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Alloy materials have been used as promising platforms to upgrade catalytic performance that cannot be
achieved with conventional monometallic materials. As a result of numerous efforts, the recent progress
in the field of alloy catalysis has been remarkable, and a wide range of new advanced alloys have been
considered as potential electro/thermal catalysts. Among advanced alloy materials, high-entropy
intermetallics are novel materials, and their excellent catalytic performance has recently been reported.
High-entropy intermetallics have several advantages over disordered solid-solution high-entropy alloys,
that is, greater structural/thermal stability, more facile site isolation, more precise control of electronic
structures, tunability, and multifunctionality. A multidimensional compositional space is indeed limitless,
but such a compositional space also provides a well-designed surface configuration because of its

ordered nature. In this review, we will provide fundamental insights into high-entropy intermetallics,
Received 27th July 2023 includi th d . i thesi . t h terizati techni L .
Accepted 7th July 2024 including thermodynamic properties, synthesis requirements, characterization techniques, roles in
catalysis, and reaction examples. The comprehensive information provided in this review will highlight

DOI: 10.1039/d35c03897a the great application potential of high-entropy intermetallics for catalysis, and will accelerate the
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1. Introduction

Humanity has been facing a variety of global problems, such as
increasing global population, rising energy demand, and
climate change.'” In addressing these situations, catalysis has
always been a most important core research topic in the field of
chemistry.* For example, more than 80% of the chemicals
produced worldwide have undergone catalysis,” demonstrating
the importance of catalysis research. Catalysis primarily aims to
develop an innovative catalyst that exhibits unprecedented high
catalytic activity, selectivity, and stability with great cost
performance. To achieve this goal, alloy materials have been
considered as promising platforms. Although alloy catalysis has
a long history of nearly 100 years, which is comparable to that of
catalytic chemistry itself,® the field of alloy catalysis is advancing
every day. The percentage of alloy catalysis has increased
dramatically since the 1970s,%” highlighting the importance of
alloy materials in catalytic chemistry.

In the past few decades, alloy catalysts have undergone rapid
advancement with the flourishing of synthesis methods, char-
acterization technologies, analytical techniques, theoretical
calculations, etc.®® Considerable efforts have been made, and
versatile types of alloys have been synthesized, identified, and
tested for catalytic reactions. Consequently, the hidden rules of
alloy catalysis, such as the ensemble effect, ligand effect, and
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development of this newly developed field.

multifunctional effect, have been discovered.®*** However,
achieving a prospective goal of alloy catalysis, which is to
arrange the atoms in a controllable way with a wide composi-
tional space to obtain the desired catalytic properties, is
significantly difficult using conventional alloy materials. For
example, state-of-the-art pseudo-binary alloys and high-entropy
alloys (HEAs) have recently emerged as promising catalysts
because of their controllable tuning of surface environments
and unlimited compositional space, respectively. However,
these properties are associated with the ordered and disordered
nature of alloys. If ordered alloys characterized by multi-
compositionality can be obtained, then the alloys would func-
tion as breakthrough catalysts because of the atomic-scale
tuning of surface environments with high flexibility.

Since the Bronze Age, the addition of relatively small
amounts of secondary elements to a primary element has been
explored as a basic alloying strategy over millennia.”® This
approach is reflected in the fact that alloys are named after their
main component (e.g., ferrous alloys, titanium alloys, and
nickel alloys). However, such a primary-element approach only
allows for a narrow compositional space for alloys. The
discovery of HEAs in 2004 (ref. 16 and 17) was a turning point in
the field of alloy materials, greatly expanding the compositional
space of alloys that can be studied. HEAs have emerged as
a unique class of disordered alloys, comprising five or more
principal metal elements at relatively high (5-35 atom%, often
near equimolar) concentrations with a mixing entropy of 1.5R or
higher (ASmix = 1.5R).*™® The greatly increased entropy
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promotes mixing of the immiscible elemental combinations,
leading to the exploration of alloys with an unlimited compo-
sitional space that could never be achieved with traditional
alloys.**

The earlier attempt to use HEAs in the field of catalysis was
reported in 2008,”° and, particularly, the number of publica-
tions has increased vigorously in the last five years with the
advancement of synthetic methods.®**** Compared with
materials having simple compositions, HEAs have three distinct
features®**® such as (i) an unlimited compositional space,
providing a number of compositional choices, including those
that have not been allowed by immiscibility; (ii) diversity of
atomic configurations, providing a variety of surface environ-
ments, some of which can work as multifunctional active
environments for the target reaction; and (iii) greater thermal/
structural robustness, thermodynamically and Kkinetically
improving the stability because of the increase in mixing
entropy and sluggish diffusion of constituent atoms,
respectively.

Consequently, HEAs function as promising platforms to
achieve greater catalytic performance. However, the random-
ness and diversity of surface atomic arrangement often involve
(1) large complexity and difficulty in ascertaining the origin of
improved catalytic performance and (2) a limited number of
effective atomic arrangements. Therefore, the synergistic
contribution of element-specific properties is often left in
a black box called the “cocktail effect” because of the disordered
nature. In addition, HEAs typically have a simple disordered
structure such as face-centered cubic (fcc), body-centered cubic
(bce), hexagonal close packed (hep), or orthorhombic." There-
fore, neither precise control of the atomic arrangement nor
constructing specific and ordered active environments is
possible using HEAs.

Compared with disordered alloys, intermetallics are an
important and unique family of alloys that feature long-range
atomic ordering with well-defined atomic positions.*”***** The
constituent metals of intermetallics are separately distributed
to two (or more) crystallographically distinct sites, thereby dis-
playing well-defined surface environments suitable for clari-
fying or controlling structure-property relationships.>®*** In
addition, the strong interatomic interaction often provides high
structural stability. Although intermetallics have many advan-
tages for catalysis, they lack tunability and expandability for
material design because of the fixed positions and composition
ratio.

Given the advantages of disordered HEAs and ordered
intermetallics, high-entropy intermetallics (HEIs) are poten-
tially efficient catalysts because of the combination of multi-
metallic (comprising five or more metal elements) and ordered
nature."?* Crystallographically, HEIs can be classified as
pseudo-binary alloys because HEIs have the parent interme-
tallic A,,B,, structure, in which A and/or B elements are partially
substituted with other elements. Therefore, HEIs are extension
of ternay/quaternary alloys of pseudo-binary alloys. Despite
their promising potential, employing HEIs for catalysis has not
been explored until 2019. The use of HEIs for catalysis requires
downsizing from the bulk to nanoscale, and synthesizing HEIs
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at the nanoscale is significantly difficult. In particular, the
increased number of elements and the harsh annealing
conditions inevitably induce growth/agglomeration. Larger
nanoparticles have a larger thermodynamic barrier of the
disorder-to-order phase transition, thereby resulting in HEAs
and/or phase-separated alloys.”®

With the improvement of synthetic methods, the catalytic
use of an HEI nanomaterial was first reported in 2020.%° To date,
many reports have been published.******"*® and we will high-
light the first ten reports to explain HEIs in this review
paper.”*® Moreover, all the reported HEI catalysts have shown
excellent catalytic performance, surpassing those of conven-
tional alloy catalysts. HEIs have several advantages over their
HEA counterparts, including (i) greater structural/thermal
stability (multicomponent), (ii) more facile site isolation
(ordered structure), (iii) more precise control of electronic
structures (interatomic interaction), (iv) tunability, and (v)
multifunctionality, which highlight this state-of-the-art topic in
chemistry. In addition, HEIs provide a number of new ordered
alloys. However, the catalysis field of HEISs is in the preliminary
stage, and it lacks basic information. Therefore, conducting
more remarkable and deeper studies is urgently necessary to
open a new paradigm in HEI catalysis. This review will provide
a comprehensive understanding of the newly emerging field of
HEIs with regard to thermodynamic properties, synthesis
requirements, characterization techniques, roles in catalysis,
and reaction examples.

2. Thermodynamics of HEI formation

In general, the synthesis of ordered structures requires a high
annealing temperature of more than 600 °C to overcome the
barrier of the disorder-to-order transition (Fig. 1a and b).***>>°
This thermodynamic requirement is common both in conven-
tional intermetallics and HEIs. In addition, the sluggish diffu-
sion of component metals in multimetallic alloys requires long
exposure to temperature.'® Therefore, the attempt to synthesize
HEISs typically results in the bulk structure of the HEA and/or
phase-separated alloys.”® Moreover, other difficulties,
including the selection of constituent metals and the homoge-
neous distribution of metal precursors, make the synthesis of
nanoscale HEIs difficult. Therefore, synthesizing HEI nano-
materials is a challenging task. In this section, we introduce the
following important factors to guide the construction of HEIs.

(1) Thermodynamics: enthalpic term vs. entropic term.

(2) Size dependence of HEI formation: surface energy.

(3) Annealing conditions: temperature/time/atmosphere.

(4) Prerequisites: proper selection of constituent metals.

2.1. Free energy of alloying

The proper design of HEIs requires a basic knowledge of ther-
modynamics, including solid-solution alloys, intermetallics,
and HEAs (Fig. 1c and d).*'**"** At present, the free energy
change upon alloy formation could explain the phase diversity
of various alloys (eqn (1)).
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Fig. 1

(a) Schematic illustration of the transition from a disordered HEA phase to an ordered HEI phase. (b) Gibbs free energies of the HEA and HEI

structures as a function of temperature. (c) Schematic representation of various alloy structures. (d) Classification of alloy structures with regard
to the thermodynamic driving force of formation. Phase diagrams of the Pd—Pt (solid solution, fully soluble), Ag—Cu (immiscible/eutectic), Fe—Pt
(solid solution/Kurnakov-type intermetallic), and Pt—Sn (Daltonide-type intermetallic) systems reproduced from the AtomWork database of the

National Institute for Materials Science (http://crystdb.nims.go.jp/).

AGf/mix = AI—If/mix - TASf/mix (1)
where “f” and “mix” represent the “formation” and “mixing,”,
which are used for ordered and disordered alloys, respectively.*
In addition, (i) immiscible systems, (ii) binary solid-solution
alloys, (iii) intermetallics, (iv) pseudo-binary alloys, (v) HEAs,
and (vi) HEIs, are explained from a thermodynamic point of
view, in the following order.

2.1.1 Immiscible systems. Immiscible metals cannot form
alloy structures with one another. In this case, the molten state
at high temperatures promotes mixing, but they separate
during cooling. If the enthalpy change in a binary system is
positive (AH¢> AH,ix > 0), then the two constituent elements are
immiscible (AG¢ > AGpix > 0, Table 1).

2.1.2 Binary solid-solution alloys. Notably, when AG,; is
more negative than AGy, the formation of disordered alloys is
allowed, and vice versa.**>** When the elemental properties
(valence, electronegativity, atomic size, and crystal structure)
are similar to one another, the changes in enthalpic terms (AH;
and AH,,;,) are typically small (=10 to 0 kJ mol ', Table 1). In
this case, the system prefers to obtain a higher configurational

12646 | Chem. Sci,, 2024, 15, 12644-12666

entropy (ASmix > ASr, ASmix is always positive), resulting in
disordered phases (AGnix < AGj).

