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The emergence of high-entropy materials (HEMs) with their excellent mechanical properties, stability at
high temperatures, and high chemical stability is poised to yield new advancement in the performance of
energy storage and conversion technologies. This review covers the recent developments in catalysis,
water splitting, fuel cells, batteries, supercapacitors, and hydrogen storage enabled by HEMs covering
metallic, oxide, and non-oxide alloys. Here, first, the primary rules for the proper selection of the
elements and the formation of a favorable single solid solution phase in HEMs are defined. Furthermore,
recent developments in different fields of energy conversion and storage achieved by HEMs are
discussed. Higher electrocatalytic and catalytic activities with longer cycling stability and durability
compared to conventional noble metal-based catalysts are reported for high-entropy materials. In

Rece Soth 202 electrochemical energy storage systems, high-entropy oxides and alloys have shown superior
Aiﬁ:;i% 294tth Sﬁgszmzz: 2828 performance as anode and cathode materials with long cycling stability and high capacity retention. Also,
when used as metal hydrides for hydrogen storage, remarkably high hydrogen storage capacity and

DOI: 10.1039/d0ta09578h structural stability are observed for HEMs. In the end, future directions and new energy-related
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1. Introduction

Traditionally, the alloying strategy has been mostly limited to
adding small fractions of elements as dopants into a base
material to obtain a new composite material with improved
properties. In this approach, finite types of possible alloys can
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technologies that can be enabled by the application of HEMs are outlined.

be developed, and extensive research in the past have explored
such alloys. A new method of alloying emerged in 2004,
proposed by two research groups"? independently, introducing
single-phase solid solution alloys of five or more principal
elements with near-equimolar compositions. Yeh et al.? intro-
duced the concept of high-entropy alloys (HEAs) based on the
fact that the configurational entropy of mixing (ASp,x from eqn
(1)) increases with addition of more equimolar principal
elements to the alloy system.
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. 1.1
ASpx=—R» ¢;lncg=-RY —In—-=Rlnn 1
mix ; i i zn:n n ( )
n is the number of elements, ¢; is the concentration of compo-
nent i and R is the gas constant.

Based on this hypothesis, the thermodynamic contribution
of high AS,;x in a system with a minimum of five equimolar
elements to the Gibbs free energy (AGyy;,) at high temperature is
sufficient to compensate for the enthalpy formation (AH,x) of
intermetallic compounds and form a single-phase solution of
multiple elements (AGpyix = 0 from eqn (2)). Later, the defini-
tion of HEA expanded to alloys composed of five or more
elements with compositions between 5% and 35%
(composition-based definition)* and multi-elemental alloys
with ASpix > 1.5R (entropy-based definition).*

AGpix = AHpix — TASmix @)

The presence of multiple elements with different charac-
teristics gives HEAs four core effects: (1) high-entropy, (2)
lattice distortion, (3) sluggish diffusion, and (4) cocktail effect
(Fig. 1). The high-entropy effect is the main concept of HEMs.
Multiple near-equimolar components increase the configura-
tional entropy (eqn (1)) and stability of the single-phase
structure at higher temperature.® The crystal lattice of an
HEM is composed of atoms with different sizes randomly
occupying lattice sites. These slightly unbalanced sites of the
lattice and random positions of atoms lead to severe lattice
distortion. The lattice distortion is the reason for lower
intensity in X-ray diffraction peaks,*® lower thermal and
electrical conductivity,”® as well as the higher hardness of
these materials.”® In addition, the lattice distortion of HEAs
can delay atomic movement and replacements, and results in
another effect called sluggish diffusion.>® The sluggish diffu-
sion effect may lead to the formation of nano-precipitates or
amorphous phases in HEMs.? Finally, the cocktail effect of
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Fig. 1 The schematic showcases the four core effects of HEMs.
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HEMSs occurs when there are multiple elements with various
properties in a mixture.® The ultimate property of such alloy is
not equal to the sum of the properties of its components and is
unpredictable.®” The synergetic mixture of elements results in
an HEM with excellent features as functional materials in
energy storage and conversion systems.

The concept of high-entropy stabilized multi-element alloys
and their astonishing properties was later extended to oxides
and other systems. Rost et al.® explored the idea of entropy-
driven stabilization in a mixture of a five-metal oxide to form
a single solid solution with a rock-salt crystal structure. Similar
to multi-elemental alloys, here, the configurational disorder can
increase with the addition of different metal cations to a single
cation sublattice when the anion sublattice is only occupied by
oxygen. Therefore, the configurational entropy of multi-
elemental oxides can be obtained from eqn (3):

n n
<ZC,’ In C,‘) + (ZC,‘ In C,'> :| (3)
i=1 cation-site i=1 anion-site.

Having oxygen as the single anion in the ionic structure, the
second term for anion-sites is zero and the entropy increases by
adding to the total number of cations. Later, several other multi-
elemental oxides with fluorite,'** perovskite,'*'* and spinel>*®
crystal structures materialized and broadened the variety of
high-entropy oxides included in this approach. The concept of
entropy-stabilized metallic, oxide and non-oxide ceramic
materials can be generalized to high-entropy materials (HEMs),
considering the development of new types of high-entropy
ceramics such as carbides,"”?° diborides,**** nitrides* and
silicides,* sulfides* as well as phosphides®* and fluorides.””
Zeolites*® and metal-organic frameworks (MOFs)*»* with five
near-equimolar active metallic elements are the other forms of
organic-inorganic HEMs.

The high-entropy concept is not limited to inorganic mate-
rials and is not defined by only the number of elements and
compositional disorder. High-entropy configuration for organic
materials such as polymers and carbon materials can be
considered as an effective way of designing interesting new
materials. In this regard, the entropy is depicted as the degree of
disorder of the system. Feng and Zhuang®' introduced the
concept of meso-entropy carbon materials. Considering the
value of entropy of each form of carbon allotropes, the meso-
entropy of materials can be manipulated between the high
and low entropy forms. The level of disorder and entropy value
can be manipulated by changes in the structure of carbon
materials like the number of members in carbon rings. High
entropy can also be considered for organic semicrystalline
copolymer materials as high-entropy polymers. Having different
types of polymers with various ratios in repeating units
increases the lattice-packing entropy and can affect the phase
transition of crystalline polymers.*

Some of the fundamental aspects, structural effects, and
designing strategies of HEAs have been discussed in recent
years.>*~%® Research on HEOs and other HEMs are more recent
and less established compared to that on metallic alloys. Due

ASmix =-R

J. Mater. Chem. A, 2021, 9, 782-823 | 783


https://doi.org/10.1039/d0ta09578h

Published on 24 November 2020. Downloaded on 02.08.2024 11:36:38.

Journal of Materials Chemistry A

to some appealing and advantageous features like the syner-
gistic effect, high-temperature stability, and corrosion resis-
tance, HEMs are excellent candidates in various energy-related
applications.*>** In this respect, the focus of this work is to
review the emerging applications and performances of all the
HEMs in catalysis, and energy conversion and storage appli-
cations reported in the literature. Afterward, considering the
confirmed or possible capabilities of HEMs, other prospective
applications of these materials in various energy-related
systems are discussed. But first, the general criteria for the
proper selection of elements in HEMs for the formation of
a favorable single solid solution phase are addressed and
classified.

