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ABSTRACT: Metal-air batteries, especially the Li-air and Zn-air ones, have garnered extensive
attention and research efforts due to their high theoretical specific energy, safety, and
environmental friendliness. Nevertheless, the sluggish kinetics of the cathodes is one of the key
factors hindering their practical electrochemical performance. To address this issue, utilizing
high-efficiency catalysts is a feasible and effective strategy. Among the varieties of catalysts
reported, high-entropy alloys (HEAs) have emerged as a kind of promising catalyst due to their
tunable composition and electronic structure. As a result, inspiring battery performances have
been achieved in HEAs-catalyzed systems. In this review, we first summarize the reaction
mechanism and challenges of the representative metal-air batteries, including Li-O,, Li-CO,,
and Zn-air batteries, and then introduce the synthesis methods and core effects of HEAs. We
also summarize some research progress on HEAs in these batteries. Finally, we offer insights
into the future research prospects of HEAs in metal-air batteries.
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1. INTRODUCTION

As industrialization progresses and living standards are
elevated, the demand for energy has grown increasingly urgent
and significant. The incessant utilization of traditional fossil
fuels, such as coal, oil, and natural gas, not only rapidly
diminishes their finite reserves but also poses a grave threat to
our environment, exacerbating global warming and environ-
mental pollution. Consequently, the exploration and utilization
of renewable energy sources stand as the pivotal direction for
the future of energy development, offering a sustainable and
environmentally friendly alternative. However, renewable
energy sources like wind and solar power, which exhibit
dispatchable energy generation and intermittent supply
characteristics, are challenging to be utilized effectively.
Hence, there is a critical need for developing large-scale
energy storage systems to facilitate the consistent and stable
output of renewable energy sources, thereby ensuring a reliable
and sustainable energy supply. Among the various energy
technologies, electrochemical energy storage emerges as one of
the flexible and more efficient options."”” Notably, rechargeable
metal-air batteries stand out as a particularly promising
candidate owing to their exceptional theoretical specific energy
and environmentally benign properties.”* For instance, the
state-of-the-art Li-O, battery has a remarkable theoretical
specific energy of up to 3500 Wh kg™' based on the interaction
between Li and O, to form Li,0,. Consequently, rechargeable
metal-air batteries are widely regarded as the most promising
candidates for energy storage systems and have garnered
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significant research attention and investigation. However,
current advanced metal-air batteries are still facing several
challenges, such as the low practical capacity and densities, the
low energy conversion efficiency, and the poor cycle life.”
These issues are closely connected with the sluggish kinetic of
O, reduction reaction (ORR) and O, evolution reaction
(OER) involving multielectron transfers at solid—liquid—gas
multiphase interfaces on the air cathode side. Besides, metal
dendrites formation and side reactions like the decomposition
of electrolyte and carbon cathodes can also cause performance
degradation of metal-air batteries.”

Researchers have made efforts in developing highly efficient
catalysts for promoting kinetic of ORR/OER in metal-air
batteries, such as carbon-based, noble metal-based, and
nonprecious metal-based catalysts.'"”'® Additionally, some
studies have been conducted on anode protection strategies
and electrolyte modifications to further optimize the perform-
ance of metal-air batteries.'” ' Despite some advancements,
the sluggish kinetics of ORR/OER on the cathode side
remains a formidable challenge, hindering the attainment of
satisfactory electrochemical performance in metal-air bat-
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Figure 1. Theoretical specific energies and thermodynamic equilibrium potentials of nonaqueous electrolyte-based metal (Li, Na, K)-O,/CO,
batteries and aqueous electrolyte-based metal (Zn, Mg, Al, and Fe)-air batteries. Specific energy densities are calculated based on total weight of the

discharge products.

teries.”> Consequently, there is a critical requirement for the
development of innovative and high-activity catalysts that can
significantly improve the reaction kinetics on cathodes, thereby
improving the performance of metal-air batteries. Furthermore,
the semiopen configuration of metal-air batteries poses a
unique challenge. Most ORR products can readily react with
atmospheric CO, and generate carbonates that are difficult to
decompose. Hence, to prompt the practical application of
metal-air batteries, research on metal-CO, batteries has also
been conducted. Resembling metal-O, batteries, the reactions
within metal-CO, batteries also occur at the multiphase
interface involving multielectron transfer processes but using
CO, instead of O, as the initial active material, resulting in the
severe kinetic hysteresis and ultimate degradation of battery
performance.

To promote the electrochemical performance of metal-air
battery reactions, a prevalent approach involves employing
catalysts to accelerate the reaction kinetics and lower the
overpotentials. The ideal catalysts should embody the
following quintessential characteristics: (1) good electronic
conductivity to facilitate charge transfer and minimize
interfacial resistance; (2) large surface area to provide more
space for electrochemical reactions; (3) porous structure for
gas and electrolyte diffusion as well as storage space for
discharge products; (4) excellent intrinsic catalytic activity;
and (5) good structural stability. In recent years, the
emergence of high-entropy alloys (HEAs) with remarkable
electronic structure and 2prozperties have attracted significant
interest from researchers.”*”*® Apart from their commendable
electronic conductivity, HEAs exhibit four core effects: high-
entropy effect, lattice distortion effect, sluggish diffusion effect,
and cocktail effect. Notably, lattice distortion contributes to
the formation of defects and strains in HEAs. Previous studies
have indicated that lattice defects can modulate the electronic
structure and thus affect the interaction of the active sites with
the reactants.”” In other words, lattice defects can significantly
optimize the catalytic activity of materials.”**’ Additionally,
the cocktail effect, characterized by the synergistic interplay of
multiple metallic elements, further improves the catalytic
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performance of HEAs.”® Moreover, the sluggish diffusion effect
contributes to the remarkable structural stability of HEAs,
making them highly promising for electrocatalysis applications.
In the past few years, over a hundred reviews have been made
in the study of HEAs electrocatalysis. However, there are a few
reviews focused on their application in the energy storage field,
especially in the context of metal-air batteries that involve the
performance of Li-O, batteries and Zn-air batteries. Moreover,
investigations of Li-CO, batteries were also carried out.
Therefore, to better promote the research and development
of HEAs in the field of metal-air batteries, it is necessary to
summarize the research advancements on HEAs as catalysts for
metal-air batteries.

In this review, we first summarize the mechanisms and
challenges of metal-air batteries, followed by an overview of the
synthesis methods employed for HEAs and their properties.
Subsequently, we showcase several exemplary HEAs that have
demonstrated promising applications in three common metal-
air battery systems: Li-O, batteries, Li-CO, batteries, and Zn-
air batteries. Finally, we offer insightful perspectives on the
future development of HEAs in terms of compositional
optimization, advanced characterization techniques, and
broadened application scopes within metal-air batteries.

2. BRIEF OVERVIEW OF RECHARGEABLE METAL-AIR
BATTERIES

Metal-air batteries usually consist of metal anodes, electrolytes,
and porous cathodes. According to the type of electrolyte, they
can be categorized into two groups. One group is nonaqueous
electrolyte-based batteries, including Li-air batteries, Na-air
batteries, and K-air batteries. Given their operation in dry, pure
O, or CO, environments, these are more precisely termed
metal-O, or metal-CO, batteries, exemplified by Li-O, and Li-
CO, batteries. The other group is aqueous electrolyte-based
metal-air batteries, which can work directly in air, such as Zn-
air batteries, Al-air batteries, Mg-air batteries, and Fe-air
batteries. Figure 1 provides a comparative analysis of the
theoretical specific energies and thermodynamic equilibrium
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voltages across various cell types, including nonaqueous and
aqueous systems.”' >’ The Li-O, battery has a remarkable
thermodynamic equilibrium potential of 2.96 V and an
exceptional theoretical energy density of 3500 Wh kg™,
which surpasses the state-of-the-art lithium-ion batteries by a
factor of 5 to 10 times.”* Similarly, other metal-air battery
systems also exhibit specific energies exceeding those of
lithium-ion batteries. Among these battery systems, Li-O,
batteries, Li-CO, batteries, and Zn-air batteries have garnered
significant research attention, being the most extensively
studied members of the metal-air battery family.