2.1.3 Intermetallics. Compared with disordered alloys,
intermetallics form when AG; is more negative than AGy;.>*>*
When the electronegativity of the constituent metals is largely
different, the constituent elements tend to maximize their
contact to enhance charge redistribution. In general, the
enthalpy change becomes significantly negative because of
charge redistribution (—100 to —25 kJ mol "), so enthalpy
contributes significantly to free energy (Table 1). By contrast, AS¢
is generally small, and it can be approximated as zero (AS; = 0).**
Therefore, intermetallics lose entropic stabilization (ASg < ASyix)-
However, the contribution of enthalpy can overcompensate for
entropy loss, allowing the formation of intermetallics.

Intermetallics are divided into three types, namely, Dalto-
nide, Berthollide, and Kurnakov (footnotes in Table 1).° A
Kurnakov-type intermetallic (mostly represented by the
composition formula of A;B, AB, or AB;) has a wide composition
width (typically 10-20 atom%), although the crystal structure
differs from that of parent metals. Although the A and B sites in
the crystal are crystallographically distinct, the A(B) site is
partially occupied with B(A) when the composition ratio is off-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Formation and mixing enthalpies of diverse alloys
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Table 1 (Contd.)

Alloy AH; (kJ mol ™) Ref.
Immiscible systems®

AgosCug s +3.5 53
Fey5Cup s +10.5 54
Ago.sNig 4 +22.0 55
Solid-solution alloys”

Pty 5C0p.5 —9.8 56
Pt+5C00.25 —9.2 56
Cug5Aug 5 —7.0 53
Ago sAug 5 —4.2 53
Nig sFeo s -3.9 57
Pty sPd, 5 —3.6 58
Pd, 5Nig 5 —0.5 57
Pd, sC0g 5 0 56
Nig.5C00.5 0 56
High-entropy alloys”

CrFeCoNiPd —7.0 59
CrMnFeNiCo —4.2 59
VFeCoNiCu —2.2 59
CrFeCoNiCuy 5 +0.5 59
CrFeCoNiCu +3.2 59
CrMoFeNiCu +4.6 59
Kurnakov-type intermetallics®

PtFe —20.2 60
PtCu —16.0 61
Pt;Fe —15.9 62
PtCo —14.0 56
Pt;Co ~12.0 56
PtCu, —11.0 61
Pt,Cu —-8.0 61
AuCu -8.0 63
Berthollide-type intermetallics?

PdGa —79.4 64
PdZn —-73.9 63
PtZn —65.0 63
NiAl —61.8 65
PdIn —61.4 66
NiGa —46.5 67
Pt;In —41.5 66
NizAl —41.0 57
Ni;Sn, —31.8 68
NisSn —26.3 68
Ni,Sn, —25.3 68
Niz;Ga —25.3 67
NiZn —19.7 63
CosMo —5.3 56
Co;Mog —4.2 56
Daltonide-type intermetallics®

Pt,Zr —112.9 62
PtGe —90.8 69
PtSn —74.0 70
PtGa —55.6 67
Pt,Sn —55.3 70
PtBi, —491 71
RhSb —32.2 66
Rh,Sb —30.9 66
PtBi —29.5 71
Pseudo-binary alloys

© 2024 The Author(s). Published by the Royal Society of Chemistry

Alloy AH; (k] mol ™) Ref.
(Nig sRu,.4)Al —61.5 65
(Nig 4Rug ¢)Al —63.1 65
(Nig.2Rug )Al —62.0 65
(C0o.sMng 5),Er -27.2 72

® AH,;,c mixing enthalpy for the liquid state. * AH,;: mixing enthalpy
for single-phase solid-solution alloys. © Kurnakov-type intermetallics
have compositional ranges on both sides of the stoichiometry, with
order-disorder transition points at high temperatures. ¢ Berthollide-
type intermetallics have compositional ranges on either side of the
stoichiometry and retain their structures up to the melting points.
¢ Daltonide-type intermetallics have no compositions other than the
stoichiometry (A,,B,,), therefore the m : n ratio is strictly fixed.

stoichiometric. Therefore, Kurnakov-type intermetallics also
have a property characteristic of solid-solution alloys, that is,
the (partial) random distribution of constituents undergoes
a phase transition from an intermetallic to a solid-solution alloy
at elevated temperatures, while the others do not. AH¢ of the
Kurnakov-type is not largely negative (—8 to —16 k] mol™~"; Table
1) compared with other two types. At high temperatures, the
contribution of the entropic term (—TASgmix) is significantly
strengthened. Therefore, the entropic term primarily dominates
at elevated temperatures, and AG,;x becomes more negative
than AGy, allowing the phase transition to solid-solution alloys
(low temperature: AGs < AGpix, high temperature: AG iy < AGy).

2.1.4 Pseudo-binary alloys. Pseudo-binary alloys are clas-
sified as intermetallics in which a third metal selectively
occupies the A and/or B sites (A,B,) without changing the
parent structure. AS; of pseudo-binary alloys is larger than that
of the parent binary intermetallics because of the random
distribution of a third metal. By contrast, the change in AH¢
caused by the incorporation of a third metal is negligible. For
example, (Ni;_,Ru,)Al pseudo-binary alloys have similar AH;
values (approximately —60 k] mol )% to that of the Berthollide-
type NiAl intermetallic (Table 1).* However, the enthalpy
contribution can still overcompensate for the entropy loss,
thereby retaining the parent intermetallics.

2.1.5 High-entropy alloys. Research on HEAs aims to break
limitations in miscibility and composition ratios observed in
standard binary systems. Such limitations result from the
“positive” free energy change of alloying. Therefore, alloying
immiscible metals may be possible when the number of
constituent elements is increased to enhance the mixing
entropy (ASmix), and, hence, the free energy change becomes
negative. Here, ASp,x can be expressed as follows (eqn (2)):

ASmix = 7szi ln(-xi) (2)

where R and x; represent the molar gas constant and mole
fraction of the elemental component, respectively. When the
molar ratios of metallic components are equal, the equation can
be simplified as follows (eqn (3)):

ASpix = —RIn(n) 3)

Chem. Sci., 2024, 15, 12644-12666 | 12647
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where n represents the number of metallic components. For
example, ASpx is 1.39R, 1.61R, and 1.79R when n is four, five,
and six, respectively. Therefore, increasing the number of
constituent elements can be a driving force to extend the solu-
bility limit. For example, the Co-Mo binary system has a large
miscibility gap in the phase diagram, and only two crystal
phases, that is, Berthollide-type Co,Mos (AH; =
—4.2 k] mol "), and CozMo (AH; = —5.3 k] mol ')* are
allowed to form (Table 1). However, Co and Mo can be alloyed at
a desired Co/Mo ratio when Fe, Ni, and Cu are added, forming
a solid-solution alloy of Co,Mo,Fe;(Ni;oCuyo (x +y = 70).*” In
addition, the Fe-Cu system is a well-known pair of immiscible
elements (Fey sCu, 5;>* AH¢ for the liquid state = +10.5 k] mol ).
Fe and Cu were also well mixed in the quinary system. However,
single-phase HEAs cannot be obtained by simply mixing five or
more elements in near equimolar ratios. Although a HEA is
initially single phase after solidification, it often tends to
separate into multimetallic and intermetallic phases when
annealed at intermediate temperatures.”® For example, the
Cantor alloy (fce-CrMnFeNiCo), which is the first reported
single-phase HEA,'” was later discovered to decompose into bec-
Cr, L1,-NiMn, and B2-FeCo phases below ~800 °C.”

2.1.6 High-entropy intermetallics. Increasing the number
of constituent elements enhances the contribution of the
entropy term, which often results in the formation of HEAs with
random atomic distribution. However, when AH of the parent
binary system is significantly negative, the ordered structure
might be retained even upon multimetallization because of the
greater contribution of the enthalpy term than the entropy term
(AGf < AGpiy)- For example, Daltonide-type intermetallic PtGe
has largely negative AH; (—90.8 kJ mol™*),* and can form an
HEI structure (PtCoCu)(GeGaSn) when multimetallized with Co,
Cu, Ga, and Sn. However, a similar intermetallic, PtGa, has less
negative AH; (—55.6 k] mol™"),*” which resulted in the forma-
tion of a random HEA structure.?® Therefore, the selection of the
parent structure is of great importance to maintain the ordered
structure during multimetallization (Table 2).

Hu et al. performed Monte Carlo (MC) simulations for the
quinary Pt(Fe,,Co,,Niy1Cug,) nanoparticle at 1100 K.>* A
random HEA structure was made as an initial state, in which the
constituent atoms gradually diffused to form the L1,-type HEI
phase. During this process, the formation enthalpy decreased
significantly because of the strong interaction via the spin-orbital
coupling and hybridization between non-noble metal 3d and
noble metal 5d states. In addition, the more negative enthalpy
results in a lower Gibbs free energy of the HEI than that of the
HEA over a wide temperature range (~273 to 1500 K), indicating
that the phase transition from HEA to HEI is thermodynamically
favorable (AGs < AGpix, Fig. 1b). These results demonstrate that
the combination of the enthalpic and entropic effects in HEIs
significantly improves the thermodynamic stability.

2.2. Size dependence of HEI formation

With regard to thermodynamics, the size of multimetallic alloys
plays an important role in the synthesis of HEIs. A report by Hu
et al. is a good example to understand the size dependence of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) The formation of HEI nanoparticles in the Joule-heating process, with regard to temperature evolution as a function of the heating

time. (b) HAADF-STEM images of nanoparticles of increasing size (~5, 20, and 150 nm), in which the smallest nanoparticle features an ordered
structure, whereas the larger particles become increasingly disordered, corresponding to the schematics shown in (c). EDX mapping of the 150
nm particle shows its phase-separated structure. (c) The LRO as a function of the quinary HEI particle size. The insets schematically show the
microstructural evolution as a function of the particle size. (d) The simulated LROs of differently sized nanoparticles (3.1, 4.6, 7.7, and 10.8 nm) as
a function of MC simulation steps. (e) XRD patterns of Pt(Feq7Cog1Nig1Cug 1) synthesized at different heating times at ~1100 K and the virtual
XRD pattern of the fully ordered Pt(Feq7C001Nig1Cug1) HEI computed using the virtual XRD analysis method. The asterisk (*) represents the
superlattice peaks of the intermetallic. (f) The time and temperature dependence of the LRO of Pt(Feg7Coq 1Nig 1Cug 1). () HAADF-STEM images
showing the evolution of nanoparticles held at ~1100 K via Joule-heating for different time durations (0.5 s, 1.0 min, and 5 min). The
Pt(Feq7Co01Nig1Cug 1) sample obtained by heating for 0.5 s, 1 min, and 5 min showed a small partially ordered structure, slightly more but still
partial ordering, and a fully ordered structure. Reproduced with permission from ref. 28. Copyright 2022 American Associate for the

Advancement of Science.

the multi-elemental disorder-to-order phase transition.>® They
synthesized differently sized PtFe, ;Co, 1Nig 1Cuo 4, by changing
the heating/cooling conditions (Fig. 2a). High-angle annular
dark-field scanning transmission electron microscopy with
energy-dispersive X-ray spectroscopy (HAADF-STEM-EDX)
revealed that the 5 nm alloy had a single-phase HEI structure,
whereas nanoparticles with a size of 20 and 150 nm had
partially ordered (HEI + HEA) and phase-separated structures,
respectively (Fig. 2b). Fig. 2c shows the long-range ordering
(LRO) parameter (defined using eqn (4)) as a function of
nanoparticle size.

