and
reductants) with low boiling points, such as ethanol, were heated
to higher temperatures. In the current case, the back-pressure
was set as 9.5 MPa. The mean diameter of the synthesized HEA
NPs was 3.1 + 0.3 nm (Figure 3c). STEM-EDX analysis showed
that all five elements were homogeneously and randomly
distributed in each NP.

Quite recently, Minamihara and coauthors developed a
desktop-type flow reactor capable of synthesizing ultra-small HEA
NPs.[" The flow reactor has two diaphragm pumps with smooth
pulsation to supply Solution 1 (mixture of acetylacetonate salts of
Ir, Pd, Pt, Rh, and Ru dissolved in deoxidized tetrahydrofuran
[THF]) and Solution 2 (lithium naphthalenide in THF) separately
(Figure 6¢,d). Two solvents were deoxidized and the reaction
proceeded under Ar. After filling the whole line with THF pumped
from tank A, Solutions 1 and 2 were simultaneously flowed at 21.0
mL/min. In only 15 seconds, the black solution appeared at the
exit of the tube and dropped into the carbon-containing THF
solution. As shown in Figure 3d, the HAADF-STEM image
indicates that the obtained HEA NPs are homogeneously
dispersed on carbon with an average diameter of 1.32 + 0.41 nm.
The elemental maps of Ir, Pd, Pt, Rh, and Pd corresponding to
the HAADF-STEM image showed that all five of the elements are
homogeneously distributed in the whole area of NPs. The XRD
pattern of 1.32-nm HEA NPs shows broad peaks owing to the
ultra-small particle size and lattice distortion caused by the mixing
of multiple elements. Rietveld refinement suggests that the 1.32-
nm HEA NPs is an fcc structure having a lattice constant of
3.8843(8) A (Figure 4d). The pair distribution function (PDF)
analysis using high-energy XRD data further suggests an fcc
structure with a 3.8820(4) A lattice parameter and 1.33(1)-nm
particle size (Figure 4e). Moreover, the lattice distances (2.25 and
1.94 A) given by the atomic-resolution HAADF-STEM (inset of
Figure 4e) are consistent with the 2.24 and 1.94 A distances
calculated from the result of the PDF analysis.

3.1.3. Heating-up Method

In the heating-up method, all the metal precursors, reducing
agents, protecting agents, and other additives are mixed first,
generally at room temperature (RT). Then, the mixture is heated
to a high temperature to ensure the reduction of metal ions.

) 2

] s

oNi @Co @ J

Figure 7. (a) HAADF-STEM image, (b) overlapped images of HAADF-STEM-
EDX elemental maps, and (c-d) atomic-resolution STEM images, and (f) 3D
atomic models of PrRuNiCoFeMo HEA SNWs. Reprinted with permission from
ref. [28] Copyright 2021, Springer.
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Li et al. synthesized PtigNisFe1sC014Cuz; HEA NPs by a simple
low-temperature  oil-phase  strategy.® All  the metal
acetylacetonate precursors were mixed with CTAC, glucose, and
Mo(CO)s in OAm at RT. Then, the mixture was heated to 220°C
at 5°C/min under 400 rpm-stirring for 2 h. The as-prepared
Pt1sNizsFe1sC014Cu; HEA NPs had an average size of 3.4 nm
and were well-dispersed. XPS results showed that the Pt was
mainly in zero-valence state, while the other 3D-elements existed
in both zero-valance and oxidized states. An interesting point was
that although Mo(CO)es was used in the synthesis, it worked as a
reducing agent, and Mo was absent in the final product. In another
study, Zhan and coauthors synthesized PtRuNiCoFeMo HEA
subnanometer nanowires (SNWs) through a similar process by
using Mo(CO)s as a precursor.?®l The acetylacetonate salts of Pt,
Ru, Ni, Co, and Fe, together with Mo(CO)s, glucose, and stearyl
trimethyl ammonium bromide (STAB), were dissolved in OAm.
After heating at 210°C for 5 h in an oil bath, PtRuNiCoFeMo HEA
SNWs were synthesized. Interestingly, under similar conditions to
those of HEA SNWs, except for the addition of STAB and glucose,
HEA NPs could be obtained. The obtained HEA SNWs had a
diameter of 1.8 £ 0.3 nm (Figure 7a) and an fcc structure with a
smaller lattice constant compared with pure Pt. HAADF-STEM-
EDX elemental maps showed the uniform distribution of all metals
in the HEA SNWs (Figure 7b). The aberration-corrected high-
resolution STEM (HRSTEM) images show abundant atomic steps
and defect-rich lattice mismatch in the obtained HEA SNW (Figure
7c,d). A 3D atomic model of HEA SNWs (Figure 7f) revealed
numerous facet boundaries and plentiful surface atomic steps.

Zhang and coauthors also reported a similar process to
synthesize PdFeCoNiCu HEA NPs.®®) Namely, all the metal
precursors were dissolved in OAm, and the mixture was heated
from RT to 220°C and maintained at 220°C for 2 h. The prepared
HEA NPs were well-dispersed with an average diameter of 34 nm
and with a metal ratio of Pd/Fe/Co/Ni/Cu = 19:21:20:22:17. The
XRD results suggested a body-centered cubic structure. The EDX
maps showed a relatively homogenous distribution of Pd, Fe, Co,
Ni, and Cu over the whole NPs.

