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The lithium-ion battery is a type of rechargeable power source with applications in portable
electronics and electric vehicles. There is a thrust in the industry to increase the capacity of
electrode materials and hence the energy density of the battery. The high-entropy (HE)
concept is one strategy that may allow for the compositional variability needed to design new
materials for next-generation batteries. Inspired by HE-alloys, HE-oxides are an emerging class
of multicomponent ceramics with promising electrochemical properties. This review will focus
on the application of these materials to the development of new battery electrodes with insight
into the materials’ structure/property relationship and battery performance. We highlight recent
results on HE-oxides for the cathode and anode. In addition, we discuss some emerging
results on HE-solid electrolytes and HE-alloy anodes.

Keywords: energy storage, lithium-ion battery, high-entropy, alloys, ceramic oxides, electrode materials

INTRODUCTION AND WORKING PRINCIPLES

Multicomponent or high-entropy alloys (HEA) differ from traditional alloys in that they consist
of multiple principal elements. HEAs were introduced in 2004 independently by authors Cantor
and Yeh (Cantor et al., 2004; Yeh et al., 2004). Since then, high-entropy alloys have primarily
been studied in the context of metallurgy, where they are known to provide desirable properties
such as high strength and corrosion resistance (Pickering and Jones, 2016; Zhang, 2019). The
role entropy plays in the phase stability of these compounds can be understood in terms of the
Gibbs free energy of mixing (AGp,;x) (Rost et al., 2015; Widom, 2018; Akrami et al., 2021; Xiang
H. et al., 2021; Chen et al., 2021; Fu et al., 2021; Ma et al., 2021):

AGmix = AHmix - TASmix (1)

where AH,,;, is the mixing enthalpy, AS,,,; is the mixing entropy, and T is the absolute temperature.
If the TAS,,;, term dominates the enthalpy term (AH,,;,), the overall AG,;, becomes negative and
entropy stabilization has been established. The mixing entropy (AS,;) includes many entropic
terms, however the configurational entropy (AS.on¢) is usually the dominant contribution (Chen
et al., 2021). Configurational entropy for an ideal solid solution is proportional to the number of
components n: (Chen et al., 2021; Ma et al.,, 2021)

ASconf = —RZx,-lnx,- 2)

i=1

where R is the ideal gas constant and x; is the component mole fraction. When all components are
present in equimolar proportion, the configurational entropy reaches its maximum and Eq. (2)
simplifies to the equation below: (Chen et al., 2021; Ma et al., 2021)

Frontiers in Energy Research | www.frontiersin.org 1

June 2022 | Volume 10 | Article 862551


http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2022.862551&domain=pdf&date_stamp=2022-06-20
https://www.frontiersin.org/articles/10.3389/fenrg.2022.862551/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.862551/full
http://creativecommons.org/licenses/by/4.0/
mailto:Yaser.Abu-Lebdeh@nrc-cnrc.gc.ca
https://doi.org/10.3389/fenrg.2022.862551
https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2022.862551

Sturman et al.

Asconf =Rin (I’l) (3)

There are two formal definitions of high-entropy alloys. First,
the compositional based definition states that the alloy must
contain at least five elements, with each having an atomic
percentage between 5% and 35% (Zhang, 2019; Ma et al,
2021). This definition has often been wused in physical
metallurgy where it is common to dope alloys with small
quantities of elements. Second, the entropy-based definition
states that an alloy is high-entropy when AS_, is greater than
1.5R (Zhang, 2019; Ma et al., 2021). This criterion is satisfied for a
solid solution with five equimolar components, where the AS.,,¢
of Eq. (3) simplifies to 1.61R.

Four “core effects” are believed to be responsible for the
unique  properties of  high-entropy = materials:  the
aforementioned entropy stabilizing effect, lattice distortion,
sluggish diffusion, and the so-called cocktail effect (Yeh, 2015;
Pickering and Jones, 2016). Lattice distortion results from the
different atomic sizes of the constituent elements. This can
provide benefits like increased alloy strength or allow for the
storage of hydrogen into interstitial sites (Pickering and Jones,
2016; Ma et al, 2021). Sluggish diffusion refers to the low
diffusion and phase transformation rates from the fluctuations
of lattice potential energy (Yeh, 2015). Finally, the “cocktail
effect” is the synergistic effect believed to result from the
interplay between composition, structure, and microstructure
(Yeh, 2015; Pickering and Jones, 2016). However, these “core
effects” are not necessarily unique to high-entropy materials
(HEM), and some authors have disputed their contribution to
material properties (Pickering and Jones, 2016). HEMs have an
additional economic benefit since they are often composed of
inexpensive metals, which reduces reliance on any single element
(e.g., Co.).

High-entropy oxides (HEO) are a newer class of HE material
with numerous applications in energy storage. Like HEAs,
entropy-based definitions have been proposed for HEOs,
where the configurational entropy from both cations and
anions is considered (Sarkar et al., 2018a; Sarkar et al., 2020b).
Typically, the O®" anion entropy contribution is zero, but the
presence of oxygen vacancies or other anions (e.g, F) can
contribute to the system’s entropy (Sarkar et al, 2020b). In
practice, it is difficult to determine whether a multicomponent
oxide is truly entropy stabilized. The term “entropy-stabilized
oxides” should be reserved for materials with a proven entropy-
driven reversible phase transformation (Sarkar et al., 2020b). As a
result, the term “high-entropy” is more often employed to
describe an oxide system containing five or more equimolar
cations.

In 2015, Rost et al. showed that the (NiCuZnMgCo)O HEO
could be stabilized into a single-phase rock-salt structure (Rost
et al., 2015). This was of interest to battery researchers as it
allowed for the possibility of high-entropy electrodes, which
are often oxide ceramics. The authors were able to show a
reversible transformation from multi-phase to single-phase by
varying calcination temperature. The transition was an
endothermic process (AH>0); hence the system was entropy
stabilized because the TAS term must be large enough to
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overcome the positive enthalpy and render the Gibbs free
energy negative. The removal of any one of the five
components destabilized the solid solution, as seen in the
X-ray diffraction (XRD) data of Figure 1A. This highlights
the importance of five cations in entropy stabilized oxides. In
addition, phase diagrams in Figure 1B confirm that the
minimum transition temperature required for the formation
of a single-phase occurs at maximum configurational entropy
(Rost et al., 2015).