LRO = 100% x (Ij10/Iin1)/(Ino” /Tii¥) 4)

where 1,40 and I,;; are the peak intensities of the superlattice
(110) and non-superlattice (111) diffraction peaks, respectively,
and I* is the corresponding peak intensity of the perfectly
ordered L1, structure (LRO = 100%). LRO decreased signifi-
cantly with the increase in nanoparticle size. A similar tendency

© 2024 The Author(s). Published by the Royal Society of Chemistry

was observed for octonary (Pto gPdg 1Aug 1)(Feo.6C00.1Nig 1Cug 1-
Sn, ;) nanoparticles. In understanding nanoscale transitions,
MC simulations were performed for HEA nanoparticles of
different sizes, and their LRO change was used as a function of
the MC steps, which corresponds to the reaction time, at 1100 K
(Fig. 2d). The LRO of particles with a size of 3.1 and 4.4 nm
reached ~100% within 3 x 107 simulation steps. By contrast,
particles with a size of 7.7 and 10.8 nm reached only 40% and
5% LRO, respectively, after 3 x 10 simulation steps. These
results were consistent with experimental observations. There-
fore, the complete HEA-to-HEI phase transition is primarily
achieved and stabilized in small nanoparticles, which explains
why the catalysis of HEIs has not been explored until 2019. This
size dependence has been attributed to the difference in surface
energy.”® HEIs have a lower surface energy than HEAs because of
the strong interatomic interactions.>***® For smaller nano-
particles, the difference in surface energy, which is the driving
force for the formation of ordered phases, is more pronounced

Chem. Sci., 2024, 15, 12644-12666 | 12649
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because of the larger surface fraction.® This result is the oppo-
site of the need to overcome a larger energy barrier of the
disorder-to-order phase transition with larger particles.”
Hence, improving the synthesis method is necessary to explore
HEI catalysis.

2.3. Annealing conditions

In addition to the abovementioned factors, annealing condi-
tions, including the (i) temperature, (ii) time duration, and (iii)
atmosphere, are important factors that must be considered in
the construction of HEIs. It should be noted that factors (i) and
(ii) are categorized as kinetics, while factor (iii) is categorized as
thermodynamics. The L1,-type Pt(Fe, ,C0¢ 1Nij 1Cuy 1)/C system
is a good example to understand the mechanism by which the
annealing temperature (7) and time duration (¢) play important
roles in the construction of ordered HEI structures.*® First,
disordered PtFe,,C001Nip;Cup; HEA nanoparticles were
synthesized by heating the metal precursors for tens of milli-
seconds at ~1100 K to mix the different elements without phase
separation. Then, the as-synthesized HEA nanoparticles were
rapidly reheated to 1100 K for an additional ~5 min (Fig. 2a).
Fig. 2e and f show the X-ray diffraction (XRD) patterns of the
sample at different heating times at ~1100 K and the effects of
heating temperature and time on LRO, respectively (see Fig. 2g
for the HAADF-STEM images). Annealing at a high temperature
for a long time promoted the gradual phase transition from
disordered to ordered structures.

A similar result was reported for the Pt(FeCoCuNi)/S-doped
carbon (S-C) system (PtCo-type HEI).>* The XRD pattern of the
sample annealed at 500 °C showed the disordered fcc phase,
and the fcc HEA structure can be formed even at T= 170 °C for ¢
= 5 min. These results demonstrated a low thermodynamic
barrier for the formation of a fcc HEA structure. By contrast, the
XRD pattern of the samples annealed at 7= 600 °C showed the
superlattice peaks of the ordered face-centered tetragonal PtCo-
phase, including (001) at 24.0° and (110) at 32.8°. In quantita-
tively estimating the degree of ordering, the ratio of the (110)
peak area to the combined area of the (111), (200), and (002)
peaks, denoted as S(110)/(S(111) + S(200) + S(002)), was used.
When T'was increased from 600 °C to 900 °C for ¢ = 25 min, the
ordering degree increased from 35% to 76%. In addition, when ¢
was extended from 25 to 120 min at T = 700 °C, the ordering
degree also increased from 52% to 65%. These results demon-
strated that the control of the annealing temperature and time
duration is of great importance for the synthesis of fully ordered
HEI structures.

In addition, the atmosphere plays an important role in the
disorder-to-order transition. Zhu et al. investigated the effect of
annealing atmosphere on the nanoparticulate FeCoNiCuPd
system.”* Despite the high annealing temperature of 750 °C, the
N, atmosphere resulted in a typical fcc phase. By contrast, the
use of NH; resulted in the formation of the ordered Fe;Pd-type
HEI structure. Density functional theory (DFT) calculations
showed that the adsorption energies of N, and NH; were —0.11
and —0.32 eV on the HEI, while —0.44 and —0.11 eV on the HEA,
respectively. Therefore, NH; prefers to be adsorbed on the HEI
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surface, whereas N, prefers to be adsorbed on the HEA surface.
Moreover, molecules that adsorb more strongly on HEIs lower
the thermodynamic barrier of the disorder-to-order transition
(Fig. 2a), thereby promoting HEI formation. These fundamental
insights into annealing conditions will provide an important
impetus for the synthesis of new HEI nanomaterials.

2.4. Selection of elements

So far, we have explained how to overcome the thermodynamic
barrier for the construction of HEIs. However, prerequisites
should be considered to achieve this goal, including the proper
selection of constituent elements and the homogeneous
distribution of metal precursors. Compared with HEAs, HEIs
have specific structures derived from the parent intermetallics
(A,,B,). When the electronegativity of a secondary metal is
largely different from that of the primary metal, a pair of the
elements tends to form the intermetallic to maximize charge
redistribution rather than to increase the disorder to obtain the
entropic stabilization. If the electronic properties of the added
elements are largely different from those of A and B, then the
degree of charge redistribution is decreased. Therefore,
enthalpic stabilization may no longer be greater than the alloy
system, and entropic stabilization is preferred, thereby leading
to the formation of HEAs. Therefore, the additional elements
should have electronic properties close to those of either A or B
to maintain the parent ordered structure.

3. Synthetic methods for HEI
nanomaterials

Controlled synthesis of HEI nanomaterials is the basic
requirement for the research of HEIs in heterogeneous catal-
ysis, which raises the bar of this field. Here, we introduce the
representative synthetic methods reported in the literature
(Table 2). In 2020, Jia et al. reported the catalytic properties of
HEISs for the first time.*® They synthesized the (FeCoNi);(TiAl)
HEI catalyst by combining the melt-spinning technique and de-
alloying process. They first prepared a parent alloy ingot whose
atomic composition was well designed with homogeneous
distribution by arc-melting, then melted it again at high
temperatures of 1200-1500 °C under an Ar atmosphere, and the
molten metal alloy was ejected onto a rotating Cu wheel surface.
This unique process resulted in as-spun HEI ribbons with
a nominal thickness of 30-40 um. The obtained ribbons were
cut into segments and then dealloyed by a chemical extraction
process using 1.0 M HCL. As a result, they obtained the L1,-type
(FeCoNi);(TiAl) HEI with a dendritic surface morphology. In
2022, Cui et al. synthesized the (PtPdAu)(FeCoNiCuSn) HEI by
Joule heating on a carbonized wood substrate.?® Eight different
types of metal chlorides were deposited on a carbonized wood
substrate using EtOH as a solvent. Then, the as-deposited metal
precursors were heated by Joule heating using electrical pulses.
The reaction temperature can be controlled with an electric
current. Although this unique process can endow the octonary
(PtPdAu)(FeCoNiCuSn) nanoparticles with a size of 4-5 nm, this
requires special equipment setup and can only be applied to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conductive supports. Several synthetic methods, such as the
wet-chemistry, chemical co-reduction, and impregnation
methods have also been reported as simpler methods. Chen
et al. synthesized (PtRh)(BiSnSb) HEI nanoplates by the wet-
chemistry method.”” A mixture of metal precursors, ascorbic
acid, cetyltrimethyl ammonium bromide, octadecene, and
oleylamine was heated at 220 °C under magnetic stirring,
forming hexagonal nanoplates with an average edge length of
6.2 nm. Feng et al. synthesized (PtIr)(FeCoCu) HEI nano-
particles with a size of 6 nm by chemical co-reduction.” Under
an Ar atmosphere, a mixed solution of metal precursors and
carbon powders was treated with NaBH, and collected by
centrifugation. The obtained product was washed and dried
under Ar protection, and then annealed at 850 °C under flowing
H,/Ar. A disordered phase can be obtained instead of the
ordered phase when it was annealed at 400 °C. Nakaya and
Furukawa et al. synthesized HEI nanoparticles supported on
a SiO, support by the pore-filling freeze-drying method.>*?*
First, the metal precursors were added dropwise to the SiO,
support with a minimum solution volume to fill the pores of
SiO,. The obtained mixture was quickly frozen using liquid
nitrogen and dried in a vacuum at —5 °C. The obtained powder
was dried at 90 °C overnight and calcined at 400 °C, followed by
reduction at 700 °C with flowing hydrogen. Importantly, the
combination of the pore-filling and freeze-drying allows the
homogeneous deposition of the metal precursors on the
support, resulting in the successful synthesis of (PtCoCu)(Ge-
GaSn)* and NiFeCuGaGe?*® HEI nanoparticles. The preparation
of HEIs using a conventional impregnation method with H,
reduction has also been reported by Furukawa et al*” They
synthesized (PtCoNi)(InGaSn) HEI nanoparticles on a CeO,
support. Since, this research field has been growing, various
effective synthetic methods will be developed in the near future.

4. Roles of HEIs in catalysis

In this chapter, we briefly outline the roles of HEIs in catalysis.
Geometric and electronic effects are the typical factors that can
be considered to explain the origin of high performance of alloy
catalysts. Although these effects are often discussed indepen-
dently of one another, conducting a separate discussion of these
effects is generally difficult. However, this may be possible if
one selects appropriate systems and carefully discusses the
details. In this chapter, we introduce the representative roles of
HEIs in catalysis, that is, (1) geometric site isolation, (2) fine-
tuning of the electronic structure, and (3) multifunctional
effects.