However, studies of rechargeable metal-air batteries remain
in the early stages, with their realized energy densities lagging
significantly behind their theoretical potential. Furthermore,
they suffer from relatively low power densities and poor cycle
performance, posing challenges in meeting practical demands.
One pivotal factor contributing to the above issues lies in the
sluggish kinetics of ORR/OER or the CO, reduction and
evolution reactions (CO,RR/CO,ER) occurring at the
cathodes. To address this issue at its core, a profound
understanding of the reaction mechanisms underlying metal-air
batteries is imperative. In this section, we provide a
comprehensive summary of the reaction mechanisms pertain-
ing to Li-O, batteries, Li-CO, batteries, and Zn-air batteries.

2.1. The Reaction Mechanism of Li-O, Batteries. The
reaction of a Li-O, battery is a complex electrochemical
reaction that occurs at the triple-phase interface between the
catalyst (solid)-electrolyte (liquid)-O, (gas).** The mechanism
of O, reduction to form Li,O, during the discharge process is
illustrated in Figure 2a.°**® On the anode side, the metal Li
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Figure 2. Schematic diagrams illustrating mechanisms of the (a) Li-
O, battery, (b) Li-CO, battery, and (c) Zn-air battery during the
discharge process.

loses an electron and becomes Li* (as described in eq 1) that
diffuses into the electrolyte. For the O, cathode side, O, is
absorbed on the surface of the O, host material (usually
porous carbon) and obtains electrons from the external circuit
via a reduction reaction to generate O, (as described in eq 2),
and then O,” combines with Li* to form the intermediate
product Li*-O,™:

Li > Lit + e~ (1)
Li"+ 0, +e - Li' —0,~ (2)

The discharge process of the Li-O, battery is influenced by
the location of the discharge intermediates LiO,. Whether
LiO, is adsorbed on the electrode surface or dissolved in the
electrolyte is determined by factors such as the electrolyte
solvent, the electrode surface adsorption strength, the
electrode potential, and the discharge current.”””” Depending
on the location of LiO,, here are two possible pathways for the
formation of the final discharge product Li,O, from Li*-O,™:
the solution pathway and the surface pathway. For the solution
pathway, eq 3 occurs, and the generated LiO, dissolves into the
electrolyte. Subsequently, a disproportionation reaction of
LiO, takes place, resulting in the formation of relatively large
toroidal Li,O, and gaseous O, (as described in eq 4). This
disproportionation reaction leads to the breakage of the O—O
bond, resulting in the formation of partially singlet oxygen
('0,). The highly reactive singlet oxygen is a critical factor in
inducing the chain decomposition of the electrolyte, which
accelerated battery aging:*®

Lit — 0, — LiOZ(SOD (3)

2Li0, ) — Li,O, + 0,/'0, )

For the surface pathway: LiO,* is deposited on the surface
of the electrode by eq S, and a one-step electrochemical
reaction occurs after eq 6 to form film-like Li,O,:

Li" - 0,” — LiO," (5)

LiO,* + Li* + ™ — Li,0, (6)

During the charging process, decomposition of Li,O, occurs.
However, due to its wide band gap of approximately 4—5 eV,
Li,O, requires a significant charging overpotential to
decompose.””*” As a result, researchers are actively working
on developing high-performance catalysts that can effectively
reduce the charging overpotential of Li-O, batteries. Initially,
Li,O, undergoes partial delithiation, forming Li, ,O, as

described by eq 7:
Li,0, — Li,_ O, + xLi* + xe~ (7)

The subsequent reactions in the charging process are
analogous to those in the discharge process with both the
solution pathway and the surface pathway being involved.
Li,_,O, continues to decompose into LiO,() and Li* (as
described by eq 8), which might be followed by the
disproportionation of LiO, ) into Li,O, and O, (as described
by eq 9). Eqs 7—9 steps together are referred to as the solution
pathway:

Li, ,0, = L0y + (1 — x)Lit + (1 — x)e” (8)
2LiO, (4o — Liy0, + O, (9)

Through the surface pathway, Li, O, directly decomposes
into Li* and O, (as described by eq 10). These are the two
primary decomposition pathways of Li,O,. In summary, eq 11
represents the overall reaction of a Li-O, battery:

Li, 0, » O, + Li" (10)

Overall reaction: 2Li + O, < Li,0, (11)

https://doi.org/10.1021/acs.energyfuels.4c03386
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2.2. The Reaction Mechanism of Li-CO, Batteries.
Similar to Li-O, batteries, Li-CO, batteries also involve
reactions at the triple-phase interface. In general, it is
considered that rechargeable Li-CO, batteries undergo the
overall discharge reaction (eq 12):*"*

4Li + 3CO, — 2Li,CO, + C (12)

Figure 2b shows the reaction steps during the discharge
process of a Li-CO, battery. At the anode, Li loses an electron
and becomes Li* diffusing into the electrolyte. CO, molecules
are adsorbed on the catalyst active sites on the cathode surface.
The absorbed CO, molecule can capture an electron and is
reduced to the CO,” species by eq 13. Subsequently, CO,~
combines with Li* to form LiCO, (eq 14). Given the solubility
of LiCO, in the electrolyte or the adsorption energy at the
cathode surface, the formation of Li,CO; also involves two
reaction pathways: the solution pathway and the surface
pathway. If LiCO, is absorbed on the electrode surface, then it
further combines with Li* and an electron to generate Li,CO,
(eq 15). Then Li,CO, reacts with the absorbed CO, to form
Li,C,0, (eq 16), which combines with Li,CO, to eventually
form the discharge product Li,CO; and C (eq 17). The above
processes are the mechanism of Li,COj; formation via the
surface pathway:

CO, + e~ — CO,” (13)
Li* - CO,” - LiCO,* (14)
Li* + LiCO,™ + ¢~ — Li,CO, (15)
CO, + Li,CO, « Li,C,0, (16)
Li,C,0, + Li,CO, — Li,CO, + C (17)

If LiCO, dissolves easily in the electrolyte, LiCOy,) forms
by eq 18, and two LiCO,,) molecules first combine to
generate Li,C,0, (eq 19). Then the disproportionation
reaction of two Li,C,0, occurs to form Li,CO, and CO,
(eq 20). Finally, the discharge products Li,CO; and C are
formed through the reaction between Li,C,0, and Li,CO, (eq
21):

Li* — CO,” — LiCO,) (18)
2LiCO, () — Li,C,0, (19)
Li,C,0, — Li,CO, + CO, (20)
Li,C,0, + Li,CO, = Li,CO, + C (21)

In addition to the case where the discharge product
generates Li,CO; and C, there is also a case where the
discharge product is stable Li,C,0,. It is generally realized
using specific solid catalysts (Mo-based catalysts) or liquid
catalysts (also be known as redox mediator, RM),”~*” which
case we will not discuss here.