3.1.4. Other Methods

By using a facile one-step, high-intensity ultrasound irradiation
process, Okejiri and coauthors found that single-phase HEA
(AuPdPtRhRu) nanocrystals could be obtained by co-reducing
Au®*, Pd?*, Pt**, Rh®*, and Ru®* with alcoholic ionic liquid (AIL).[67
After mixing the metal precursors and carbon in AlL, the mixture
was submitted to sonication (20 kHz,10 min); no external heat-
treatment process was needed in this method (Figure 8a). The
control group showed that non-AlL failed to form single-phase
HEA nanocrystals. The hydroxyl functionality of AIL was key to
ensuring the formation of single-phase HEA nanocrystals in a
one-pot reaction.®3-8% As shown in Figure 8b, the as-obtained
nanocrystals are composed of homogenously distributed
elements of Au, Pd, Pt, Rh, and Ru, as expected.

Chen et al. presented a two-step process to prepare
monodisperse HEA NPs (Figure 8c).B8l First, intermetallic
monodispersed PdCu B2 seeds were prepared. Then, the
core@shell PdCu B2@PtNiCo NPs were synthesized by
depositing Pt, Ni, and Co on the intermetallic PdCu B2 seeds
using a seed-mediated co-reduction process (Figure 8d,e). These
core@shell NPs were then loaded on carbon and further
annealed to facilitate interdiffusion and PdCuPtNiCo HEA



formation. By using this method, the authors obtained well-
dispersed NPs on carbon (Figure 8f,g).
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Figure 8. (a) Schematic illustration of the ultrasound-driven wet chemistry
method using an AlL to synthesize HEA nanocatalysts. (b) HAADF image and
EDX elemental maps of the AuPdPtRhRu-NPs/C. Reprinted with permission
from ref. [67] Copyright 2021, Springer. (c) Scheme of the synthetic process of
PdCuPtNiCo HEAs. SMCR: seed-mediated co-reduction. (d) TEM bright-field
image and (e) line scan profile of PdCu B2@PtNiCo. (f) TEM bright-field image
and (g) line scan profile of carbon-supported PdCuPtNiCo HEAs. Reprinted with
permission from ref. [58] Copyright 2021, The Royal Society of Chemistry.

Feng et al. synthesized a series of ultra-small HEA NPs from
quinary NiCoFePtRh to octonary FeCoNiCuCdPtirPd by using a
two-step method.%2 The metal salts were dissolved in an HSO4
solution in an Ar-filled box. Next, Ketjen black carbon was added
to the solution of the precursors and the mixture was stirred to
ensure uniform dispersion. The mixture was first reduced with a
NaBH, aqueous solution. After 8 h of stirring, a dried powder was
obtained by centrifugation, washing, and drying sequence. Finally,
ultra-small HEA/C NPs were obtained by annealing/reducing the
powder under flowing Ar at 350°C for 3 h. In this study, the authors
claimed that adding Ketjen black carbon before NaBH, and
restricting the loading amount of metals below 5 wt.% were key
parameters to obtaining ultra-small HEA NPs.

Wang and coauthors synthesized hollow multiple noble
metallic nanoalloys (AuHgPdPt) by Hg-assisted galvanic
replacement reaction.®! First, hollow Au NPs were prepared.
Next, the Hg was introduced to form AuHg hollow nanoalloys.
Then, with the addition of Pd and Pt salt, the Hg atoms were
replaced with the Pt and or Pd atoms because of the higher
reduction potential of Pt(IV)/Pt(0) and Pd(I1)/Pd(0) compared with

Hg(I1)/Hg(0).
3.2. Electronic Structure of Multi-element Alloy NPs

The electronic structure determines the properties of solid
materials. In monometals and binary alloys, the configurations of
neighboring atoms are easy to determine; therefore, their
properties can be understood and predicted by using the
electronic structures of the principal elements experimentally and
theoretically (i.e., d-band theory).[5-88 In HEA NPs, every atom is
distinct because of the different configurations of neighboring
atoms. Therefore, revealing or predicting the properties of HEA
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NPs requires an understanding of the local electronic structure of
atoms both experimentally and theoretically.
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Figure 9. (a) Schematic illustration of lab XPS and HAXPES. The solid spheres
represent electrons and the hollow spheres indicate holes after the escape of
electrons. (b) VB spectrum (red line) of IrPdPtRhRu HEA NPs and the
simulation spectrum (black line) obtained by the linear combination of the VB
spectra of monometallic NPs. Reprinted with permission from ref. [57] Copyright
2020, The Royal Society of Chemistry. (c) Experimental VB spectra and (d)
DOS calculated by DFT of NM-HEA NPs, Pt NPs and Au NPs. Reprinted with
permission from ref. [24] Copyright 2022, American Chemical Society.

