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Abstract: High-entropy oxides (HEOs), as a new type of single-phase solid solution with a multi-
component design, have shown great potential when they are used as anodes in lithium-ion batteries
due to four kinds of effects (thermodynamic high-entropy effect, the structural lattice distortion effect,
the kinetic slow diffusion effect, and the electrochemical “cocktail effect”), leading to excellent cycling
stability. Although the number of articles on the study of HEO materials has increased significantly,
the latest research progress in porous HEO materials in the lithium-ion battery field has not been
systematically summarized. This review outlines the progress made in recent years in the design,
synthesis, and characterization of porous HEOs and focuses on phase transitions during the cycling
process, the role of individual elements, and the lithium storage mechanisms disclosed through some
advanced characterization techniques. Finally, the future outlook of HEOs in the energy storage field
is presented, providing some guidance for researchers to further improve the design of porous HEOs.

Keywords: high-entropy oxide; porous material; Li-ion battery; anode

1. Introduction

In recent decades, the rapid consumption of fossil fuels has not only led to the deple-
tion of non-renewable resources, but has also caused serious environmental problems, in
particular global warming due to greenhouse gas emissions [1]. Although many green and
renewable energy sources have been developed, such as wind, water, and solar, most renew-
able energy sources suffer from discontinuities and regional constraints [2,3]. Therefore, the
development of high-performance energy storage devices has become a hot research topic
in the new era [4–7], in which the lithium-ion battery (LIB) is one of the most promising
energy storage devices due to the advantages of high energy density, strong cyclic stability,
and environmental friendliness.

For lithium-ion batteries, the anode plays an important role in improving the cycling
stability and electrochemical performance. Commercial graphite no longer meets the
demand for high-performance lithium-ion batteries due to its relatively low theoretical
capacity (372 mAh g−1). In exploring alternative materials for anodes, various types of
anode materials, including intercalation-type materials (graphene, Ti2O, Li4Ti5O12, etc.),
alloy-type materials (Si, Ge, Sn, etc.) [8,9], and conversion-type materials (MaXb, M = Fe,
Co, Cu, Ni, X = O, S, P, N, etc.), have been developed [10]. High-entropy oxides (HEOs)
stand out among many high-performance anodes due to their unique entropy-stabilizing
effect and multi-component synergy. HEOs are defined as single-phase oxides composed of
five or more metallic elements in a 5–35% molar ratio [11–13]. The increase in the number
of constituent elements leads to an increase in the configurational entropy (Sconfig), which
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is one of the discriminators of HEOs compared to other materials. The magnitude of the
conformational entropy (Sconfig) can be quantified by the following equation [14]:

Scon f ig = −R
[(

∑N
i=1 xilnxi

)
cation−site

+
(
∑N

j=1 xjlnxj

)
anion−site

]
(1)

Scon f ig = RlnN (2)

where R represents the molar gas constant (8.314 J/mol·K), N represents the number of
constituent elements, xi represents the cation molar fraction, and xj represents the anion
molar fraction. Compared to the cation site, since only one anion (oxygen ion) exists
in HEOs, the effect of the anion on the configurational entropy is negligible, and the
configurational entropy of the solid solution reaches a maximum when the constituent
elements are in equimolar ratios, as shown in Equation (2). Figure 1 demonstrates the
conformational entropy of the system versus the number of group elements and the molar
ratio of the group elements [15]. The maximum values of the conformational entropy of the
material, when the number of constituent elements is 2, 3, 4, and 5, are 0.69, 1.10, 1.39, and
1.61 R, respectively.
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After that, HEOs were developed rapidly in the field of electrochemical energy storage, 
attracting extensive attention from a large number of scholars.  

Figure 1. Configurational entropy versus the number of elements [15].

Usually, the configurational entropy must be greater than 1.5 R in order to construct
an entropy-stabilized oxide. Based on the magnitude of the configurational entropy,
Murthy et al. [16] defined Sconfig ≥ 1.5 R as high entropy, 1 R ≤ Sconfig ≤ 1.5 R as medium en-
tropy, and Sconfig < 1 R as low entropy. However, Sconfig ≥ 1.5 R cannot be the only parameter
for the design of high-entropy oxides. For example, (Zr0.2Ce0.2Hf0.2Sn0.2Ti0.2)O2 [17] and
(La0.2Gd0.2Nb0.2Sm0.2Y0.2)MnO3 [18] underwent a reversible transition from a single-phase
structure to a multiphase mixture when reheated at relatively low temperatures, indicating
that T∆Smix was still insufficient to withstand enthalpy-driven phase separation when
Sconfig ≥ 1.5 R. The above categorization, therefore, is only applicable at high tempera-
tures (>800 ◦C) and not at low temperatures, further illustrating the importance of the
temperature (T) for high-entropy oxide materials with a single-phase structure.

