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Single phased, high-entropy materials (HEMs) have yielded new advancements as energy storage
materials. The mixing of manifold elements in a single lattice has been found to induce synergistic
effects leading to superior physicochemical properties. In this review, we summarize recent advances of
HEMs in energy storage applications such as metal-ion batteries, supercapacitors, and fuel cells.
We begin with defining HE materials (HEMs) and discussion of the synthetic methods and

characterization techniques appropriate for evaluating HEMs at various length scales. We also discuss
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analogues, and sodium super ionic conductor (NASICON) materials in energy storage systems. Finally,

Open Access Article. Published on 21 septembar 2023. Downloaded on 13.5.2026. 12.53.43.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/energy-advances

Introduction

In the future, generating usable energy from renewable sources
such as solar, hydroelectric, and wind are expected to replace
conventional fossil fuels due to their limited reserves and
resultant impact issues.'" However, most sources of renewable
energy are intermittent, for example, solar panels generate no
power at night, which is problematic to maintaining constant
energy supplies required for large-scale grid applications. Hence,
the development of electrical energy storage systems are of great
interest to enabling renewable power generation, coupled with
energy stability.> Among them, electrochemical energy storage
(EES) systems such as batteries and supercapacitors have been
largely used in electrical devices such as electrical vehicles, mobile
phones, and laptops, but their limited energy density and cycling
capability have stymied widespread development.®™

To solve these issues, the development of energy storage
materials with satisfactory electrochemical performances is key.
Recently, high-entropy materials (HEMs) have garnered much
attention in this space. HEMs were first manifested as high-
entropy alloys (HEA) in 2004,'>"" consisting of a single-phased,
multicomponent solid solution with at least five principal elements
in near-equimolar concentrations. The compositional complexity
bestows HEAs with emergent properties, including entropy stabili-
zation, lattice distortion, sluggish diffusion and the so-called “cock-
tail effect”.'® In entropy stabilization, the high configurational
entropy within these materials compensates for the enthalpic
requirements of structural stabilization. Lattice distortion is caused
by atoms with different crystal radii randomly occupying the
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advantages, challenges, and future perspectives of HEMs in energy storage systems are discussed.

positions in the lattice of the HEA. A wide range of physiochemical
properties such as mechanical, thermal, and electrical behaviors
can be conferred by introducing various elements. Sluggish diffu-
sion results from lattice distortion, giving rise to restricted diffusion
kinetics within the material. Due to the incorporation of multiple
elements in a single phase, with each one playing a critical role
in determining the structural properties, the combinatorial and
synergistic properties result in the ‘cocktail effect’, leading to,
among others, significantly enhanced catalysis. The concept of
HEAs was later extend to other high-entropy (HE) systems such
as HE oxides,”"” chalcogenides,'®*® borides,”*>* carbides,**
nitrides,”! silicides,**** phosphides/phosphates,**>°  fluori-
des,*”° NASICON-types’®™** and Prussian blue analogues.”*™
These HEMs with their interesting and often unexpected properties
are expected to be promising active materials for electrochemical
energy storage systems.

In this review, we summarize the recent progress on the HEMs
related to their electrochemical energy storage applications. Firstly,
the concept of HEMs will be introduced. Then, synthetic methods
and characterization techniques will be summarized. Next, we
provide a review of the reported applications of HEMs in electro-
chemical energy storage devices, including Li-ion, Na-ion, Li-S,
and Zn-ion batteries, supercapacitors, and fuel cells. Overall, this
review aims to provide an overview of the wide range of functional
HEM s for electrochemical energy storage systems and pinpoint the
existing challenges and future directions in this field.

Theoretical concept of HEMs

The general high entropy concept was first introduced by
Cantor et al. and Yeh et al. based on the configurational entropy
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of mixing multiple principal elements with near-equimolar
ratios.’®*” For HEAs, the high entropy term refers to alloys
which contain at least five elements in atomic percentages
ranging from 5% to 35%. The state of ‘high entropy’ may then
be quantified by the simple entropy of mixing:

AScont = 7RZX,‘ In x; (1)

i=1

where R represents the gas constant, x; is the molar fraction of
component 7, and n is the total number of constituent ele-
ments. Specifically, HEAs with AS.,n¢ value of >1.50R or larger
have been categorized as high-entropy, while medium-entropy
and low-entropy alloys refer to alloys with 1.0R < AS < 1.5R
and AS < 1.0R, respectively. For inorganic materials with more
than one sub-lattice (such as HE oxides and chalcogenides),
overall configurational entropy is calculated by the modified
equation to account for contribution of the disordered sub-
lattice to the overall material:

ASconf =—-R Z aS Zyis lﬂ}’iS (2)
S i

where a° represents the molar concentration of each sublattice
with respect to the whole composition, while y; represents the
molar ratios of each component element within the sublattice.
As shown in Fig. 1, Buckingham et al. used this equation to
calculate for the configurational entropy value of three com-
mon metal chalcogenide compositions (MX, MX, and M,Xs,
where M is the metals and X is chalcogenides), a value of 1.5R
cannot be achieved in these systems with a singly disordered
sub-lattice, even if the number of elements in that sub-lattice
was increased to 15. Therefore, Buckingham et al. proposed a
new criterion to classify HE chalcogenides by the number of
elements present, which is often reported to have occurred at 6.
This criterion could be extended to other inorganic HEMs
that have two sublattices such as the rock-salt structured HE
oxide (Mgo ,C0p2Niy,Clg,Zn,,)0*® and the spinel structured
(CrMnFeNiCu);0,4.*° However, it cannot be applied to materials
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Fig. 1 Calculated configurational entropy (in both R and J K™ mol™?) for
species with a single disordered sub-lattice (M) for (pink circles) alloys with
a single lattice, and a range of common metal chalcogenide materials with
a single chalcogenide sub-lattice (i.e. X is all O, S, Se or Te) for (orange
squares) MX, (blue diamonds) M,Xz and (purple hexagons) MX,. Copyright
permission from Royal Society Chemistry, used from ref. 46.
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that have two or more metal sublattices such as HE perovskites
of formula ABX;-type (where A represents electropositive
alkaline, alkaline-earth, or rare-earth metal element, and
B and X are transition metals and oxygen or halogen
%052 and Prussian blue analogues

anions, respectively

’

AM, {MW(CN)()] H,O (where A represents alkali metal ions
(e.g., Na* and K*), and M and M correspond to transition metal
cations).”® Due to the conflicting definition of high entropy
across multiple materials, we propose a universal criterion to
classify HEMs by the number of elements with a singly dis-
ordered lattice (or sub-lattice), which needs to be five or higher,
with molar fractions of each component greater than 5%.
It is worthwhile to note that for inorganic materials with
multiple disordered sub-lattices, such as the HE chalcogenide
(PbSnSb)(SSeTe), it is possible to achieve a configurational
entropy value of 1.5R> even without five principle elements
in a disordered sub-lattice.

Synthetic methods and techniques to
characterize HEMs

Various physical and chemical synthetic methods have been
developed to successfully fabricate HEMs with a single phase
and homogenous elemental distributions. Classical solid state
reaction is a common method to prepare HEMs, which involves
several processing steps including pre-annealing mixing, such
as mechanical ball milling to produce an even elemental
mixture, followed by high-temperature calcination.>®® Gener-
ally, re-mixing and re-calcination steps are also required to
further improve the elemental homogeneity in the final HEM.
One drawback of this method is that the particle size of the
solid-state reagents are around 100 nm, even after ball-milling,
which inhibits elemental mixing at the nanoscale prior to the
annealing process, which leads to the requirement of energy-
intensive (usually above 1000 °C)*® and time-consuming
(generally between 10 h and 24 h)*® procedures to ensure
sufficient elemental diffusion at the nanoscale. High energy
ball milling has recently been reported to produce a series of
HE chalcogenides, which is performed at room temperature
and does not require any external heating. However, this
method requires a pre-synthetic step to produce each metal
sulfide and an extended process time for ball milling, up to
120 h in total, which could potentially preclude scale up.®°
Another common synthetic route towards HEMs is solvo-
thermal synthesis, where precursors react in an organic solvent
in an autoclave. This approach has the advantage of relatively
low reaction temperatures (usually between 160 °C and
200 °C).**"® In addition, the morphology of the final product
can be controlled by adjusting the reaction temperature and
reagent concentrations. Bondesgaard et al. reported a facile and
low-temperature solvothermal synthesis method to fabricate
the high entropy alloy Pty ,0Pdg 20It0.20Rhg20RUp 20 by dissol-
ving metal acetylacetonate precursors in an acetone-ethanol

© 2023 The Author(s). Published by the Royal Society of Chemistry
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mixture solvent.”* They found that the choice of reagent
precursors and solvent is crucial to produce HEMs. The rela-
tively large metal-acetylacetonate binding constant can signifi-
cantly promote coprecipitation, which is beneficial to alloy
formation.