4.1. Geometric effects: site isolation

The atomic-scale control of surface ensembles is a challenging
but an attractive approach to achieve an unprecedented cata-
lytic performance. One of the major advantages of HEIs is the
construction of metallic single-atom (M;) sites. In recent years,
M, sites embedded in alloy materials have attracted attention as
promising active sites for a variety of reactions.**”>”® However,
the complete isolation of active sites requires a large excess (>20

© 2024 The Author(s). Published by the Royal Society of Chemistry
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equiv.) of counterpart metals in disordered alloy structures (e.g.,
single-atom alloys (SAAs) and HEAs).*** In addition, the poor
thermal stability of the parent alloy materials leads to severe
sintering at high operation temperatures.”” Therefore, the facile
construction of thermally stable M; sites is highly desired.
Compared with disordered alloys, intermetallics are promising
architectures because of their well-defined ordered structures,
which result in small surface active metal-metal coordinations.
However, even equimolar intermetallics typically do not provide
isolated sites by themselves because of the crystallographically
determined surface configurations. The selective substitution of
crystallographically distinct sites allows the further dilution of
such coordinations while maintaining the thermal stability
derived from the parent ordered structures. In addition, the
combination of the significantly negative formation enthalpy of
the parent materials and the increased mixing entropy in HEIs
can dramatically improve the structural stability.® Therefore,
the isolation of active metals using HEIs is highly attractive. For
example, Nakaya et al. reported the construction of isolated Pt
sites on the PtGe-type HEL* As shown in Fig. 3, the (020) surface
of the PtGe intermetallic (FeAs-type structure, space group:
Pnma) provides one-dimensionally aligned Pt columns, where
the surface Pt-Pt coordination number is only two. The Pt and
Ge sites were selectively substituted by much less active Co/Cu
and inert Ga/Sn, respectively. Detailed structural analysis
revealed that only isolated Pt (Pt;) sites were exposed on the
surface of the HEI (Pt fraction: 0.25). Pt;@(PtCoCu)(GeGaSn)
acted as thermally stable active sites, providing significantly
high selectivity and durability for propane dehydrogenation.
Based on the segregation energy obtained by DFT calculations,
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Fig. 3 Catalyst design concept for thermally stable isolated Pt sites
using the HEI. (a) Pt and Ge sites in the intermetallic PtGe are partially
substituted by Co/Cu and Ge/Sn, respectively, resulting in the
formation of the PtGe-type (PtCoCu)(GeGaSn). (b) Illustrations of the
(020) surface of the (PtCoCu)(GeGaSn) HEI (left) and the (111) surface
of the Pt-based senary HEA (right).
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the HEI structures with Pt; sites were electronically more
favorable than those with Pt-Pt coordinations. As control
experiments, the quaternary (PtCoCu)Ge and quinary HEA
catalysts were also synthesized. However, the (PtCoCu)Ge and
HEA catalysts suffered from low thermal stability and coke
deposition (induced by Pt-Pt ensembles), respectively. These
results indicated that the multimetallization of Ge sites by Ga/
Sn improved the thermal stability because of the increased
mixing entropy and the use of the HEI achieved more efficient
site isolation. DFT calculations showed that the undesired side
reactions on the HEI surface were effectively suppressed by
facile propylene desorption. The density of states (DOS) pro-
jected onto the d-orbitals of the surface Pt atoms verified the
absence of a significant difference in the d-band shape and
center between PtGe and the HEIL Therefore, the site isolation
effect primarily causes the superior catalytic performance.
However, the Pt; site on Pt-Cu SAA (Pt;@Cu) possessed the d-
band center (¢4) much closer to the Fermi level, indicating the
potentially low selectivity for PDH. The experimental and
theoretical results supported the inferior selectivity of Pt;@Cu
for PDH. Therefore, although the ligand effect is not involved in
this multimetallization, the electronic properties of the parent
materials are significantly important. A similar site isolation
methodology has also been reported for other catalytic systems
to achieve a remarkable catalytic performance.”**”

4.2. Electronic effects: fine-tuning

The other advantage of HEIs is the fine-tuning of the electronic
structure caused by the combination of the ordered and multi-
metallic nature, which alters the adsorption properties and
resulting catalysis. However, in general, the geometric and elec-
tronic effects interfere with each other. Therefore, extracting the
electronic effect while excluding the geometric effect is difficult.
The catalytic system with small atoms/molecules is the appro-
priate reaction to minimize the geometric effect and to outline
the electronic effect of HEIs. Here, we introduce the fine-tuning
of the electronic structure using the oxygen reduction reaction
(ORR: 1/20, + 2H' + 2e” — H,0) as an example. The ORR is
a desirable reaction, and its sluggish kinetics must be boosted
(see Section 5.2.2 for details on the ORR). A volcano plot (Sabatier
principle) is observed between the oxygen binding energy and the
ORR activity.**** In addition, the oxygen binding energy is
correlated with the d-band center.***#* Therefore, the d-band
center is the commonly used descriptor to predict/interpret the
ORR activity. Based on the predictions, the ORR activity reaches
the maximum when the d-band center of active metals is
downshifted by approximately 0.32 eV than that of pure
Pt(111).5%** Therefore, tremendous efforts have been devoted to
tune the d-band center close to the optimum value by alloying.
However, the fine-tuning of the electronic structure using
conventional solid-solution alloys, intermetallics, and even HEAs
is highly difficult.***>

Here, the unique report by Feng et al. provides a compre-
hensive understanding of the effects of ordered and multi-
element properties on the electronic features of HEIs." Low-
index facets are thermodynamically stable, but they have

12652 | Chem. Sci, 2024, 15, 12644-12666

View Article Online

Review

inferior ORR activities compared with high-index facets.
However, they succeeded in transforming the low active (001)
facet into a highly active surface using the PtFe-type (Ptlr)(Fe-
CoCu) HEL As shown in Fig. 4a, the ¢4 value of the Pt(001) was
upshifted by 0.09 eV from that of Pt(111), which was away from
the optimum value. Therefore, the ORR activity on Pt(001) is
inferior to that on Pt(111) because of the strong oxygen binding
energy. For HEA(111), HEA(001), and HEI(111), the downshifts
of eq were 0.37, 0.17, and 0.28 eV, respectively (Fig. 4b and c). By
contrast, ¢g of HEI(001) was downshifted by 0.31 eV, which is
closest to the optimal value (0.32 eV, Fig. 4c). The larger
downshift of HEI(001) than that of HEI(111) can be explained by
the spatial configuration of the nearest neighbors of the surface
Pt (Fig. 4d). The d,,, d,,, and d,, orbitals directly face four non-
noble and four noble metal atoms (eight in total) for Pt at the
HEI(001) surface, whereas the orbitals directly face two non-
noble and one noble metal atoms (three in total) for Pt at the
HEI(111) surface. Therefore, the (001) surface of the HEI can be
tuned more directly by other metal atoms than the (111) surface.
Consequently, the (001) surface of the (PtIr)(FeCoCu) HEI
exhibited an outstanding ORR activity because of optimized &q
of Pt. Therefore, HEIs are promising architectures for fine-
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2023 American Chemical Society.
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tuning of the electronic structure because of the combination of
ordered and multimetallic nature.

4.3. Multifunctional effects: synergetic contribution of
element-specific functions

Another characteristic of HEIs is the provision of multifunc-
tional effects, which are neither geometric nor electronic
effects. In general, the geometric and electronic effects are
specified when the counterpart metals are catalytically less
active or inert for the reaction. Therefore, only the change in the
catalytic/adsorptive characteristic of the main active metals is
included in the main discussion. By contrast, multifunctional
effects occur when the counterpart metals, which contribute
positively and actively to catalysis, are incorporated in the alloy.
The synergetic contributions of the element-specific functions
of the main and counterpart metals can effectively catalyze the
complex catalysis, which requires catalyzing different
substrates/intermediates. These multifunctional effects have
been observed in the alloy materials including the random (e.g.,
solid-solution alloys and HEAs) and ordered (e.g., binary and
pseudo-binary intermetallics) alloys.**** Multifunctional
effects have also been reported in HEIs.***” The PtSn-type
(PtCoNi)(SnInGa) HEI system reported by Furukawa et al.?’ is
a representative example of the multifunctional effect using
a HEI (Fig. 5). For the oxidative dehydrogenation of propane
using CO, as an oxidant (CO,-ODP; C3Hg + CO, — C3Hg + CO +
H,0), in addition to the dehydrogenation ability, the CO, acti-
vation ability is also necessary to complete the reaction.
Therefore, constructing a multifunctional architecture is
necessary. In this context, the Pt and Sn sites of the PtSn

intermetallic were multimetallized to form the

a PtSn

transition
metals

f:amal

(PtCoNi)(SninGa) c
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(PtCoNi)(SnInGa) HEI The introduction of Co/Ni can improve
the CO, activation ability. Consequently, the synthesized
(PtCoNi)(SnInGa)/CeO, HEI catalyst exhibited significantly high
specific activity for propylene and long catalyst lifetime in CO,-
ODP at 600 °C.

4.4. Mixing effects

As the number of constituent metals increases, the physical
and/or chemical properties of alloys are often improved.® In
recent years, the “mixing effect” has been proposed as one of
the positive roles played by multimetallic alloys in catalysis.
Although the mixing effect itself does not directly affect the
adsorption and/or catalytic behavior, it modifies the alloying
degree and/or the stability of alloy phases by multlimetalliza-
tion. An example is the enhancement in the mutual solubility of
the constituent metals. Even when the two constituent metals
have a miscibility gap or low miscibility, the degree of alloying
can be enhanced by increasing the number of constituent
metals due to the increase in ASy;. This phenomenon is also
known as the entropy effect (Section 2.1 for details). Another
example is the improvement of structural and/or chemical
stability. The AG value for alloy formation becomes more
negative owing to the contribution of larger AS,,ix, which makes
the alloy thermodynamically more stable. In addition, the
atomic diffusion rate in the crystal lattice decreases due to the
large difference in the atomic radii of the constituent metals
(sluggish diffusion effect), which enhances the robustness of
the alloy phase. This effect also enhances the anti-sintering
properties of alloy nanoparticles. Therefore, the multi-
metallization can increase the stability of alloys thermody-
namically and kinetically, thus improving the catalyst durability
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(a) Catalyst design concept based on the HEI. Pt and Sn sites in intermetallic PtSn (hexagonal NiAs-type structure, space group: P6s/mmc)

are partially substituted by Co/Ni and In/Ga, respectively, to form a PtSn-type HEI (PtCoNi) (SnInGa). (b) Atomic arrangement of the most stable
(110) surfaces of PtSn (left) and HEI (PtCoNi)(SnInGa) (right). (c) The role of each metal and the effect of multimetallization on the catalysis of CO,-

ODP.
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and robustness even under harsh conditions (see Chapter 6 for
some examples). Notably, however, the true picture of the
entropy effect remains unclear. Developing further experi-
mental and theoretical rationale is expected for a clearer
understanding of this chemistry.

5. Identification of HEI structures

In this section, we explain the detailed analytical method used
to determine the formation of HEIs. The priority of measure-
ments is first XRD and HAADF-STEM-EDX and then X-ray
absorption fine structure (XAFS) if the aforementioned
methods do not provide sufficient evidence. The combination of
each analysis allows for more detailed structure determination.