2. Parameters affecting HEA
formation

A few years after introducing HEAs, comparison of different
experimental results showed that not all the HEAs exhibit
a single crystalline solid-solution phase.** There are HEAs in an
amorphous phase like high-entropy bulk metallic glasses and
multi-phase alloys with intermetallic compounds as well as
solid solutions with ordered structures.*>** This indicates that
the entropy-driven effect from eqn (1) is not the only factor in
determining the thermodynamically stable phases in multi-
component alloys. The entropy of mixing from eqn (1) is
defined for ideal solutions.** However, for non-ideal regular
solutions, there is always a deviation from the ideal case, and
configurational entropy is not precisely equal to the value
calculated.” In this respect, several research studies**°
attempted to investigate the effect of other parameters to define
more reliable thermodynamic criteria for phase selection of
multi-component HEMs. Most of the studies are statistical
analysis of a large database of synthesized HEAs with their re-
ported phase or phases and with the focus on factors dis-
tinguishing the conditions required for solid solution phase
formation over intermetallic compounds. It should be
mentioned that the high-entropy and other factors that favor
the formation of a solid solution over other intermetallic phases
result in enhancing the mechanical properties of HEAs due to
the solution hardening effect, which increases the overall
strength and ductility of the materials.®*® A summary of these
new parameters and their effects on the prediction of phase
formation is described below.

2.1 Enthalpy of mixing (AH,yy)

Zhang et al.** investigated the effect of mixing enthalpy (AH,ix)
on existing phases in HEAs reported in the literature. AH,,;x for
each multi-component system can be calculated based on
Miedema's model* from the following equation:
n
AH i = Z 4AHAB cic; (4)
i=1,i%j

where n is the number of components, ¢; and ¢; are the
concentrations of components 7 and j, respectively; and AHnyy is
the mixing enthalpy of those two components (i &) in their AB-
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type binary mixture. Later Guo and Liu,”” with a similar
statistical analysis in a larger database, studied the role of
mixing enthalpy as one of the determining parameters in the
formation of different phases in multi-component alloys.
Their analysis concluded that a solid solution (data mixed
with intermetallic) forms only when the mixing enthalpy is
moderately positive or not very negative (—22 = AHpj =
7 k] mol ') while an amorphous phase forms at more negative
mixing enthalpies (—49 = AHp;, = —5.5 k] mol ) (Fig. 2a).
From the proposed idea of HEA formation and based on eqn
(2), when the entropy contribution to the Gibbs free energy at
high temperature is larger than that of enthalpy, a solid
solution likely forms. As mentioned before, only for an ideal
solution, the calculated mixing entropy from eqn (1) is an
exact value, and there are deviations and excess amounts for
regular solutions. Besides, for an ideal solution, the enthalpy
of mixing is zero (AHigearmix = 0) but it has a negative or
positive value (|AH earmix|] > 0) for non-ideal solutions. The
designated range of AH ;i for the formation of a solid solution
phase suggests that when the absolute value of mixing
enthalpy is small, the regular solution is closer to an ideal
case. Therefore, a low magnitude of AH,,;, is more favorable
for the formation of single-phase solid solutions. On the other
hand, elements are less willing to randomly distribute in the
solution due to higher binding energies between them at more
negative AH,,ix and their miscibility gaps at more positive
AHpixe

2.2 Atomic size difference (J)

The difference in the atomic size of the elements in a mixture
turns out to be an important and critical factor affecting the
phase selection of multi-component alloys. When the atomic
sizes of the components are quite similar, they all have an equal
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Fig.2 Effect of (a) AHmix (b) 6, (c) Ax, and (d) VEC on phase stability in
HEAs. The symbols [J, A, O and @ represent the solid solution phase,
intermetallic phase, equimolar amorphous phase, and non-equimolar
amorphous phase, respectively. Reproduced with permission (ref. 40).
Copyright 2011, Elsevier.
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probability of locating in any of the crystal lattice sites, and their
random distribution leads to a disordered structure of the solid
solution. For the non-ideal real mixture of multiple compo-
nents, there is an atomic size mismatch effect. The effect of this
parameter on the phase stability of multi-component alloys was
also first studied by Zhang et al.** by calculating the ¢ parameter
for HEAs from the following equation:

6= IOOW’ F= _z;:c,-r,- (5)

where 7 is the number of components, c; is the concentration of
component i, r; is the atomic radius of component i and 7 is the
average atomic size of the n components in the alloy. The role of
0 as a separate parameter was evaluated in several studies to
find its critical value for phase selection. The analysis by Guo
and Liu** concluded that a solid solution (data mixed with
intermetallic) forms only when the atomic-size difference of
elements is small (6 = 8.5) while an amorphous phase forms
when there is a larger difference in the atomic size of the
components (6 = 9) (Fig. 2b). Yang and Zhang** narrowed down
the specified range of 6 for the formation of solid solutions
exclusively. Their evaluations led to a rule of 6 = 6.6 for solid
solution phase selection over intermetallic compounds
(Fig. 3a). Differences in atomic sizes are important factors
affecting the lattice distortion of HEAs. Lattice distortion can
reduce the thermal and electrical conductivity due to the scat-
tering of electrons and phonons.** Also, the peak intensities of
X-ray diffraction are largely decreased as a result of scattering by
distorted lattice planes.*
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2.3 Electronegativity difference (Ay)

The effect of the difference in electronegativity of elements in
HEAs is another parameter studied for phase selection criteria.
Guo and Liu** considered the Pauling electronegativity of
elements in a mixture to calculate their electronegativity
difference from the following equation:

n
X = ZCiXi (6)
=1

where 7 is the number of components, c; is the concentration of
component i, x; is the Pauling electronegativity of component 7
and ¥ is the average electronegativity of the n components in the

n

Z cilx; — Y)zy

i=1

Ax =

alloy. However, in their study, Ax exhibited no significant
determinative effect on the formation of solid solutions, inter-
metallic, and amorphous phases (Fig. 2c). Later Poletti and
Battezzati*® used a similar factor but considering Allen electro-
negativity (xanen)”> of components and reported that 3 < Axagien
< 6 is the condition under which only a solid solution phase
forms (Fig. 3b).