To understand the electronic structure of HEA NPs, we focus on
the valence band (VB) structure, which significantly influences the
catalytic properties of NPs. For example, from the VB
spectroscopy, we can calculate the d-band center and predict the
catalytic properties of NPs. In 2020, Wu and coauthors first
revealed the VB features of HEA NPs by hard X-ray photoelectron
spectroscopy (HAXPES, photon energy of 5.95 keV).51 As shown
in Figure 9a, the lab source XPS typically used Al or Mg Ka. anode
with a probe depth of several nanometers; namely, from the
surface to interface region. HAXPES uses higher X-ray energy
and can thus achieve a longer probe depth (ca. 30 nm). Therefore,
for NPs with a size below 10 nm, HAXPES can be used to reveal
the bulk information of all atoms. Figure 9b shows the VB
spectrum of IrPdPtRhRu HEA NPs, the linear combination of the
VB spectra of the monometallic NPs that represent a physical
mixture of the five elements, and their difference spectra marked
in cyan regions. Such differences suggest that the orbitals of the
constituents in HEA NPs hybrids with each other; i.e., the
formation of solid-solution alloys. Interestingly, the VB spectrum
of IrPdPtRhRu HEA NPs does not have any obvious peaks, which
is distinct from the VB of monometallic NPs having clear peaks. A
similar featureless VB spectrum was found in the case of NM-HEA
NPs (Figure 9¢).? The authors concluded that the “featureless”
VB spectrum may be a common feature of HEA caused by
countless types of local electronic structures, which was further
verified by DFT with NP models composed of 201 atoms in follow-
up research.

Similar to the experimental VB spectrum, the calculated
density of states (DOS) profile of NM-HEA NP is more
“featureless” and smoother than those of monometals (Figure
9d).?4 Both experimental VB spectra and DFT calculations
confirmed that there are numerous atomic configurations and
distinct local DOS (LDOS) profiles in HEA NPs. The authors
further analyzed the LDOS of every surface atom in the



monometallic NPs and NM-HEA NP. Figure 10a shows that the
d-band center value (&) distribution of the atoms of each element

in NM-HEA NPs is wider than that of monometallic NPs.[24
(a)
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Figure 10. d-band center values of the surface atoms in (a) monometallic NPs
and NM-HEA NPs. The pink dashed line is the average d-band center of each
element. (b) DFT model of NM-HEA NPs. lllustration of the d-band center of
every surface atom in (c) NM-HEA NPs and (e) monometallic Pt NPs. In (d),
only the d-band center of surface Pt atoms in NM-HEA NPs are shown. All other
atoms are shown in gray. Reprinted with permission from ref. [24] Copyright
2022, American Chemical Society.

Particularly, monometallic Au and Ag have more negative
values than the other elements, which would be also an intrinsic
reason for the inert nature of Au and Ag during catalysis. While
some Au and Ag atoms have g values that are similar to some Ir,
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Ru, Pt, and Os atoms in NM-HEA NPs, as shown in Figure 10c,
the & values of the surface atoms in the NM-HEA (DFT model in
Figure 10b) range from —3.4 to —2.0 eV. The different color shown
in Figure 10d indicates that the & of surface Pt atoms was
different in NM-HEA NPs. By contrast, in the same facets of
monometallic Pt NPs, the surface Pt atoms have similar & (Figure
10e). In addition, through plotting the LDOS profiles in HEA NPs,
some atoms from the same element have different LDOS profiles,
whereas atoms from different elements have similar LDOS
profiles. That is, one atom in HEA loses its elemental identity. It is
possible to create an ideal LDOS by adjusting the neighboring
atoms. As a demonstration, we showed that the HER activity of
NM-HEA NPs is much higher than the IrPdPtRhRu HEA NPs,
although Au, Ag, and Os have ignorable HER activities. As shown
in Figure 10, Au, Ag, and Os possess suitable LDOS which might
work as an active center for HER. Meanwhile, these “inert” atoms
may make the other atoms more active by forming a suitable
configuration for HER.

3.3. Properties of Multi-element Alloy NPs
3.3.1. Electrocatalytic Reactions

To date, HEA NPs have been extensively used as catalysts for a
wide range of electrocatalytic reactions, such as hydrogen
evolution reaction (HER),[?4:3053,57.62,6566.68.70 hydrogen oxidation
reaction (HOR),?®l oxygen reduction reaction (ORR),!®8 methanol
oxidation reaction (MOR),% ethanol oxidation reaction (EOR),?4
and nitrogen reduction reaction.4
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Figure 11. (a) TOF values of HER over us-HEA/C and other reported catalysts in 0.5 M H2SO4. Reprinted with permission from ref. [62] Copyright 2022, American
Chemical Society. (b) Geometric activity of 1.32-nm HEA NPs, synthetic Pt, and commercial Pt/C in 1.0 M HCIOa. Reprinted with permission from ref. [70] Copyright
2022, American Chemical Society. (c) TOF values of HER of IrPdPtRhRu HEA NPs and monometallic NPs as a function of d-band center value in 0.05 M H2SOa.
Reprinted with permission from ref. [57] Copyright 2020, The Royal Society of Chemistry. (d) TOF of HER of IrPdPtRhRu multi-element NPs with different ratios as
a function of d-band center value in 1.0 M HCIO4. Adapted with permission from ref. [68] Copyright 2022, The Royal Society of Chemistry. (e) Comparing TOF
values of HER over commercial Pt/C, IrPdPtRhRu HEA NPs, and NM-HEA NPs in 0.15 M H2SO4. Reprinted with permission from ref. [24] Copyright 2022, American
Chemical Society. (f) ORR performance of PdCuPtNiCo HEAs/C in 0.1 M KOH. Reprinted with permission from ref. [58] Copyright 2021, The Royal Society of
Chemistry. (g) Exchange current of HOR over HEA SNWs/C and the control group catalysts and (h) the corresponding VB spectra. Reprinted with permission from
ref. [28] Copyright 2021, Springer. (i) Specific current densities of monometals and PGM-HEA NPs for EOR.