5.1. XRD

Laboratory or synchrotron XRD is a powerful technology to
prove the ordered phase. Fig. 6a shows the laboratory XRD
patterns of the PtRhFeNiCu HEA and HEI catalysts.” The HEA
showed a typical Pt-like fcc feature. By contrast, the XRD pattern
of the HEI showed the (100) and (110) characteristic diffraction
peaks of an ordered L1, structure (A;B-type). In addition, the
diffraction angles were shifted to higher angles, revealing the
larger lattice shrinkage in the HEI than in the HEA. Fig. 6b
shows the synchrotron XRD patterns of PtGe-type (PtCoCu)(-
GeGaSn) HEI nanoparticles.”® The synthesized HEI showed
a PtGe-type diffraction pattern, unlike fcc-, bee-, or hep-HEAs.
The diffraction angles were largely shifted to higher angles

a — HEA
l = HEI

Intensity (a.u.)
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20/degree (Cu Ka)
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7 ' 9 11 13 15 17 19 21
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Fig. 6 (a) XRD patterns of the PtRhFeNiCu HEA and HEI catalysts.?* (b)
Synchrotron XRD pattern of the (PtCoCu)(GeGaSn)/Ca-SiO, catalyst.
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because of lattice shrinkage (5.6%). The theoretical lattice
shrinkage was calculated to be 5.4%, which was consistent with
the experimental result. Notably, the intensity of the 011
diffraction for the PtGe-type HEI was low. Upon the incorpora-
tion of differently sized elements, the crystal order decreases
because of lattice distortion. This decrease in order is more
pronounced at longer periods, thereby lowering the relative
diffraction intensity at lower angles. Such a decrease in
diffraction intensity has also been reported in HEI and fcc HEA
systems.***

5.2. HAADF-STEM-EDX

HAADF-STEM with EDX spectroscopy is also a powerful tech-
nology for identifying the formation of HEIs. In this section, we
use the (FeCoNi);(NiCuPd) system as an example to explain how
the HEI structure can be identified using HAADF-STEM-EDX.**
Wang et al. synthesized the nanoparticulate (FeCoNi);(NiCuPd)
HEI by annealing under an NH; atmosphere. Elemental maps of
a single nanoparticle revealed the homogeneous distribution of
Fe, Co, Ni, Cu, and Pd. Given the different average atomic

Fig. 7 (a and b) Atom-resolved HAADF-STEM image and the corre-
sponding FFT pattern along the [100] zone axis. (c and d) Atom-
resolved HAADF-STEM image and the corresponding FFT pattern
along the [110] zone axis. (e) Atom-resolved HAADF-STEM image and
corresponding EDS maps. Reproduced with permission from ref. 21.
Copyright 2022 Wiley-VCH.
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numbers, the HAADF-STEM image distinguished two types of
atomic columns, corresponding to the projection of the ordered
L1, structure (FesPd phase) along the [100] direction (Fig. 7a).
The corresponding fast Fourier transform (FFT) pattern showed
(011) and (00T) reflections in the reciprocal space (Fig. 7b),
confirming the L1, structure. The L1, structure was further
observed along the [110] direction (Fig. 7c and d). As shown in
Fig. 7e, FeCo, and CuPd occupied the face-centered (A) and
vertex (B) sites of the L1, A3B structure, respectively. By contrast,
Ni was randomly distributed at both sites. These results indi-
cated the formation of the (FeCoNi);(NiCuPd) HEL The use of
HAADF-STEM-EDX and FFT patterns is of great importance for
the identification of HEI structures. However, notably, HAADF-
STEM-EDX analysis only provides the local information and not
the whole information. Therefore, the conclusion should be
drawn in combination with other measurements such as XRD.

5.3. XAFS

As explained in the previous sections, the combination of XRD
is of great importance for the

and HAADF-STEM-EDX
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identification of HEIs. However, for extremely small nano-
particles (<3 nm), determining the exact location of each element
by elemental mapping is difficult. In addition, FFT analysis
cannot be applied to the image of a narrow periodic repeating
structure. In such cases, further structural analysis by XAFS plays
a crucial role. A good example to understand the fundamental
insights for XAFS analysis of HEIs is a PtGe-type (PtCoCu)(Ge-
GaSn) HEI (average size = 2.2 nm).*® Synchrotron XRD and
HAADF-STEM-EDX revealed the PtGe-type structure and homo-
geneous distribution of all constituent elements in a nano-
particle, respectively (Fig. 6b and 8a). Quantitative analysis of
some nanoparticles elucidated the unity atomic ratios of (Pt + Co
+ Cu)/(Ge + Ga + Sn). However, quantitative analysis does not
provide the information for selective substitutions. XAFS analysis
was performed for Pt Ly, Co K-, Cu K-, Ge K-, Ga K-, and Sn K-
edges to study the coordination environment of the atoms in the
HEI. As shown in Fig. 8b, the HEI presented a Pt Lj-edge XANES
characteristic that is similar to those of bulk and nanoparticulate
PtGe intermetallics but different from that of nanoparticulate Pt.
The raw extended XAFS (EXAFS) oscillation also showed a similar

60 8
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Fig. 8

(a) HAADF-STEM image and the corresponding elemental maps for a single nanoparticle in the (PtCoCu)(GeGaSn)/Ca-SiO, catalyst. Pt

L,-edge (b) XANES, (c) k*-weighted EXAFS oscillations, and (d) Fourier-transformed EXAFS of Pt/Ca-SiO,, bulk PtGe, PtGe/Ca-SiO,, and

HEI(0.25).
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tendency (Fig. 8c). In addition, the EXAFS oscillation did not
coincide with those of Pt,sCoy5, PtysCuys, PtGa, and PtSn,
indicating that the PtGe-type structure was retained even after
multimetallization. Compared with PtGe, the HEI displayed two
peaks at 2.0 and 2.5 A (Fig. 8d), which could be assigned to Pt-
Ge(Ga) and Pt-Sn scatterings, respectively, demonstrating the
incorporation of Sn into the Ge site. EXAFS curve-fitting analysis
allowed the assignment of all the associated transition-typical
metal scatterings, providing comprehensive support for the
formation of the (PtCoCu)(GeGaSn) HEI structure. They also
synthesized the quinary multimetallic alloy using PtGa as the
parent structure. However, structural analysis revealed the
formation of the disordered HEA. AH; of PtGe (—90.8 k] mol 1)*®
is more negative than that of solid-solution alloys (Ptys5Cop s:
—9.8 k] mol ')** and intermetallics (PtGa: —55.6 k] mol *,*” PtSn:
—74.0 k] mol™").” Therefore, the large contribution of the
enthalpic effect is an important driving force to maintain the
parent ordered structure (see Section 2.1 for the detailed
discussion on thermodynamics). The determination of the HEI
structure by XAFS analysis has also been successful in other
systems,*?**® providing useful structural information. Notably,
the XAFS spectra often overlap with one another, therefore, the
constituent elements and the choice of their edges for XAFS
should be considered before performing the XAFS measurement.

6. Catalysis of HEIls

To date, 10 reports have been found on the application of HEIs,
including three in thermal -catalysis®®*” and seven in
electrocatalysis.”**®* Among these reports, HEIs have been
found to have a unique catalytic performance that dramatically
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exceeds those of conventional catalysts. In guiding the devel-
opment of new HEI catalysts, the HEI for each reaction is pre-
sented in this chapter. The mechanism of enhancing the
catalytic performance would provide fundamental insights into
a more rational catalyst design based on HEIs.

6.1. Thermal catalysis

6.1.1 Non-oxidative and oxidative dehydrogenation of
propane. The first trial of the HEI catalyst for thermal catalysis
is the PtGe-type (PtCoCu)(GeGaSn)/Ca-SiO, -catalyst.>>*>
Propylene production via non-oxidative dehydrogenation of
propane (PDH; C;Hg — C3;Hg + H,) has been considered as a key
technology to meet the growing global demand for propylene.
However, the endothermic properties of PDH require high
operation temperatures to achieve sufficient propylene yield,
which inevitably leads to severe coking and/or sintering in
a short period of time. To address these limitations, researchers
have focused extensively on selective and stable Pt-based alloy
catalysts. In recent years, metallic isolated Pt (Pt;) sites have
been considered as promising active sites for PDH.”>77%* On Pt,
sites, the undesired side reactions (including C-C bond
cleavage) are largely suppressed, whereas the generation of
propylene from propane is maintained. However, the insuffi-
cient stability of the parent alloy materials leads to the aggre-
gation of nanoparticles.”” Thus, the construction of thermally
stable metallic Pt; has been a recent trend in PDH yet highly
challenging.*** In 2022, the remarkable PDH performance
using metallic Pt; sites in PtGe-type HEI nanoparticles was re-
ported.” Although intermetallic PtGe is known to be a selective
catalyst for PDH,** the surface Pt-Pt pairs induce undesired side
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Fig.9 Catalytic performance of the HEl in PDH and DFT calculations. (a) Catalytic performance of PtGe, HEI(0.25), SAA, and HEA in PDH at 600 °
C without co-feeding H,. (b) Summarized mean catalyst life (t = kq™%) of HEI(0.25) and control catalysts in PDH without co-feeding Hs. (c) Long-
term stability test of HEI(0.25) in PDH at 600 °C with co-feeding H,. (d) Reusability of PtGe and HEI(0.25) in PDH at 600 °C without co-feeding H,
after repeated regeneration processes. (e) Relationship between the mean catalyst life (t = k4% and the degree of Ptisolation represented by x as
the Pt/(Pt+ Co + Cu) molar ratio in PtGe and the HEI. (f) Model structure of the HEI (left bottom) derived from PtGe (left top) for DFT calculations.
An example of the HEI slab model for PDH: CsH, + H at a Pt; site (right). (g) Relationship between E,4(CsHg) and AE or Ex, for various Pt-based

surfaces. (h) CsHe-TPD for Pt-based catalysts.
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reactions. Therefore, the Pt and Ge sites were selectively
substituted with less active Co/Cu and inert Ga/Sn, respectively
(refer to Sections 4.1 and 4.3 for structural analysis). Notably,
the significantly negative AH; value of PtGe (—90.8 kJ mol *)*®
can serve as a driving force to maintain the PtGe structure
during multimetallization. By controlling the Pt fraction Pt/(Pt +
Co + Cu), Pt atoms were completely isolated on the surface of
the (PtCoCu)(GeGaSn) catalyst (HEI(0.25), Pt fraction = 0.25).
The PtFeCoCuGa HEA, Pt-Cu SAA, and PtGe catalysts were also
synthesized as control catalysts. Fig. 9a and b show the time on
stream of the catalytic performance and the summarized
stability of the HEI(0.25), HEA, PtGe, and Pt-Cu SAA catalysts at
600 °C. A reciprocal deactivation constant was used as
a descriptor for stability. As a proof of concept, HEI(0.25)
exhibited the highest stability among them. Furthermore, in the
long-term stability test with H,, HEI(0.25) retained ~30%
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propane conversion and ~99% propylene selectivity for two
months at 600 °C (Fig. 9¢), surpassing other reported catalysts.
This catalyst also showed high durability in repeated use after
0,-H, treatment, whereas PtGe showed gradual deactivation
(Fig. 9d). For comparison, the stability test was performed using
the HEI with high Pt fraction, showing inferior stability (Fig. 9e).
The results demonstrated the chemical stability of the HEI
phase, the effectiveness of the site isolation strategy, and
tunability. In determining the origin of the good catalytic
performance of the HEI, DFT calculations were performed
(Fig. 9f). The Pt; site on the HEI can selectively catalyze the
propane's first and second C-H scissions, while inhibiting the
third C-H scission, which triggers undesired side reactions,
through facile propylene desorption (Fig. 9g). Temperature-
programmed propylene desorption (C3;Hg-TPD) confirmed that
the propylene on the HEI could not be adsorbed even at —35 °C,
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Fig. 10 Time course of (a) C3sHg conversion, (b) CsHg selectivity in hydrocarbons, and (c) CO, conversion in the CO,-ODP at 600 °C. (d) Model
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supporting the remarkably easy desorption of propylene on the
HEI (Fig. 9h). Notably, DOS projected onto the d-orbitals of the
surface Pt atoms verified the absence of significant difference in
the d-band shapes and centers between PtGe and the HEL
These results indicated that the outstanding catalytic perfor-
mance in this multimetallization can be attributed to the
geometric site isolation effect and not to the electronic effect.
However, compared with the isolated Pt sites between the HEI
and Pt-Cu SAA, the Pt;@Cu site showed inferior selectivity
because ¢4 was closer to the Fermi level than the HEI. Therefore,
although the ligand effect is not involved in multimetallization,
the electronic properties of the parent materials are of great
importance.