2.4 Valance electron concentration (VEC)

Valance electron concentration (VEC) is the total number of
electrons in the outer shell of an atom. VEC for a multi-
component system is defined based on the following
weighted-average equation:
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Fig. 3 Effect of (a) @ and 6 parameters (reproduced with permission (ref.
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where 7 is the number of components, ¢; is the concentration of
component i and VEC; is the valance electron concentration of
component i. VEC did not show any controlling effect on the
phase stability of HEAs (Fig. 2d).* However, VEC was found to
play an essential role in governing the crystal structure types of
solid solution HEAs. Most of the reported solid solution HEAs
have FCC and BCC structures, but a limited number of HCP-type
HEAs based on heavy lanthanide metals are reported.>** A study
on the effect of VEC on the crystallography of HEAs by Guo et al.*
suggested that VEC = 8 and VEC < 6.87 favor FCC and BCC
structures, respectively, while VEC between these values showed
mixed FCC + BCC structures.”® However, no HEAs reported with
VEC < 5 were included in this study. Later HEAs with HCP solid
solution structures composed of heavy lanthanide group elements
with VEC; of 3 were reported.*® Therefore, VEC has a critical role in
determining the crystal structure of HEAs and physical properties
related to FCC or BCC structures.” HEAs with an FCC structure
have good ductility due to strain hardening but lower strength®®
while solid solutions with a BCC structure have higher strength
because of solution hardening but are more brittle because of
lower ductility compared to FCC alloys.™

2.5 £ parameter

Another parameter for phase formation prediction in multi-
component alloys is @ parameter. Defined by Yang and
Zhang;* Q is the ratio of the entropic contribution to Gibbs free
energy at high temperature to enthalpic input and is calculated
from the following equation:

_ TmASmix

Q= ——"
|AHmix| '

n
Tn=_ c:Tm (8)
i=1
where 7 is the number of components, c;is the concentration of
component i, Ty, is the melting point of component i and T, is
the weighted average melting point for a mixture of n compo-
nents. Considering the atomic size difference effect with
0 parameter and the ratio of entropy to enthalpy effect with Q
parameter, the required conditions for phase stability of a solid
solution are Q = 1.1 and ¢ = 6 (Fig. 3a).

2.6 Excess entropy (Sg)

The configurational entropy of mixing (S¢) for an ideal mixture
of n components is only dependent on the concentration of
elements (Sc = ASmix) and reaches its maximum when
components are in equal atomic concentrations (eqn (1)).
However, a non-ideal or real solution is composed of atoms with
different sizes and packing fractions, which make its total
configurational mixing entropy deviate from the ideal case. The
excess entropy (Sg)*® can represent the difference between the
configurational mixing entropy for the ideal solution and
regular mixture (eqn (9)). Unlike S¢ of an ideal solution, Sg and,
subsequently, the total mixing entropy (Sy) of a real solution
depend not only on the concentration of elements (c;) but also
on their atomic radii (r;) and packing densities (£) (according to
the hard-sphere model®).

St(ciré) = Sc(e;) + Se(cirié) )
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Ye et al.*® substituted the mixing entropy (Smix) in eqn (2) with
St and expressed the following condition required for the forma-
tion of a single solid solution phase in a multi-component mixture:

S H,
1Sel _y _ 1l

10
Sc TSc (10)

Based on this theory, they investigated the effect of Sg on the
phase selection of mixtures by calculating and plotting two
terms, |Sg|/Sc and |Hp|/TSc for a large number of HEAs in the
literature. The result implied that lower ratios of these two
terms are more favorable for the entropy-dominant formation
of single-phase solid solution while at higher ratios, multiphase
solid solutions and intermetallic phases tend to be formed
(Fig. 3c). Higher excess entropy and enthalpy of mixing can be
seen in multi-component systems with an amorphous phase,
and their formation is mostly enthalpically favorable (Fig. 3c).

2.7 J parameter

The discussed impacts of excess entropy and mixing enthalpy
on phase formation criteria for HEAs were later combined by Ye
et al”” in a single parameter J defined as follows:

SC _ (IA;IH’HX|)
= —> 27 (11)

- ISk]

Applying this parameter to the literature database indicated
that there is a critical value of . = 20, which separates single-
phase and multi-phase regions (Fig. 3d). Therefore, a single
parameter rule of & > J. was proposed to design the single-
phase HEAs.

2.8 A geometric parameter

Singh et al.** introduced a new purely geometric parameter, /
(eqn (12)) and compared it with previous ruling parameters.
They concluded that for (4 > 0.96), (0.24 < /4 < 0.96) and (4 <
0.24), single-phase, two-phase, and multi-phase HEAs are ex-
pected to be formed, respectively.

ASmix
A= ps

(12)

2.9 Effect of kinetics on phase formation

Most of the studies on the phase stability of HEAs and all the
mentioned phase controlling parameters are from a thermody-
namic point of view and focus on the detected phases in HEA
samples at their thermodynamic equilibrium state (parameters
in Fig. 4). However, for practical applications, it is vital to assess
the structure and existing phases in samples after all cooling,
solidification, and annealing steps. In this regard, kinetic
effects play a considerable role in the phase stability of HEAs,
especially in the formation of intermetallic phases in a system
with an as-cast single solid solution phase.®* He et al.®> exam-
ined the impact of rapid and slow cooling rates on both solid-
ification and solid-state phase transformation after annealing

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Parameters affecting the formation of single-phase HEAs.

of CoCrFeNiTi, 4 HEA as an example. It was observed that the
formation of different intermetallic phases decreases at higher
cooling rates and faster kinetics. This simply suggests that
phase selection in HEAs can be tailored by controlling the
kinetic factors during synthesis. Luan et al.® presented
a perturbation model related to the number of elements and
temperature to evaluate the stabilities of single-phase HEAs
compared to the formation of a possible intermetallic. This
model shows that with an increase in the number of elements,
the number of possible intermetallics consisting of different
combinations of those elements increases and leads to desta-
bilization of the single-phase solid solution and formation of
a multiphase structure. In other words, the increase in the
number of elements is entropically favorable for the formation
of a single-phase solid solution, but it also contributes to the
unfavorable enthalpic contribution to the total Gibbs free
energy of mixing. This fact points out the essential impact of
high temperature on the phase stability of HEAs since it
decreases the Gibbs free energy and boosts the stability of
single-phase solid solutions. Therefore, based on the thermo-
dynamic factors, most of the single-phase HEAs formed at high
temperatures are not stable at room temperature and are ex-
pected to be in a multiphase structure. However, the kinetic
factors during synthesis such as the fast cooling and sluggish
dynamic effect of multicomponent systems considerably
control the formation and stability of single-phase HEAs at
room temperature.

3. Parameters affecting HEO
formation

Generally, thermodynamic rules for phase stability of HEAs
correspondingly apply to HEOs with adjustments for an ionic

This journal is © The Royal Society of Chemistry 2021
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crystal structure. However, due to the limited number of
successfully synthesized oxide and non-oxide HEMs in research
studies, no statistical analysis of the database has been done yet
to confirm their practical effects. Here, we address the general
principles of choosing appropriate constituents for the forma-
tion of single-phase HEOs based on studies reported so far

(Fig. 5).

3.1 Enthalpy of mixing (AH ;i)

The effect of mixing enthalpy for HEOs is quite similar to
that of HEAs, which is preferred to be near zero. The large
positive AH,,;x of metal oxides with different structures
might not be compensated by the high-entropy effect or
requires a much higher temperature for phase transition and
mixing to happen.”®* On the other hand, the large negative
AH,ix values of highly soluble metal oxides are not favorable
for formation of an entropy-driven single-phase mixed oxide.
Metal oxides with different crystal structures (e.g., rock-salt,
wurtzite) or cation coordination are suitable candidates in
this regard. Rost et al.® used five equimolar metal oxides with
rock-salt (MgO, CoO and NiO), tenorite (CuO) and wurtzite
(ZnO) crystal structures and synthesized an HEO with
a single-phase rock-salt crystal structure. In this case, even
with the ideal mixing enthalpy of zero, tenorite and wurtzite
had a positive enthalpy for structural transition to the final
rock-salt structure. Therefore, the formation of the single-
phase mixed oxides with the rock-salt structure is entropi-
cally favorable and the oxides are called entropy-stabilized
oxides. Among all possible prototype oxides of metal
cations, at least one should have a different crystal structure
to prove the entropy-stabilization of the product single-
phase HEO.