Feng and coauthors reported that ultra-small NiCoFePtRh
HEA/C showed a higher turnover frequency (TOF) of HER than
did monometals and some reported catalysts tested under similar
conditions  (Figure 11a).2 Operando X-ray absorption
spectroscopy at each element and DFT calculations suggested
that Rh and Pt are the reaction center for HER, and that the Pt
showed weaker adsorption to H in the HEA matrix compared with
the other elements. Minamihara et al.l’¥ also reported that 1.32-
nm HEA showed higher HER activity than did monometallic Pt
and commercial Pt/C (Figure 11b). Wu and coauthors tested the
TOF values of IrPdPtRhRu HEA NPs and monometallic NPs, and
further plotted the TOF values as a function of the d-band center
that was calculated from the experimental VB spectrum.®” They
found that the HEA NPs had a very high TOF value that was out
of the range in which d-band center theory works (Figure 11c).
Maruta et al.’8 prepared IrPdPtRhRu multi-element NPs with
different compositions. Although the lattice constant of the
IrPdPtRhRu multi-element NPs follows Vegard’s law, TOF values
are not linearly correlated to the d-band center values (Figure
11d). In particular, they found that Pt-rich multi-element NPs have
higher HER activity than do equal-ratio IrPdPtRhRu HEA NPs. In
Wu and Maruta’s works, they concluded that the d-band theory in
monometals and binary alloys is valid because most surface
atoms have similar local electronic structures, and therefore, the
d-band center obtained from HAXPES can be used to understand
or predict the tendency. For HEA NPs, LDOS are required to
understand such nonlinear relationships because almost every
atom is distinct. As a demonstration, the authors showed that NM-
HEA NPs have much higher HER activity than do IrPdPtRhRu
NPs, although Au, Ag, and Os have no HER activity at all (Figure
11e).22'Wu et al. proposed that the LDOS of Au, Ag, and Os might
be suitable for HER in the HEA matrix.

Chen and coauthors found that PACuPtNiCo HEAS/C has
higher ORR activity than do both PdCu B2@PtNiCo/C and
commercial Pt/C in 0.1 M KOH (Figure 11f).[58 However, they note
that in 0.1 M HCIO4, commercial Pt/C is the best among these
three catalysts. The authors found that PdCuPtNiCo HEAs/C
showed very high ECSA (79.4 m2 ge? for acid medium; 79.9 m?
ge ! for alkaline medium) independent of electrolyte, whereas
PdCu B2@PtNiCo/C had a smaller electrochemically active
surface area (ECSA, 39.7 m? gpi* for acid medium; 43.8 m? gp;*
for alkaline medium). As for commercial Pt/C, its ECSA is large
(76.7 m? gp ) in 0.1 M HCIOy, but low in 0.1 M KOH (55.3 m? gpi™
1

).

Zhan and coauthors reported that PtRuNiCoFeMo HEA
SNWs are highly active catalysts for HOR, having an exchange
current value of 1.26 mA, which is 1.5, 2.4, and 4.5 times that of
HEA NPs/C, PtRu/C, and Pt/C (Figure 11g).?% The HEA SNWs/C
has the deepest d-band center among the tested catalysts, which
weakens the adsorption of H, but facilitates the adsorption of OH
intermediate, as the author claimed (Figure 11h). DFT
calculations also revealed that the enhanced HOR activity can be
ascribed to the strong interactions between different metal sites,
which can tune the binding strength of proton and hydroxyl.

Wu et al.b4 assumed that the multiple sites in HEA NPs could
effectively catalyze complex reactions. As a demonstration, PGM-
HEA NPs showed high activity toward 12-electron/proton
reaction; i.e., the ethanol oxidation reaction. They found that
PGM-HEA NPs can break the C-C bond at a very low potential.

3.3.2. Other Reactions
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Okejiri  and coauthors®l reported that carbon-supported
AuPdPtRhRu HEA NPs were a superior catalyst for selective
hydrogenation of phenol to cyclohexanone. Moreover, HEA
NPs/C can maintain high yield and selectivity over 95% for five
usage cycles, demonstrating the excellent stability of the system.