In the charging process of Li-CO, batteries, the decom-
position of Li,CO; occurs. The decomposition of Li,CO; with
a wide-bandgap requires a larger charging overpotential,
leading to a low energy efficiency and poor cycling perform-
ance. Studies in recent years have found that the decom-
position of Li,CO; has one reversible pathway and two
irreversible pathways. The evolution of CO, accompanies with
the generation of byproducts, like 'O, and O,°” via the

irreversible pathways, as displayed in eqs 22 and 23,
respectively: """

2Li,CO; — 2CO, + O, + 4Li* + 3¢~ (22)

2Li,CO; - 2CO, + 0,°” + 4Li* + 3e~ (23)

To realize efficient energy conversion, researchers prefer the
reversible reaction of eq 12 to occur within Li-CO, batteries.
In this case, the reversible pathway of the Li,CO;
decomposition is shown in eq 24:*°

2Li,CO; + C — 4Li" + 3CO, + 4e” (24)

2.3. The Reaction Mechanism of Zn-Air Batteries.
Primary Zn-air batteries are now commercially available and
have been successfully used in medical and telecommunication
applications, such as hearing aids and wireless messaging
devices.”>** In recent years, rechargeable Zn-air batteries have
gained revived interests as one kind of next-generation
electrochemical energy storages because of their high
theoretical energy densities, wide operational temperature
range, low cost, zero pollution, and high safety.ss’56 In order to
develop high-performance Zn-air batteries, it is vital to
understand their reaction mechanisms.

During the discharge process of the battery, the anode metal
Zn loses electrons and is oxidized to Zn*" (eq 25).°°® The
oxygen on the cathode surface generates electrons to generate
OH™ (eq 26), which combines with Zn** in the electrolyte to
produce soluble [Zn(OH),]*~ (eq 27). Afterward, [Zn-
(OH),]*” converts into insoluble ZnO when [Zn(OH),]*”
is supersaturated in solution through eq 28. It is important to
point out that the discharge product ZnO is deposited on the
surface of the anode instead of inside the porous cathode
commonly seen in Li-O, and Li-CO, batteries:

Zn — Zn*t 4 2¢” (25)
O, + 4e” + 2H,0 — 40H" (26)
Zn** + 40H™ — [Zn(OH),*” (27)
[Zn(OH),]*~ — ZnO + H,0 + 20H"~ (28)

In the rechargeable Zn-air battery, reduction reaction of
Zn®* occurs on the anode side during the charging process.””
First, ZnO and OH™ combine with H,O to produce
[Zn(OH),]* (eq 29), followed by the reduction of [Zn-
(OH),]*” to Zn (eq 30). At the cathode side, OH™ undergoes
oxidation to produce O, (eq 31), which is also an OER
process. The overall reaction of rechargeable Zn-air batteries is
depicted in eq 32:

ZnO + H,0 + 20H™ — [Zn(OH),]*~ (29)
[Zn(OH),]*” + 2¢” — Zn + 40H" (30)
20H™ - 1/20, + H,0 + 2e~ (31)
Overall reaction: 2Zn + O, < 2Zn0O (32)

Based on the reaction steps outlined above, it is evident that
the discharge—charge process of a rechargeable Zn-air battery
is achieved through water-involved ORR/OER processes.
Therefore, enhancing the kinetics of the ORR/OER processes,
which are analogous to the half-reactions in water electrolysis,
can lead to improved performance of Zn-air batteries.

https://doi.org/10.1021/acs.energyfuels.4c03386
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2.4. Challenges of Rechargeable Metal-Air Batteries.
There are still several noticeable obstacles that hinder the
practical application of metal-air batteries. First, the intricate
multistep electron transfer process inherent in all metal-air
batteries gives rise to sluggish kinetics in ORR/OER reactions.
Specifically, in Li-O, and Li-CO, batteries, the discharge
byproducts Li,O, and Li,COj3, both being electronic insulators,
accumulating on electrode surfaces, exacerbate reaction
resistance during subsequent discharge cycles. This phenom-
enon significantly increases the overpotential required for
ORR/CO,RR processes. Additionally, the sluggish decom-
position kinetics of Li,O, and Li,CO; during charging further
contributes to huge overpotentials in the OER/CO,ER
processes, thereby diminishing the overall energy conversion
efficiency of these batteries. Second, the emergence of metal
dendrites constitutes a formidable challenge to the stability of
metal-air batteries. Over prolonged cycling, uneven metal
deposition leads to the growth of Li or Zn dendrites, which can
potentially penetrate the separator, triggering short-circuits and
significant capacity fade. In the case of Zn-air batteries,
additional concerns arise from hydrogen evolution and Zn
corrosion, which are non-negligible issues that further
complicate their operational reliability. Lastly, yet importantly,
the instability of electrolytes represents a pivotal issue that
significantly impacts the long-term performance of batteries.
For Li-O, batteries and Li-CO, batteries, electrolyte
degradation can occur through spontaneous decomposition
as well as through attack by highly reactive intermediates
generated during cycling. This degradation not only under-
mines the overall stability of the batteries but also
compromises their operational efficiency and lifespan. Jiang
et al. improved the performance of Li-O, batteries using a
strategy involving singlet oxygen quenchers.®”’

To tackle the issue of kinetic hysteresis in ORR/OER or
CO,RR/CO,ER in metal-air batteries, researchers have
utilized carbon materials with large specific surface area and
high conductivity, such as carbon nanotubes and graphene, as
cathode catalysts for metal-air batteries. However, the reported
carbon catalytic activity is still unsatisfactory for OER, and
there are many other issues such as degradation of carbon.®!
Alternatively, noble metals and transition metals are commonly
employed as catalysts in metal-air batteries. Noble metals
exhibit comprehensive catalytic activities, but selectivity favors
certain reactions over others. Moreover, their high costs
impede their large-scale development and application in metal-
air batteries. Transition metal catalysts, when compared to
precious metals, often exhibit inferior catalytic activity,
prompting researchers to embark on a quest for cost-effective
alternatives with enhanced catalytic performance for metal-air
batteries.”” %" Recently, HEAs have emerged as a promising
new frontier, attracting considerable attention due to their
exceptional properties, including wide d-band centers, tunable
electronic structures, remarkable stability, and cost-effective-
ness. These unique properties of HEAs offer many
opportunities to tackle the challenges of sluggish kinetics in
ORR/OER and CO,RR/CO,ER, as well as issues related to
catalyst structural instability and high costs.

3. HIGH-ENTROPY ALLOYS

3.1. Definition of HEAs. Entropy is a function of the
thermodynamic state of a system, which represents the degree
of chaos of the system by the Boltzmann’s hypothesis.”® The
entropy of the macroscopic state of the system is proportional

to the number of microstates corresponding to the macro-
scopic state of the system. The equation is as follows:

AS,. = —Rlglnc, + ¢,Incy, + - 4+ ¢lnc,)]
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where § is the entropy, R is the gas constant, ¢; is the atomic
percentage of each component, and 7 is the total number of
the components. If the alloy material contains the same
amount of each element, the formula can be simplified to the
following equation:

AS,.=Rlnn (34)

(33)

When the values of AS,,, are greater than 1.5R, alloys are
HEAs. If 1R < AS,,;, < 1.5R, the materials are medium-
entropy alloys. When the values of AS,,;, are smaller than 1R,
alloys are low-entropy alloys.

HEAs are composed of S5 or more major elements, and the
atomic fraction of each major element >5% and <35%. In
recent years, with the research and exploration of HEAs, their
definitions have become more and more broad. From the
perspective of composition, new alloys that now contain four
or more constituent elements, with the elements composed
according to the nonequal atomic ratio, and no element
content exceeding 50%, can be defined as HEAs.

3.2. Synthesis Methods of HEAs. In Figure 3, we provide
a comprehensive overview of the various preparation methods
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Figure 3. Schematic illustration of the synthesis methods of HEAs.
These synthetic methods can be classified into two main groups
according to their raw materials and preparation mechanisms. The
top-down strategies are shown in the orange region and the bottom-
up strategies are shown in the blue region.

employed for the synthesis of HEAs, offering a clear and
concise summary of the techniques. There are two primary
strategies for synthesizing HEAs: the top-down strategy, which
involves breaking down bulk material (orange zone), and the
bottom-up strategy, which involves reducing metal salt
precursors (blue zone).
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3.2.1. The Top-down Approaches. The top-down approach
refers to the physical method of preparing HEAs by crushing
large blocks of materials. Here, we summarize five top-down
approaches for synthesizing HEAs.