Today, the high-entropy concept has been applied to alloys, oxides,
carbides, nitrides, borides, hydrides, sulfides, among others (Fu et al,,
2021). Over 50 high-entropy oxides are known and take on a variety of
crystal structures including rock-salt, perovskite, fluorite, spinel, and
layered (Figure 1C) (Sarkar et al., 2020b; Akrami et al., 2021). As seen
in Figure 1D, publications on the topic have accelerated over the past
few years, including a number of reviews (Widom, 2018; Vaidya,
Muralikrishna and Murty, 2019; Sarkar et al., 2020b; Akrami et al.,
2021; Amiri and Shahbazian-Yassar, 2021; Chen et al., 2021; Fu et al.,
2021; Lin et al,, 2021; Ma et al., 2021; Wang Q. et al., 2021). For energy
storage, HEOs have shown promising results in the fields of batteries,
supercapacitors, electrochemical catalysis, hydrogen storage, hydrogen
evolution reaction, oxygen evolution reaction, carbon dioxide
conversion, and oxidation reactions involving methanol, ethanol,
or formic acid (Sarkar et al, 2017b; Sarkar, et al., 2018a; Wang,
et al,, 2019a; Sarkar et al., 2019; Fu et al., 2021; Ma et al., 2021; Sturman
etal, 2021; Sun et al,, 2022). In battery research, HEMs are often used
as electrode materials for Li-ion batteries, but they have also been used
in solid electrolytes, Li-Sulfur and Na-ion batteries, as well as MXenes
(Bérardan et al,, 2016; Zhao et al., 2020; Akrami et al., 2021; Fu et al.,
2021; Nemani et al., 2021; Xu et al,, 2021; Yang et al., 2021; Etman,
Zhou and Rosen, 2022). Consult Table 1 for a list of recent
publications on high-entropy materials for battery applications. In
this review, we have summarized the recent research on HEMs with
an emphasis on their use as anodes and cathodes for Li-ion batteries.
In addition, we discuss common synthesis methods, characterization
techniques, electrochemical performance, and proposed lithiation and
failure mechanisms.

MATERIAL PREPARATION AND
CHARACTERIZATION

Synthesis and Material Discovery
The most common methods of HEA synthesis include arc
melting and mechanical alloying (Vaidya, Muralikrishna and
Murty, 2019; Zhang, 2019). Mechanical alloying is widely used
in the production of nanocrystalline HEAs. Preparation
involves ball-milling of stoichiometric amounts of the metal
powders followed by sintering (Vaidya, Muralikrishna and
Murty, 2019). The cooling rate is important to the
formation of a single-phase, and quenching can be used to
cool the material after heating. Moreover, de-alloying (where
one element is selectively leached) can be used to create nano-
porous HEAs with high catalytic activity (Fu et al., 2021).
In contrast, the synthesis of HEOs often requires high
temperature methods like solid-state sintering or spray
pyrolysis (Sarkar et al., 2020b; Akrami et al., 2021; Fu et al,
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FIGURE 1 | (A) XRD of multicomponent oxides (B) configurational entropy and phase diagrams of HEO elements (Rost et al., 2015). (C) common crystal structures
for HEAs and HEOs (Ma et al., 2021). Reproduced under the terms of the CC BY license. (D) Rapid growth in publications on high-entropy materials for energy storage.
Data was gathered from Scopus by searching for high-entropy oxides, anodes, or cathodes, and limiting the search to material science and energy. Please note data

1,100 1,100}
G 1,050 G 1,050
75 7 2 ]
2 1,000 F 21000F" 3 3§
& &
g 950-§i 33 g 90F 33
£ ii £
KCR=To] 3 2 900f I
850 f ] 850
1.0 01 02 03 0.1 02 03
XMgo XCoO
1,100 1,100
°61,050-i I o 1,050 ?
§§ 21000F"F I 2 1,000F § 3
© ©
3 ol 33 g ool 3 3
£ £
2 900} 2 900} %i
3
850 | 850 f
0.3 01 02 03 01 02 03
XCuO XZnO
D
Cathode
400 —_
2
@ 300 -
Q
o
=
0]
1S
3 200
o]
(a)
—
S)
—_
0]
Q
£ 100 -
=}
=
0 T T T r T T
2015 2016 2017 2018 2019 2020 2021 2022
Year

2021).  Other methods include sol-gel combustion,
coprecipitation, sonochemical, carbothermal shock, or
sputtering deposition for the synthesis of thin films (Fu et al,
2021). With solid state methods, metal oxides are ball-milled,
pelletized, and sintered for multiple hours. In contrast, spray
pyrolysis is desirable as it has a shorter residence time at elevated
temperatures. It can produce nanocrystalline powders by passing
an aerosol of metal precursors through a flame or reactor to
induce rapid decomposition and structural transformation
(Sarkar et al., 2020b). Sarkar et al. showed that nanocrystalline
HEOs can be prepared by nebulized spray pyrolysis (NSP), flame
spray pyrolysis (FSP), and reverse co-precipitation (Sarkar et al.,

2017b). NSP was preferred as it was able to directly synthesize
nanocrystalline single-phase rock-salt structures, whereas the
other techniques required additional thermal treatments. The
authors also confirmed the importance of a high configurational
entropy when preparing these samples. A 4-cation (medium
entropy) sample required a higher temperature to achieve
single-phase. Other studies have also reported difficulty in
preparing single-phase medium entropy oxides (Sarkar, et al.,
2018a).

Green synthesis methods for HEOs are increasingly the focus
of publications. Kheradmandfard et al. used a microwave-assisted
method to produce (MgCuNiCoZn)O nanoparticles (ave. size
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TABLE 1 | Select Publications on High-Entropy Oxides for Li-ion Batteries.

Primary Composition
(MgNiCoCuzn)O
(CelLaPrSmY)O
(CoCuMgNiZn)O
(CelLaPrSmY)O,_s
(C0og.2Cug.2Mgo 2Nip.2ZN0 2)O
(Gdo 2Lag 2Ndo.2SMo 2Yo.2)
(G0 2Cro 2FF €0 2MNg 2Nip 2)O03
(Mg.2C00.2Nio 2ZNg 2Lin.2)O
(Mgo.2C00 2Nig 2Cup.2ZN0 20)
(Lix(C00.2Cup 2Mgo 2Nig 2ZN0.2)OFy)

Gd(Coo.2Cro.2F€0.2Mng 2Nig 2)O3

(C00.2CuUg.2Mg 0.2Nip.2ZN0 2)O
Rock-salt

Multiple HEOs

(Ceo 2Lag 2Pro.28mo 2Y0.2)02-5

(Mgo.2C00.2Nig 2CUp.2ZM0 2)O

(FeCoNiCrMn)304
(Mgo.2Tio.2ZN0 2CUo 2F€0.2)304
Non-equimolar cations with Cr, Mn, Fe, Co.,
and Ni

(MgCoNiZn)o,esLio.3s0
[(Bi,Na)+5(La,Li)1/5(Ce,K)1/5Ca1/55r15] TiO3
Lix(NiFeMnCrCo),0,

LiNa(NiCoMnAIFe);O5
(Ceo.2Lag 2Pro 2Smo 2Y0.2)O2.5
Mdo.2C00 2Nip 2CUo 2ZN0.20

(Gdo 2Lag 2Ndo 2Smp 2Y0.2)C003
(Mgo.2C00 2Nio. 2Cuo.2ZN0 2)O
(Cog.2Cug 2Mdo 2Nip.2ZN0.2)O and
Li(Co0.2Cuo 2Mgo 2Nip.2ZNno 2)OF

Liq .sMn%.ﬁ CO%.J? Mng_ﬁ Cfgﬁ Tio.ANbo 201 7F0 3
(MgCuNiCozn)O

(CrMnFeCoNi);04

(Alg.2CoCrFeMnNi)g.5804-5

First Author
and Year

Rost, 2015
Djenadic, 2017

Sarkar, 2017
Sarkar, 2017
Sarkar, 2018
Sarkar, 2018
Anik, 2019
Qiu, 2019
Wang, 2019
Witte, 2019