4. Chemical Synthesis and Properties of Multi-
element Ceramic NPs

Multi-element ceramics (or compounds) including HECs have
also been eagerly investigated in the search for novel materials
since Rost and coauthors reported the first example of bulk high-
entropy oxides (HEOs) in 2015.59 As with HEA, HECs also
consist of more than five elements in a single phase, which
provides large configurational entropy.®? HECs can also be
useful functional materials, not only as catalysts, but also, for
example, as thermoelectric materials and ionic conductors,
because unlike metallic HEAs, HECs are generally insulators or
semiconductors.®-%31 Therefore, multi-element ceramic NPs
including HEC NPs have also been studied since the first report
of spinel-type (Co, Cu, Fe, Mn, Ni)304 NPs by Wang et al.l®®!

Although there are fewer reports on multi-element ceramic
NPs than on alloy NPs, multi-element ceramic NPs are also
generally synthesized at higher temperatures to take advantage
of their large configurational entropy. Their unique structure and
properties including ionic conductivity and catalytic activity are
nicely summarized in some reports.®*2¢ Here, we introduce the
synthesis and properties of multi-element ceramic NPs
synthesized by solution-based chemical methods.

4.1. Oxide NPs

As far as we know, the first example of HEC NPs is spinel-type
(Co, Cu, Fe, Mn, Ni);O4 reported by Wang and coauthors in
2019.81 The reported synthesis methods of bulk HEOs, such as
nebulized spray pyrolysis process, flame spray pyrolysis, solid-
phase sintering methods, and reverse co-precipitation processes,
require high reaction temperature (more than 1000°C), which
significantly accelerates particle growth.°7*8 Wang et al.
succeeded in synthesizing HEO NPs at a low temperature. They
first prepared a mixture of polyethylene oxide—polypropylene
oxide—polyethylene oxide (PEO20—PPO7—PEO,0, Pluronic P123)
as a surfactant, EG as a co-surfactant, and water. Then,
CO(AC)2'4H20, NI(AC)24H20, Mn(Ac)2-4H20, Fe(AC)z,
Cu(Ac)2-H20, and hexamethylenetetramine were mixed in the
solution and heated in an autoclave at 170°C for 15 h.
Hexamethylenetetramine is considered to play two important
roles. One is complete condensation and crystallization in the
solvothermal reaction, and the other is a reduction in the pyrolysis
temperature of the precursors during synthesis. Thanks to
hexamethylenetetramine, five cations can disperse uniformly in
the product of the hydrothermal synthesis. After the product was
washed and dried, the product was calcined at 400°C for 2 h to
obtain the HEO NPs. The authors chose five elements—Co, Cu,
Fe, Mn, and Ni—as constituents because their atomic radii are
similar and they are miscible with each other in binary and ternary
systems. [

The XRD pattern of the obtained powder (Figure 12b; red
curve) indicated a spinel structure (Fd3m) with all five elements,
as shown in Figure 12a. As a control experiment, the authors also


about:blank
about:blank

prepared a bulk spinel oxide (Figure 12b; black curve) by the
traditional reversible co-precipitation method, where the oxide is
synthesized by calcination (1000°C for 1 h) of the precipitate
obtained by mixing the precursors in alkaline solution. The
element maps of the spinel NPs indicated the homogeneous
distribution of five metal elements in the particles (Figure 12c).
Furthermore, high-resolution TEM images revealed that the
average particle size was approximately 5 nm. These results
showed that this method can be used to synthesize nanometer-
sized HEO, which are much smaller than the HEO prepared by
conventional methods. The authors concluded that the use of
Pluronic P123 and EG as surfactants could realize the synthesis
of stable nanometer-sized HEO. The authors utilized HEO NPs
as an electrochemical catalyst for oxygen evolution reaction
(OER) in 1M KOH for the first time. The HEO NPs were loaded
on O; plasma-treated carbon nanotubes to improve conductivity.
This catalyst showed higher OER activity than did mixed metal
oxides with fewer elements. The authors concluded that the
diversity of chemical elements and their valence states in the HEO
generates many intermediates, which can overcome the kinetic
barrier more easily than can the other catalysts with fewer
elements.
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Figure 12. (a) Model of the crystal structure, (b) XRD patterns (Cu Ka), and (c)
EDX elemental mapping images of spinel-type (Co, Cu, Fe, Mn, Ni)sO4 NPs. ref.
[38] Copyright 2019, The Royal Society of Chemistry.
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Ting®>1% and Chang et al.5®1% also reported spinel-type
(Cr, Mn, Fe, Co, Ni)304 HEO NPs prepared by similar methods for
use as a noble anode material in a lithium-ion battery.
Cr(N03)3-9H20, Mn(N03)2-6H20, Fe(N03)3-9H20,
Co(NOs3),-6H20, and Ni(NO3),-6H,0 were dissolved in water, and
then (1-hexadecyl)trimethylammonium bromide (CTAB) was
added to the solution. The solution was transferred into an
autoclave after the addition of urea for hydrothermal treatment at
140°C for 5 h. The precipitate after the hydrothermal reaction was
washed and dried, and then calcined in air at 900°C for 2 h. The
obtained powder after the calcination was found to be single-
phase spinel-type NPs with an average diameter of approximately
100-200 nm. STEM-EDX analysis revealed that the five metal
elements were homogeneously distributed in a particle. On the
other hand, the as-prepared sample without calcination showed a
different XRD pattern from the calcined sample, indicating the
formation of metal hydroxycarbonate and carbonate. A
conceivable formation mechanism of the HEO NPs is shown in
Figure 13. In this synthesis, CTAB was used as the surfactant
(Figure 13a). Two paths (Paths | and Il in Figure 13b) are
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considered to be followed in the solution to form a complex of
metal ions and CTAB. In Path I, CTAB forms micelles and catches
individual metal ions on the surface. This type of unit is stabilized
by the OH- and CO3?~ produced from the hydrolysis of urea. In
Path II, metal ions are captured and shared by several CTAB
monomers. Subsequently, hydroxycarbonate and carbonate
compounds form during the hydrothermal treatment because of
the reactions among the metal ions, OH-, and CO3?>~. The
compounds show NP and nanosheet morphologies derived from
Paths | and II, respectively (Figure 13c). Finally, after heat
treatment at 900°C, single-phase spinel-type HEO NPs are
obtained (Figure 13d). The authors used these spinel-type HEO
NPs as Li-ion conductors because the spinel structure has unique
3D Li* conducting pathways and a rock-salt-type HEO with
oxygen vacancies, and the material showed very high Li*
conductivity.% The obtained spinel-type HEO NPs showed an
extraordinary charge—discharge capacity of 1235 mA h g, high
cycling stability, and fast Li* transport.
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Figure 13. Formation mechanism of (Co, Cr, Fe, Mn, Ni)3O4 NPs. (a) precursor
solution, (b) two paths to form complex in the solution, (c) the formation of
hydroxycarbonate and carbonate compounds during the hydrothermal
treatment, (d) HEO NPs after heating. ref. [55] Copyright 2020, The Royal
Society of Chemistry.