3.2.1.1. Vacuum Melting Technology. Vacuum melting
technology is a conventional method for preparing HEAs,
involving arc-melting and induction melting. All alloy ingots
are created by smelting samples in an Ar atmosphere, ensuring
a uniform composition through magnetic stirring. The ingots
are then placed into a mold and cut using wire cut machining
to form a suitable sheet.””’® This approach is commonly
utilized in traditional metal materials research. It is ideal for
metals with high melting points, yielding high purity alloys.
Nonetheless, the method is costly, and the resulting alloys are
typically in the block form with a limited specific surface area.

3.2.1.2. Dealloying Method. Dealloying method is a
technique used to selectively eliminate or reduce the remaining
components of one or more active components by leveraging
the chemical activity difference between different components
in the alloy through a chemical or electrochemical process.”"”*
This process allows for the creation of porous alloy materials
through atomic diffusion and aggregation. While this method is
frequently utilized for designing and preparing porous alloy
materials, it requires obtaining the alloy sheet or ball first
through other methods, such as arc-melting. Jin et al. utilized a
dealloying method to prepare highly dispersed PtPdCuAgAu
HEA clusters loaded on high-entropy metal oxide substrates as
bifunctional catalysts for metal-air batteries.””

3.2.1.3. High-Energy Ball Mill Method. The ball milling
method, also known as mechanical alloying, involves using
powder in a high-energy ball mill and grinding ball to induce
prolonged impact, collision, repeated cold welding, and
fracture processes. HEAs are formed through the diffusion of
atoms in the powder particles.”* This method is often
combined with sintering and melting techniques to prepare
HEAs.

3.2.1.4. Magnetron Sputtering Method. Magnetron
sputtering is a method of physical vapor deposition that
utilizes ionized Ar to excite each metal target, ionize metal
ions, and d%posit them on the substrate to form HEA clusters
or films.”>”® This technique offers benefits such as low film-
forming temperature, dense film layers, and strong adhesion. It
is commonly employed in the production of HEAs films or
clusters, although it may pose challenges in the formation of
dispersed particles.

3.2.1.5. Pulsed Laser Deposition Method. Pulsed laser
deposition can be used to prepare the HEAs particles. The
laser is focused on small areas of multiple metal targets, using
high energy to partially evaporate or ionize the target materials.
Then, the metal ions are deposited on the substrate, forming
particles.”” While this method is rapid and efficient, it may not
be suitable for producing large quantities of particles.

3.2.2. The Bottom-up Approaches. The bottom-up
approach primarily refers to the method of obtaining HEAs
by reducing metal salt precursors, which are obtained through
chemical reactions, such as solvothermal synthesis. Below, we
describe six bottom-up approaches for preparing HEAs.

3.2.2.1. Solvothermal Synthesis. The solvothermal syn-
thesis method is a conventional wet chemistry approach for
preparing alloys. Various metal salts are dispersed in water or
alcohol solutions and heated at a lower temperature for
reduction to obtain HEA nanoparticles on the substrate.”® This
method is straightforward, energy-efficient, and suitable for the

batch preparation of particles. However, controlling the
synthesis process can be challenging, leading to issues, such
as particle agglomeration and oxidation. PtIrPdRhRu nano-
particles were obtained by the simple and benign solvothermal
synthesis method.”

3.2.2.2. Low-Temperature Oil-Phase Processing. Similar to
the solvothermal synthesis method, low-temperature oil-phase
processing is a wet chemistry technique. Metal salts are mixed
in illuminating or other solvents, heated to a suitable
temperature, and maintained for a specific time. HEAs were
obtained after washing times and placing in a vacuum drying
oven for drying."”®" This method operates at low synthesis
temperatures, resulting in uniform alloy particle sizes. It is a
simple and energy-efficient approach but may not be suitable
for insoluble metal salts. Sun et al. synthesized a series of HEA
nanowires via a low-temperature oil phase method.*”

3.2.2.3. Electrodeposition Processing. A clean substrate
(iron sheet, nickel foam, etc.) is prepared and the required
ratio of metal salt solution containing a complexing agent.
Then the electrodeposition process is carried out using a
potentiated three-electrode system in the above solution. The
three-electrode setup consists of the substrate as the working
electrode, a Hg/HgO electrode as the reference electrode, and
a Pt electrode as the counter electrode. Electrodeposition
technology offers ease of use and control at low temperatures,
including potentiated, calvinistic, CV, pulse, cathodic plasma,
and droplet-mediated electrodeposition methods.”””**** De-
sired particle size of the HEA can be controlled by adjusting
parameters such as solution concentration, deposition current,
and deposition time. In comparison to the high-temperature
furnace method, it boasts a low energy consumption. Zhang et
al. prepared the FeCoNiMnW HEA onto the surfaces of the
constituent carbon fibers of a carbon paper via the pulse
current electrodeposition method.”> However, the homoge-
neity of the alloy phase is influenced by the metal ion
deposition potential and the complexing agents. Additionally,
this necessitates the deposition of the alloy on a support with
electrical conductivity.

3.2.2.4. Pyrolysis Method. Pyrolysis is a commonly
employed method for preparing HEAs antiparticles. Initially,
all metal salt solutions polymerize, followed by pyrolysis and
reduction under an Ar/H, atmosphere at high temperatures.
This method is straightforward, allowing for the batch
preparation of alloy materials. While it utilizes simple
equipment and a well-established synthesis process, challenges
exist in achieving rapid heating and cooling.*® The develop-
ment of fast-moving bed pyrolysis by Gao et al. has effectively
addressed these challenges.”” This method ensures rapid
mixing of metal precursors and simultaneous pyrolysis at high
temperatures, leading to the formation of nuclei with a small
size.

3.2.2.5. Carbon Thermal Shock Method. The carbon
thermal shock method is a technique that utilizes joule heat
generated by the current to prepare HEAs particles.*® Metal
salt precursors are uniformly mixed with carbon material and
exposed to rapid high temperatures and cooling under Ar/H,
conditions. This process results in the formation of
homogeneous particles with uniform temperature distribution,
fast heating/cooling rates, high reaction temperatures, and
ultrafast reaction times. The instantaneous high temperature
allows for the pyrolysis of mixed metal salts and the formation
of metal droplets simultaneously. The short holding time
ensures the proper concentration of metal atoms on the carbon
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fiber surface, maintaining a dynamic equilibrium of droplet
splitting and fusion behavior to prevent particle growth. This
method is effective for synthesizing HEA particles of uniform
size quickly and on a large scale, but it is suitable only for
conductive supports. In comparison to traditional pyrolysis
methods in tubular furnaces, it enhances the preparation
efficiency and reduces energy consumption.

3.2.2.6. Microwave Sintering Method. Microwave sintering
is a method similar to the carbon thermal shock technique. In
this approach, metal salt is mixed with a carbon carrier and
placed in a microwave environment to obtain a HEA by
absorbing a significant amount of energy through the carbon
carrier.®”° 1t offers advantages, such as short heating times
and high efficiency. Unlike the carbon thermal shock method,
this technique necessitates the use of a heat-absorbing carrier
material.