Cation exchange methods have been reported to synthesize
a nanoscale HE metal sulfide (HEMS).®> As shown in Fig. 2,
Schaak et al used pre-fabricated roxbyite copper sulfide
(Cuy gS) nanoparticles, which were then suspended in solutions
that contain appropriate amount of various metal chlorides to
be exchanged with Cu to form (ZnCoCulnGa)S HEMS nano-
particles. The mixture reacts initially at 110 °C under a vacuum
for 30 mins and is then heated to 180 °C under Ar for another
30 min. Subsequently, the temperature of the reaction mixture
decreases to 140 °C and is held for a further 30 min. After
cooling to room temperature, the reaction mixture is centri-
fuged with a 1:1 mixture of IPA and acetone. This method is
entropically favorable as the cation exchange reacts in solution,
which is advantageous to the formation of HEMs. However, this
approach is potentially unscalable as the relatively slow diffu-
sion rate (we estimate ca. 115 days to diffuse 100 um) would
preclude bulk HEMS formation.*®

A very effective synthetic route towards HEMs is via mole-
cular precursors.®®®® This method has significant advantages
over other synthetic techniques, including homogenous mixing
of the precursors at the atomic scale, which maximizes the
disorder and thus entropic stabilisation in the solid-state
products, prefabricated M-S bonds in the precursors which
enable relatively reduced synthetic times (1-5 h) and relatively
low preparation temperatures (300-500 °C) compared to other
synthetic approaches.®® Lewis and co-workers pioneered this
route to successfully prepare bulk HE lanthanide oxysulfide
materials based on the thermal decomposition (900 °C for 5 h)
of five lanthanide dithiocarbamate precursors.®® Lewis and co-
workers also reported the synthesis of quantum confined (HE)
lanthanide oxysulfide nanoparticles.®” This method utilizes
solvothermal decomposition of lanthanide dithiocarbamate
precursors in the presence of capping agents. The obtained
HE nanoparticles had identical elemental composition to that
of the bulk HE oxysulfides. Recently, a novel 2D HE metal
dichalcogenide (MoWReMnCr)S, has been fabricated via a
combination of ‘bottom-up’ and ‘top-down’ approaches.®” The
bulk HE material was initially synthesized through solventless
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Fig. 2 Figure visually showing the formation of (Zng 25C00.22CuUg 28LN0 16-
Cap.11)S HE metal sulfide synthesis via simultaneous multication exchange.
Copyright permission from American Chemical Society, used from ref. 65.
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thermolysis of a mixture of five individual metal dithiocarba-
mate precursors at 500 °C for 1 h. The structural similarity
between the as-prepared HE disulfide and layered 2H-MoS,
enabled liquid-phase exfoliation to extract few layered HE
(MoWReMnNCr)S, nanosheets (3-7 atomic layers). The few
layered nanosheets produced were found to contain a homo-
geneous elemental distribution of metals at the atomic scale.
Overall, these approaches are potentially extendable to the
synthesis of manifold HE chalcogenides due to the wide library
of available transition, main group, and lanthanide single
source precursors.”’ In addition, the ternary transition-metal
dichalcogenides Mo, ,W,S, or transition-metal oxides
Mo, ,W,0; have been previously produced via single source
precursors simply by changing the decomposition atmos-
phere,”* this approach can therefore potentially be extended
to the synthesis of HE oxides.