Kheradmandfard et al.®Y synthesized rock salt-type (Mg, Cu,
Ni, Co, Zn)O NPs by applying a microwave-assisted method. The
precursor solution was prepared by mixing pH-adjusted
Mg(NO3)26H20, CU(NO3)23H20, NI(N03)26H20,
Co(NO3)2-6H,0, and Zn(NOs),-6H,0 solutions and exposed to
microwave irradiation for 3 min in ambient air. The precipitate was
washed and dried. Although the as-prepared powder showed no
sharp XRD peaks reflecting an amorphous or nanocrystalline
structure, the powder calcined at more than 370°C showed a clear
rock salt-type XRD pattern. The crystallite size became bigger
with increasing calcination temperature. The authors claimed that
microwave irradiation provides two interactions—dipole rotation
and ionic conduction—that accelerate the collisions of metal
cations and the nucleation of amorphous HEO particles.
Therefore, the reaction time of HEO can be significantly
decreased by microwave irradiation from hours to minutes and
seconds.

Most of the reports adopt calcination to obtain oxide NPs;
however, calcination promotes particle aggregation and growth
that is not suitable for the fabrication of very small NPs with a high
surface area. Okejiri et al.¢ synthesized perovskite-type BaZrO3
and its high-entropy analogues with an average crystallite size of
about 5.9 nm through an ultrasonication-based method at RT



(Figure 14a). Sonochemical synthesis is a unique technique that
utilizes an acoustic cavitation phenomenon caused by high-
intensity ultrasound irradiation. This phenomenon can be
expressed as the formation, continual growth, and implosive
collapse of micro-bubbles in solution, which provides huge energy
in the micro-region with very high temperatures above 5000°C
and high pressures over 2000 atm within 10~° s.'2 For the
synthesis of eight elements
RUo,13/Ba0,3ST0,3Bio,4(Zro,2Hfo,zTio,zFEo,y)Og (RU/HEPO-?),
BacCl;- 2H,0, SrCl,-6H,0, Bi(NO3)s-xH.0, ZrCls, and HfCl, were
mixed and dissolved in TiCl, solution. Fe(NOg3)s-9H,0 and RuCls;
were dissolved in water. These solutions were added to a 20.0 M
NaOH solution where the ultrasonication equipment was set. The
mixed solution was exposed to ultrasonic irradiation by
directimmersion of an ultrasonic titanium horn operating at 20 kHz
about for 10 min. After the sonication, the resulting precipitate was
separated, washed with water, and dried at 80°C for 3 h to obtain
the final crystallite. The obtained powders showed clear XRD
patterns indicating the perovskite structure with Pm3m space
group similar to perovskite-type BaZrOs; (Figure 14b). The
crystallite size was calculated to be 5.9 nm from the broad XRD
peaks by Scherrer's equation. The EDX elemental maps of
RU/HEPO-7 are shown in Figure 14c. The diameter of the particle
is around 80 nm, and all eight elements are homogeneously
distributed in the particle. These results demonstrated that the
sonochemical-based method is a simple way to synthesize HEO
NPs without calcination. Okejiri et al. investigated the CO catalytic
activity of HEO NPs. They compared the catalytic ~ activity of
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Figure 14. (a) Schematic of sonochemical-based synthesis of HEO NPs. (b)
XRD patterns of BaZrOs, HEPO-5, 7, and Ru/HEPO-7. (c) EDX elemental maps
of Ru/BaSrBi(ZrHfTiFe)Os (Ru/HEPO-7). ref. [56] Copyright 2020, Wiley-VCH
Verlag GmbH & Co. KGaA.
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Ru/HEPO-7 with those of BaRuO3 and
BaOASI’o,4Bio,z(Zl’o,sto,sTio,zFeo,2)03 (HEPO-7). RU/HEPO-7,
containing only 0.2 wt% of Ru, reached 50% CO conversion at
90°C, whereas BaRuOs3, containing 53 wt% of Ru, reached 50%
CO conversion at around 255°C, and HEPO-7, without Ru, did not
reach CO conversion until 300°C. The authors concluded that the
superior catalytic activity of RuU/HEPO-7 NPs could be derived
from the good dispersion of Ru in the high-entropy phase.