In 2015, Rost et al. [19] succeeded in synthesizing quinary (Mg,Ni,Co,Cu,Zn)O systems
with different cationic compositions for the first time, and the single-phase oxide systems
were prepared by using entropy-driven structural stabilization effects in terms of iso-
atomic ratios for the compositional design. In 2016, Beradan et al. [20] coined a more
general term, “high-entropy oxides”, and reported two HEOs, (Mg,Co,Ni,Cu,Zn)1−LixO
and (Mg,Co,Ni,Cu,Zn)1−xNaxO. By testing the electrochemical properties of these two
oxides, it was found that they have ultra-high electronic conductivity at room temperature.
After that, HEOs were developed rapidly in the field of electrochemical energy storage,
attracting extensive attention from a large number of scholars.
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In addition to research papers, reviews focusing on HEOs have gradually increased
in recent years [11–14,21]. Liu et al. [12] reported the application of HEOs in the field of
lithium-ion battery anodes, which introduced individual element functions and component
design, electrochemical mechanism, advanced synthesis, and modification techniques, etc.
However, the review did not focus on porous HEOs, nor on the preparation methods and
structural characteristics of such materials. Lin et al. [14] reported the progress made in
the field of high-entropy ceramics for reversible energy storage, including the synthesis,
processing routes, and electrochemical properties of anode and cathode materials. Likewise,
the HEOs the review focused on were not porous materials. Liu et al. [21] reported the
application of transition metal oxides and carbon materials with a three-dimensionally
ordered porous structure in energy storage, and highlighted the effect of a porous structure
on the electrochemical properties of electrode materials. However, the material the review
focused on was not HEOs. In addition, the reviews did not focus on the role of advanced in
situ characterization techniques in revealing the crystal structure stability/transformation
of HEOs. Therefore, an overview of the above aspects is very necessary. In this review, we
present in detail the latest discoveries of porous HEOs in recent years and their achieve-
ments in the field of lithium-ion battery anodes. The applications of some advanced testing
techniques, such as in situ transmission electron microscopy (TEM), in situ X-ray absorption
spectroscopy (XAS), and electron energy-loss spectroscopy (EELS), on HEOs are disclosed.
A detailed review on the phase transition mechanism of HEO anodes during cycling is
also presented. These aspects make this review have a special point of view not provided
by previous reviews related to HEOs, allowing this review to be able to provide some
reference to scholars working in the porous material, HEO, and LIB fields.

2. Preparation Methods of Porous HEOs

Currently, the preparation techniques of high-entropy oxides can be categorized
according to the initial feedstock as well as the application. As shown in Figure 2, the
preparation methods of HEOs include solid-state reaction method (high-temperature solid
state reaction) [22,23], wet chemical methods (spray pyrolysis, co-precipitation, and solution
combustion synthesis) [24–30], epitaxial growth of films (pulsed laser deposition and
magnetron sputtering deposition) [31,32], and so on. This section focuses on the specific
flow and characteristics of the process for the preparation of porous HEOs.
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2.1. Solid-State Reaction Method

The solid-state reaction method (SRM) is one of the most common processes for the
preparation of porous HEOs, in which five or more prepared oxides are mixed and then
calcined after thorough mixing using a ball mill or grind [22]. Mechanical activation by
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ball milling and grinding is of great importance for the synthesis of HEOs, not only to
reduce the size of the mixtures but also to facilitate the rapid diffusion of atoms [23]. After
mechanical activation, the collected powders are subjected to high-temperature calcination
to induce the formation of single-phase HEOs by increasing the temperature to overcome
the enthalpy of mixing. According to the relevant literature [33], the critical temperature for
the formation of single-phase HEOs is around 800 ◦C. In addition to the calcination temper-
ature, the calcination time is also an important influencing factor. At high temperatures, too
long a calcination time can lead to particle aggregation and phase transform. Conventional
calcination processes in air tend to require a longer heating time, and as a result, the synthe-
sized HEOs show particle accumulation with a typical porous structure [34]. For instance,
Chen et al. [35] reported the preparation of a new spinel (Mg0.2Ti0.2Zn0.2Cu0.2Fe0.2)3O4
HEO by the solid-state reaction method, which generated oxide nanoparticles with a spe-
cific surface area of 12.31 m2 g−1 and pore sizes in the range of 3–20 nm. Wang et al. [22]
prepared a spinel-structured (FeCoCrNiMn)3O4 HEO by the solid-state reaction method.
The preparation process requires calcination at high temperatures (>800 ◦C) for 12 h to
produce single-phase structure, resulting in the significant agglomeration of particles. How-
ever, spark plasma sintering and reactive flash sintering allow for rapid heating and a
shorter heating time, which are more conducive to the formation of dense HEOs. Although
the solid-state reaction method presents a simpler way to prepare HEOs, it often requires
longer heating times to ensure the homogeneous mixing of elements, leading to undesired
phase segregation and the excessive growth of particles, which disrupts precise size and
morphology control.

2.2. Wet Chemical Methods

Wet chemical methods are methods for preparing high-entropy oxides using metal
salts as precursors. Compared to the solid-state reaction method, the metal salt precursor is
a homogeneous solution with mixed elements at the atomic level of entropy; so, a relatively
low temperature of calcination is required to prepare single-phase HEOs. Nebulized spray
pyrolysis (NSP) is an aerosol process that has been used to prepare high-entropy oxides
with a highly crystalline structure [36]. The metal salt solution is transported as a mist spray
through a carrier gas (oxygen) to the heating zone in the tube furnace, where the precursor
is converted to the desired crystalline oxide under the action of high temperatures. Flame
spray pyrolysis (FSP) requires a higher concentration of the precursor solution compared to
spray pyrolysis (1 mol/L vs. 0.1 mol/L) due to its lower production rate as well as higher
yield [37]. Sarkar et al. [38] prepared (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O with a rock salt structure
by NSP, confirming that NSP can be used to prepare HEOs with high crystallization.