3.2 Ionic radius

In the same way as the difference in atomic size radius (6) for
HEAs, the ionic radius of metal cations affects lattice distortion

Configurational
Entropy

Size of Cations Enthalpy

Cation
Coordination
Number

Fig. 5 Parameters affecting the formation of single-phase HEOs.
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and formation of single-phase HEOs. In order to obtain single-
phase HEOs with a cubic rock-salt or fluorite structure,
choosing metal cations with similar cationic radius () is
considered.”” In ABO; type perovskite HEOs with a primitive
cubic structure in which either or both A and B cation sites can
be composed of multiple oxides, the ionic radius differences are
calculated separately for each of the multi-cationic site as 6,
and d,5. However, the formation of a single-phase high-entropy
perovskite oxide did not follow the atomic size difference range
of 6 < 6.5% and occurred even at larger 6,5 of 11-13%."*
Therefore, other structural factors such as Goldschmidt's
tolerance factor (¢) for the stability of perovskite cubic structures
from the following equation were applied to multi-component
systems:

Fa +to

= Vrm tr0) (3)

where 7, and 7z are the weighted average ionic radius of
cations in A and B sites, respectively, and r, is the radius of the
oxygen anion. A cubic phase is likely stable if 0.9 = ¢ < 1.0,
while a hexagonal or tetragonal phase may form if ¢ > 1.0 and
an orthorhombic or rhombohedral phase may form if ¢ < 0.9.
The experiments suggested that the Goldschmidt tolerance
factor close to unity (¢ = 1.00) is perhaps a necessary but not
sufficient criterion to form a single high-entropy perovskite
phase.***

3.3 Oxidation state

In a single-phase multi-cation HEO, isovalent metal cations
occupy the same cation sublattice sites, and anions preserve the
electroneutrality of the lattice.>*® Therefore, the affinity of an
element towards a particular oxidation state plays a crucial role
in the formation of single-phase HEOs and the type of crystal
structure. In a cubic rock-salt multi-cation oxide, metals have an
equal oxidation state of +2 (M>") and oxide form of MO (like
transition metals), but in the fluorite structure, they have
a similar oxidation state of +4 (M*") and oxide form of MO, (like
rare-earth metals). In an ABO; perovskite HEO, the oxidation
state of A and B sites could be similar (+III) or different (+II and
+IV); however, all cations in the same sublattice have the same
oxidation state. The critical role of some cations in the forma-
tion and stability of single-phase HEOs has been observed and
attributed to a more stable form of those cations in a specific
oxidation state.*

3.4 Cation coordination number

In an ionic crystal structure, each ion is surrounded by other
ions (cations and anions). The number of ions that immediately
surround a particular ion is the coordination number (CN) and
it depends on the relative size of ions. All cations occupying the
same sublattice have the same coordination number. In
a perovskite oxide with two cation sublattices, the A sites are
occupied by larger cations with CN of 12 and B sites by smaller
cations with CN of 6.

788 | J Mater. Chem. A, 2021, 9, 782-823

View Article Online

Review

4. Synthesis methods and
characterization techniques for
crystalline HEMs

There are different physical and chemical synthesis routes to
regulate the affecting thermodynamic or kinetic factors and
successfully fabricate HEMs with single solid solution phase
and homogeneous distribution of elements. The role of the
synthesis approach and conditions are more crucial in the
formation of high-entropy nanomaterials to control the size,
phase structure and composition distribution.

HEAs with a single-phase crystal structure have been
successfully synthesized by various physical and chemical
routes. Mechanical alloying like arc melting®®” and high energy
ball milling®®* are simpler processes to synthesize HEAs in
a larger amount and relatively bigger particle size. Dealloying of
a mechanically alloyed multicomponent alloy precursor is
a common method to fabricate nano-porous HEAs.”*”> Wet-
chemistry processes such as solvothermal synthesis,”
ultrasonication-assisted wet chemistry,”* and sol-gel auto-
combustion” are effectively used for the formation of nano-size
HEAs. Other novel synthesis methods such as carbothermal
shock,”*”® fast-moving bed pyrolysis” and sputtering deposi-
tion®**** are reported to produce fine size HEA NPs but in low
yield. Different synthesis methods reported in the literature for
the formation of bulk and nano-size HEAs are analysed and
compared in more detail in other studies.*****

The fabrication of HEO powders is easier by conventional
solid-state mixing of metal salts but requires high-temperature
synthesis, which is their main disadvantage.>®> Lower energy
demanding wet-chemistry methods such as co-precipitation,***’
solvothermal method,* hydrothermal method,* spray pyrol-
ysis,***>** mechanochemistry,”>** sonochemistry®* and solution
combustion® are reported for the successful preparation of
HEO NPs with different components and crystal structures.*

The properties of the synthesized HEMs, including the
crystal structure, morphologies, elemental composition, distri-
bution, and chemical states, are assessed through different
material characterization techniques. The microstructure,
morphology, and size of HEMs are mainly characterized by
scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM).***® The
crystallography and phase structure of materials are analysed by
identifying the crystallographic peaks in the X-ray diffraction
(XRD) test and electron diffraction patterns in the selected area
diffraction (SAD) test. Furthermore, atomic scale HAADF-STEM
and associated fast Fourier transform (FFT) analysis are
advanced characterization tools to identify lattice planes,
atomic lattice defects, and dislocations.”® The chemical
composition of HEMs is characterized by energy-dispersive X-
ray spectroscopy (EDX) on a selected area by electron micros-
copy and X-ray photoelectron spectroscopy (XPS) for the
elemental composition peaks near the surface.’*?® Elemental
mapping illustration by EDX is one of the most important tools
for confirming the uniform distribution of constituent elements
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in all multicomponent HEMs, especially for NPs in catalysis
applications.”*”*?*"*°* Inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES) and inductively coupled plasma-
mass spectroscopy (ICP-MS) are other tools for composition
analysis of bulk samples.”®'** XPS and X-ray absorption spec-
troscopy (XAS) are techniques used to determine the chemical
states of the constituent elements on the surface of HEMs.>*>*

5. High-entropy materials in catalysis
and electrocatalysis applications
5.1 Electrocatalysis in fuel cells

Fuel cells are one of the most promising energy conversion
devices with high efficiency and low pollution that generate an
electric current through an electrochemical redox reaction.
Anodic oxidation of hydrogen-rich fuels and cathodic reduction
of oxygen demand highly active and corrosion-resistant elec-
trocatalysts to improve the efficiency of fuel cells.’® HEAs have
been studied as potential electrocatalysts for the cathodic
reduction of oxygen in different electrolyte media and for
anodic oxidation of fuels in direct methanol fuel cells (DMFCs),
direct formic acid fuel cells (DFAFCs) and direct ethanol fuel
cell (DEFCs).