A variety of material characterization techniques can be
utilized to deduce HEMs crystal structures, morphologies,
elemental distribution, and electronic structures. X-ray diffrac-
tion (XRD) is a typical method to characterize the HEM crystal
structure, which provides a direct assessment of the phase
purity of HEMs.?® The refined lattice parameters, crystallinity,
particle size, and orientation can also be calculated from
diffraction data. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) are frequently used
to observe the surface morphologies and particle dimensions of
HEMs in the micro-to-nano scales.®>”> High-angle annular
dark-field - scanning transmission electron microscopy
(HAADF-STEM) coupled with fast Fourier transform (FFT) ana-
lysis can reveal the atomic arrangements, lattice planes, grain
boundaries, and dislocations in the structure at nano-to-atomic
scale.”® Yong-sheng et al. applied HAADF-STEM to characterize
the atomic-scale structure of the HE perovskite Na(Nij,s-
Mgy.05CUo 1Feg sMng 5 Tiy 1SN0 1)0, (HEO0424).”> As shown in
Fig. 3(a) and (b), both Na(Ni,4Fe,,Mn, )0, (NFM424) and
HEO424 show dense structures without grain boundaries,
indicating that both samples are a single crystal. Atomic-
resolution HAADF-STEM imaging of a HEO424 particle reveals
an hexagonally symmetrical arrangement of metals, which is in
accordance with imaging down the [001] zone axis. HAADF-
STEM used in tandem with energy-dispersive X-ray (EDX)
spectroscopy is a powerful tool to confirm the homogenous
elemental distribution at near-to atomic scale and discover
whether phase separation exists in HEMs or not. Chen et al
applied HAADF-STEM elemental mapping to confirm the for-
mation of a heterostructure between an high-entropy oxide and
CuCeO,”* As shown in Fig. 3(c), the Ce ions did not mix with the
bulk HEO solid solution but was grafted onto the surface of the
HEO particles. It is interesting to note that Ni, Mg, and Co
elements are much diluted in this area compared to that in the
core structure, while Cu and Zn elements dissolve with Ce,
which indicates that Cu and Zn are incorporated in the CeO,
lattice to form a (CuZnCe)O, solid solution on the shell of
the HEO.

X-ray photoelectron spectroscopy (XPS) is a tool to analyze
chemical environments within a material, including the
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Fig. 3 TEM and HAADF-STEM images of NaNig4Feq2Mng 4O, (a) and NaNig25Mgo 05Cug1Feq 2Mng2Tio 1SN0 102, (b) Copyright permission from
American Chemical Society, used from ref. 72. (c) Elemental maps and high-resolution HAADF-STEM image results for CuCeO,—(NiMgCuZnCo)O with
20 mol% Ce. Copyright permission from Elsevier, used from ref. 73. (d) XANES spectra at the Pd K-edge and (e) XPS profiles of O 1s for Pd@HEFO and

Pd@CeO,. Copyright permission from Springer Nature, used from ref. 74.

valence states and multielement compositions on the surface of
HEMs.”””’® When coupled with X-ray absorption near-edge
structure (XANES), it can fundamentally reveal the electronic
structure and coordination states of multiple elements in
HEMs structure. For example, Xu et al. used XANES and XPS
measurements in tandem to investigate the chemical surround-
ings of single Pd atoms in (CeZrHfTiLa)O, for CO oxidation
catalysis.”* As shown in Fig. 3(d), the Pd K-edge absorption edge
spectrum for Pd;@HEFO is between that of Pd foil and PdO,
suggesting that the valence state of Pd is between 0 and +2. The
valence state obtained by XANES is lower than the +4 from XPS,
which is possibly related to the surface oxidation between Pd
atoms and air. In addition, the O 1s XPS spectra shows that the
ratio of absorbed oxygen (Op) to the lattice oxygen (O,) in
Pd;@HEFO is much higher than that of Pd@CeO, (Fig. 3(e)),
which might be ascribed to the fact that the Pd incorporation in
HEFO generates more oxygen vacancies. Also, the formation of

1568 | Energy Adv, 2023, 2,1565-1590

more oxygen vacancies is consistent with its improved catalytic
activity.

HEMs for energy storage systems

With the limited resources of fossil fuels and their related
environmental issues, the rapid development of alternative
energy sources is required.””®' This will include energy har-
vesting from waste materials and energy storage devices.®*"®*
Electrochemical energy storage systems have advantages in
sustainability and stable energy output. Batteries, supercapaci-
tors, and fuel cells are examples of energy storage
technologies.® All these devices consist of two electrodes and
an electrolyte.®® In batteries and fuel cells, the chemical energy
derived from redox reactions at the two electrodes converts
chemical potential to electrical power.®” The electrode with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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lower potential is designated as the anode and the cathode has
a relatively higher potential. The major difference between
batteries and fuel cells is the energy storage and conversion
locations.®® For batteries, the anode and cathode are not only
the charge-transfer mediums, but are also active in the redox
reactions. Batteries are therefore closed systems where the
energy storage and conversion occur within the electrode
materials. For fuel cells, the species participating in the redox
reactions are supplied externally e.g., air or a redox reservoir,
where the energy storage and conversion are initiated indepen-
dently. In supercapacitors, energy is not generated by the redox
reactions, the electrical energy is stored and released by reversible
adsorption and desorption of electrolyte between two electrostatic
double layers (EDLs) formed by the electrode/electrolyte inter-
face.® As there is no chemical reaction involved, the physical
charging mechanism from electrostatic attraction alone enables
supercapacitors to have rapid charge-discharge kinetics, cycling
durability, and high-power densities.