Solution combustion synthesis (SCS) is a special method of preparing HEOs by an
exothermic reaction between metal nitrate and fuel. The method does not have a sub-
sequent calcination process and, therefore, offers a low energy consumption as well as
excellent nanostructure control. In addition, a large number of gaseous by-products are
formed, resulting in the formation of porous HEOs [39,40]. He et al. [41] prepared nano-
porous (Fe0.2Co0.2Ni0.2Cr0.2Mn0.2)3O4 HEOs by the low-temperature solution combustion
method. Benefiting from the nano-porous structure and high grain boundary density,
(Fe0.2Co0.2Ni0.2Cr0.2Mn0.2)3O4 exhibits superior stability.

The co-precipitation (CP) method has gained importance in the preparation of HEOs
due to homogeneous mixing at the atomic scale and the excellent tunability of the par-
ticle morphology of the prepared powders [42]. Biesuz et al. [43] prepared single-phase
(Mg,Co,Ni,Cu,Zn)O high-entropy oxides by the CP method. The method is based on the
use of aqueous nitrate solutions of five metals, with NaOH as a precipitant, to induce the
precipitation of the sample. It is then calcined at 500 ◦C for 1 h to decompose the precipitant
and hydrated oxides. It is noteworthy that a highly alkaline environment is required for the
complete precipitation of Mg. The high-entropy oxides prepared by the CP process have
a dense microstructure and possess a uniform distribution of small voids with a relative
density close to 97%.
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The porous HEOs prepared by the wet chemical method have a stronger crystallization,
and this method is more suitable for the preparation of porous HEOs due to the gas
produced in this reaction process, in which the porous structure can effectively improve the
electrochemical performance of HEOs. The limitation of this method is that, when scaling
up production, the uniformity of the product may be affected. In addition, the residual salt
composition may reduce the performance of the material.

2.3. Epitaxial Growth of Films

The characteristic of this method is that the thickness of the prepared HEOs is relatively
thin, and it needs to be combined with etching technology to form a porous structure.
Pulsed laser precipitation (PLD) involves a physical vapor-phase precipitation process.
High-entropy oxides prepared by solid-state reactions and wet chemistry as described
above are used as targets, and HEO thin films of varying thicknesses are grown on single-
crystal substrates using pulsed light precipitation [31,44]. Sharma et al. [45] reported a study
on the preparation of chalcogenide Ba(Zr0.2Sn0.2Ti0.2Hf0.2Nb0.2)O3 HEO single-crystal films
by the PLD process. The specific method is to prepare HEOs as targets by a conventional
high-temperature solid-state reaction, and then ablate a small amount of high-entropy
oxides using high-energy pulsed laser focusing on the high-entropy oxides on the SrTiO3
and MgO single-crystal substrates. Atomic vapor deposition is utilized to form a thin
film on the heated substrate. Unlike PLD, magnetron sputter deposition (MSD) can be
used to prepare ultrafine nanocrystalline HEO films by the sputter growth of thin films.
Yang et al. [32] prepared (Al0.31Cr0.2Fe0.14Ni0.35)O HEO thin films using the magnetron
sputtering precipitation method and found that HEO thin films contained different content
quantities of He. The He injection caused the grain boundary cavities to have a significant
effect on the mechanical properties of the HEOs.

Lee et al. [46] presented a schematic diagram of three types of processes for the prepa-
ration of HEOs, as shown in Figure 3. Although the existing processes for the preparation
of high-entropy oxides are established, there is still much room for improvement. In order
to achieve the synthesis of high-quality HEOs, the following requirements should be met:
(1) the precursors need to be loosely stacked to avoid densification; (2) the calcination
temperature as well as the time need to be accurately controlled in terms of the particle
size; and (3) low energy consumption and rapid synthesis.
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3. Characterization of Porous HEOs
3.1. Crystal Structures of Porous HEOs

Since the first high-entropy oxide was developed in 2015 [19], HEOs with differ-
ent crystal structures have been developed, including rock salt [26,47], spinel [48], per-
ovskite [49], fluorite [50,51], and layered O3-type [52,53]. There is a great variety of
crystal structures and there are the thousands of ways of combining the elements that
enrich the field of application of HEOs (thermoelectric applications, electrochemical en-
ergy storage and catalysis, etc.). In the field of lithium-ion battery anodes, the first
one to be studied was a HEO with a rock salt structure, which attracted wide atten-
tion from researchers due to its unique “entropy stability effect” and ultra-high elec-
tronic conductivity [38]. In addition, spinel-structured HEOs have a higher theoretical
capacity when used as an anode in lithium-ion batteries due to the inclusion of two
Wyckoff sites, allowing for more valence changes in the metal cation. In particular, the
emergence of porous spinel high-entropy oxides with a unique porous structure that im-
proves the electrochemical properties of HEOs has attracted increasing attention [54–56].
Figure 4 shows a timeline of the development of HEO crystal structures and their appli-
cation in the field of lithium-ion battery anodes since 2015 [12,15,19,34,48,57–61]. In addi-
tion to the above-mentioned crystal structures, various crystal structures of HEOs, such
as magnetite-structured Ba(Fe6Ti1.2Co0.2In1.2Ga1.2Cr1.2)O19 [62], monoclinic-structured
(Yb0.25Yi0.25Lu0.25Er0.25)2SiO5 [63], and rutile-structured (AlCrNbTaTi)O2 [64], have been
developed, but since they have not been reported in the field of lithium-ion batteries, they
are not described in detail in this review. In recent years, various types of in situ techniques
have been successively applied to reveal the lithium storage mechanism when HEOs are
used as anodes in lithium-ion batteries.
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3.2. Structural Characterization of Porous HEOs