5.1.1 Methanol oxidation reaction (MOR). Improving the
low power density of DMFCs related to the slow rate of the
methanol oxidation reaction (MOR) at the anode surface is in
great demand. One approach is developing highly active and
cost-effective electrocatalysts. It is also essential for the catalyst
materials to be corrosion resistant in the acidic electrolyte
inside the cell.*> Pt is a highly active noble metal catalyst for the
MOR, but it has limitations due to its high cost and low abun-
dance on the earth. Another issue with the Pt catalyst is the
poisoning due to CO adsorption on its surface happening after
methanol dehydrogenation, which can rapidly deactivate it.'*
Therefore, much effort has been made to solve this problem by
alloying Pt with other elements. Several binary****° (PtRu, PtFe,
PtCo), ternary'**'*>'"* (PtRuCo, PtRuOs) and quater-
nary'**1°>112113 (ptRulrOs, PtRuNiZr) Pt-based alloys with more
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and fewer improvements in catalysis performance have been
reported in the literature.”* Among all of them, binary PtRu
alloys showed the highest activity due to their completely rapid
oxidation mechanism.**"1

Taking the advantages of high-entropy multi-element alloys
into consideration, Tsai et al.'® developed a Pt-based HEA
catalyst for the MOR. They fabricated Pt-based multi-element
PtsoFe;;C040Ni;;1Cu0Ags nanoparticles (NPs) with a single
FCC solid solution structure by the radio frequency sputter
deposition method. It was found that this multi-element alloy
with less amount of Pt content exhibited higher MOR activity
compared to the Pt catalyst alone. However, the performance of
this alloy was still lower than that of Pt,;Rus,. In another study,
Tsai et al.'™ investigated the effect of Pt composition in the
Pt,(FeCoNiCuAg)(;0o—x) multi-element NPs on its MOR activity.
Among four different compositions (x = 22, 29, 52, 56), Pts,-
Fe;;C040Ni;1CuypAgs showed the highest mass activity. It was
again observed that the multi-element alloy has higher activity
than those with Pt alone and lower activity than the binary PtRu
alloy (Fig. 6a). Chen et al'® likewise compared the electro-
catalytic activity of Pt-based HEAs fabricated by them with that
of the commercial PtC catalyst. The nano-porous PtRuCuOsIr
(np-PtRuCuOsIr) was synthesized by chemical dealloying of the
mechanically alloyed AICuPtRuOsIr precursor. From the elec-
trochemical test results, a specific activity of 3 (mA cm ™) for np-
PtRuCuOsIr HEA was observed, which was six times higher than
the value of 0.5 (mA cm™?) obtained for the PtC catalyst. In
a better comparison, mass activities (normalized by Pt loading)
of 857.5 and 229.5 (mA mg ') for np-PtRuCuOsIr and PtC,
respectively, indicate that the HEM nano-catalyst has about 3.7
times higher intrinsic activity towards the MOR (Fig. 6b). This
result reflects the fact that HEAs containing Pt not only enhance
the performance of DMFCs but also reduce the catalyst cost due
to the lower amount of Pt element required. Another improved
performance of HEAs for methanol electrooxidation is related to
their higher CO tolerance compared to the commercial PtC
catalyst, which makes them a more ideal electrocatalyst for
DMFC application.
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Fig. 6 Comparison of catalytic activities toward the MOR. Cyclic voltammetry curves in the mass activities of (a) PtsgFe;CogNi;oCugAgio NPs,
PtsoFe10CogNigCuiAgg NPs, Pt NPs, and PtyzRus; NPs (the 100th cycle) in 0.5 M H,SO4 + 1.0 M CH3OH (reproduced with permission (ref. 115).
Copyright 2009, Elsevier); (b) np-PtRuCuOslr and PtC catalysts in 0.5 M H,SO4 + 0.5 M CHzOH (reproduced with permission (ref. 116). Copyright
2015, Elsevier); and (c) PANiCoCuFe NTAs and Pd in 1.0 M NaOH + 0.5 M CHzOH (reproduced with permission (ref. 122). Copyright 2014, Elsevier)

for methanol electrooxidation.
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Among all active metals, palladium (Pd) is the closest metal
to Pt, which is an attractive low-cost and more abundant option
that can be replaced in Pt-based catalysts."”*** Similar to Pt-
based alloys, alloying Pd with other active, cheap and stable
transition metals can boost its activity."'**** Wang et al.'**
synthesized quinary PANiCoCuFe alloy nanotube arrays (NTAs)
by a template-assisted electrodeposition method and compared
it with Pd NTAs for their performance in methanol oxidation. It
is reported that the PANiCoCuFe alloy NTAs exhibited consid-
erably higher electrocatalytic activity relative to Pd NTAs
(Fig. 6c). This enhancement in activity is attributed to the
synergistic effect of multi-component systems and the elec-
tronic effects associated with alloys.

5.1.2 Ethanol oxidation reaction (EOR). A DEFC has theo-
retically high energy density due to the electrooxidation of
ethanol at the anode which is a 12-electron/12-proton reaction
with multiple dehydrogenation and oxidation steps.'** However,
designing a suitable catalyst with high selectivity for the 12-
electron process to achieve the complete EOR is very chal-
lenging and of great interest. Most of the single Pd and Pt
metals and their binary alloy catalysts have shown activity only
toward the 4-electron transfer process."***

Wu et al.'” evaluated the EOR performance of an HEA NP
catalyst composed of six platinum group metals (RuRhPdO-
sIrPt) compared to the synthesized and commercial mono-
metallic catalysts. The senary HEA with an FCC solid solution
structure showed 2.5-30.1 times higher specific current density
(normalized by the electrochemically active surface area (ECSA))
compared to all monometallic catalysts (Fig. 7a). More

View Article Online

Review

interestingly, the HEA catalyst at 0.6 V has 1.5 times higher
mass activity than Au@PrlIr/C which is the highest active cata-
lyst reported for the EOR with a 12-electron process'® (Fig. 7b).
Comparing the CV curves of different mono- and multi-element
catalysts revealed that not all these metallic elements have high
EOR activity, but they can improve the adsorption/desorption of
intermediate species and C-C breakage on the surface of the
HEM catalyst. The HEM catalyst also demonstrated high
stability during cycling in 1 M KOH electrolyte with ethanol and
good activity retention over 50 cycles (Fig. 7c). The HEA with six
elements has a more ideal surface configuration with various
adsorption/desorption sites for intermediate species of the
multistep EOR which can boost the selectivity of the 12-electron
process and the overall efficiency of the EOR. This indicates that
by more control on the effect of each element and composi-
tional tuning, multi-element HEMs are potential catalysts for
many other complex reactions.