Wang, 2019

Chellali, 2019

Cheng, 2019

Chen, 2019

Wang, 2020
Chen, 2020
Nguyen, 2020
Loket, 2020
Yan, 2020
Wang, 2020
Wang, 2020
Sarkar, 2020
Ghigna, 2020
Witte, 2020

Tavani, 2020
Breitung, 2020

Lun, 2021
Kheradmandfard,
2021

Huang, 2021

Xiang, 2021

Synthesis Method

Solid State

Nebulized spray
pyrolysis (NSP)

reverse Cco-precipitation
(RCP) (NSP) flame spray
pyrolysis (FSP)

NSP

NSP

NSP

Solid State

Solid State
Coprecipitation and ball
milling

NSP

NSP

NSP

NSP

Solid State

Solid State

Solid State
Hydrothermal method
Solid State

Solid State

NSP

NSP

Reverse coprecipitation
Solid State

NSP

Solid State
NSP and solid state

Solid State
Microwave
Hydrothermal and

sintering
Solution combustion

Structure

Rock-salt
CaF,-type

Rock-salt
Fluorite type
Rock-salt
Perovskite
Rock-salt
Rock-salt
Rock-salt

oxyfluoride
Perovskite

Rock-salt,
fluorite, and
perovskite
CaF,-type

Rock-salt

Spinel
Spinel
Spinel
Rock-salt
Perovskite
Spinel and
Rock-salts
Layered
Fluorite
Rock-salt

Perovskite

Rock-salt
Rock-salt

Disordered
Rock-salts
Rock-salt

Spinel

Spinel

High-Entropy Materials for Electrodes

Battery Performance

Fundamental characterization
Fundamental characterization
on rare earth HEO
Investigation of synthesis
methods

Fundamental characterization
Anode. 500 mAh/g at 0.1 A/g
Fundamental characterization

Anode. 720 mAh/g after 10
cycles at 0.1 A/g

Anode. 920 mAh/g after 300
cycles at 0.1 A/g

Cathode. 90 mAh/g after 100
cycles at C/10

Investigation of magnetic
properties

Anode in full cell. 300 mAh/g
after 50 cycles at 0.12 A/g

Fundamental characterization
with atom probe tomography

High-pressure
characterization

Studied pseudocapacitive
contribution. Anode.

900 mAh/g after 150 cycles at
0.2 A/g

Anode. 402 mAh/g after 300
cycles at 0.5 A/g

Anode. 504 mAh/g after 300
cycles at 0.1 A/g

Anode. 500 mAh/g at 2 A/g

Anode. 610 mAh/g after 130
cycles at 1 A/g

Anode. 85 mAh/g after 50
cycles at 0.1 A/g
Investigation of spinel to rock-
salt transformation

Cathode. 75 mAh/g after 15
cycles at C/10

Fundamental characterization
Anode. 600 mAh/g at 0.1 C
Mechanism investigation with
operando XAS

Investigation of magnetic
properties

Mechanism investigation
Investigation of gassing
behaviour

Cathode. Initially 307 mAh/g
at a rate of 20 mA/g

Anode. 325 mAh/g after 1000
cycles at 1 A/g

Atomic-scale investigation of
mechanism

Anode. 554 mAh/g after 500
cycles at 0.2 A/g

References

Rost et al. (2015)
Djenadic et al.
(2017)

Sarkar et al.
(2017b)

Sarkar et al. (2017a)
Sarkar et al. (2018a)
Sarkar et al. (2018b)
Anik and Lokcu,
(2019)

Qiu et al. (2019)
Wang et al. (2019b)

Witte et al. (2019)

Wang et al. (2019a)

Chellali et al. (2019)

Cheng et al. (2019)

Chen et al. (2019)

(D. Wang et al.,
2020a)
Chen et al. (2020)

Nguyen et al. (2020)
LokgU et al. (2020)
Yan et al. (2020)

(J. Wang, et al.,
2020c)

(J. Wang, et al.,
2020b)

Sarkar et al. (2020a)
Ghigna et al. (2020)

Witte et al. (2020)

Tavani et al. (2020)
Breitung et al.
(2020)

Lun et al. (2021)

Kheradmandfard
et al. (2021)
Huang et al. (2021)

(Hou-zheng Xiang
et al., 2021b)

(Continued on following page)
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TABLE 1 | (Continued) Select Publications on High-Entropy Oxides for Li-ion Batteries.

Primary Composition First Author Synthesis Method Structure Battery Performance References
and Year

(C00.2Cug.2Mgp 2Nip 2ZNg 2)O Schweidler, 2021 NSP Rock-salt Acoustic emission Schweidler et al.
investigation of mechanism (2021)

(Cog.2Crg.oFen.oMng oNig 2)304 Zhao, 2021 Solution combustion Spinel Anode. 980 mAh/g after 50 Zhao et al. (2021)
cycles at 0.1 A/g

Li(Nig.2C0g.oMng 2 Tip oFe0 2)O0 Sturman, 2021 Sol-gel Layered Cathode. 85 mAh/g after 50 Sturman et al.
cycles at C/10 (2021)

(CoCuMgNiZn)g gLin.2O Mozdzierz, 2021 Solid State Rock-salt Fundamental characterization ~ Mozdzierz et al.

(2021)

(FeNICrMnZn)z04 Xiao, 2021 Solid State Spinel Anode. 386 mAh/g after 185  Xiao et al. (2021)
cycles at 0.5 A/g

(FeCoNiCrMnXLi)304 (X = Cu, Mg, Zn) Duan, 2021 Solid State Spinel Anode. 522 mAh/g after 100 Duan et al. (2021)
cycles at 0.5 A/g

(MgCoNiCuzn)O Wang, 2021 Solid State Rock-salt Anode. 550 mAh/g after 100 (S. Y. Wang et al.,
cycles at 0.1 A/g 2021b)

Co-free (CrMnFeNiCu)304 Nguyen, 2022 Hydrothermal Spinel Anode. 755 mAh/g at Nguyen et al. (2022)
50 mA/g

(Mgo.2C00 oNig 2CUg 2ZNg 2)O Guo, 2022 Solid State Rock-salt Anode. 950 mAh/g after 200  Guo et al. (2022)
cycles at 0.1 A/g

(MnFeCoNiCuZn)304.« Dong, 2022 Rapid heating Spinel Anode. 600 mAh/g at Dong et al. (2022)
130 mA/g

(CoNiZnXMnLi)3O4 (X = Fe, Cr) Tian, 2022 Solid State Spinel Anode. 260 mAh/g after 100 Tian et al. (2022)
cycles at 500 mA/g

LiCr4,6Mn46Fe1,6C01,6Ni1,6CU1,602 Wang, 2022 Pulsed laser deposition  Layered Cathode. 40 mAh/g at (K. Wang et al.,
5 uA/cm? 2022a)