It is well-known that a specific surface area and pore volume can influence the elec-
trochemical performance of porous HEOs [39]. HEOs tend to exhibit different pore struc-
tures after experiencing different preparation processes. Porous HEOs prepared by solid-
state reaction methods present mostly a nanoparticle structure; so, their pores are mainly
formed by the accumulation of nanoparticles. The pore size is related to the size of the
particles [35,65]. In addition, porous HEOs prepared by wet chemical methods tend to
exhibit a hierarchical porous structure due to the release of large amounts of gas during
the preparation process [66]. In this way, porous HEOs prepared by wet chemical methods
often display a higher specific surface area than those prepared by solid-state reaction
methods. Table 1 lists the key parameters of the pore structure of porous HEOs by the
different preparation methods. In general, an abundant pore structure with a high specific
surface area facilitates charge transfer, reduces the ion diffusion path length, and provides
enough space to accommodate volume changes during cycling, thus extending the cycle
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life and enhancing the electrochemical performance of lithium-ion batteries [67]. Yan et al.
reported a porous (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O HEO prepared by solution combustion,
which displayed macropores along the ligament networks as well as mesopores on the
ligaments, with a specific surface area of up to 43.54 m2 g−1 [68]. Li et al. prepared
(FeCuCrMnNi)3O4 HEOs by spray pyrolysis with a homogeneous hollow porous structure,
which presented excellent electrochemical properties [69].

Table 1. Pore structure characteristics of porous HEOs.

Composition Preparation Method Pore Size Specific Surface Area (m2 g−1) Ref.

(Mg0.2Ti0.2Zn0.2Cu0.2Fe0.2)3O4 Solid-state 3–20 nm 12.31 [35]
(FeCoNiCrMnCuLi)3O4 Solid-state 10–100 nm 1.674 [70]

(CrMnFeNiCu)3O4 Wet chemical 2–18 nm 13.66 [71]
(Al0.2CoCrFeMnNi)0.58O4−δ Wet chemical 2–20 nm 44.86 [54]

(La0.2Y0.2Gd0.2Ce0.2Sm0.2)Zr2O7 Wet chemical 2–100 µm - [72]
(Ce0.2Zr0.2Ti0.2Sn0.2Ga0.2)O2−δ Wet chemical 20–30 µm - [73]
(Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O Wet chemical 10–145 nm 43.54 [68]

La(Co0.2Al0.2Fe0.2Mn0.2Cu0.2)O3 Wet chemical 6–20 nm 20.71 [74]

3.3. Phase Structure Characterization of Porous HEOs

An important criterion for verifying the synthesis of HEOs is the single-phase structure,
which can be confirmed by X-ray diffraction (XRD) analysis [75–77]. As shown in Figure 5a,
Rost et al. [19] used XRD to test the transformation process in the phase composition of
the sample (a mixture of five kinds of oxides with equal atomic ratios) in an air ambient
environment up to 1000 ◦C, during their first synthesis of (Mg,Ni,Co,Cu,Zn)O HEOs. At
a relatively low temperature (750 ◦C), the sample showed a multiphase structure, while
characteristic peaks of the single-phase rock saltpeter structure began to appear as the
temperature increased. When the temperature reached 850 ◦C, the sample was completely
transformed into a single-phase rock salt structure, and the crystallinity became higher
with the further increase in the temperature. It was also found that, when the temperature
was reduced from 1000 ◦C to 750 ◦C and then increased to 1000 ◦C, a reversible transition
between a single phase and multiphase was observed, proving that the conformational
entropy is the main driving force for this reversible phase transition. Figure 5b shows
the XRD patterns of LiF and (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O HEOs to prepare a novel high-
entropy material of Lix(Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)OFx containing polyanions and cations
simultaneously. The two different phases were then ball-milled for 24 h to form a single-
phase rock salt structure, further confirming that conformational entropy can drive the
formation of single-phase structures [78]. In addition, high-temperature XRD is often
used to probe the optimal temperature for high-entropy oxide synthesis. For example,
Wang et al. [22] used high-temperature XRD to test the conditions for the synthesis of
a single-phase spinel-structured (FeCoNiCrMn)3O4 (Figure 5c). XRD analysis can also
be used to analyze the effect of different doping contents on the phase and structure of
Li-doped transition metal oxides, as reported by Moździerz et al. Figure 5d shows the XRD
patterns of (CoCuMgNiZn)1−xLixO when x is 0.05, 0.1, 0.15, 0.20, 0.25, and 0.30. It was
found that the peaks corresponding to the (311) and (220) crystal faces shifted to higher
angles with the increase in the Li content, indicating a tendency for the lattice to shrink,
which is related to charge compensation [79].
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Figure 5. (a) XRD diffraction patterns for (Mg,Ni,Co,Cu,Zn)O [19]. (b) XRD patterns of
both a physical mixture of LiF and (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O, and the as-synthetized
Lix(Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)OFx sample [78]. (c) XRD patterns of the pristine oxide precursor
and insitu HTXRD patterns of (FeCoNiCrMn)3O4 (within the range of 800–1000 ◦C) [22]. (d) XRD
patterns of the (Co,Cu,Mg,Ni,Zn)1−xLixO HEOs in the selected range [79].