The use of the HEI catalyst has also been reported for the
oxidative dehydrogenation of propane using CO, as a soft
oxidant (CO,-ODP; C3Hg + CO, — C3Hg + CO + H,0).”” This
reaction not only produces propylene but can also convert CO,
to a value-added chemical, making it an attractive alternative to
PDH. In addition to the dehydrogenation capability with high
propylene selectivity, the CO, activation capability is also
required to cycle this reaction. Therefore, a multifunctional
alloy architecture is necessary. Furukawa et al. synthesized the
(PtCoNi)(SnInGa)/CeO, HEI catalyst and reported its remark-
able catalytic performance.”” They selected the PtSn structure,
which is a well-known selective catalyst in PDH, because of its
significantly negative AH; value (—74.0 k] mol").”® The Pt and
Sn sites of PtSn were selectively substituted with Co/Ni and In/
Ga to improve CO, activation ability and thermal stability,
respectively. Notably, most of the Ga species were oxidized even
after H, reduction. Considering the order of reduction poten-
tials (Ga®* + 3~ — Ga®: —0.55 Vvs. SHE < CeO, + e~ — Ce,05:
—0.36 V<In®" + 3¢~ — In”: —0.34 V), the reduced Ga species
would be re-oxidized by the CeO, lattice oxygen because of its
oxophilic nature. Therefore, only a small fraction of Ga partic-
ipated in alloying. The constructed (PtCoNi)(SnInGa)/CeO, HEI
catalyst exhibited a higher catalytic activity, C;H, selectivity,
long-term stability, and CO, utilization efficiency at 600 °C than
PtSn/Ce0,, Pt-Co-In/CeO,, and previously reported catalysts
(Fig. 10a—c). The control experiments with binary alloy catalysts
(Pt-M/CeO,, M = Co, Ni, Sn, In, and Ga) revealed that the
incorporation of Ni/Co is the key to improve the CO, activation
ability. In addition, typical metals were necessary to inhibit the
dry reforming of propane, resulting in high propylene selec-
tivity. A mechanistic study was performed to determine the
origin of the enhanced catalysis. The apparent activation ener-
gies for propane dehydrogenation were as follows:
128.0 k] mol ™' (HEI), 138.3 kJ] mol ' (Pt-Co-In), and
143.9 k] mol " (PtSn). A similar trend was also observed for the
apparent activation energies for CO, reduction (HEL
102.5 k] mol™!, Pt-Co-In: 130.3 k] mol™!, and PtSn:
141.5 k] mol ™). Therefore, the activation of propane and CO,
was kinetically accelerated in the HEI structure. DFT calcula-
tions were performed to investigate the role of the HEI phase. In
modeling the HEI structure, the Pt and Sn sites in the PtSn (2 x
2 x 2) supercell were partially and randomly replaced with Ni/
Co and In, respectively (Fig. 10d and e). The adsorption (E,q)
and C-H activation energies (E,) of propylene were calculated
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using eight different adsorption sites and conformations
(Fig. 10f). E,q and E, have narrow ranges (E,q: —51 to
—35 kI mol ™, Ex: 137 to 147 Ky mol ™). AE (= Ep + E.q = Ex — Eq
(Eq: propylene desorption energy)), which is the well-known
descriptor for selectivity, of the HEI (98.9 k] mol ') was
higher than that of Pt-Co-In (45.7 k] mol™"). This result indi-
cated that propylene desorption was significantly accelerated
because of the effective inhibition of the 3rd C-H cleavage upon
Pt isolation. In addition, E, values of propane to propylene and
CO, reduction were also calculated (Fig. 10g and h). The E,
value for propane dehydrogenation and CO, activation was
decreased after multimetallization. Notably, the trends ob-
tained from DFT calculations were consistent with the experi-
mental results. Based on the d-DOS of surface transition metals,
the HEI showed an intense peak near the Fermi level because of
the 3d state of Ni and Co. Therefore, the upshift of the d-band
center by the incorporation of Ni and Co is the key for the
enhanced activity in propane dehydrogenation and CO,
reduction.

6.1.2 Acetylene semihydrogenation. Acetylene semi-
hydrogenation is an important industrial process related to
polyethylene production.**°” A Ziegler-Natta catalyst is a well-
known catalyst for the polymerization of ethylene to produce
polyethylene. However, this catalyst can be easily poisoned by
impure acetylene in the ethylene feed gas produced by steam
cracking of light alkanes. Therefore, impure acetylene must be
decreased to an acceptable ppm level by acetylene semi-
hydrogenation (C,H, + H, — C,H,) prior to feeding to the
Ziegler-Natta catalyst. However, selectively hydrogenating
acetylene to ethylene while inhibiting ethylene hydrogenation
in ethylene-rich steams is difficult. In industry, Pd-Ag bime-
tallic materials are commonly used as acetylene semi-
hydrogenation catalysts. However, from the standpoint of
element strategy, the development of alternative catalysts based
on non-noble metals is necessary. In recent years, non-noble
metal-based catalysts such as NiZn,”*"'** Ni-Ga,'**'** and
Al;;3Fe, (ref. 105) have been reported as effective alternatives.
However, these catalysts still suffer from low activity and
selectivity in ethylene-rich streams. Thus, the NiGa-type HEI
catalyst was developed.”® The most stable (110) surface of NiGa
displays one-dimensionally aligned Ni and Ga columns, which
provide a suitable basis for site isolation by dilution (Fig. 11a).
Therefore, the Ni and Ga sites were multimetallized to form
(NiFeCu)(GaGe). In the C,H,:H,:He (=1:10:39) stream, the
synthesized (NiFeCu)(GaGe)/SiO, HEI retained high ethylene
selectivity (93-98%) even after reaching 100% conversion of
acetylene, whereas NiGa showed a significant drop in selectivity
after reaching 100% conversion (Fig. 11b and c). The catalytic
activity of the HEI with approximately one/sixfold Ni amount
was comparable to that of NiGa, indicating the improved cata-
Iytic activity. In addition, the HEI showed higher durability than
those of binary NiGa, quaternary NiCuGaGe, NiFeGaGe, and
NiFeCuGa catalysts (Fig. 11d). These results indicated the
improvement of activity, selectivity, and durability upon mul-
timetallization. Kinetic studies revealed the following apparent
activation energy and reaction orders for HEI and NiGa:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Multimetallization of NiGa to (NiFeCu)(GaGe) HEI and the (110) planes of NiGa and HEI. Catalytic performance of NiGa/SiO, and

NiFeCuGaGe/SiO, (HEI) in acetylene semihydrogenation. C,H, conversion and CyH4 selectivity in the (b) absence (CoH, :Hy:He =1:10:39
mL min~?!) and (c) presence of excess ethylene (C,H; : Ho 1 CoHy i He = 1:10:10: 39 mL min~?). (d) Time-course of acetylene conversion and
ethylene selectivity in long-term stability tests. (e) Optimized bulk structures of the parent NiGa supercell and the HEl model, and an example of
a TS image: hydrogen attack on C,H, on the HEL. (f) Activation energy of acetylene hydrogenation. (g) DOS profiles projected on d-orbitals. The
dotted line shows the partial d-DOS of the HEI projected onto each transition metal. (h) Surface energy and adsorption energy of ethylene on Ni

sites.

(1) Apparent activation energy: 40.4 k] mol™' (HEI) and
55.1 k] mol " (NiGa)

(2) Reaction order for acetylene: —0.13 (HEI) and —0.91
(NiGa)

(3) Reaction order for hydrogen: 0.80 (HEI) and 2.27 (NiGa).

These results indicated that the increase in catalytic activity
by multimetallization was attributed to the following two
factors: (1) decreased energy barrier and (2) increased hydrogen
supply (i.e., appearance of vacant active sites) to the surface.
DFT calculations were performed on the (110) planes of the HEI
and NiGa to explore the origin of the high catalytic performance
(Fig. 11e). The HEI showed a lower activation barrier for acety-
lene hydrogenation than NiGa (Fig. 11f). In addition, the
adsorption energy of ethylene was reduced dramatically after

© 2024 The Author(s). Published by the Royal Society of Chemistry

multimetallization. Notably, the DOS projected onto the d-
orbitals verified that the electronic structure of Ni did not
change upon multimetallization, indicating the negligible
contribution of the ligand effect (Fig. 11g). By contrast, the
surface energy of the (110) plane showed a dramatic decrease in
various models, which was related to the decrease in the
adsorption energy of ethylene (Fig. 11h). Therefore, the
enhanced ethylene desorption was attributed to the decreased
surface energy upon multimetallization. These results were
consistent with the enhanced activity drawn from the experi-
mental results. In addition, the free energy barrier for the
overhydrogenation of ethylene increased upon multi-
metallization, proving the update of ethylene selectivity without
sacrificing the catalytic activity. Consequently, the origin of the
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high catalytic performance was proven by DFT calculations.
Therefore, the ligand effect has no significant contribution to
this system.