Top-down approaches typically involve high pressure, high
temperature, and an inert gas environment. Moreover, when
bottom-up approaches are used, some factors such as the
reduction potential of metals and the compatibility between
different elements should be taken into account. Given the
unique characteristics of the aforementioned methods for
synthesizing HEAs, and taking into account the specific
requirements of catalysts for metal-air batteries, it is
conceivable that these techniques may hold significant
potential for the preparation of nanoscale catalysts tailored
for such applications. Unlike the applications of HEAs in other
fields, when using HEAs as catalysts, it is essential to take into
consideration the intrinsic catalytic abilities of metal elements
and the particle size of the HEAs. The design and synthesis of
HEAs are constrained by these factors, indicating the need for
the development or improvement of their synthesis methods in
the future. Specifically, methods such as dealloying, pulsed
laser deposition, solvothermal synthesis, low-temperature oil-
phase processing, pyrolysis, carbon thermal shock method, and
microwave sintering method may produce nanoscale HEA
catalysts that exhibit optimal properties for metal-air batteries.
However, from a practical perspective, solvothermal synthesis,
low-temperature oil-phase processing, pyrolysis, the carbon
thermal shock method, and microwave sintering methods are
more suitable for preparing HEA catalysts for metal-air
batteries. Alongside the stringent synthesis conditions and
design outlined above, the stability also necessitates further
investigation.

3.3. Core Effects of HEAs. Although the preparation
methods of HEAs share similarities with those of traditional
alloys, they exhibit distinct properties. These differences are
closely related to the four core effects of HEAs (Figure 4).

3.3.1. High-Entropy Effect. In traditional alloys, a limited
number of major elements are typically selected, and their
content is adjusted to control the alloy’s properties. However,
in HEAs, a homogeneous blend of five or more elements is
utilized, resulting in a highly disordered atomic structure. This
system exhibits a significant mixed entropy, which favors a
single-phase solid solution structure.”’ This unique structure
enhances the alloy’s entropy, leading to improved thermal
stability and resistance to deformation. The high-entropy effect
endows HEAs with exceptional high-temperature stability and
mechanical properties, making them suitable for use in various
extreme environments.

3.3.2. Lattice Distortion Effect. In HEAs, the presence of
neighboring atoms with varying atomic sizes and asymmetric
bonds causes each atom to deviate from its average lattice
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Figure 4. Schematic diagram of the four core effects of the HEAs.

position, resulting in significant lattice distortion in the alloy.
This distortion leads to a complex crystal structure, including
various lattice defects and dislocations. As a result, the lattice
parameters of HEAs undergo changes, leading to a reduced
intensity of X-ray diffraction peaks.”> Moreover, these lattice
distortions not only enhance the strength and hardness of the
alloy but also improve the heat and corrosion resistance. The
lattice distortion effect confers outstanding performance on
HEAs under a wide range of high stress and high temperature
conditions. Additionally, the Ilattice strain influences the
bonding mode and catalytic selectivity with reaction
intermediates. Furthermore, lattice distortion in HEAs can
facilitate the increase of electron density near the Fermi level
(Ef) and accelerate the electron transfer rate.

3.3.3. Slow Diffusion Effect. The presence of different types
and sizes of adjacent atoms in HEAs leads to a uniform
distribution of atoms and severe lattice distortion within a unit.
Consequently, the diffusion rate of atoms in the lattice
becomes very slow and difficult as it becomes more challenging
for atoms to follow their jump path in the lattice site,
increasing the diffusion activation energy. This slow diffusion
effect endows HEAs having better structural stability and
excellent oxidation and corrosion resistance properties, making
them suitable for applications in various harsh environments.
Furthermore, the slow diffusion effect helps to improve the
processability of the alloy, making it easier to form and
manufacture.

3.3.4. Cocktail Effect. The cocktail effect refers to the
interaction and competition among various elements in HEAs.
Since HEAs contain a wide variety of elements and their
proportions are often nearly uniformly distributed, complex
interactions between different elements occur. The properties
of an HEA are influenced not only by the microstructure
resulting from the combination of these elements but also by
the individual impact of each element. For instance, if elements
with good oxidation resistance, such as Al and Cr, are added,
the oxidation resistance of the alloy can be enhanced. Many
HEAs utilize precious metal elements with good catalytic
activity, such as Ru, Ir, and Pt, to improve their catalytic
performance.”® This interaction between the elements in a
HEA not only leads to changes in the microstructure and
properties of the alloy but also affects the overall material
properties. The cocktail effect offers HEAs a rich variety of
microstructures and properties, providing more possibilities for
material design and optimization, such as the synergistic effect
on catalytic reactions.
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3.4. Application of HEAs. HEAs, as a kind of novel
material, exhibit outstanding physical and mechanical proper-
ties, including high-temperature strength, fracture toughness,
corrosion resistance, and wear resistance. They are now
extensively utilized in the aerospace, automotive manufactur-
ing, and energy industries and emerge as the preferred option
for researchers and engineers as functional materials.

As the exploration and study of HEAs progress to the
microscale, such as nanoscale particles, their application range
has broadened to include the medical, energy storage, and
catalysis sectors. Furthermore, recent research findings suggest
that HEA nanoscale particles act as effective and durable
catalysts, offering numerous active sites for various catalytic
reactions like hydrogen reduction reaction (HER), ORR, OER,
and NH; reduction. For the application of HEAs in metal-air
batteries, we will expand on HEAs for the ORR/OER and the
CO,RR/CO,ER in the next section.

4. APPLICATIONS OF HEAS FOR RECHARGEABLE
METAL-AIR BATTERIES

The cathode-side scientific challenges of metal-air batteries
encompass the sluggish kinetics of the ORR/OER processes
and the poor conductivity of reaction products, which can lead
to the accumulation of oxides/carbonates and subsequent
electrode passivation. Noble metals, particularly Pt, have been
widely employed as effective catalysts for ORR.”*”> Mean-
while, Ru, Ir, and their oxides are renowned for their
exceptional catalytic properties for OER.”*™”® To enhance
the catalytic activity of the ORR/OER and CO,RR/CO,ER
processes and reduce catalyst costs, researchers have developed
bifunctional catalysts by alloying strategies.

HEAs, characterized by wide electronic band gaps and a
multitude of localized electronic states, have garnered attention
in recent years for their superior catalytic activity and stability
compared to conventional alloys. The unique composition and
distribution of different atomic elements in HEAs can
modulate the position and intensity of the d-band center,
thereby influencing the surface adsorption abilities and
activation energies of the catalysts. This inherent attribute
facilitates a remarkable enhancement in the catalytic perform-
ance of HEAs through electronic structure modulation,
achieved by adjusting the elemental composition and inducing
lattice distortion. Thus, HEAs present novel perspectives and
avenues for enhancing the performance of metal-air batteries,
offering promising solutions to overcome the limitations
associated with traditional catalysts and advancing the field
toward more efficient and cost-effective catalytic.

In the next section, we will discuss in detail the relationship
between the electronic structure of HEAs, the catalytic activity,
and the performance of metal-air batteries.

4.1. HEAs in Li-O, Batteries. Tao et al. synthesized a
series of subnanometer ribbon HEAs (PtPdIrRuAgX, X = Au,
Au) with a face-centered cubic (FCC) structure using a
galvanic exchange pathway (Figure 5a and b).” Li-O, batteries
utilizing PtPdIrRuAuAg SNRs demonstrated a discharge
capacity of 5252 mAh ¢! and a low charge overpotential of
0.87 V at a current density of 0.10 A g~ (Figure Sc). They
demonstrated that when Au was paired with other metals, the
density of states of Au in the PtPdIrRuAuAg HEA became
more electron-rich. Especially, the reducing ability of the alloy
was improved, while the Au-5d orbital was coupled with the
Ag-4d orbital. The high local electron densities of Ru, Ir, and
Pd in PtPdIrRuAuAg SNRs resulted in a low energy barrier for
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Figure S. (a) HAADF-STEM image, EDS element mapping images,
and high-resolution HAADF-STEM image of the HEA-PtPdIr-
RuAuAg SNR with the corresponding FFT pattern taken from the
white dashed area in (a) and the enlarged atomic resolution HAADF-
STEM image taken from the red dashed square in (a). (b) PXRD
patterns of the obtained senary, septenary, and octonary HEA SNRs.
(c) Full discharge—charge curves of HEA-PtPdIrRuAuAg SNRs at
0.10 A g™". (d) Li-O, battery performance of PtPdIrRuAuAg SNRs.
Reprinted with permission from ref 99. Copyright 2022, American
Chemical Society. (e) Orbital interactions between LiO, /Li,O, and
catalysts with different d-band centers. (f) The corresponding
catalytic effects. Reprinted with permission from ref 100. Copyright
2023, Wiley-VCH.

electron transfer from the alloy surface to the adsorbed species,
thereby facilitating electron transfer in the reaction process
(Figure Sd). The Ru-4d and Ir-Sd electron orbitals were
extensively distributed near E¢ and overlap with the d orbitals
of other metals, enhancing the electron density near Eg
Furthermore, it was suggested that the d-band center of HEAs
shifting to E¢ could improve the electron transfer capability of
HEAs.