4.2. Other NPs

Although the most common multi-element materials are alloys
and oxides, some multi-element carbides, nitrides, diborides
fluorides, and chalcogenides have also been reported.[36:102-106]
They are also typically obtained at high temperatures to take
advantage of large configurational entropy. Nevertheless, there
are still a few studies reporting on chemical synthesis at low
temperatures. McCormick et al.l’! synthesized wurtzite-type
ZNg.25C00.22CUg 28lN0.16Ga0.11S NPs by simultaneous multi-cation
exchange from roxbyite Cu; sS NPs (Figure 15a). Zn, Co, In, and
Ga chlorides were dissolved in a mixture of oleylamine,
octadecene, and benzyl ether and heated under Ar to form a
cation-oleylamine complex. Cu; S NPs were dissolved in

(a)
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Figure 15. (a) Schematic of the formation of Zno.2sC00.22Cuo.28IN0.16Ga0.11S NPs.
(b) HAADF-STEM image and EDX elemental maps, (c) EDX spectrum, and (c)
HRTEM image of Zno.2sC00.22Cuo.28IN0.16Gao.11S NPs. The Ni signal in (c) is from
the TEM grid. (d) HRTEM image. Ref. [59] Copyright 2021, American Chemical
Society.



trioctylphosphine (TOP) under Ar and rapidly injected into the
cation solution at 140°C. After the reaction was held for 30 min at
140°C, the solution was cooled in an ice bath, and the NPs were
obtained. It is known that cation exchange in nanocrystals is
mainly determined by enthalpic factors. A soft base, for instance,
TOP in a solution, coordinates with a soft acid, Cu*, and

accelerates the dissolution of Cu* from the crystal into the solution.

This promotes the incorporation of harder acids (divalent and
trivalent cations) in solution into the nanocrystal.*%”] The product
of Co?*, Zn?*, Ga®*, and In®* exchange of roxbyite Cu, ¢S after the
release of two Cu* are wurtzite CoS, ZnS, CuGaS,, and CulnS,,
respectively (Figure 15a).108-1101 A HAADF-STEM image and
corresponding EDX elemental maps and spectrum show that five
cations and S are homogeneously distributed in one particle
(Figure 15b,c). The particle of Zng 25C00.22CUo.28lN0.16Ga0.11S kept
the single-crystalline nature of Cu;sS NPs even after the cation
exchange reaction (Figure 15d).

Zn?* In?* Co?* Ga®* exchange

Zn?* In

Co?* exchange

Zn?* |

|

exchange

oy

Gay 14S simulated

1

35

| l

Zn,25C00.22CU 28

45 55
2-theta (degrees)

25 65 75

Figure 16. XRD patterns of cation exchanged sulfide NPs with different
numbers of cations (A Co Ka) and simulated pattern of
Zno.25C00.22CU0.28IN0.16Gan.11S. Ref. [59] Copyright 2021, American Chemical
Society.

To investigate the entropic contribution to the formation of
multi-element sulfide NPs, the authors synthesized 3- and 4-
cation systems (Zn?*, In®*, Cu*) and (Zn?*, Co?*, In®*, Cu*) through
the cation exchange. Figure 16 shows that the XRD patterns of
the 3- and 4-cation systems are asymmetric or split peaks,
indicating the phase separation, although the five-cation system
shows a single-phase XRD pattern. This single phase was
maintained even at 600°C. These results indicate that the
obtained phase was a high-entropy phase.

5. Concluding Remarks

In this review, we have provided an overview of the synthesis
methods, characterization, and properties of multi-element NPs,
with a focus on high-entropy nanomaterials obtained by chemical
syntheses. The number of studies on high-entropy nanomaterials
increased sharply after the breakthrough in the synthesis reported
in 2018. With the rapid development of this research topic, many
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kinds of synthesis methods have been reported from both top-
down and bottom-up approaches; for example, pyrolysis,
chemical synthesis, mechanochemical synthesis, and top-down
methods. Among these methods, we focused on chemical
synthesis based on solution chemistry because this is one of the
best-developed methods to synthesize metal and oxide NPs.