6.2. Electrocatalysis

6.2.1 Hydrogen evolution reaction. Water electrolysis has
been considered as an attractive green technology for the
production of H,.*'*** To date, alkaline water electrolysis
technology has dominated large-scale commercialization
because the acidic state suffers from high equipment costs and
sluggish kinetics of the oxygen evolution reaction (anodic half-
reaction). However, the Pt-based cathode (hydrogen evolution
reaction: HER) is typically =2 to 3 orders of magnitude less
efficient in alkaline media than in acidic environments because
of the lack of protons. Therefore, enhancing H,O dissociation is
of great importance in providing protons. Therefore, alloying Pt
with 3d transition metals, which have a lower energy barrier for
H,O dissociation, has been applied as a standard catalyst
design concept. Consequently, the synergistic contribution of
proton recombination and H,O dissociation improved the HER
performance. However, from the standpoint of atom utilization
efficiency, further upgrade of catalytic performance is highly
desirable to reduce the use of noble metals. In addition, the
sintering of nanoparticles has been a long-standing problem,
which reduces the atom utilization efficiency. Therefore, con-
structing nanomaterials with multifunctionality and robust
structural stability is suitable for HER applications. In this
context, it is reasonable to adapt HEI nanomaterials for the
HER‘ZO,Z‘I

Wang et al. synthesized disordered, partially ordered, and
highly ordered (PtCo-phase) Pt(FeCoCuNi) nanocrystals and
tested their HER performance in 1 M KOH aqueous solution.**
The highly ordered Pt(FeCoCuNi) nanocrystal required an
overpotential of only 20 mV vs. the reversible hydrogen elec-
trode (RHE) to deliver 10 mA cm 2, whereas the partially
ordered and disordered counterparts and the commercial Pt/C
showed overpotential of 32, 47, and 38 mV (Fig. 12a and b).
The Tafel slope of the highly ordered Pt(FeCoCuNi) was 31 mV
dec™', which was smaller than those of the partially ordered
(39 mv dec™ ") and disordered Pt(FeCoCuNi) (56 mV dec ') and
Pt/C (54 mV dec ") (Fig. 12a and c). The mass activity of the
highly ordered Pt(FeCoCuNi) at a potential of —0.2 V vs. RHE
was 71.9 Amgp, ', which was 2.1, 3.0, and 5.6 times higher than
those of the partially ordered (34.8 A mgp, ') and disordered
counterparts (23.8 A mgp, ') and Pt/C (12.9 A mgp, '), respec-
tively (Fig. 12d). Therefore, the ordering degree of multimetallic
alloys plays an important role in facilitating the alkaline HER
activity and the HEI is the active structure. A durability test of
more than 50 h of chronopotentiometry at a current density of
10 mA ecm™? in 1 M KOH electrolyte was also performed
(Fig. 12e). The stability result was in the following order:
commercial Pt/C << disordered < partially ordered < highly
ordered Pt ,FeCoCuNi. The same stability trend was also
observed for linear sweep voltammetry of 10 000 cyclic voltam-
metry cycles, demonstrating the critical role of the ordered
structure (Fig. 12f).
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Fig. 12 Alkaline HER performance and characterization after durability
tests. (a) Comparison of overpotentials at 10 mA cm~2 and Tafel slopes
among Pt(FeCoCuNi) catalysts with different ordering degrees and
commercial Pt/C. (b) HER linear sweep voltammetry curves and (c) the
corresponding Tafel slopes of highly ordered, partially ordered,
disordered Pt(FeCoCuNi), bare S-doped carbon, and commercial Pt/C
in 1 M KOH. (d) Comparison of HER mass activities for Pt(FeCoCuN:i)
with different ordering degrees and commercial Pt/C at —0.2 V vs.
RHE. (e) Chronopotentiometry curves of highly ordered, partially
ordered, and disordered Pt(FeCoCuNi) catalysts recorded at a constant
cathodic current density of 10 mA cm™2. (f) HER polarization curves of
the highly ordered Pt(FeCoCuNi) catalyst before and after 10 000 CV
cycles. Reproduced with permission from ref. 21. Copyright 2022
Wiley-VCH.

Jia et al. synthesized the L1,-type (FeCoNi);(TiAl) HEI with
a dendritic surface morphology and tested its catalytic perfor-
mance for the HER in 1.0 M KOH aqueous solution.*® This
catalyst exhibited significantly lower overpotential (88.2 mV at
10 mA cm ™ ?) and Tafel slope (40.1 mV dec™ ') than the Pt sheet
(145 mV, 79.3 mV dec ). The HER activity achieved in this non-
noble metal-based HEI was comparable to the top-level perfor-
mance of noble metal-based electrocatalysts, highlighting the
excellent cost performance. The 40 h durability test at a current
density of 100 mA cm 2 showed no significant overpotential
change. Inductively coupled plasma-optical emission spec-
trometry of the spent catalyst showed that only a small amount
of Al was leached out (0.276 mmol L"), whereas the dissolution
of Fe, Co, Ni, and Ti was below the detection limit. DFT calcu-
lations were also performed on the (111) and (100) surfaces of
(FeCoNi);(TiAl). The Ti atom had a preferential adsorption
energy for H,O compared with other elements because of the
strong charge transfer from Ti to H,0, which promoted H,O
splitting. In addition, all the active sites that coordinated with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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one single-Al atom showed moderate adsorption energy for H,
indicating balanced H adsorption and accelerated H, desorp-
tion. Partial DOS revealed that the d-band center of the d-orbital
was significantly downshifted relative to the Fermi level (E) for
the single-Al coordinated active site, which weakened the
adsorption of Hg,q) because of the more filled anti-bonding
electronic states. The scenario of active sites on an Al-rich
surface was also confirmed. The active sites that coordinated
with dual-Al atoms could not stably adsorb hydrogen, resulting
in decreased H, evolution ability. The ordered HEI structure can
avoid Al-rich surfaces compared with the conventional disor-
dered HEA structure. Therefore, the outstanding HER perfor-
mance was due to the fine-tuning of the electronic structure by
combining the chemical synergistic and structural site isolation
effects. However, X-ray photoelectron spectroscopy (XPS)
measurement confirmed that the surface was mostly oxidized to
oxides and hydroxides, indicating that only a small fraction of
zero-valent metals remained on the surface. Therefore, the
conclusions drawn from the assumption that the surface is in
the metallic state are not adequate as explanations, and it needs
to be clarified what kind of surface structure actually contrib-
utes to catalysis.

6.2.2 Oxygen reduction reaction in alkaline media. Poly-
mer electrolyte membrane fuel cells, which use fuel (H, or
alcohols) at the anode and an oxidant (O, from the air) at the
cathode, are desirable reactions to achieve sustainable and
renewable alternative energy resources.®*** In maximizing the
high voltage output, researchers have focused on Pt-based
materials because Pt has been intensively studied in cathode
and anode reactions. However, the sluggish kinetics of the
cathodic ORR (1/20, + 2H" + 2¢~ — H,0) remains a major
problem. The prediction of ORR activity is established as
a function of either the oxygen binding energy or the d-band
center.*®*®* A volcano plot (Sabatier principle) is also found
between the oxygen binding energy and the ORR activity.
Furthermore, the position of the d-band center relative to the
Fermi level is strongly correlated with the oxygen binding
energy.* Based on theoretical calculations, the ORR activity
reaches a maximum when the oxygen binding energy is
approximately 0.2 eV weaker than that of pure Pt(111), in other
words, the d-band center of Pt is approximately 0.32 eV down-
shifted from that of pure Pt(111).*>®* Therefore, the researchers
have focused on tailoring the d-band center of Pt using alloy
architectures. However, the fine-tuning of the electronic struc-
tures is highly difficult using conventional solid-solution alloys,
intermetallics, and even HEAs.**®>®* In recent years, some state-
of-the-art HEI catalysts have been applied to the ORR, and their
remarkable activity has been demonstrated. In this section, the
details of HEIs for the ORR will be introduced.

Zhu et al. applied the nanoparticulate (FeCoNi)z;(NiCuPd)
HEI with an L1, phase supported on 2D nitrogen-rich meso-
porous carbon nanosheets (mNC), and reported its excellent
catalytic performance for the ORR in alkaline media (0.1 M
KOH).”* The synthesized HEI achieved a large half-wave poten-
tial (0.90 eV), a significantly positive shift of =30 and =60 mV
relative to the commercial Pt/C, and corresponding disordered
quinary FeCoNiCuPd HEA. Among them, the HEI exhibited the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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lowest Tafel slope (55 mV dec ) (Pt/C: 105 mV dec !, HEA:
67 mV dec™'). The calculated mass activity of the HEI at 0.9 V
was 2.037 A mgpq ', which was 10.0 and 12.0 times larger than
those of Pt/C (0.204 A mgpq ') and the HEA (0.169 A mgpq ),
respectively. The comprehensive ORR performance of the HEI
was superior to those of the recently reported HEA electro-
catalysts. The Koutecky-Levich plots for the HEI indicated that
the number of electrons transferred (1) was estimated to be
~4.0 at 0.3-0.5 V, indicating that O, was directly converted to
H,0. Durability was evaluated by accelerated durability experi-
ments between 0.2 and 1.1 V (vs. RHE) in 0.1 M KOH solution.
After 10 000 cycles, the HEI resulted in only 0.01 V decay and
retained the HEI structure. In addition, chronoamperometric
measurement showed that the HEI catalyst retained 95.4% of its
initial current density after 18 h of continuous testing, which is
better than that of Pt/C (retained only 71.0%). These durability
tests confirmed the superior durability of the HEI. DFT calcu-
lations revealed that the HEI structure had a more robust
structural configuration than that of the HEA structure, indi-
cating the greater durability of the HEI structure for
electrocatalysis.

The ORR of the Pt(FeCoCuNi) HEI catalyst, which exhibited
a high HER performance, was also tested in 0.1 M HClO,.**
Pt(FeCoCuNi) HEI exhibited a large half-wave potential of
0.943 V, which was higher than that of the partially ordered and
disordered counterparts (0.927 and 0.910 V, respectively). The
mass activity at 0.9 V vs. RHE was 3.78 A mgpq *, which was 2.1-,
4.4-, and 18.9-fold greater than those of the partially ordered
and disordered counterparts and Pt/C, respectively. The HEI
exhibited the lowest Tafel slope (51.5 mV dec™ ') compared with
its partially ordered (57.3 mV dec™ ') and disordered counter-
parts (64.1 mV dec ') and Pt/C (77.9 mV dec ). The distinct
ORR activity was correlated with the degree of ordering. The
accelerated degradation test for 30 000 cycles between +0.5 and
1.1 V vs. RHE revealed that E;,, of the highly ordered HEI was
negatively shifted by 7 mV, which was smaller than 13 and
28 mvV of the partially ordered and disordered counterparts.
Furthermore, the HEI retained 74% of the initial mass activity,
exceeding the partially ordered (56%) and disordered (38%)
counterparts. These results indicated that the HEI has more
robust stability than the HEA. However, structural analysis of
the spent HEI catalyst revealed the core/shell architecture with
a Pt-rich shell because of the leaching and dissolution of non-
noble metals under acidic ORR conditions.