While HEAs composed of noble metals demonstrate
effective catalysis performance in Li-O, batteries, their wide
application is seriously restricted due to the high cost and
scarcity of precious metal bases. It is a strategy for reducing the
cost of catalysts to replace some noble metals with other low-
priced metals. Tian et al. developed a range of noble and 3d
metal HEAs with varying d-band centers using a carbon-
thermal shock method.'” As a catalyst for the Li-O, battery
cathode, FeCoNiMnPtIr exhibited significantly higher catalytic
activity compared with other alloys. Notably, the overpotential
of the Li-O, battery during recharging was greatly reduced,
leading to an improved energy conversion efficiency. The
catalytic mechanism of FeCoNiMnPtIr in Li-O, batteries could
be explained by the Sabatier theory that a moderate d-band
center with appropriate adsorption strength propels the higher
catalytic activity (Figure Se). They considered that a high d-
band center could excessively interact with oxygen species,
hindering the efficient desorption of LiO, to Li,O, (Figure 5f).
More studies have further optimized the catalytic performance
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Figure 6. (a) Charge and discharge curves for KB, Ru, and NiFeCoCuRu with a lean electrolyte at a current density of 100 mA g~" with a capacity
of 1000 mA h g™'. (b) Free-energy diagram of Ru-cluster and HEAs-cluster under the equilibrium potentials of Li*ILi,CO;. Reprinted with
permission from ref 103. Copyright 2024, Wiley-VCH GmbH. (c) Schematic flow diagram of cycling spent lithium battery as FeFCoNiMnCuAl@C
for advanced Li-CO, batteries. (d) Adsorption model ingand adsorption energy at different active sites of FeCoNiMnCuAl@C and CO,, in that
order CoMnAl, FeCoMn, MnNiAl, FeMnCu, MnCuAl, CoMnCu, CoCuAl, CoNiAl, FeMnNi, FeNiCu, FeCoCu, FeMnAl, NiCuAl, FeCoNi,
FeCuAl, and CoNiCu. Reprinted with permission from ref 104. Copyright 2024, Wiley-VCH GmbH.

of HEAs by designing heterogeneous structures using HEAs
with carbons or metals. Wang et al. presented a continuous
“droplet-to-particle” approach for producing hollow RulrFe-
CoNi-HEA nanoparticles.'”" This unique alloy structure could
enhance catalytic activity and stability, demonstrating 80 cycles
for the Li-O, battery with a capacity cutoff at 4000 mAh g™' at
2000 mA g~'. Ru and Ir contributed to high catalytic activity,
while Fe, Co, and Ni enhance the stability of the alloy,
showcasing the synergistic effect of HEAs. The heterostructure
PtRuFeCoNi HEA@Pt was also discussed, revealing that the
ORR/OER kinetics could be boosted by electron-rich and
electron-deficient sites at the heterointerface of nano-
particles.'”” As a result, the Li-O, battery utilizing HEA@Pt
electrocatalyst exhibited the low polarization potential (0.37
V) and the long-term cyclability (210 cycles) under a cutoff
capacity of 1000 mAh g~', outperforming many previously
reported noble metal-based catalysts.

4.2. HEAs in Li-CO, Batteries. Sun et al. synthesized
NiFeCoCuRu with the hexagonal close-packed (HCP)
structure on KB, demonstrating the redistribution of electrons
and the fine-tuning of electronic structures.'”” The metal—
metal distance between Fe, Co, Ni, and Cu atoms was 2.5 A,
while the distance between Ru and other atoms was 2.58 A,
indicating the formation of a solid-solution structure.
NiFeCoCuRu as a bifunctional catalyst for the Li-CO, battery,
showed a higher discharge voltage plateau of 2.85 V and a
lower recharge potential of 3.6 V (Figure 6a). It also exhibited
a higher discharge capacity (>20000 mAh g') and a long cycle
life of 2940 h. Additionally, Li,CO; could almost completely
decompose after recharging. The superior performance of the
Li-CO, battery was attributed to the configurational entropy
effect of ultrasmall particles, promoting high activity in electron

transfer on the surface. They demonstrated that there were two
fundamental reasons for the excellent performance of the Li-
CO, battery: (1) the d-band center of NiFeCoCuRu was
closer to the Eg; (2) the surface of the HEA had the active
clusters of Ru, Co, and Ni, as well as the active sites of Ru and
Cu. The results indicated that HEAs have higher conductivity
and lower Gibbs free energy for both the Li,CO; nucleation
and desorption steps compared to those of Ru (Figure 6b).
In addition to the noble metal-based HEAs, non-noble metal
HEAs can also be utilized in Li-CO, batteries. Yi et al.
prepared FeCoNiMnCuAl@C with an FCC structure through
a one-step carbon thermal reduction process (Figure 6¢c).""*
The entropy value of FeCoNiMnCuAl was calculated to be
1.79R based on the element content and mixed entropy
formula. Numerous lattice distortions and significant internal
tensile and compressive stresses were widely observed within
the HEAs hierarchical nanosheets, likely stemming from the
varying atomic radius and electronegativity of the constituent
elements Fe, Co, Ni, Mn, Cu, and Al Despite slight oxidation
of Fe, Co, Ni, Mn, Cu, and Al in FeCoNiMnCuAl@C due to
their chemical activities, Li-CO, batteries utilizing FeCoNi-
MnCuAl@C demonstrated a higher discharge plateau (2.77
V), lower overpotential (1.56 V) and superior discharge
capability of 27664 mAh g~' at a current density of 100 mA
g~'. The battery exhibited exceptional durability of 134 cycles
and a low overpotential of 1.05 V with a cutoft capacity of 1000
mAh g~ at a constant current density of 100 mA g~'. The
results indicated that FeCoNiMnCuAl@C displayed favorable
bifunctional catalytic activity. The electronic density of states
of HEAs was determined using DFT, revealing that HEA
possessed typical metal characteristics and good conductivity,
resulting in lower electrochemical impedance of the battery.
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Table 1. Performance of Recent HEA Catalysts for Zn-Air Batteries