3.4. Mophological Characterization of Porous HEOs

Physicochemical properties, such as morphology, crystal structure, crystal defects, and
surface chemistry, play a crucial role in understanding HEOs. According to the literature,
the morphology of HEOs mainly includes particle, film, porous structure, and so on.
Chen et al. [35] reported a new spinel-structured (Mg0.2Ti0.2Zn0.2Cu0.2Fe0.2)3O4 high-
entropy oxide prepared by the solid-state reaction method, whose scanning electron mi-
croscopy (SEM) images and high-resolution transmission electron microscopy (HRTEM)
images are shown in Figure 6a and b, respectively. The (Mg0.2Ti0.2Zn0.2Cu0.2Fe0.2)3O4 HEO
is composed of irregular spherical nanoparticles with an average size of 143 nm. The lattices
with intervals of 0.297 and 0.253 nm are indexed as the (220) and (311) crystal planes of the
spinel structure, confirming that the synthesized HEOs are spinel-structured. Porous HEOs
have received wider attention due to their improved specific surface area. Yang et al. [56]
successfully prepared spinel (Cr0.2Fe0.2Co0.2Ni0.2Zn0.2)3O4 HEOs with a porous structure
using the sol-gel method, whose SEM image is shown in Figure 6c. A large amount of
gas is released during the heating process, resulting in a porous morphology and foamy
agglomerates. The high-resolution TEM image in Figure 6d shows high crystallinity and
the tested lattice spacing is consistent with the spinel phase. Wang et al. [22] confirmed the
high-entropy state of the synthesized samples by energy dispersive spectroscopy (EDS)
mapping, in which all elements in the synthesized (FeCoNiCrMn)3O4 were uniformly
distributed on the nanoparticles (Figure 6e). X-ray photoelectron spectroscopy (XPS) is
commonly used to analyze the chemical properties of material surfaces. As shown in
Figure 6f, Xiao et al. tested the XPS spectra of (FeCoNiCrMn)3O4. The results show that
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spinel high-entropy oxides allow a higher range of valence states to occur relative to the
rock salt structure, which increases the number of electrons transported and can improve
the specific discharge capacity of HEOs [80]. In addition, all elements in HEOs are ran-
domly distributed in crystals. In order to understand the local coordination environments
of the constituent elements of HEOs, Luo et al. [81] tested (CrMnFeNiCu)3O4 high-entropy
oxides using X-ray absorption fine spectroscopy (EXAFS). As shown in Figure 6g and h,
the FT spectrum reveals two main signals (A and B) corresponding to these metal–oxygen
bonding and metal–metal bonding energies, where signal B has two subpeaks related to
the scattering of metal atoms at the octahedral and tetrahedral positions, respectively. The
test results show that the spectra of all elements have similar features indicating that all
elements are randomly distributed in the spinel crystals, while the elemental spectra of Ni
and Cr present a higher signal A, indicating that these two elements are more inclined to
occupy the octahedral sites.
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and (h) Fourier transform magnitude spectra of all constituent elements in (CrMnFeNiCu)3O4 [81].

4. Application of Porous HEOs in Lithium-Ion Battery Anodes
4.1. Electrochemical Properties

The growth of the electric vehicle industry poses a vast challenge to lithium-ion
batteries. However, commercially available graphite anodes are no longer able to meet
the needs of the electric vehicle industry [82,83]. Among the many materials explored
for high-performance anodes, transition metal oxides have received considerable atten-
tion due to their high theoretical capacity, low cost, and easy preparation, but the vast
volume expansion during cycling and their inherent semiconducting nature limit their
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application [84–86]. In this section, we focus on the application of single-phase HEOs as
anodes in lithium-ion batteries.