The chemical synthesis methods for multi-element alloy NPs
can be classified as hot-injection methods, continuous-flow
reactor methods, heating-up methods, and others such as high-
intensity ultrasound irradiation. Hot-injection methods and
continuous-flow reactor methods are supposed to provide non-
equilibrium solid-solution phases in addition to the equilibrium
solid-solution phases because they allow concurrent reduction of
the constituent ions and lead to kinetically stable phases.
Moreover, the continuous-flow reactor methods enable chemical
reactions at high pressures and temperatures by using a back-
pressure valve, which further promotes the synthesis of novel
multi-element alloy NPs. The synthesized nanoalloys are
generally characterized through XRD and STEM-EDX to confirm
their crystal structures and dispersion of the constituents. Very
recently, the uniqueness of their electronic structures has also
been uncovered by XPS and DFT calculations. Almost every atom
in HEA NPs has different LDOS because of the different
neighboring atomic configurations, even though the atoms are the
same element. In other words, one atom in HEA loses its
elemental identity and possesses new properties. Therefore, HEA
NPs tend to have the “featureless” VB structure. The HEA NPs
also show interesting properties such as very high activities for
electrocatalytic reactions. Interestingly, the superior catalytic
activity cannot be explained by the conventional d-band theory
that is often used to predict and understand the properties of
monometallic and binary alloy catalysts. This is probably because
of the uniqueness in the electronic structure and atomic
configuration of HEA NPs.

Multi-element ceramic NPs, including HEC NPs, have also
been synthesized by chemical synthesis. Although the synthesis
of HEO NPs often requires a calcination process at high
temperature, some HEO NPs were prepared without calcination
to avoid particle aggregation. Cation exchange is considered to
be a powerful method to obtain not only sulfide, but also other
multi-element ceramic NPs in a solution process. Multi-element
ceramic NPs are also characterized by XRD and STEM-EDX. As
well as alloys, they exhibit interesting properties such as high
catalytic activity and ionic conductivity.

To date, the synthesis method for multi-element
nanomaterials has not been widely studied compared with
monometallic and binary systems. This is perhaps because a
homogeneous solid-solution single phase consisting of multi-
elements is likely to form at higher temperatures because of the
larger configurational entropy. Generally, since the boiling points
of solutions are relatively low, it is hard to perform a solution
reaction at a very high temperature such as more than 1000°C,
where the pyrolysis method is often performed to obtain multi-
element nanomaterials. However, so far, solution-based chemical
synthesis has allowed fine-tuning of the size, composition,
morphology, nanostructure, etc., of monometallic and binary
nanomaterials and greatly improved the properties of
nanomaterials. Using non-chemical reduction methods, more
than 20 elements were mixed into one NP, multiple-elemental
alloy NPs composed of more than 10 elements can be also
obtained by a chemical reduction process. The ability of chemical



synthesis can be greatly extended by a further exploration of
synthetic parameters such as reducing agents and solvents.

Although the solid-solution phase is drastically stabilized by
a large configurational entropy of multi-elements, the formed
solid-solution phases are not always the most thermodynamically
stable. Some phases are not enthalpically favored and kinetically
stabilized in chemical synthesis conditions. Since atomic diffusion
in NPs does not significantly occur at RT, once those solid-
solution phases are formed in chemical syntheses, they would be
stable at RT regardless of being in an equilibrium phase or not.
However, when the critical temperature of the alloy is above the
temperature where the atomic diffusion in the particle significantly
occurs, the solid-solution phase may undergo phase transitions
such as phase separation at several hundred degrees. This point
should be considered for future applications.

In addition to the synthesis, the development in the structural
analysis, especially surface structure at the atomic scale, is also
demanded to further elucidate their catalytic mechanism.
Recently, a quantitative characterization of the alloying state in
ternary alloy nanoparticles was succeeded by a combination of
STEM-EDS analysis and a statistical approach.**2 However, in
multi-element NPs, new technology including the higher detection
sensitivity of instruments would be required because of the low-
intensity signals from a fewer number of multi-elements in
nano(angstrom)-scale space.

Furthermore, since multi-element nanomaterials provide a
vast research space because of the almost infinite combinations
of elements and compositions, new advanced technologies such
as high-throughput screening coupled with data science, atomic-
scale analysis, neural network potential,**¥l and quantum
computer for efficient exploration, would be required. We believe
that solution-based chemical synthesis combined with these
techniques can make significant contributions to the development
of multi-element nanomaterials, and that a variety of new
materials with exciting properties will be discovered by fully using
the available elements hereafter.
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Multi-element nanoparticles (NPs) consisting of five or more elements often exhibit superior properties, including catalysis, compared
with conventional NPs. Therefore, a variety of synthesis methods have recently been studied. In this review, we focus on chemical
synthesis based on solution reactions for multi-element NPs and discuss their synthesis techniques, characterization, and properties.
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