5.1.3 Formic acid oxidation reaction (FAOR). The electro-
oxidation of formic acid to H, and CO, is the anodic reaction
of DFAFCs, which can be achieved via direct or indirect
competing pathways.'” Different alloying and shape engi-
neering strategies are applied to improve the efficiency of highly
active Pt and Pd catalysts for industrial applications."*****
Katiyar et al*** studied the electrocatalyst performance of
CuAgAuPdPt HEA NPs compared to the Pt NP catalyst for the
FAOR. The ratio of the forward to reverse current of oxidation
peaks (i¢/i;) measured for the HEA was 1.47 and 3.5 times higher
than that of Pt NPs (0.4). Also, analysis of the gas produced from
the reaction catalysed by HEA NPs and Pt NPs showed that
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Fig.7 Comparison of the (a) specific activities of RURhPdOsIrPt HEA NPs (shown with the PGM-HEA label) with a monometallic catalyst, and (b)
mass activity of HEA NPs (shown with the PGM-HEA label) with the Au@PtIr/C catalyst for the EOR at 0.45 and 0.6 V. (c) Performance stability of
RUuRNhPdOsIrPt NPs in the EOR after 50 cycles. Reproduced with permission (ref. 127). Copyright 2020, American Chemical Society. Comparison
of moles of gases produced on CuAgAuPdPt and Pt NP catalysts during the FAOR under (d) 0.7 biased and (e) unbiased (without energy input)
conditions. (f) DFT calculated adsorption energies of the reactant (HCOOH), intermediate (HCOO#*) and product (CO,) of the FAOR on the (111)
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a lower amount of CO is produced on the HEM catalyst (Fig. 7d
and e). These results imply that the FAOR on the HEA is mainly
dominated by the direct oxidation pathway. To explain the
experimental results, the mechanism of the FAOR is also
studied by DFT calculation of the adsorption energies of the
reactant (HCOOH), intermediate (HCOO*) and product (CO,) of
the reaction on HEA and Pt (111) surfaces (Fig. 7f). It was
revealed that the synergistic effect of different metallic elements
in the HEM leads to a change in the d-band canter and
adsorption energies of species on its surface compared to the
pristine elements. The reaction profile shows that FAOR is
exothermic on the HEA and endothermic on the Pt surface,
which could be the reason for the higher activity of the HEM
catalyst.

5.1.4 Oxygen reduction reaction (ORR). The oxygen reduc-
tion reaction (ORR) is the crucial cathodic reaction in fuel cells
and demands a highly active electrocatalyst to overcome its
overpotential and slow kinetics of either the 4-electron or 2-
electron pathway.” Among all metal elements, Pt is known as
the state-of-art electrocatalyst for the ORR due to its excellent
catalytic activity and long-term stability in acidic and alkaline
media of fuel cells.”*® However, the major limitations associated
with its high cost and scarcity for feasible applications in
commercialized fuel cells have led to research efforts to develop
alternative low Pt loading or Pt-free electrocatalysts.’” The
volcano-like plots of catalytic activities and binding energies of
metals are usually used to design new electrocatalyst alloys by
predicting the activity based on the constituents and their
compositions. However, such a prediction for a multi-
component system is more complicated than the average
calculated binding energies and activity of single metals."**'*”

Potential vs. RHE [mV] at -0.5 at normalized scale
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Loffler et al.**® experimentally investigated the electro-
catalytic activity of the well-known CrMnFeCoNi HEA (Cantor
alloy) as a non-noble metal alloy toward the ORR. The quinary
HEA NPs were synthesized by combinatorial co-sputtering into
an ionic liquid and their electrocatalytic activity in alkaline
media was compared to Pt as well as binary and quaternary
alloys of the same elements. The interesting result revealed
higher activity (lower overpotential) of the HEA NP catalyst
composed of five equimolar inexpensive transition metal
elements compared to that of the Pt catalyst. In contrast, the
activities of all other quaternary and binary alloys were
considerably lower than that of the Pt catalyst (Fig. 8a). These
findings suggest that the HEA, with a homogeneous distribu-
tion of five different metals in a single-phase solid solution,
provides a higher number of active sites for electrocatalysis.

Chen et al.'*® evaluated the catalytic activity of the np-
PtRuCuOsIr HEA toward the ORR at the cathode in addition
to the MOR at the anode, which was mentioned before (Section
4.1.1). The results from the ORR electrocatalytic activity
measurement test in 0.1 M HClO, solution reveal a specific
activity of 0.77 mA cm™* and mass-specific activity of 0.249 A
mgp, " for np-PtRuCuOsIr which are about 3.8 and 1.8 times
higher than those of the commercial PtC, respectively (Fig. 8b).
The durability of the np-PtRuCuOsIr was also tested in an acidic
electrolyte (0.1 M HCIO,). After 10k and 15k cycles, specific
activity retention was measured to be 90.3% and 73.1% of the
initial value, respectively, and the corresponding mass activity
retention was 70.2% and 50.0% (Fig. 8c).

Qiu et al.** proposed a combined method of arc-melting
followed by fast cooling and dealloying from an Al-rich
precursor for the preparation of equimolar senary np-
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AINiCuPtPdAu HEAs. The characterization tests demonstrated
that the as-prepared np-AINiCuPtPdAu is composed of
uniformly distributed six different elements in the FCC solid
solution structures of nano-ligaments. Also, the surface of nano-
ligaments is coated with a very thin spinal oxide layer due to the
natural surface oxidation of less noble metals in air. The
fabricated np-HEA was examined for different electrocatalytic
performances, including the electrocatalytic ORR. It was found
that the specific activity and Pt mass activity of np-
AINiCuPtPdAu in an acidic electrolyte solution (O,-saturated
0.1 M HCIO,) are 11.4 and 10 times higher than those of
commercial Pt/C, respectively. Likewise, the activity of np-
AINiCuPtPdAu normalized by its total mass of precise metals
(Pt, Pd, and Au) was found to be four times higher than that of
Pt/C (Fig. 8d). Additionally, the HEA catalyst showed durability
and long-term performance stability in an acidic environment
after 100 000 CV cycles, while 35% loss of mass activity after
20 000 cycles was observed in Pt/C results (Fig. 8e).

Yao et al.**® synthesized a series of ultrafine and homoge-
neously dispersed HEA NPs on a carbon support through a fast
thermal shock method to explore their vast compositional
design by controlling the formulation of precursor solutions.
Two quaternary (PtPdPhNi) and quinary (PtPdFeCoNi)
uniformly dispersed multi-metallic nanoclusters on carbon
nanofiber (CNF) supports as optimized examples were screened
for their activities for the ORR in 1 M KOH electrolyte compared
to the control sample (Pt/CNF) by droplet cell analysis. Both
HEA loaded samples exhibited lower overpotentials and better
catalytic performances than the single metal Pt loaded catalyst.
The Tafel plots of the three tested catalysts exhibit smaller
slopes for HEAs/CNF than for Pt/CNF with a similar mechanism
in the ORR (Fig. 8f). Batchelor et al.*** presented a theoretical
approach to predict the electrocatalytic activity of HEAs based
on DFT calculated OH and O adsorption energies on random
available binding sites on the surface of IrPdPtRhRu. Further-
more, the model works for the optimization of HEAs by
adjusting the elemental compositions to increase the binding
sites with the highest activities. According to this study, the
large number of surface configurations provides the near-
continuum adsorption energies on the surface of the HEA and
makes it an inherently potential electrocatalyst for the ORR.