In 2018, Sarkar et al. [38] fabricated rock salt (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O HEOs
for lithium-ion battery anodes and systematically compared the electrochemical perfor-
mance of five-cation HEOs with four-cation medium-entropy oxides (equal atomic ra-
tios) (Figure 7a). Compared to HEOs, medium-entropy oxides exhibit relatively unstable
electrochemical properties, while HEOs exhibit a surprising cycling stability, which is
related to the entropy stabilization effect. Furthermore, in order to verify the superior rate
performance of HEOs with respect to transition metal oxides, Zhao et al. [87] prepared
spinel-structured (Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)3O4 HEOs by the solution combustion method
and demonstrated that the HEOs have excellent rate properties at different current densi-
ties (even at 10 A g−1), which is far superior to that of the transition metal oxides Co3O4
and (CoCrFeMn)3O4 (Figure 7b). Converted transition metal oxide anodes are known to
exhibit significant deterioration in capacitance at high current densities, which is related
to the inherently low conductivity and low diffusion kinetics. Nguyen et al. [88] tested
the charge/discharge performance of (CoCrFeMnNi)3O4 at the current density values of
50, 100, 200, 500, 800, and 1000 mA g−1, as shown in Figure 7c, with reversible capacities
of 1170, 1072, 979, 824, 715, and 649 mAh g−1, respectively. Even at 2000 mA g−1, it
was still able to deliver a 500 mAh g−1 discharge capacity. In order to further improve
the cycling performance of HEOs, Sn0.8(Co0.2Mg0.2Mn0.2Ni0.2Zn0.2)2.2O4 conversion-alloy
anode electrode materials were prepared by the high-temperature solid phase method
by Mozdzierz et al. [89]. As shown in Figure 7d, Sn0.8(Co0.2Mg0.2Mn0.2Ni0.2Zn0.2)2.2O4
exhibits a surprising cycling stability due to the inclusion of two different lithium storage
mechanisms, namely, conversion-type lithium storage and alloy-type lithium storage mech-
anisms. Wang et al. [57] assembled a coin cell of NC/TM-HEO (Figure 7e) as well as a
pouch cell with a similar area loading as that of coin-type batteries to test the potential of
HEOs for practical applications. The first five cycles of the charge/discharge performance
of a full battery are revealed in Figure 7f, and it can supply power to LED arrays success-
fully. Figure 7g shows the cycling performance of the (Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)3O4 HEO
anode, with the highest cycle number of 5000 cycles at the maximum current density of
5 A g−1, as stated in the available reports [15].

Porous HEOs show excellent electrochemical performance as anodes for lithium-ion
batteries. Table 2 shows the crystal structure, preparation process, and electrochemical
performance of different HEOs, which confirms the great potential of high-entropy oxides
as anodes for lithium-ion batteries.

Table 2. Comparison and electrochemical performance of HEO anodes.

Composition Structure Method
Current
Density

(mA g−1)
Cycle Number

Reversible
Capacity

(mAh g−1)
Ref.

(Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O Rock salt NSP 200 500 590 [38]
Mg0.2Co0.2Ni0.2Cu0.2Zn0.2O Rock salt SRM 100 300 920 [57]

(MgCoNiCuZn)O Rock salt SRM 100 300 920 [90]
(MgCoNiCuZn)O Rock salt SCS C/5 100 350 [91]
(MgCoNiCuZn)O Rock salt NSP 200 600 330 [92]
(MgCoNiCuZn)O Rock salt SRM 120 200 350 [93]

(MgCoNiCuZnLi)O Rock salt Molten salt 1000 100 610 [94]
(Mg0.2Ti0.2Zn0.2Cu0.2Fe0.2)3O4 Spinel SRM 2000 800 272 [35]

(FeCoNiCrMn)3O4 Spinel SRM 500 300 402 [21]
(CoCrFeMnNi)3O4 Spinel SCS 2000 200 500 [95]
(FeCoNiCrMn)3O4 Spinel SRM 2000 1200 596.5 [96]
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Table 2. Cont.

Composition Structure Method
Current
Density

(mA g−1)
Cycle Number

Reversible
Capacity

(mAh g−1)
Ref.

(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)3O4 Spinel SRM 2000 3000 244 [97]
(FeNiCrMnMgAl)3O4 Spinel SCS 200 200 657 [98]

(Co0.2Cr0.2Fe0.2Mn0.2Ni0.2)3O4 Spinel SCS 100 50 980 [87]
(FeCoNiCrMnCuLi)3O4 Spinel SRM 500 100 522.1 [70]

(CrNiMnFeCu)3O4 Spinel SCS 500 400 685 [99]
(Co0.2Ni0.2Mn0.2Zn0.2Fe0.2)3O3.2 Spinel SCS 100 200 625 [100]

[(NaBi)0.2(LiLa)0.2(CeK)0.2Ca0.2Sr0.2]TiO3 Perovskite SRM 100 50 85 [101]
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Figure 7. (a) Cycling performance of (Co0.2Cu0.2Mg0.2Ni0.2Zn0.2)O, (Cu0.25Mg0.25Ni0.25Zn0.25)O,
(Co0.25Mg0.25Ni0.25Zn0.25)O, and (Co0.25Cu0.25Mg0.25Ni0.25)O at 50 mA g−1 [38]. (b) Rate capa-
bilities of Co3O4, (CoCrFeMn)3O4, and (CoCrFeMnNi)3O4 [87]. (c) Charge/discharge curves
of the (CoCrFeMnNi)3O4 electrode recorded at different rates [88]. (d) Cycling performance of
Sn0.8(Co0.2Mg0.2Mn0.2Ni0.2Zn0.2)2.2O4, the HEO precursor, and SnZn2O4 [89]. (e) Diagram of the full
cell using an NCM111 cathode and (Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)3O4 HEO anode. (f) Charge/discharge
profiles of a pouch cell in the voltage range of 0.5–4.3 V [57]. (g) Cycling performance of
(Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)3O4 at the current densities of 2 A g−1 and 5 A g−1 [15].
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4.2. Lithium Storage Mechanism

High-entropy oxides have a complex lithium storage mechanism due to their multiple
electroactive sites [81,101]. In this section, the latest progress in high-entropy oxide anode is
introduced from three aspects, namely, phase transition during cycling process, elemental
effects, and the newly proposed lithium storage mechanism.