Ti1 1Vo.7CrNb4 oTag ¢CsT, Etman, 2022 Solid State and solution  MXene Anode. 40 mAh/g after 1000  Etman, Zhou and

based cycles at 1 A/g Rosen, (2022)

Rock-salt: Fm-3m Spinel: Fd-3m Layered: R-3m

44 nm) from nitrate metal precursors (Kheradmandfard et al,
2021). The solution was microwaved for only 3 min and did not
require any additional high-temperature sintering. Alternatively,
high-entropy oxide microparticles of uniform size distribution
can be prepared by Joule heating within ~15s (Dong et al., 2022).
Surface modifications to rock-salt HEOs have been shown to
enhance electrochemical performance. Guo et al. studied
graphene modifications to the rock-salt
(Mg 2Cop,Nij,Cug,Zny,)O (Guo et al, 2022). The material
was covered with graphene (denoted HEO@G) and increased
electrical conductivity and Li-ion diffusion. In addition, they
quantified the pseudocapacitive contribution to the capacity.
The importance of composition and temperature has been
described for high-entropy perovskites. Sarkar et al. studied
several perovskites, including the 10-cation
((Gdo2Lag 2Ndg 2Smg ;Yo 2) (Cog2Crq2Feq 2Mng ;Nig;)O3)
(Sarkar, et al.,, 2018b). They observed single-phase perovskites
for 6 out of 11 different samples. The 10-cation sample was phase
pure, but other heptanary samples were multiphase. Thus, for
certain compositions, the net enthalpic contribution may
overcome the high configurational entropy, preventing entropy
stabilization. For example, the transition of ZnO (wurtzite) to
ZnO (rock-salt) is known to incur a large enthalpic penalty (Rost
et al., 2015). Sometimes a higher temperature is sufficient to
favour an entropy-driven transformation. This was shown to be
true for (Gdg,Lag,Ndg,Smg,Y,)MnO3, where a multiphase to

single-phase transition occurred upon further heating (Sarkar,
et al., 2018b).

In addition to the synthesis procedure, researchers must
consider the role individual elements and oxygen vacancies
play in the properties of HEOs. Djenadic et al. synthesized
HEOs with rare earth elements (CeLaPrSmY)O, among others
(Djenadic et al, 2017). They reported that a single-phase
compound was not possible without Ce. This highlights the
importance of a single element even in the presence of a high
configurational entropy. Ce and Zr cations are also necessary to
the formation of certain fluorite HEOs (Sarkar et al., 2020Db).
Sarkar et al. also synthesized and characterized various HEOs
with rare earth elements. The materials were shown to have a high
level of oxygen vacancies and a narrow band gap (Sarkar, et al,,
2017a). The concentration of oxygen vacancies is also known to
play a role in the ionic conductivity of high-entropy solid
electrolytes (Bérardan et al., 2016).

As researchers identify the complex material-property-
performance relationship of HEMs, the true scale of possible
material candidates will become apparent. Material discovery has
traditionally been guided by a combination of trial and error and
systematic exploration (e.g., optimizing calcination temperature
of a high-entropy oxide) (Q. Wang et al, 2021a). These
approaches are suitable while a field is in its infancy, and they
are sure to continue to advance our understanding through the
mode of incremental improvement. This is seen, for example, in
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the growing body of research on high-entropy oxide spinels.
Nevertheless, there is still much work to be done before high-
entropy materials can replace traditional Li-ion battery
electrodes. It is still unclear to what extent the electrochemical
properties of HEMs are governed by element selection, the
“cocktail effect”, entropy-stabilization, particle size and
morphology, etc. In order to accelerate the Technology
Readiness Level (TRL) of HEMs, researchers have increasingly
relied on computation-driven approaches for material discovery
(Q. Wang et al., 2021a). In particular, density functional theory
(DFT) and machine learning can help narrow the vast design
space of candidates with desirable properties, as will be seen in the
work by Lun et al. In addition, high-throughput methods provide
the experimental feedback needed to validate these
computational methods and complete the material design cycle.

Characterization

Physical characterization methods are necessary to confirm the
material’s morphology, crystal structure, and composition (Rost
et al,, 2015; Ma et al., 2021). It is often desired to form a single-
phase compound with a defined space group (such as Fd-3m for
spinel). X-ray Diffraction (XRD) and Rietveld refinement can be
used to determine the crystal structure and space group of the
material, as well as reveal the presence of undesired impurity
phases. Operando XRD may be used to observe changes in the
crystal structure during battery cycling. This can provide
information regarding the stability and lithiation mechanism
of the material. X-ray Photoelectron Spectroscopy (XPS) is
often used to determine the oxidation state of the metal
cations or identify oxygen vacancies. This can provide insight
into the mechanisms at play before and after lithiation. Scanning
Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM) are used to observe morphology. High-
Resolution TEM (HR-TEM) is more appropriate in the case of
nanoparticles or to verify the d-spacing associated with a
particular lattice plane of the structure. Energy-Dispersive
X-ray Spectroscopy (EDX) is often used in conjunction with
microscopy to quantify the homogeneous distribution of the
elements in the sample. More precise quantification of
elemental composition can be done with Inductively Coupled
Plasma-Optical Emission Spectrometry (ICP-OES). This is
particularly important in the synthesis of cathode materials, as
there is concern of lithium evaporation at elevated temperatures
(>800°C). As a result, many authors include 5-10% excess lithium
in their samples prior to calcination.

Electrochemical characterization involves the testing of
materials in batteries. Initial testing is usually done in half-cell
(vs Li metal) coin-type batteries (such as CR 2032). It is
increasingly common to study the material in full cells, which
can also be prepared as large-scale pouch cells. A battery electrode
is made by first applying a thin film of active material to a current
collector. This is usually done by tape casting where the active
material powder is combined with a conductive additive (usually
carbon), a suitable binder, and mixed with a solvent (usually
N-methyl pyrrolidone) to form a slurry. Typically, the binder is
polyvinylidene fluoride (PVDF) because of its well-known
electrochemical stability. However, polytetrafluoroethylene
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(PTFE) has been used for certain disordered rock-salts (Lun
etal,, 2021). The slurry is applied as a thin film to a metal current
collector that is subsequently dried and cut into electrodes. Initial
electrochemical testing can involve Cyclic Voltammetry (CV) ina
defined potential range to identify redox processes.
Electrochemical Impedance Spectroscopy (EIS) may also be
used to study the resistance of the material before and after
cycling. Battery cycling is used to study capacity (energy density)
and capacity retention (lifetime), which are the most relevant
metrics of performance for practical applications.

HIGH-ENTROPY ANODES

Oxide Ceramics

Graphite has traditionally been used as an anode material in Li-
ion batteries. Its intercalation mechanism makes it very stable,
but it suffers from a low inherent capacity of 372 mAh/g (Nitta
et al., 2015). HEOs for batteries have been used as anode
materials owing to their ability to host lithium ions via a
conversion-type reaction. These materials typically have a
capacity much greater than graphite, but they have poor
cycle stability. The first cycle coulombic efficiency (CE) is
typically less than 90% and is as low as 50% in some cases
(Wang et al, 2019b). Many HEOs have the property of
increasing capacity with extended cycling. The behaviour is
also known to occur with older conversion-type materials such
as CoO and ZnMn,O,. It is generally attributed to reversible
lithium storage within a polymeric layer that forms at the
electrode surface (Duncan, Courtel and Abu-Lebdeh, 2015).
Other explanations include the gradual penetration of the
electrolyte into inner oxide pores and structural changes
during cycling (Sarkar, et al., 2018a; Qiu et al, 2019; Yan
et al., 2020).