The Ragone plot (Fig. 4) shows that fuel cells can be
characterized by their high energy densities, while supercapa-
citors are characterized by their high power output.®® Batteries
have intermediary power output and energy storage compared
to fuel cells and supercapacitors, with supercapacitors having a
low energy density but high power density. Indeed, battery
electrodes with high surface areas exhibit similar characteris-
tics to that of supercapacitors,”’® where the redox reaction
partly contributes to the energy storage, which results in the
higher energy densities compared to conventional supercapa-
citors. At the same time, similar electrochemical storage
mechanisms to EDL supercapacitors allow the delivery of better
power density compared to batteries. Due to this synergistic
effect, the design of hybrid electrochemical storage systems is
of interest as they are capable of displaying high energy and
power densities in comparison to EDL supercapacitors and
batteries alone.
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Fig. 4 Ragone plot of the energy density (W h kg~ and power density
(W kg™ realms for the different electrochemical energy storage systems
and conventional capacitors. Copyright permission from American
Chemical Society, used from ref. 88.
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In recent years, HEMs have been widely applied as electrode
materials for electrochemical energy storage systems.”*® Due
to their complicated compositions, HEMs often exhibit excel-
lent properties that traditional materials cannot access easily,
such as superionic conductivity,”” high reversible capacity**°®
and extended cycle life.”” To date, a wide variety of HEMs
including HE metal alloys,'** "> oxides,"***'® chalcogenides,*
perovskites,"** " Prussian blue analogues®* and NASICON-type
materials** have showed extraordinary performances in metal-ion
batteries,">'%**'° supercapacitors'®® and fuel cells.""!

HEMs for lithium-ion batteries (LIBs)

Previous studies have shown that HEMs have excellent perfor-
mance as both anode and cathode materials for LIBs.'*%>%%9%11
Owing to the structural stability conferred by entropic stabilization,
the materials are more robust with respect to the charging/dischar-
ging processes when compared to traditional electrode materials.
Furthermore, the introduction of electroactive cations with high
redox reaction potentials, such as Ni and Fe, is effective for
enhancing specific capacity as well as energy density.”” Recent
reported HEMSs as electrode materials for LIBs are summarized in
Table 1.

Among HEMs, rock-salt and spinel-type HE oxides have been
most widely applied as electrode materials for LIBs.'*%>14°
Transition metal oxides (TMOs) are promising electrodes for
LIBs as they have higher operating voltages compared to
graphite-based materials.'*® Most TMO electrodes follow the
conversion reaction mechanism: M,O, + 2)Li* + 2ye” «
YLi,O + xM,"*>*%! which possesses higher theoretical specific
capacities in comparison to intercalation-type electrodes™** as
more electrons involved in the reaction. The HEO rocksalt-type
(Mgo.2C0¢,Niy ,Cug »Zn, ,)O was first utilized as an anode for
LIBs."* In comparison to conventional LIB electrodes, the HEO
exhibits significantly improved rate capability, even when
cycling at high current densities. It is worthwhile to note that
various crystallographic structures and emergent properties
are obtained via compositional adjustment between multi-
metallic cations and anions. For example, spinel HEO anodes
(Mgo.2Tio.2Zny ,Cuy 2 Fey.2);04 and (Nig,CopMng 2Feq 5 Tig 2)304
have also been developed, with the former showing superior
specific capacity of 1235 mA h g " with excellent retention of
90% after 200 cycles."*° The electrochemically active Ni and Co
in the lattice enable the entropy-stabilized HEO to perform
redox reactions during charge/discharging processes, which
confers a higher reversible capacity. Electrochemically inert
cations, such as Mg®" and Zn>", could play a critical role in
stabilizing HEOs structure during charging/discharging pro-
cesses and lead to extraordinary cycling performance. Thus, the
multi metallic cations in the HEO collectively contribute to the
superior electrochemical performances observed.