5.2 Electrocatalysts for hydrogen generation from water
splitting

Hydrogen production by the water splitting method from
different electric sources like solar photovoltaic (PV) and wind
power is a simple and environment-friendly energy generation
approach.*>'** In this method, hydrogen and oxygen are
generated by electrochemically splitting water molecules (e~ +
H,0 — 1/20, + H,) through the hydrogen evolution reaction
(HER) on cathodes and oxygen evolution reaction (OER) on
anodes.'** However, water splitting efficiency is mainly limited
by the electrolysis overpotentials and kinetics of the HER/OER
and requires highly active electrocatalysts to enhance it.**> Pt/
Ru/Ir-based catalysts are known as the best theoretically active
catalysts for these reactions, yet the high-cost and scarcity of the
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noble-metals are critical constraints to their practical large-
scale applications."***® Therefore, various transition-metal-
based alloys as low-cost and nature abundant catalysts with
comparable catalytic performances to that of noble-metal-based
catalysts were developed and studied.***™** However, weak
corrosion resistance and chemical stability of the materials in
acidic and alkaline electrolytes are reported as the critical
drawbacks for their applications.**'**

5.2.1 Hydrogen evolution reaction (HER). Inspired by the
emergence of the new multi-element alloys with unique struc-
tural properties, phase stability, and corrosion resistance,
Zhang et al.**® investigated the catalytic performance of an HEA
(NiyoFeyoM013Co35Cry5) for the HER. In this work, the HEA
samples were fabricated by an arc melting method with two
different annealing temperatures of 800 °C and 1150 °C. The
sample annealed at 1150 °C is a single FCC phase solid solution
while the other one annealed at 800 °C shows the FCC phase
plus p phase precipitates. The results of the electrocatalytic
activity of single-phase (FCC) and dual-phase (FCC + p) samples
for the HER in acidic electrolytes were compared together and
to that of the commercial Pt catalyst. The single-phase HEA with
lower onset potentials and smaller Tafel slope showed better
performance than the dual-phase sample (Fig. 9a). Moreover,
the electrochemical stability test of the HEA electrode in an
acidic electrolyte (0.5 M H,SO,) demonstrated that the single
FCC phase HEA works without activity degradation for 8 hours
and is more durable than the dual-phase HEA (Fig. 9b). The
superior electrocatalytic performances of the single-phase HEAs
are mainly attributed to their disordered atom distribution,
which provides a simple solid solution phase with higher
coordination numbers. In addition to the effect of disordered
surface atoms, the synergistic effect of under-coordinated
atoms boosts the hydrogen adsorption on the electrode and
facilitates the charge transfer required for the HER.

Liu et al* synthesized ternary PtAuPd, quaternary
PtAuPdRh, and quinary PtAuPdRhRu alloy NPs by co-reduction
of metal ions with ethylene glycol under ambient conditions
and tested their electrocatalytic HER performances in 1 M KOH
solution. A lower Tafel slope of 62 mV dec™" was obtained for
HEA NPs compared to ternary (177 mV dec” ') and quaternary
(91 mV dec ') synthesized alloys as well as the commercial Pt
catalyst (77 mV dec ') (Fig. 9c). Another HER electrocatalytic
performance was reported by Qiu et al' for their senary
AINiCuPtPdAu nano-porous HEA with an ultrafine structure
and high specific area. The np-AINiCuPtPdAu exhibited higher
mass-specific activity normalized by the mass of Pt and mass of
all the three metals (Pt, Pd and Au) compared to the commercial
Pt/C catalyst (Fig. 9d). The np-HEA was also very stable in acidic
electrolytes for 2000 CV cycles (Fig. 9¢). Gao et al.**® evaluated
FeCoPdIrPt@GO NPs synthesized by a fast-moving bed pyrol-
ysis method as a working electrode for the HER in 1 M KOH.
This HEA electrode also demonstrated superior electrocatalyst
performance to the commercial Pt/C electrode with a lower
overpotential of 42 mV compared to 64 mV at the current
density of 10 mA cm™? and 26 times higher mass activity of 9.1
mA pgp, - compared to 0.35 mA pgp, - for Pt/C at an over-
potential of 100 mV (Fig. 9f). Wu et al.** investigated the effect
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Fig. 9 Comparison of catalytic activity toward the HER. (a) Tafel plots and (b) electrochemical stability of single-phase (@1150) and dual-phase
(@800) NizgFezoMo19Co35Cry5 catalysts in 0.5 M H,SO,4 at room temperature. Reproduced with permission (ref. 156). Copyright 2018, Elsevier. (c)
Tafel plots of PtAuPdRhRu HEM-NPs/carbon, PtAuPdRh/carbon, PtAuPd/carbon, and commercial Pt/C (Pt loading = 20 wt%) catalysts in 1 M
KOH. Reproduced with permission (ref. 157). Copyright 2019, Wiley-VCH. (d) Pt and Pt + Pd + Au mass-specific activities at 0.07 V and (e) cycling
stability of np-AINiCuPtPdAu. Reproduced with permission (ref. 139). Copyright 2019, Royal Society of Chemistry. (f) Linear sweep voltammetry
curve of FeCoPdIrPt@GO NPs and Pt/C (ref. 158). Comparison of (g) the valance band spectrum of IrPdPtRhRu and Pt NPs; and (h) TOF of
IrPdPtRhRu NPs and monometallic NPs in 0.05 M H,SOy; (i) polarization curve of IrPdPtRhRu NPs at the initial cycle and after 3000 cycles.
Reproduced with permission (ref. 159). Copyright 2020, Royal Society of Chemistry.

of the electronic structure of HEA NPs on the HER activity by
measuring their valance band spectrum. IrPdPtPhRu NPs were
synthesized through the co-reduction of the metal ions in an
aqueous precursor solution sprayed into preheated triethylene
glycol as the reducing agent. The valance band spectra of the
HEM and Pt NPs were experimentally measured by hard X-ray
photoelectron spectroscopy (HAXPES). It was observed that
unlike Pt NPs, the valance band spectra of IrPdPtRhRu HEA NPs
are broad and without any sharp peaks, which is because of
their disordered atomic arrangements (Fig. 9g). The turnover
frequency (TOF) test results revealed the higher intrinsic activity
of IrPdPtRhRu NPs compared to the monometallic NPs (Fig. 9h)
and cycling CV measurement proved their excellent perfor-
mance stability in an acidic electrolyte (Fig. 9i).

5.2.2 Oxygen evolution reaction (OER). Similar to the idea
of using the HEA catalyst for the HER, Dai et al."** reported the
outstanding electrocatalytic performance of MnFeCoNi for the
OER compared to highly active RuO, catalysts. The CV-
activation of the HEA electrode fabricated by mechanical
alloying results in the growth of nanosheets of MO, (M = Mn,
Fe, Co and Ni) compounds and forms a core-shell structure
with much-enhanced surface area and active sites. The obtained
electrode showed comparable activity performance to that of
RuO, with a low overpotential of 302 mV at the current density

This journal is © The Royal Society of Chemistry 2021

of 10 mA cm > and the Tafel slope is only 83.7 mV dec ~*

(Fig. 10a). Besides, the MnFeCoNi HEA working electrode
exhibits stable activity in 1 M KOH electrolyte for 20 h (Fig. 10b).