One of the most widely studied HEOs for battery
applications is the (Cop,Cug,Mgg,Nig,Zny,)O rock-salt. In
2018, Sarkar et al. synthesized this compound with NSP and
used it as an anode that was shown to have a capacity around
500 mAh/g at a current of 0.1 A/g, as seen in Figures 2A,B
(Sarkar, et al., 2018a). They also tested medium-entropy
derivatives of the high-entropy parent structure, but all had
a more rapid capacity decay compared to the HEO
(Figure 2B). Later, the same group successfully used the
(Cop.2Cug Mgy »Nip,Zny,)O HEO as an anode material in
a full cell with NMC (LiNi;;3sMn;,3Co0,,30,) as a cathode
(Wang et al., 2019a). Despite a low first cycle CE, the anode
maintained a capacity of 300 mAh/g after 50 cycles. In
addition, the material was used in pouch cells and delivered
a capacity of 2.5 mAh. This anode suffered from a large first-
cycle irreversible capacity as the initial coulombic efficiency
was around 50%. An improvement in the cycling of their full
cell was achieved with the pre-lithiation of the anode.

Nanosized = Mgj,Co¢,Nig,Cu,Zny,0  rock-salt — was
synthesized by Qiu et al. (Qiu et al.,, 2019). It was used as an
anode and was compared with the baseline Co30,. The HEO had
a first cycle discharge capacity of 1585 mAh/g, compared to
1160 mAh/g for Co;04 In addition, it retained a stable
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capacity of 920 mAh/g after 300 cycles. The HEO was shown to
have a Li diffusion coefficient 1-2 orders of magnitude higher
than Co30,. The authors attribute the stability of the HEO to the
homogeneously distributed inactive MgO. MgO is formed after
the initial discharge and is believed to prevent transition metal
oxide nanograins from agglomerating during cycling. In addition,
sluggish diffusion in the structure reduces agglomeration of
secondary particles. They also showed the dependence of
electrochemical performance on elemental composition. Other
element combinations (such as MgFeTiCuZn-HEO and
GaFeCrMnNi-HEO) were shown to have a lower capacity or a
more rapid capacity fade.

Lokgti et al. studied the variation of Li content in rock-salt
(MgCoNiZn); ,Li,O (x = 0.05, 0.15, 0.25, and 0.35) (Lokgti et al.,
2020). XPS revealed that an increase in Li content was associated
with the oxidation of Co®* to Co’*, and an increase in the
concentration of oxygen vacancies to preserve charge

neutrality. This had the effect of increasing the discharge
capacity, with the best material being (MgCoNiZn)g ¢5Lig 350
with an initial capacity of 1930 mAh/g. Similar materials have
been used as solid electrolytes and are discussed later.

Spinel HEOs have also been shown to provide high capacities
when wused as anodes. Chen et al. studied spinel
(Mgo2Tig2Zng,Cug,Fep,)304 as an anode and reported a
reversible capacity of 504 mAh/g at a current density of
100 mA/g after 300 cycles (Chen et al.,, 2020). In addition, the
material was able to maintain a capacity around 280 mAh/g for
800 cycles at a high current of 2 A/g. With CV, a large
pseudocapacitive contribution of 93% was found at a high
scan rate of 1 mV/s. This surface redox process enables a high
rate capability. They also observed a reduction in resistance after
cycling as evidenced by EIS. Wang et al. studied spinel
(FeCoNiCrMn);0,4 as an anode and optimized the synthesis
temperature (D. Wang et al, 2020a). They attribute the
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electrochemical performance to mixed valence state metals that
induce lattice distortion. The large lattice parameters afforded the
material fast diffusion kinetics. Similar to rock-salts, diffraction
peaks associated with the spinel structure disappeared during the
first lithiation down to 0.01 V, indicating amorphization. Spinel
peaks did not reappear after being charged to 3 V. Zhao et al.
prepared the (Cog,Crg,Feq,Mng,Nig,);04 spinel with a
capacity of 428 mAh/g at a high current of 10 A/g (Zhao
et al,, 2021). The material had a greater discharge capacity and
initial CE relative to low and medium entropy derivatives Co;0,
and (Cog»5Crg,sFep25Mng 5)30,, respectively. The high-
entropy material had the greatest number of oxygen vacancies
(as shown by XPS and Electron Paramagnetic Resonance). They
attributed the superior performance to these oxygen vacancies,
which are believed to accommodate a greater number of Li ions
and affect ion migration and electrical conductivity. In addition,
thermal stability of the material showed good capacity retention
between 0 and 50°C.

Xiang et al. studied spinel (Aly,CoCrFeMnNi)g550,.s
nanocrystalline powder with a high concentration of oxygen
vacancies (Xiang H.-Z. et al, 2021). The material had a
porous structure from gas liberation during the combustion
synthesis. The inclusion of aluminum in the structure doubled
the capacity compared to a (CoCrFeMnNi),04-0 baseline. This
use of inactive Al was inspired by Qiu et al., who showed how the
addition of inactive MgO can improve structural stabilization.
The authors suggest that small ionic radii Al enhances lattice
distortion and allows for the accommodation of more Li
Nanoparticle spinel HEOs have also been prepared with the
hydrothermal method (see Figure 2C). Nguyen et al. reported
a high capacity of 1235 mAh/g and a high number of oxygen
vacancies by removing the inactive MgO from the spinel (see
Figure 2D) (Nguyen et al., 2020). Recently, the same group was
able to synthesize the Co-free (CrMnFeNiCu);0, spinel anode
(Nguyen et al.,, 2022). The crystallinity and particle size were
varied with post-annealing temperature, and the reported
capacities ranged from 600 to 900 mAh/g. Operando XRD also
revealed a gradual reduction in peak intensity during the first
lithiation, indicative of a collapse in the long-range lattice
ordering.

Duan et al. optimized the synthesis of different seven-
element (FeCoNiCrMnXLi);O, (X = Cu, Mg, Zn) spinels
and used them as anodes (Duan et al., 2021). The Zn-
containing spinel had the best performance with a capacity
of 522 mAh/g after 100 cycles. They also observed the trend in
which the capacity increased gradually during cycling. The
beneficial contribution of a single constituent element in
spinels has also been studied by Xiao et al. They compared
the electrochemical performance of Mg and Zn containing
HEOs (FeNiCrMnZn);0,4 and (FeNiCrMnMg);0, (Xiao et al.,
2021). Zn was shown to increase the lithium storage capability,
provide a higher amount of trivalent Mn, and improve the
crystallinity of the material. In addition, it had a relatively
stable capacity of 386 mAh/g at 0.5 A/g after 185 cycles. The
same group later prepared the (FeCoNiCrMn);O, spinel
anode with a capacity of 596 mAh/g at 2 A/g and 967 mAh/
g at 100 mA/g (Xiao et al., 2022). A ball-mill prepared sample
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of the material had a lower capacity than one prepared via the
oxidation of commercial 50 um HEA powder.