Power Special Special Open- Benchmarks open-circuit
density/ energy/ capacity/ circuit voltage, power density or
Catalyst mW cm™> Wh kg, > mAh g, ™' voltage/V special energy Synergy method Ref
FeCoNiMoW 1169 - 857 1.59 Pt/C and RuO,-based: Low-temperature oil 108
1.56 V and 793 mAh phase
8z
AINiCoRuMo 146 851.3 - 1.48 Pt/C-IrO,: 142V, 88.4 Dealloying 107
mW cm™2, 760 Wh
kgz, !
FeNi,;Co,Mn,Cu, ;@rGO 154 800 - 1.405 - Joule heating strategy 109
FeNiCoMnRu@CNT 111 - 735 147 Pt/C: 1.47 V, 105 mW Pyrolysis 106
-2
cm
AlFeCoNiCr 125 943 800 1.55 Pt/C + IrO,-based: 1.41 V, Dealloying 115
87 mW cm ™2
FeCoNiMnV/N-CNTs 185 - - 1.482 Pt/C + RuO,: ~1.440 V, Pyrolysis 111
77.92 mW cm™
Fe,Niy;CryoCosp Mn,s/CNT 128.6 865.5 760 1.38 Pt/C+RuO,: 1.40 V, 103.3  Liquid-phase reduction 110
mW cm™ and high temperature
sintering
CrMnFeCoNi 116 - 788 1.489 Pt/C-based: 1.204 V, 23.7  Low-temperature oil 112
mW cm™ phase
FeCoNiMnCu-1000(1:1) 81 630.29 1.36 Pt/C-RuO,: 1.38 V Pyrolysis 113
CuCoMnNiFe 16.5 481 688 1.52 Pt/C—RuO,: 122 mW Casting-cum- 114
cm™ cryomilling method
PtPdAuAgCulrRu@ (AINiCoFeCrMoTi);0, 146 897.6 - 1.528 Pt/C-IrO,-based: 1.462 V,  Alloying—dealloying 116
103.8 mW cm™, 812.8
Wh kg™
Mn(Ni,.sCu, sCo,,V, ,Fe;Mo,Pd Pty sAug sRug sIrg s 122 952 - 1.49 Pt/C-IrO,-based: 143V,  Dealloying 117
817 Wh kg, ™"
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Reprinted with permission from ref 108. Copyright 2017, Wiley-VCH GmbH.
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Additionally, the active sites in FeCoNiMnCuAl were
simulated. It was demonstrated that the various elements in
HEA were able to provide numerous catalytic active sites for
electrochemical reactions. However, pinpointing the specific
active site of the HEA was challenging due to the random
distribution of surface atoms. By examination of 16 potential
combinations of surface atoms, it was discovered that each
surface exhibited strong CO, adsorption capacity and
activation of inert molecules (Figure 6d). Particularly, the
Co, Mn, and Al combination showed the highest adsorption
energy.

4.3. HEAs in Zn-Air Batteries. HEAs have been
extensively studied in the field of water electrolysis.'”> As
mentioned above, the reaction mechanism of the Zn-air
batteries is similar to the half-reaction of electrolyzing water.
Therefore, HEAs are commonly utilized in the catalytic
reactions of the ORR/OER in Zn-air batteries. Zhang et al.
synthesized a series of HEAs using ultrasonic-assisted wet
chemistry.'® The FeNiCoMnRu@CNT-based Zn-air battery
exhibited an open circuit voltage of 1.45 V and a maximum
power density of up to 111 mW cm ™2, which was comparable
to that of a Pt/C-based battery (Table 1). The excellent ORR/
OER bifunctional catalytic activity could be explained by Ru’s
ability to alter the electronic structure of the HEA and serve as
an active site for the ORR. Jin et al. synthesized Al-based
AINiCoRuMo wusing a dealloying method. When it was
employed in a zinc-air battery, the battery showcased a specific
capacity of 851 mAh g™'. In this case, Ru and Mo were
recognized as crucial elements for enhancing the catalytic
activity of alloys.'”” There were also noble-metal-free options
for Zn-air batteries. He et al. reported FeCoNiMoW consisting
of 3D-metal Fe, Co, Ni, and the electronegativity 4d Mo and
5d W by a colloidal synthesis method (Figure 7a).'”® They
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discovered a significant local distortion caused by the superior
atom with the d-band center of the Ni site in FeCoNiMoW
shifting to E; (Figure 7b). This greatly enhanced the
adsorption of intermediates and led to a faster reaction rate
(Figure 7c). Furthermore, compared to other alloys, the d-
band center of Ni in FeCoNiMoW was closer to the Eg
resulting in a higher antibonding orbital, less electron
occupancy in the antibonding orbital, and better bonding
orbital (Figure 7d). However, the little dissolution of metals
(Mo, Fe, Co, etc.) was also observed after the prolong
operation. Gao et al. prepared Fe¢NiyCo,Mn,Cu; ;@rGO
using a Joule heating method (Figure 8a).'”” Compared to the
Fe-free alloys, the d-band center of Ni metal in FesNi,;Co,-
Mn,Cu, 5 shifted to the E; enhancing adsorption abilities and
electron transfer rate at the alloy’s surface with the reaction
intermediate (Figure 8b). Moreover, no structural collapse of
the HEA occurred during the cycling process.

Cao et al. synthesized a series of HEAs using liquid-phase
reduction and high-temperature sintering methods.''® They
discovered that the Co/Mn ratio impacts the Gibbs free energy
between the surface of the HEAs and adsorbed oxygen-
containing species. The DFT results revealed that the d-band
center of Co in Fe ,Ni);Cr;yCo3,Mn,; shifted down the most
among these alloys, and the adsorption abilities of the surface
Co atoms on O, was stronger (Figure 8c). The electronic
structure of Fe ,Ni,;Cr;;Co30Mn,s could accelerate the ORR/
OER kinetic processes. When Fe,Niy;Cr;¢Co3,Mn,s/CNT
served as the cathode of the Zn-air batteries, the battery
exhibited a specific capacity of 760 mAh g™' and a specific
energy of 865.5 Wh kg™'. The FeCoNiMnV with multiple
adjacent Fe, Co, Ni, Mn, and V promoted random d-band
hybridization and displays a continuous and broad binding
energy distribution.'" Thus, it provided sufficient adsorption
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sites for oxygen-containing intermediates to accelerate the
reaction rate. Meantime, it also exhibited the slow diffusion
effect leading to enhancement of the durability of the catalysts.
Apart from the elemental composition, lattice distortion
significantly affected the physical and chemical properties of
the alloys. Severe strains could influence the binding mode and
catalytic selectivity of HEA with intermediates. He et al.
synthesized a range of ternary, quaternary, and quintary
alloys."'> Among them, the CrMnFeCoNi-based Zn-air battery
had an open circuit voltage of 1.489 V and a specific capacity
of 836 mAh g™'. In comparison to ternary and quaternary
alloys, CrMnFeCoNi exhibited a homogeneous structure with
numerous defects such as lattice distortions and dislocations.
Lattice distortion facilitated a higher density of active electrons
near the E, thereby accelerating the electron transfer rate for
ORR/OER. Conversely, CuMnFeCoNi displayed a high
density of dislocations in the lattice, along with a CuNi
phase, resulting in a lack of homogeneity. Moreover, increasing
the twinning of HEAs proved to be an effective method for
enhancing the performance of metal catalysts. DFT results
indicated a low energy barrier in the ORR/OER of
CrMnFeCoNi in the rapid-control step. They considered
that the proximity of the d-band center to Eg strengthens the
binding between the metal atom and the intermediate.
Additionally, the Sabatier principle suggested that the catalyst’s
catalytic activity peaks with a moderate adsorption energy.
Therefore, the d-band center of CrMnFeCoNi fell between the
quaternary alloy and CuMnFeCoNj, facilitating the release of
O, during the OER.

Some modified carriers are also used to enhance the catalytic
performance of HEAs in Zn-air batteries. FeCoNiMnCu with a
particle size of about 100 nm encapsulated in an N-doped
hollow carbon tube was designed and manufactured by solid-
phase canonization (Figure 9)."'"> From Figure 9b, there was
very little elemental Zn in the HEA nanoparticles. Zn was
melted/evaporated to create a porous structure, increasing the
material’s specific surface area. When it was utilized in a Zn-air
battery, the battery exhibited a specific capacity of 630 mAh
g~ and excellent stability. However, some HEAs lost activity
when they were run for a long time in Zn-air batteries. The
reason was that Zn was discovered on the cathode surface after
a long cycle of the battery, affecting the HEAs catalytic effect.
Madan et al. found that a small amount of Zn accumulates on
the electrode surface after 24 h of operation. This Zn
deposition could cover and impact the active sites of the
catalyst, resulting in a decrease in the catalytic activity of the
HEA.''*

To clearly demonstrate and compare the catalytic perform-
ance and advantages of HEAs in Zn-air batteries, we
summarize the recently reported performance of some Zn-air
batteries based on HEAs in Table I, including the reported
power density, special energy, special capacity, open-circuit
voltage, and comparisons with conventional noble metal-based
benchmarks.