Unlike transition metal oxides, in which the structure collapses after several cycles of
the electrode, HEOs have an excellent structural stability. The high-entropy lattice provides
a spatial network for the embedded lithium/de-lithium, which ensures the structural
stability of HEOs during cycling, resulting in an excellent cycling stability [102,103]. In order
to investigate the phase transition of HEO anodes during cycling, various types of in situ as
well as ex situ detection techniques have been applied. Among them, in situ XRD, as one of
the most common detection techniques, is usually applied to analyze the phase transition
during the cycling process. As shown in Figure 8a, Xiao et al. [80] tested the crystal structure
transformation of (FeCoNiCrMn)3O4 during the first charge/discharge process by in situ
XRD. Diffraction peaks on the (220), (311), and (511) crystal planes of the spinel structure
are found under open circuit voltage conditions and become progressively weaker as the
discharge process proceeds. When discharged to 0.01 V, the diffraction peaks of the spinel
structure completely disappear and do not reappear during the charging process, probably
because the formation of a small number of grains is below the XRD detection ability during
the charging/discharging process. However, Zheng et al. [98] found that the diffraction
peaks (220), (400), and (440) of the spinel structure were shifted in the peak position during
the first discharge by in situ XRD testing of the six-member (FeNiCrMnMgAl)3O4 HEOs,
and the end position of the shift corresponded to the rock salt phase, confirming the
coexistence of spinel and rock salt during the charging and discharging processes. As
shown in Figure 8b, Patra et al. [99] performed TEM analyses on (CrNiMnFeCu)3O4 HEOs
after 400 charge–discharge cycles. The high-resolution TEM and SAED data confirm the
presence of spinel and rock salt phases. In order to be able to better observe the phase
transition of HEOs during lithiation/delithiation, Su et al. [100] applied in situ TEM to
probe the reaction kinetics and structural evolution of (Co0.2Ni0.2Mn0.2Zn0.2Fe0.2)3O3.2
HEOs during cycling processes. As shown in Figure 8c, the characteristic peaks of the
rock salt structure of (Co0.2Ni0.2Mn0.2Zn0.2Fe0.2)3O3.2 HEOs begins to disappear during
lithiation, while the metallic phases of Li0.2Zn0.8 and Li2O tend to appear. Moreover, the
rock salt structure phase recovers again after complete delithiation. The above results
demonstrate that the key factor for the excellent cyclic stability of the structure is the
recovery ability of the structure.

The greatest advantage of HEOs is their customizability, with thousands of element
combinations that can be compositionally designed to suit the actual needs [104]. Therefore,
understanding the role of each element is of immense value in extending the practical
applications of HEOs. In the field of lithium-ion battery anodes, the literature on the
role of elements is very sparse, mainly due to the fact that conventional technology does
not provide detailed mechanism information for the cycling process. Metal elements in
high-entropy oxides are classified into active and inactive elements according to whether
or not conversion reactions occur during the charging/discharging processes. For example,
the element Mg, mentioned in the first 2018 report on HEOs with rock salt structures
for lithium-ion battery anodes, is thought to play a role in stabilizing the rock salt struc-
ture due to its inactivity in a specific voltage range without undergoing a conversion
reaction [38]. In addition, Chen et al. [105] tested the valence changes of elemental Ti
in (Ni0.2Co0.2Mn0.2Fe0.2Ti0.2)3O4 before and after cycling by ex situ XPS, and found that
there was no change in Ti, thus identifying elemental Ti as inactive. The above results
indicate that the addition of inactive elements to high-entropy oxides can play a role in
lattice stability.
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HEOs with a combination of fully reactive elements have different reaction potentials
for individual elements, and thus typically exhibit a stepped lithium storage mechanism
that can effectively mitigate volume expansion during cycling [106–108]. Exploring the
mechanism of the conversion reaction of the elements is of great significance for im-
proving the electrochemical performance of HEOs. Huang et al. investigated the lithia-
tion/delithiation mechanism of spinel-structured HEOs at an atomic scale. The valence
changes of the elements in CrMnFeCoNi)3O4 during charging and discharging were an-
alyzed using EELS spectroscopy [109]. Figure 9a illustrates the EELS edge spectra of the
elements Cr, Mn, Fe, Co, and Ni during charge/discharge processes, where the intensity
ratio of the white line between L3 and L2 is defined as the valence state of the element,
while the peak shift represents oxidation/reduction processes. From the initial moment to
the discharge to 0.5 V, the peaks of the Cr and Mn elements move to lower energy levels,
indicating that Cr3+ is reduced to Cr2+, while Mn2+/3+ is reduced to Mn0. However, the
peak positions of the elements Fe, Co, and Ni do not change, suggesting that the reduction
of these three elements does not occur during this process. When discharged to 0.01 V, Cr2+

is further reduced to Cr0/2+. Fe+2/+3, Co+2/+3, and Ni2+ are reduced to Fe0/+2/+3, Co0/+2/+3,
and Ni0/+2, respectively. During recharging, the five elements are reduced to their initial
states, but Cr can only be reduced to Cr2+, which is related to the formation of lithiation
products. Detailed elemental valence changes are shown in Figure 9b.