More recent publications on spinels include Tian et al., who
prepared the (CoNiZnXMnLi);O, (X = Fe, Cr) anode. The
material was tested in full cells and had a specific capacity of
260 mAh/g after 100 cycles at 500 mA/g (Tian et al., 2022). Sun
et al. studied the (Crp ,Mny ,Feq ,Co05Nig »)304 spinel, which had
a capacity of 560 mAh/g at 100 mA/g (Sun et al., 2022). The
pseudocapacitive contribution increased at higher scan rates, as
has been reported in other studies (Chen et al., 2019; Wang D.
et al,, 2020; Zhang et al., 2021; Xiao et al., 2022).

Metallic Alloys

High-entropy alloys are a relatively unexplored research area for
the Li-ion battery anode, yet they may mitigate unresolved
problems with conventional silicon-based (Si) electrodes. The
problem with silicon (and most alloy anodes) is its poor cycle
stability. The alloying of lithium and silicon is accompanied with
a 300% volume expansion. On a microscopic scale, this causes
material swelling, pulverization, and loss of electrical contact with
the current collector (Obrovac and Chevrier, 2014). In addition,
the continuous formation of solid-electrolyte-interface (SEI)
consumes the electrolyte. These problems are responsible for
the rapid capacity decay of silicon and alloying materials in
batteries.

There has been considerable research on two or three
multicomponent alloys with Li for the negative electrode
(Obrovac and Chevrier, 2014; Wang X. et al, 2021). Other
than Si, common elements that alloy with lithium include Al
Zn, Ga, Ge, Ag, Sn, Sb, and Bi (Obrovac and Chevrier, 2014;
Wang X. et al, 2021). For certain systems, varying the
compositional ratio can create morphological changes that
improve volumetric capacity, as seen with the eutectic Zn-Sn
alloy (Heligman et al., 2019). It is known that a multicomponent
alloy can improve battery performance relative to a simple binary
alloy. For instance, binary alloys with the addition of inactive
copper have been shown to improve rate capability and capacity
retention (Xin et al., 2017). Ternary alloys with silicon are known
to reduce volume expansion and improve performance (Cao
et al., 2018). Obrovac et al. reported the preparation and
electrochemical performance of 4-component alloys (Obrovac,
2006). They prepared several alloys with silicon, including
SigoCuyrAg,Sn,, which showed a stable capacity around
1000 mA h/g (Obrovac, 2006). Although not a high-entropy
alloy, the material provides insight into the feasibility of
multicomponent alloy electrodes. Recently, Ehrenberg’s group
prepared several high-entropy alloys of the Gd,_.La,Sn, ,SbyM,
(M = Li, Na, Mg) system (Pavlyuk et al., 2020). The large atomic
size of Gd and La are believed to form voids that may
accommodate Li atoms. Their work was mostly fundamental;
however, preliminary electrochemical data showed stable cycling.
High-entropy alloys have also been used as anode materials in
nickel-metal hydride batteries. Edalati et al. studied the
TiyZr, CrMnFeNi alloy with various Ti/Zr ratios (Edalati
et al., 2022). The discharge capacity was observed to be
dependent on the Ti/Zr ratio, suggesting a wide range of
possible  electrochemical  performances by  tuning
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composition. Moreover, the material displayed a low-
capacity fade. High-entropy alloys have also been used to
accelerate kinetics and increase cycle stability in Li-Sulfur
batteries (Xu et al., 2021; Wang Z. et al., 2022). It should be
noted that Breitung’s group recently prepared and
characterized high-entropy sulfides for Li-ion batteries, but
the materials had redox activity predominantly around 2 V
(Lin et al., 2022).

HIGH-ENTROPY CATHODES

The inclusion of fluorine into high-entropy rock-salts has been
shown to increase their working potential to 3.4 V (Wang, et al.,
2019b). This should be contrasted with a HEO baseline without
fluorine, which has a working potential around 1.0 V. In addition,
their preparation is simple and can be done by ball-milling a HEO
precursor with LiF. XRD and Nuclear Magnetic Resonance
(NMR) confirmed the successful incorporation of Li and F
into the structure. These high-entropy rock-salt oxyfluorides
have been used as cathode materials for lithium-ion batteries.
Wang et al. reported an initial charge capacity of 161 mAh/g at C/
10 for (Liy (Cog,Cug,Mgg,Nig»Zn,,)OF, (Wang, et al., 2019b).
This capacity was higher than a non-entropy stabilized LiNiOF,
baseline, despite containing a greater fraction of redox active
nickel. However, the material suffered from a large first cycle
irreversible capacity and an overall low CE (Wang, et al., 2019b).
The authors attribute this capacity loss to electrolyte degradation,

SEI formation, and side reactions. The oxyfluoride had an
insertion-type lithiation mechanism, in contrast to the
conversion-type mechanism seen in simple HEOs. Mg and Zn
were redox inactive and remain divalent as shown with XPS. This
cathode also exhibited a capacity increase during cycling.

The same group later studied various layered HEOs including
LiNa(NiCoMnAlFe),0, (J. Wang, et al., 2020b). Figure 3A shows
the material had an oxidation peak at 4.0 V, which is higher than
the 3.8 V typically seen for standard Li(NiCoMn),0,. However,
the electrodes were reported to have a low capacity and a rapid
capacity fade (<70 mAh/g after 20 cycles). The incorporation of a
small amount of Na ions (Figure 3B) was done to improve the
battery cycling by widening the diffusion channels. Inclusion of as
little as 1 mol% Na (but not K or Rb) has also been reported to
marginally improve capacity retention in conventional layered
cathodes (He et al., 2019). Recently, Sturman et al. reported
similar electrochemical performance for the Li(NiCoMnTiFe), 0,
layered HEO and observed overlithiation properties that were
shown to reduce capacity decay (Sturman et al, 2021).
Interestingly, a cathode with the same stoichiometry has also
been reported for Na-ion batteries. The cathode was investigated
both computationally and experimentally, where it was reported
to have a stable capacity of 180 mA h/g (Walczak et al., 2022).
Another recent HE layered cathode is described in the work of
Woang et al. They used pulsed laser deposition to prepare epitaxial
thin films of the layered LiCry/sMn;sFe;/6Co1/6Ni1/6Cuy 602 (K.
Wang et al., 2022a). The material was used as a cathode but had
low capacity (<60 mAh/g) and high interfacial resistance. Zhen-
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Yi Gu et al. made a high-entropy derivative of the NASICON-
type fluorophosphate cathode that was shown to increase
operating voltage and electrochemical capacity in Na-ion
batteries (Gu et al., 2022).