From the above research of HEAs in metal-air batteries, it is
clear that adjusting the d-band center in HEAs has become one
of the hot topics in the catalytic field. Component design can
simultaneously meet the requirements for the catalytic activity
and stability. The increase of element kinds within HEAs and
the size differences among metal atoms lead to significant
lattice distortions, which regulate their electronic structures,
including the shift of the d-band center, while the cocktail
effect demonstrates the synergistic interaction among multiple

@Ore Om @ co
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HEA nanoparticles.

—

Soiid state thormal reaction

Carbonization

ve
e ©
N MEA nanoparticles  encapsulated

Transition multi-metal saits in hollow carbon tubes

Figure 9. (a) Schematic of the synthesis of FeCoNiMnCu
nanoparticles encapsulated in N-doped graphitized hollow carbon
tubes. (b) EDS mapping of FeCoNiMnCu. Reprinted with permission
from ref 113. Copyright 2023, The Royal Society of Chemistry.

elements. The diffusion hysteresis effect enhances the stability
of the catalyst to a certain extent. There are three explanations
for how the shift in the center of the HEAs d-band affects their
catalytic activities, respectively. Some suggests that the d-band
center of HEAs shifting to E; can enhance adsorption strength
between the HEAs surface and reactants, thereby increasing
the catalytic activity of HEAs.””'°*'*® Another viewpoint
argues the opposite, claiming that the downward movement of
the d-band center in HEAs is favorable for improving catalytic
activity.'”"'% Furthermore, studies have shown that surface
Sabatier principles and volcano plots can also explain the
relationship between the “d-band center-adsorption strength-
the catalytic activity” of HEAs.'’”''” While there is no
definitive conclusion regarding these three explanations, many
researchers agree that shifting the d-band center of the HEA to
E¢ can enhance its activity.

5. SUMMARY AND PROSPECT

In this review, we first provide a detailed explanation of the
reaction mechanisms of Li-O, batteries, Li-CO, batteries, and
Zn-air batteries as well as their challenges. The issue of sluggish
kinetics on the cathode can be promoted by utilizing HEAs to
enhance the efficiency of ORR/OER, CO,RR/CO,ER, etc.
Subsequently, the synthesis methods and core effects of HEAs
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are also reviewed, offering valuable insights into the develop-
ment and application of these alloys. Then, we summarize
recent research on HEAs in metal-air batteries. The main focus
is on regulating the electronic structure of the HEAs by adding
or substituting certain elements such as shifting the d-band
center of the alloys. The adsorption strength of reactants and
intermediates on the active sites is influenced by the d-band
center of the HEAs, thereby affecting the performance of
catalytic reactions and metal-air batteries. Even though HEAs
are being extensively studied and applied in metal-air batteries,
there are still many issues that require further investigation and
explanation. The future developments of HEAs are summar-
ized and prospected in Figure 10.
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Figure 10. Schematic illustration of the future perspectives of HEAs.

1. Component design and electronic structure control of

HEAs. Although HEAs possess unique structures and
properties, the complexity of their composition and
structure poses significant challenges to the in-depth
research on the application of HEAs. The alloy’s
performance relies on factors such as its chemical
composition and electronic structure. There are still
crucial technical challenges to optimize the chemical
composition and precisely control the electronic
structure. While the rational design of the types and
quantities of elements can effectively regulate a
material’s mechanical properties, corrosion resistance,
and thermal stability, the modulation of its electronic
structure frequently serves to tailor both its physical
attributes, such as electrical and thermal conductivity,
and chemical properties, particularly electronegativity, in
HEAs. Therefore, by adjusting the components and
electronic structure of HEAs, the catalytic properties of
ORR/OER or CO,RR/CO,ER will be selectively
enhanced, effectively addressing the kinetic sluggishness
issue in metal-air batteries. Additionally, the stabilities of
HEAs in applications such as metal-air batteries are also
influenced by their composition.

. Machine learning and theoretical computing. The

design space of HEA compositions is vast. Predicting
alloy performance solely through traditional trial-and-
error methods inevitably leads to the randomness and
inaccuracy of research results. Material screening,
structure prediction and performance assessment can
be carried out quickly and efficiently by utilizing
machine learning simulations and high-throughput
computing techniques. By establishing suitable machine
learning models, researchers can rapidly predict the
catalytic performance of HEAs under different elemental
compositions, guiding experimental design and material
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synthesis. Furthermore, machine learning can assist
researchers in optimizing the formulation and process
parameters of HEAs, enhancing material performance
and design efficiency. High-throughput computing
techniques are able to conduct large-scale quantum
mechanical simulations and molecular dynamics simu-
lations on computers to explore the microstructures and
phase transition processes in HEAs, as well as adsorption
energy (reaction activation energy) between HEAs
active sites and intermediates within metal-air batteries.
Machine learning and theoretical computing can help
researchers quickly screen HEAs catalysts for metal-air
batteries.

. Relationship between entropy value and catalytic

activity of HEAs. HEAs consist of various elements,
forming a uniform solid solution with a high-entropy
effect. It is well-known that entropy, as a thermodynamic
parameter, represents the degree of disorganization of
the material structure, and its value can reflect the
material structural stability to a certain extent. The
entropy value of HEAs shows a significant correlation
with the complex arrangement of atoms in the alloy’s
structure. At the same time, the electronic configuration
of atoms on the surface of the alloy is closely linked to its
catalytic performance. Yet, the exact connections
between the entropy value of HEA catalysts and their
catalytic activities are still unclear. Investigating the
intrinsic connections between entropy values, micro-
structure, and catalytic performance can provide
theoretical support for the development of HEAs in
metal air batteries.

. The catalytic mechanism study by in-situ technolo-

gies. The catalytic activity of catalysts is primarily
achieved through surface adsorption and electron
transfer steps. So far, the mechanism of HEAs with
high catalytic activity in metal-air batteries is still unclear.
For example, how the d-band centers of HEAs shift or
how the adsorption energy between the HEAs and
reactants/intermediates changes are conducive to
catalytic reactions. In other words, it is not yet clear
how the electronic structure of HEAs can be controlled
to regulate the ORR/OER and CO,RR/CO,ER for
metal-air batteries. The advancement of in situ surface
technology can enhance our understanding of the role of
metal atoms in HEAs in catalytic reactions and how to
adjust the catalytic activity in metal-air batteries. For
instance, in situ X-ray diffraction (XRD) is able to
observe the formation and decomposition of products
during the reaction. In-situ transmission electron
microscopy (TEM) and scanning electron microscopy
(SEM) techniques are able to observe the growth,
morphology, and composition changes of reaction
intermediates or final products on the surface of HEA
catalysts in real-time. In-situ X-ray photoelectron
spectroscopy (XPS) and X-ray absorption spectroscopy
(XAS) can offer insights into whether the chemical
valence states and electronic structures of elements in
HEAs alter during electrochemical reactions. By utilizing
in situ techniques to track structural changes and
pinpoint the active sites in the electrochemical process,
researchers can acquire valuable insights into the
structure-performance relationship of HEAs. Hence,
the development of diverse in situ technologies is crucial
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for a comprehensive understanding of HEAs for metal-
air batteries and other catalytic energy storage systems.
Moreover, the high cost of HEA raw materials poses a
challenge to large-scale production, and finding ways to
reduce costs remains a significant issue in HEAs
research.
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