In 2023, Feng et al. synthesized the PtIrFeCoCu HEA and
(PtIr)(FeCoCu) HEI by controlling the annealing temperatures
and tested their catalytic performance for the ORR in N,-purged
0.1 M HCIO, solution."” Based on the structural analysis, the
HEI possessed a PtFe-type ordered structure, in which Ir and Fe/
Cu partially substituted the Pt and Co sites, respectively
(Fig. 13a and b). By contrast, the HEA counterpart had a disor-
dered solid-solution structure. The mass activity at 0.9 V was
1.29 A MEoble metal > OUtperforming the HEA counterpart (0.81
A MEoble metal ) and commercial Pt/C (0.098 A MErobie metal
Fig. 13c). When the potential was reduced to 0.85 V, the HEI
exhibited a mass activity of 7.14 A Mguoble metal » Which was 2.4
and 20.4 times higher than those of HEA (3.03 A mgnoble metal )
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Fig. 13 Simulated crystal structure of the (a) (PtIr)(FeCoCu) HEI and (b) PtFe intermetallic. (c) Mass activity comparisons of HEI/C and commercial
Pt/C at 0.85 and 0.9 V vs. RHE, normalized by noble metal loading. (d) Stability test comparison of HEI/C and commercial Pt/C through the
constant applied potential for 60 h. (e) ORR polarization curves of HEI/C and commercial Pt/C before and after cyclic voltammetry. (f) Quan-
titative comparisons of the half-wave potential of HEI/C and commercial Pt/C before and after cyclic voltammetry. (g) Comparison of the metal
dissolution energy of the HEI and pure metals. (h) Top view of the HEI(001) surface model. Red, purple, navy blue, green, and cyan refer to Pt, Ir,
Fe, Co, and Cu atoms, respectively. (i) Activation barriers for the rate-determining step of the ORR on the PIFCC-HEI (001) surface, PIFCC-HEI
(111) surface, Pt (111) surface, and Pt (001) surface. Reproduced with permission from ref. 19. Copyright 2023 American Chemical Society.

and Pt/C (0.35 A Mguoble metal ), respectively. The HEI pre-
sented a higher half-wave potential (E;,, 0.894 V) than that of
the commercial Pt/C (0.853 V). Tafel plots identified the lower
Tafel slope of the HEI (63.5 mV dec ') than that of Pt/C (75.6 mV
dec™'). In addition, as the ordering degrees of the HEI were
increased by elevating the annealing temperature, the ORR
activity was gradually elevated. These results indicated the
remarkable ORR performance of the HEI. Durability tests were
also evaluated. After a 60 h constant test in 0.1 M HCIO,, the
HEI retained 100% of the initial current density, whereas Pt/C
retained only 64.4% after 10 h test (Fig. 13d). Furthermore, E;,
of the HEI was degraded by only 9 mV after the accelerated
degradation test for 60 000 cycles between +0.6 and 1.1 V vs.
RHE, indicating its superiority to Pt/C (loss of 49 mV) and other
reported catalysts (Fig. 13e and f). Structural analysis of the
spent HEI catalyst confirmed no apparent change, indicating
structural stability. Theoretical calculations were performed to
obtain further insights into the high catalytic activity and
structural robustness of the HEI The dissolution energy
calculation revealed that the outstanding stability of the HEI is

12662 | Chem. Sci, 2024, 15, 12644-12666

due to the high-entropy stabilization effect, which leads to the
positive dissolution energy (>1 eV) of the five elements
(Fig. 13g). Furthermore, the dynamic processes of the rate-
determining step on Pt(111), HEI(111), Pt(001), and HEI(011)
surfaces were calculated (Fig. 13h). Two main mechanisms were
utilized, namely, (1) O, hydrogenation and (2) O, dissociation
(Fig. 13i). The ORR would favorably proceed with O, hydroge-
nation on Pt(111), but the ORR would proceed with O, disso-
ciation on Pt(001) after O, is adsorbed on the surface.
Theoretical calculations showed that HEI(111) and Pt(111)
preferred the former mechanism with the rate-determining step
of O* + H* — OH*, whereas HEI(001) and Pt(001) preferred the
latter mechanism with the rate-determining step of OH* + H*
— H,0. The calculated activation barriers for the rate-
determining steps were in the following order: HEI(001) <
HEI(111) < Pt(111) < (001). As previously reported, Pt(001)
showed a lower ORR activity than Pt(111),"'° whereas HEI(001)
showed a higher ORR activity than HEI(111) (Fig. 13i). The
d-band center of HEI(001) was shifted by 0.31 eV relative to that
of pure Pt(111), which was closest to the optimum value

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(0.32 eV).®*** Consequently, the optimized decrease in the d-band
center relieves the overbinding of surface oxygen, thereby
boosting the activity for the ORR. Details of the electronic
structure are described in Section 3.2. In situ electrochemical
Raman spectra confirmed the presence of OH* and OOH¥,
which are important intermediate species for the ORR occurring
on HEI(001) and HEI(111), respectively. The stronger peak
of OH* than that of OOH* indicated that the HEI(001) surface is
the main active site for a faster ORR. Consequently, they suc-
ceeded in transforming a conventional low activity facet into
a highly active facet using the HEL

6.2.3 Alcohol oxidation in alkaline media. Considerable
attention has been given to direct alcohol fuel cells in sustain-
able power supplies.**"**** However, anodic alcohol oxidation
reactions (AORs), such as the methanol oxidation reaction
(MOR), ethanol oxidation reaction (EOR), and glycerol oxidation
reaction (GOR), are challenging because of the multiple reac-
tion steps and sluggish kinetics to oxidize to CO, in fuel cells. In
addition, conventional catalysts such as Pt are readily self-
poisoned by the by-product CO, which is produced via a side
reaction (CO pathway).** Therefore, developing efficient AOR
catalysts for large-scale commercial applications is necessary. In
recent years, the multifunctionality of HEIs has been reported
to catalyze AORs.

In 2022, Chen et al. reported a (PtRh)(BiSnSb) HEI nanoplate
as a highly efficient methanol oxidation catalyst. Pt/Rh and Bi/
Sn/Sb occupied the Pt and Bi columns, respectively, of the hcp
PtBi structure (Fig. 14a and b).?*> The similar structural config-
urations (hcp) of PtBi, RhBi, PtSn, and PtSb allow the substi-
tution of Pt and Bi sites by Rh and Sb/Sn, respectively. The
elemental mapping and simulation revealed that the atomic
percentages of Rh and Bi are relatively higher in the central
parts, and the atomic percentages of Pt, Sn, and Sb are relatively
higher near the edges (Fig. 14c and d). For comparison,
Pt(BiSnSb) and PtBi nanoplates were also synthesized. XPS
measurement showed that the (PtRh)(BiSnSb) HEI has the
lowest Pt 4f binding energy compared with Pt(BiSnSb), PtBi, and
Pt/C (Fig. 14e). Therefore, the incorporation of Rh improved the
electron transfer efficiency. Prior to electrocatalysis,
(PtRh)(BiSnSb), Pt(BiSnSb), and PtBi nanoplates were dispersed
on commercial carbon, and then used for the MOR in an Ar-
saturated 1.0 M KOH + 1.0 M MeOH aqueous solution.
(PtRh)(BiSnSb) exhibited a higher MOR mass activity of 19.5 A
mg 'pern than those of Pt(BiSnSb), PtBi, Pt/C, and previously
reported catalysts. In addition, (PtRh)(BiSnSb) achieved excel-
lent EOR and GOR mass activities (15.6 A mg ™ 'peirn and 7.5 A
mg’lpHRh, respectively), which were higher than those of
Pt(BiSnSb) and Pt/C. These results indicated the synergistic
effect of five metals in accelerating AORs. DFT calculations
indicated the optimization of the d-band center upon the
introduction of Rh. Consequently, CH;OH and CO, were
strongly adsorbed on (PtRh)(BiSnSb), whereas CO adsorption
was significantly suppressed. Consequently, (PtRh)(BiSnSb)
preferred the CO, pathway with a rate-determining step of 0.41
eV compared to the CO pathway with a rate-determining step of
0.77 eV. By contrast, Pt(BiSnSb) showed larger energy barriers
than (PtRh)(BiSnSb) and stronger preference for the CO

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) The schematic illustration shows the atomic arrangement
of Pt/Rh/Bi/Sn/Sb atoms on the surface of the (PtRh)(BiSnSb) HEI
nanoplate. (b) TEM image. (c) EDX mapping image of a nanoplate. (d)
Atomic ratios of Pt/Rh/Bi/Sn/Sb at different positions on the nanoplate
obtained from the EDX results. (e) The Pt 4f XPS spectra of the
(PtRh)(BiSnSb) HEI nanoplates, Pt(BiSnSb) nanoplates, PtBi nanoplates,
and Pt/C. (f) The changes in mass activities of different catalysts before
and after long-term potential cycling. (g) Long-term chro-
noamperometry for the MOR of different catalysts recorded at 0.7 V
versus RHE. Reproduced with permission from ref. 22. Copyright 2022
Wiley-VCH.

pathway. The durability of the MOR was also tested. After 5000
cyclic voltammetry cycles, (PtRh)(BiSnSb), Pt(BiSnSb), and Pt/C
lost 29.8%, 37.3%, and 76.9% of their initial activities, respec-
tively (Fig. 14f). Therefore, the HEI architecture is of great
importance to improve activity and durability. However, EDX
mapping confirmed the leaching of Bi/Sn/Sb compositions in
the (PtRh)(BiSnSb) and Pt(BiSnSb) nanoplates, which results in
catalyst degradation (Fig. 14g). Therefore, no matter how
excellent the structural stability of the HEI is, it is difficult to
completely alter the element-specific properties. Therefore, it is
important to carefully select the constituent elements.
Another example of the EOR is the L1,-type PtRhFeNiCu HEI
system reported by Wang et al.>* The mass activity of the HEI in
N,-saturated 0.1 M HCIO, + 0.2 M EtOH aqueous solution was
0.914 A mgp ', which was higher than those of the HEA
counterpart (0.578 A mgp, ') and Pt/C (0.202 Amgyp, ) catalysts.
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As a control experiment, the electrocatalytic activity of Rh/C was
also evaluated under the same conditions, which showed
a lower activity. During the electrochemical test, three peaks
were observed, that is, (1) backward peak (1), (2) first peak (I¢),
and (3) second peak (I¢). Ir, represents the oxidation of EtOH to
acetaldehyde, acetic acid, and CO,, whereas I, represents the
formation of acetic acid. Therefore, the ratio of I /I is used to
test the C-C bond cleavage ability. In addition, the ratio of I /I;,
is used to indicate the CO intermediate tolerance. As expected,
the HEI catalyst exhibited the highest Iy /I; and I; /I, values,
indicating its strong C-C bond breaking ability and CO inter-
mediate tolerance compared to the HEA counterpart and Pt/C
catalysts. Based on the CO stripping experiment, the HEI
showed the lowest onset potential for CO removal, proving CO
tolerance. Hu et al. reported that the octonary (Pt,gPdo.1-
Auy 1)(Fey 6C0.1Nip1Cug 1SN, 1) HEI exhibited improved EOR
activity, which was 8 and 12 times higher than that of the binary
PtFe intermetallic and commercial Pt/C catalysts respectively.”®
However, the report focused on the synthesis of small HEI
nanoparticles, which lacked information about the catalytic
performance.

7. Concluding remarks and future
directions

The design of alloy catalysts has entered a new era, and a variety
of alloy materials have been reported as promising catalyst
architectures. Alloy catalysis aims to manipulate the metal
atoms in a controllable way with a wide compositional space,
thereby achieving the desired catalytic properties. In the past
few years, the development of HEI catalysts has been observed,
which integrates metal species with controlled atomicity and
wide compositional space. The emergence of HEIs demon-
strates that we are moving toward the cherished goal in alloy
catalysis. In this review, we have comprehensively summarized
the information on the state-of-the-art field of HEIs with regard
to thermodynamic properties, synthesis requirements, charac-
terization techniques, roles in catalysis, and reaction examples.
We hope that this review will provide the direction for the
development of innovative catalysts based on state-of-the-art
HEIs. Practical application of the developed materials is also
an important for the future in the catalysis research. For
example, long-term stability under harsh reaction conditions or
large-scale production and supply of catalyst materials should
be the key requirement for this goal. For the former, some
papers have already focused on the long-term stability under the
reaction conditions. However, for successful application under
practical conditions, further understanding of the structural/
compositional changes of HEIs at the atomic level is neces-
sary. For the latter, special care, techniques, and apparatus have
been needed for the synthesis of HEI catalysts with high
homogeneity and size control even in lab-scale production.
Therefore, establishing an easy, simple, and cost-effective
procedure that can be transferred to an industrial large scale
is highly desired. We hope that this review will be a hint for
researchers to overcome these challenges in the near future.
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