Ceder’s group used density functional theory (DFT) to
estimate the mixing temperature of different transition metal
combinations in cation-disordered rock-salts (DRX) (Lun et al.,
2021). As a design strategy, they suggest the incorporation of 30%
excess Li and the inclusion of fluorine to increase the redox
reservoir. In addition, short-range order (SRO) was suppressed as
the number of cations in the DRX increased. SRO was also
reported to decrease with increasing synthesis temperature.
Their TM6 cathode (ie.
Li; sMng CogiMng Cra i Tip 1 Nbg ,0; ;Fg3) had a high initial
capacity of 307 mAh/g; however, capacity data was only
reported for 20 cycles.

SOLID-STATE ELECTROLYTES

Lithium containing HEO rock-salts have displayed properties
that are promising for solid electrolyte applications. Some have
been reported to have a Li-ion conductivity several orders of
magnitude greater than LiPON (Bérardan et al., 2016). Bérardan
et al. studied the room-temperature ionic conductivity of rock-
salt (MgCoNiCuZn);_,_,Ga,A,O (with A = Li, Na, K) and
reported a value exceeding 102 Scm™! (Bérardan et al., 2016).
Later, the team studied (MgCoNiCuZn), ,Li;O with varying
concentrations of Li. They identified a charge compensation
mechanism that begins with the oxidation of Co*" to Co’",
followed by the formation of oxygen vacancies when the Li
fraction exceeds x = 0.21 (Osenciat et al., 2019). High-entropy
electrolytes have also been applied to Na-ion batteries, such as HE
NASICON phosphate electrolytes (Wu et al., 2022).

Recent work on solid electrolytes includes HE garnets,
argyrodites, and perovskites. Stockham et al. reported the
successful ~ synthesis of Ga-containing lithium garnet
electrolytes composed of 9 and 11 elements (e.g,
Gay,Lis 75Lay sNdg sNbg 65Ceg 1211 Tig 25012) (Stockham, Dong
and Slater, 2022). The electrolytes were simple to prepare and
had both good room temperature conductivity (0.2 mS cm™") and
stability. As we have seen, most current research targets a high
configurational entropy for the cations. However, recent work by
Strauss et al. reports HE-polyanionic argyrodite-type solid
electrolytes (Strauss et al., 2022). Unlike most publications, the
authors reported a nonuniform distribution of elements. The
high entropy was reported to lower activation energy for
conduction but did not significantly affect ionic conductivity.
Equimolar high-entropy perovskite electrolytes with varying Al
content were reported but had a conductivity on the order of
1077 Sem™ (Yazhou and Zhiren, 2022). The authors also
investigated the material as an anode, however the use of
heavy elements (i.e. La and Ba) resulted in a low capacity of
58 mAh/g. Other studies have also used perovskites as electrode
materials. Yan et al. reported results for the less-studied high-
entropy perovskite titanate (Yan et al, 2020). It had an initial
capacity of 125 mAh/g followed by a large irreversible capacity,
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but a stable capacity of 80 mA h/g. The perovskite also had a
gradual increase in capacity over 300 cycles, which the authors
attribute to the gradual penetration of the electrolyte into the
electrode and the formation of a gel-like film.

ADVANCED CHARACTERIZATION AND
STORAGE MECHANISM

Confirmation of the homogeneous elemental distribution in
HEOs has been an important part of their characterization
since Rost et al. It has traditionally been supported with EDX
or XRD analysis on the bulk powder. However, this may not be
sufficient to detect traces of secondary phases or localized
heterogeneities, which can affect the material’s property and
electrochemical performance. Chellali et al. used Atomic Probe
Tomography (APT) to study the atomic scale homogeneity of
various transition metal, rare-earth metal, and perovskite-based
HEOs prepared by a high-pressure compact method (Chellali
etal., 2019). Their results confirm the random and homogeneous
distribution of cations at the atomic level.

Mozdzierz et al. studied lattice distortion effects in
(CoCuMgNiZn); ,Li,O by increasing lithium levels during
synthesis (x = 0-0.3) (Mozdzierz et al., 2021). The internal strain
increased up to a Li composition of 0.2, after which the introduction
of more Li released the internal strain through the formation of
oxygen vacancies. The compound displayed mixed ionic-electronic
conductivity upon the insertion of Li. Different mechanisms were
proposed: intercalation-based insertion at high voltage and
conversion or alloying at low voltage. Cheng et al. studied the
effects of pressure on lattice distortion in (Cey,Lag,Prg,Smg,Yo2)
0,5 HEO (Cheng et al,, 2019). They observed pressure-induced
transformations from the crystal state to the amorphous state below
the melting point or glass-transition temperature. This property may
allow for the development of ceramic-glass composites with
applications in solid-state electrolytes.

Since 2018, authors have reported details regarding the
partial conversion reaction in rock-salt HEOs. Sarkar
suggested that certain cations (Co®* and Cu®") are involved
in the conversion, whereas other cations (Mg“) stabilize the
structure (Sarkar, et al., 2018a). Operando XRD in Figure 4A
shows the typical behaviour of a HE-rock-salt upon lithiation.
Reflections from the rock-salt structure disappeared during the
first lithiation due to the “formation of small crystallites”
(which is often seen in conversion materials) (Sarkar, et al.,
2018a). However, Selected Area Electron Diffraction (SAED)
was still able to detect trace reflections from the rock-salt
structure, providing evidence of a partially preserved structure
that enables reversible lithium storage (Sarkar, et al., 2018a).
Similar observations have been made in subsequent studies.
Tavani et al. studied the lithiation mechanism of HEO
(Mgo.2Co0¢.2Nip ,Cug,Zn, ,)O with operando X-ray
Absorption Spectroscopy (XAS) to quantify the reduction of
transition metal species (Tavani et al., 2020). For this material,
upon lithiation, Cu®" is first reduced to a mixture of 62%
metallic Cu and 32% Cu,O. Then, 75% of the Ni** is reduced to
metallic Ni. Finally, around 62% of the Co** is reduced to
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|: 2Cu0 + 2Li —— Cu,0 +Li,0
Cu,0+2Li — 2Cu+Li0

2. CoO+2Li —— Co+Li,0

3. NiO +2Li — Ni+Li,0

. =Mg, Zn
M + xLi — Li;M

FIGURE 5 | Proposed mechanism for TM-based HEO anode lithiation
(Ghigna et al., 2020). Reproduced under the terms of the CC BY license.

metallic Co. The order of this sequence was noted to follow the
redox potential of each element. These observations are also
consistent with the work of Ghigna et al., where a lithiation/

delithiation mechanism for (Mg, ,Cog,Nig,Cug,Zng,)0 is
proposed (Ghigna et al, 2020). The mechanism is
illustrated in Figure 5.

They suggest a two-stage process beginning with the
conversion of cations (Cu®*, Co**, Ni**), followed by the
conversion and eventual alloying/de-alloying of Mg>* and
Zn**. Surprisingly, it was found that ZnO is also involved
in the conversion mechanism, as shown by the presence of
metallic Zn. The reaction is incomplete and irreversible and
ultimately leads to a collapse of the rock-salt structure,
although 60% of the capacity remains. Wang et al. studied
different quantities of Mg in the structure of
(Mgo.2C00,Nip,CupZny,)O and found homogeneous
single-phase compounds for only the Mg-containing oxides
(Wang S.-Y. et al., 2021). However, the Mg-free sample still
had good electrochemical performance. Operando X-Ray
Microscope Spectroscopy revealed greater amounts of Mg
were associated with a reduced pulverization.