Ex situ technology often provides false results due to exposure to the air and moisture, es-
pecially for highly reactive, highly lithiated electrodes [109–111]. Luo et al. [81] systematically
investigated the charging and discharging mechanisms of cobalt-free (CrMnFeNiCu)3O4 using
operando quick-scanning X-ray absorption spectroscopy and provided detailed capacity
contributions to the conversion reactions occurring in the elements. Figure 9c shows the
first-order derivative images of the XAS spectra of each element in the (CrMnFeNiCu)3O4
anode electrode during the first charge/discharge at the current density of 150 mA g−1. The
energy transfer process of Mn is divided into two stages; the initial stage in which Mn2+/3+

is reduced to Mn2+ provides a charging capacity of about 250 mAh g−1 (≈2.0–0.6 V). In
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addition, Mn2+ is reduced to Mn0 at a capacity that varies in the range of 250–900 mAh g−1

(≈0.61–0.31 V). Cu provides a contribution to the initial capacity of 250 mAh g−1 between
discharge and 0.61 V, as Cu2+ is reduced to Cu0. Cr does not undergo a reduction reaction
until it is charged to 0.69 V. Then, Cr3+ is sequentially reduced to Cr2+ (≈0.44 V) and C0

(0.01 V). The capacity contribution of Fe occurs within 200–525 mAh g−1 (0.66–0.51 V)
as well as 525–825 mAh g−1 (0.51–0.36 V), mainly through the sequential reduction of
Fe2+/+3 to Fe2+ and Fe0. Ni2+ is reduced to Ni0 in the capacity range of 200–900 mAh g−1

(0.66–0.31 V). During charging, the element Mn is rapidly oxidized, while the element Cu
is unoxidized, indicating that the reaction of Cu is irreversible. The elements Cr, Fe, and Ni
all require high potentials for oxidation to occur. The detailed transition behavior of the
constituent elements during charging and discharging is shown in Figure 9d.

HEOs possess complex lithium storage mechanisms related to their diverse crystal
structures and rich elemental combinations. A few representative lithium storage mecha-
nisms are listed in this section: (1) In the (MgCoNiCuZn)O rock salt lattice as a substrate in
the cycling process, the active elements provide capacity through redox reactions and the
inactive elements act as structural stabilizers (Figure 10a) [38]. (2) Spinel (CrMnFeCoNi)3O4
HEOs are transformed into spinel CrxFe3−xO4 and LiNixCo1−xO2 phases during lithia-
tion, accompanied by Mn nanocrystals. These two spinel phases and Mn nanocrystals are
embedded in a Li2O matrix, which acts as a buffer layer to mitigate the volume expan-
sion during cycling (Figure 10b) [109]. (3) Highly crystalline long-range ordered spinel
(FeNiCrMnMgAl)3O4 HEOs appear as short-range ordered rock salt and metal phases
during discharge in a spinel matrix, completing the conversion reaction. During sub-
sequent charging, the spinel structure is preserved but turns into chaotic spinel phases
(Figure 10c) [97].
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5. Summary and Outlook

In this review, we present a detailed overview of the preparation and crystal structure
of and recent advances in the field of porous HEO anodes for lithium-ion batteries. As a
new type of multi-component single-phase solid solution products, high-entropy oxides
exhibit an excellent cycling stability and ultra-high room-temperature conductivity and
are expected to break through the technical bottleneck of traditional transition metal oxide
anodes. Although there have been many reports on HEOs, the development of HEO
materials is still in its early stages, and there is still much room for improvement. For
example, there is a lack of effective means to predict the synthesis of HEOs. If a method can
be developed to accurately and quickly predict elemental combinations, it will be of vital
importance for the design and expansion of applications of HEOs. In addition, conventional
processes for the preparation of HEOs often require higher temperatures and longer times
to promote the synthesis of single-phase solid solutions, which leads to the size transition
growth of particles or even the emergence of dense microstructures, which seriously affect
the application of HEOs. Therefore, it is of great value to develop a preparation process
with a uniform distribution of the synthesized elements and a controllable microstructure.

In summary, in light of the current research status of porous HEOs in the field of
energy storage, the following points are suggested to be considered for future studies.

(1) Design and development of new ingredients: Compositional design using high-
throughput computing and machine learning and other means to assist high-entropy
oxides exploitation, including compositional modulation in a wider range. At the
same time, it is necessary to reduce the use of expensive elements as well as
harmful elements.

(2) Development of new preparation methods: The low-energy, fast, and efficient prepa-
ration of HEOs requires the precise control of the synthesis conditions based on the
two key factors of the desired size and morphology, as well as a high yield.

(3) Design of a new structure: Conventional nanoparticles tend to exhibit low initial
coulombic efficiencies during electrochemical cycling, limiting the practical appli-
cation of HEOs. The development of novel microstructures, such as biphasic high-
entropy oxides, doped second phases, localized heterogeneous structures, etc., is
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expected to generate a new lithiation mechanism during charging and discharging,
thus improving the lithium storage performance.

(4) Exploration of lithium storage mechanisms: HEOs with multiple active sites lead to
complex lithium storage mechanisms, which are still subject to some controversy in
the existing reports. Some advanced characterization techniques should be applied to
reveal the truth and focus on the phase transitions of single-element effects and the
synergistic effects among multiple elements.

There is no doubt that porous HEOs have been recognized as a new generation of
anode materials for lithium-ion batteries with high capacity and stability. Although there is
still considerable room for improvement, HEOs have the potential to be the anode materials
for the next generation of batteries. In conclusion, we hope that this review will lay the
foundation for the continued exploration of porous high-entropy oxides.
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