Qiu et al.*® prepared different nanoporous HEAs of non-
noble metals by chemical dealloying of Al-rich precursor
alloys with compositions of np-AINiCoFeX (X = Mo, Nb, Cr).
They selected highly OER active NiFe and NiCoFe alloys as the
starting materials and then added other elements to further
increase the compositional complexity to enhance the OER
performance. From the Tafel plot, an increase in the number of
elements improves the activity of the catalyst and OER kinetics
(Fig. 10c). Furthermore, they tested the catalyst activity of qui-
nary HEAs dissimilar in the fifth component to find the
enhancing effect of different elements. This result showed that
the addition of Mo, Cr and Nb has the highest to third highest
catalytic enhancing effect, respectively. This is attributed to
their preference for higher oxidation states, which can modify
the strength of oxygen adsorption on the oxide surface
(Fig. 10d). Moreover, it is demonstrated that incorporating
a larger number of suitable metal species into the active binary
and ternary alloys is an effective way to improve the OER
catalysis as well as activity retention and durability of the
catalyst over long-time cycling (Fig. 10e).
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Fig. 10 Comparison of catalytic activity toward the OER. (a) Tafel plots for RuO,, as-milled and CV-activated MnFeCoNi catalyst; and (b)
electrochemical stability test of CV-activated MnFeCoNi HEM working electrode in 1 M KOH solution. Reproduced with permission (ref. 114).
Copyright 2018, Elsevier. Comparison of (c) Tafel plots of different metallic np-HEMs, np-AlNiCoFe, np-AlNiFe, and RuO,; (d) Tafel plot of

metallic np-HEMs different in their fifth element; and (e) activity retentio
AINiCoFe, np-AlNiFe, and RuO,. Reproduced with permission (ref. 160).

nat1.55V after 1000 and 2000 cycles of different metallic np-HEMs, np-
Copyright 2019, American Chemical Society. (f) Electrochemical activity

retention of the HEO on a multiwalled carbon nanotube support (HEO/MWCNTSs) at 1.58 V vs. RHE in 1.0 M KOH. Reproduced with permission
(ref. 16). Copyright 2019, Royal Society of Chemistry. Comparison of Tafel plots for (g) perovskite fluorite HEM (K(MgMnFeCoNi)Fz) and other

ABF3 perovskite fluorites with a single metal at the B site; (h) perovs

kite fluorite HEMs with different compositions at the A site (K;_yNa,(-

MgMnFeCoNi)Fz) and commercial IrO, catalyst in 1 M KOH solution. Reproduced with permission (ref. 27). Copyright 2020, American Chemical

Society.

Wang et al.® reported the electrocatalytic activity of an HEO
toward the OER. They prepared the high-entropy
(CoCuFeMnNi);0, with a single-phase spinel structure (Fd3m)
and a very small particle size of 5 nm via a solvothermal
synthesis followed by low-temperature pyrolysis at 400 °C. The
synthesized nanoparticles loaded on multi-walled carbon
nanotubes (MWCNTs) revealed excellent catalytic performance
for the water oxidation reaction and reached a current density of
10 mA cm ™2 at 1.58 V in 1 M KOH (Fig. 10f). More interestingly,
the HEO supported on MWCNTs showed excellent stability in
the alkaline test environment for 12 h without any decay in
catalytic activity, which makes it a promising catalyst candidate
for the OER in hydrogen generation from water splitting
(Fig. 10f).

A new type of HEM was developed by Wang et al*” and
studied as a catalyst for the OER. ABF; perovskite fluoride HEMs
(HEPFs) were synthesized by combining the hydrothermal
method with mechanochemistry. The catalytic activity of the
synthesized K(MgMnFeCoNi)F; in 1 M KOH solution was first
compared with all KMF; perovskite fluorides with a single metal
at the B site. From the electrochemical test in 1 M KOH solution,
it was found that K(MgMnFeCoNi)F; has higher catalytic activity
and kinetics for the OER (potential of 369 mV at 10 mAcm > and
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Tafel slope of 61 mV dec ~') compared to all related KMF;
perovskite fluorides with a single metal at the B site (Fig. 10g).
The superior performance of fluorite HEMs is a result of their
highly and randomly distributed active sites and low charge
transfer resistance. Further activity improvement was observed
by introducing sodium and modifying the composition of the A
sites of ABF; type HEMs. Comparing the OER performances,
Ko sNay ,(MgMnFeCoNi)F; with a lower overpotential of 314 mV
at a current density of 10 mA cm™? and Tafel slope of 55 mV
dec™" exhibited the best performance among the different
K;_,Na,(MgMnFeCoNi)F; HEMs as well as the commercial IrO,
(Fig. 10h). Also, the stability of the catalysts at a constant
potential for 10 h revealed that the fluorite HEM performs much
better than commercial IrO, and K, gNag ,(MgMnFeCoNi)F; is
able to maintain the current density above 10 mA cm™ > with
lower overpotential than K(MgMnFeCoNi)F; and Na(MgMnFe-
CoNi)F; (Fig. 10i).

Zhao et al.*® developed a phosphide type HEM and synthe-
sized multi-elemental phosphide (HEMPs) nanosheets with Co,
Cr, Fe, Mn and Ni metals in a single phosphide phase by the
eutectic solvent method. The new HEMPs were evaluated as
electrocatalysts for water splitting at both cathodic HER and
anodic OER in alkaline media (1 M KOH solution). Commercial
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Pt/C and commercial IrO, were used as control samples for the
HER and OER, respectively. Electrochemical analysis revealed
that HEMPs with lower overpotential (Fig. 11a) and Tafel slopes
have higher electrocatalytic activity than single-metal phos-
phides for the HER and OER (Fig. 11b and c). For the OER, the
phosphide HEM nanosheets with an overpotential of 320 mV
and a Tafel slope of 60.8 mV dec™ ' showed even better perfor-
mance than commercial IrO, with the overpotential and Tafel
slope of 440 mV and 75.8 mV dec™ ", respectively (Fig. 11a and
b). In a more practical test, the excellent electrocatalytic activity
of HEMP nanosheets for the overall water splitting process was
tested in a two-electrode configuration in which phosphide
HEM deposited on nickel foam was used as both cathode and
anode. The electrocatalytic water splitting of the cell with
phosphide HEM electrodes was compared with the other one
with commercial Pt/C as the cathode and commercial IrO, as
the anode. The cell with phosphide HEM electrodes with a lower
potential of 1.78 V at the current density of 100 mA cm™>
exhibited superior performance to the cell with the commercial
electrode coupled with a potential of 1.87 V at the same current
density (Fig. 11d). Additionally, the phosphide HEM catalyst
showed excellent stability and current retention for 24 h and
only a slight current degradation of 1.2% was observed while it
was run at the current density of 10 mA cm ™ (Fig. 11e).
Metal-organic frameworks (MOFs) composed of metal ions
and organic group linkers with high surface area and active sites
are attractive materials for catalytic and electrocatalytic reac-
tions like the OER.'**%> Zhao et al.* reported the synthesis of
a high-entropy MOF (MnFeCoNiCu-MOF) from a solution of five
equimolar metal ions and 1,4-benzenedicarboxylic acid (1,4-
BDC) at room temperature (HE-MOF-RT) (Fig. 12a). Another
multi-metallic MOF material was also prepared by the

-
o
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solvothermal method by heating the solution (HE-MOF-ST). The
characterization of the synthesized material showed that the
room temperature method gives a homogeneous and random
distribution of metal ions of near equimolar composition and
a high-entropy material is successfully formed. However, the
one prepared by the solvothermal method gives unequal
distribution of metal ions and aggregation of Fe ions, which
indicates that the material is a polymetallic composite MOF and
HE-MOF. The OER activity of HE-MOF was examined in alkaline
solution (1 M KOH) and compared to that of the polymetallic
MOF from the solvothermal method as well as the conventional
RuO, ca