More detailed characterization regarding HEO degradation is
found in the work of Schweidler and Breitung. Schweidler et al.
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studied the lithiation of the (Cop,Cug Mg 2Nip,Zn,,)O anode with
Acoustic Emission (AE) monitoring (Figure 4B) (Schweidler et al.,
2021). The first cycle showed strong AE activity at low voltage, which
was attributed to SEI formation. Later, they observed AEs mostly
during the delithiation cycles, which is often where there are
mechanical stresses associated with alloying/dealloying. Schweidler
et al. also studied high-entropy oxyfluorides with AE (Schweidler
et al., 2022). Acoustic activity was most prominent during the first
cycle above 4.6 V and was attributed to mechanical degradation
(crack propagation) and gas evolution. Further insight into the
lithiation behaviour and side reactions that occur during the first
cycle can be revealed by the gases released during cycling. For
instance, oxygen release during cycling can be due to a phase
transition in cathode materials. Breitung et al. investigated the
gassing behaviour of the Li(Cog,Cug,Mg,Nig,Zng,)OF cathode
and the (Cop,Cup,Mgy,Nip,Zng,)O anode with the help of
pressure measurements and Differential Electrochemical Mass
Spectrometry (DEMS) (Breitung et al.,, 2020). The anode evolved
C,H, gas mostly during the first cycle, which was attributed to the
formation of a stable SEI. This was observed without the need for
additives in the electrolyte, which are typically used in other
high-capacity anodes like silicon. For the cathode, gassing
behaviour was dependent on cut-off voltage. Onset of gas
evolution was seen as early as 4.55V for CO,, however the
5V cutoff was associated with the greatest gas evolution
involving CO,, CO, H,, O,, and POF;. CO, and CO were
attributed to oxidation of the electrolyte, which vyields
decomposition products that later form H,. The LiPFq salt
decomposition produced POF; and O, evolution was
associated with surface lattice oxygen release. These
observations are consistent with a mechanism similar to Li-
rich disordered rock-salts. (Breitung et al., 2020).

Spinels are known to convert to rock-salt during synthesis
upon the addition of lithium, as seen in Figure 4C. Wang et al.
investigated the spinel to rock-salt transformation that occurs
upon the incorporation of Li into HEOs during synthesis
(J. Wang, et al, 2020c). The addition of lithium was
accompanied with the oxidation of transition metals until
oxidation was no longer possible, resulting in the
transformation to rock-salt. The phase conversion in spinel
(CrMnFeCoNi);0, during electrochemical cycling has also
been studied at the atomic scale (Huang et al., 2021).
During lithiation, the authors observed the formation of
CryFe; O, and LiNiyCo, O, phases along with metallic
Mn nanocrystals at 0.5 V. Further lithiation to 0.01 V led to
the emergence of metallic Fe, Cr, Co., and Ni. Upon
delithiation, the remaining spinel grains grew by
incorporating nearby metal nanoparticles.

Several publications have studied the magnetic properties
of HEOs. Witte et al. studied the magnetic properties of
perovskite-type HEOs with rare-earth metals and observed
mostly antiferromagnetic behaviour (Witte et al., 2019, 2020).
More recently, Sarkar et al. reviewed the magnetic properties
of HEOs (Sarkar, Kruk and Hahn, 2021). Sarkar also studied
the electronic band structure of rare-earth metal based
fluorite HEOs (Sarkar et al., 2020a). They highlighted the
importance of synthesis temperature and atmosphere

High-Entropy Materials for Electrodes

(reducing/oxidizing gas) on the band structure and number
of oxygen vacancies.

SUMMARY AND OUTLOOK

The field of electrochemical energy storage has seen a recent
growth in high-entropy materials. HEOs have the potential to
be used as anode materials in Li-ion batteries as they offer
very high capacity compared to the conventional graphite
anode limited to 372 mAh/g. However, it must be stressed
that these oxides typically have a large first cycle irreversible
capacity and an electrochemical stability that is inferior to
traditional anodes. In addition, they tend to operate at a
higher potential (1 V—2 V) than graphite (0.2 V—0.3 V). For
most applications, this is too high as it significantly drops the
output voltage of the battery when coupled with conventional
NMC layered cathodes (at around 4 V). Also, non-faradaic
and surface pseudocapacitive contributions to the total
capacity are still not fully understood. The presence of
multiple cations, many of which have good catalytic
activity, may react with the organic solvents and salts of
the electrolytes. Alternatively, these novel electrode-
electrolyte interactions may prove beneficial, as they may
enable the formation of a highly stable SEI

Disorder in cathode materials is known in the battery field
to be a largely detrimental property. A classic example is
LiNiO,, where significant Li-Ni cation mixing causes
degradation and eventual phase transition. The addition of
other metal cations (i.e., Mn and Co.) has proven successful,
as in the case of commercial NMCI111. Here, stability was
improved by these metal cations, and more careful cation
selection may improve structural stability even further.
However, it is not yet clear whether entropy stabilized
cathodes are any less susceptible to degradation. In
addition, certain promising high-capacity cathodes like
DRXs require processing under argon which may limit
their commercial viability. Nevertheless, HEO cathodes
have the potential to stabilize the structure and allow metal
cations to have greater stability and site energies that
accommodate lithium. The use of five metal cations,
without or with fluorination (such as in the case of DRX),
or layered structures along with vacancies could lead to stable
fully de-lithiated cathodes and hence higher capacities.
Compared to HE-anodes, there is little work on HE-
cathodes. Further work is needed to explore the full
potential of these novel electrodes.

Finally, HEAs offer new opportunities to solve the challenges
associated with conventional high-capacity anodes like silicon or
lithium metal. Compared to HE-oxides, there is little research
regarding HE-alloys for anode materials. Although it is unlikely
that entropy stabilization would eliminate the swelling associated
with Li alloying, HEAs may reduce capacity fade in otherwise
high-capacity anodes. Researchers should consider strategies
such as the combination of alloying (e.g., Sn, Al) and inert/
non-alloying elements (e.g., Cu), and the use of elements with a
large atomic radius (e.g., La). The practical and economic

Frontiers in Energy Research | www.frontiersin.org

June 2022 | Volume 10 | Article 862551


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Sturman et al.

feasibility of the latter option is increased if the composition is not
limited to strict equiatomic proportions.

In recent years, high-entropy materials have been employed in
numerous fields of energy research, but more work needs to be
done. Given the complexity of these materials, it is expected that
computational techniques and high-throughput experimentation
will play a key role in the future of the material design cycle.
However, this outlook should be approached critically.
Computational design strategies arise out of pre-existing
paradigms and may overlook truly novel materials. For
instance, high-throughput studies on HE-rock-salts may direct
resources away from the discovery of entirely new families of HE
structures. Additional challenges are related to the collection of
high-quality data (a prerequisite for the successful
implementation of machine learning). Ideally, high-throughput
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