Due to the incorporation of various metallic cations in
entropy-stabilized single-phase HEOs, the elemental interac-
tions may lead to more complex lithiation behaviors compared
to traditional metal oxides with one or two metallic cations.
Feng et al. employed in situ electron diffraction (ED) and ex situ
high-resolution transmission electron microscopy (HR-TEM)
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imaging to atomically identify phase transformations during
the whole lithiation process of a rock-salt HEO electrode
(C00.2Nip,MNg ,ZNg 5Fe)5)305, (M505,).""* The pristine ED
pattern (Fig. 5(a)) of the HEO electrode shows eight distinct
diffraction rings which were indexed to the rock-salt structure
(ICDD PDF#01-078-0431). At the initial lithiation stage, an
emerging reflection from the Li,O (220) plane was generated.
The eight sharp diffraction rings in Fig. 5(a) gradually vanish
and the HEO (311) reflection completely disappeared in
Fig. 5(b). Ni, Co, and Mn metal phases also appear sequentially
(Fig. 5(c)—(e)). The diffraction intensities of M;0; , were further
weakened and the (422) and (400) reflections vanish. At the
final lithiation stage (Fig. 5(f)), the pristine rock-salt structure is
not observed. A new phase of Lij,Zn, g with two distinguishable
(100) and (101) planes was generated. As shown in Fig. 5(g), the
quantitative intensity profiles from time-sequenced ED patterns
are plotted to better visualize the structural transformations
throughout the lithiation process, the characteristic peaks attri-
buted to the HEO rock-salt phase vanishes, while some broad new
peaks indexed as Fe, Ni, Co, Mn, and Liy,Zn,s appeared in
succession, which is highly consistent with the time-sequenced
ED patterns. To further verify the formation of these emerging
crystallites, the M;0; ,-based half cells discharged to 0.01 V were
disassembled and then were characterized by TEM. As shown in
Fig. 5(h)-(1), HRTEM images and their corresponding fast Fourier
transformation (FFT) also confirm the occurrence of these new
phases. Thus, the detailed in situ and ex situ TEM observations

- HEO (422)
HEO

HEOQ (422,
s HEO {420i
—=HEO (400

Cc

View Article Online
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suggest that HEO anode undergoes complicated conversion and
alloying reactions during the lithiation process, and this results in
a polycrystalline structure consisting of Fe, Ni, Co, Mn, Lij,Zn, g
and Li,O phases.

Fig. 6(a) and (b) shows the comparative TEM images
between a fully lithiated and delithiated HEO nanoparticle
(NP) in the first discharge-charge process. The fully delithiated
NP recovers to its pristine morphology with almost the same
particle size observed. The phase transformations during
delithiation were identified by in situ ED patterns (Fig. 6(c)-
(h)). Upon an initial delithiation, Li,,Zn, s phase first disap-
peared, which indicates that the dealloying reaction process
occurred. Simultaneously, the diffraction ring of (200) plane
re-occurred, suggesting that rock-salt HEO structure is
recovered, With the further delithiation process, the diffraction
rings arising from Co, Mn, Ni, Li,O phases are diminished,
which is accomplished by emergence of the (420), (311), and
(222) reflections attributed to the HEO rock-salt phase. An
unexpected symmetrical structural evolution during initial dis-
charge-charge cycle is noticed in Fig. 6(i), demonstrating that
the conversion and alloying reactions are highly recoverable
and thus enabling reversible transformation of the promoting
efficient lithium storage.

Spinel-type HEOs have been utilized as electrode materials
for LIBs. This unique structure with three-dimensional Li"
transport pathways can potentially facilitate Li" conductivity
and thus improve lithiation kinetics. The two Wyckoff sites and
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Fig. 5

(a)—=(f) In situ electron diffraction (ED) and HRTEM imaging during lithiation. (g) The intensity profiles from ED patterns at different lithiation stages.

(h)—(l) Ex situ HRTEM images and corresponding FFT patterns of lithiated M3zOs,. Scale bar 2 nm. Copyright permission from Wiley, used from ref. 113.
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Fig. 6 Structural reversibility of the HEO structure upon delithiation. (a) and (b) TEM morphology evolution of a fully delithiated HEO nanoparticle. (c)—-(h)
ED patterns from different delithiation stages. (i) Schematic diagram of the ED pattern evolutions during the first discharging/charging cycle. Copyright

permission from Wiley, used from ref. 113.

rich oxygen vacancies are favorable for reversible Li" storage.
Ting et al. reported a surfactant-assisted hydrothermal method
toward a spinel HEO (CrMnFeCoNi);0, anode for LIBs, which
was found to have a desirable specific capacity of 1235 mAhg™*
and respectable capacity retention of 90% after 200 cycles."*
Most of the reported HEO anodes for LIBs contain Co which
mainly contributes to high conductivity and reversible capacity.
However, Co is expensive, and large quantities of global cobalt
is mined in the Democratic Republic of the Congo, which
suffers from political instability and ethical production meth-
ods (due to civil war, other violence, and child labour).*>**>*
Therefore, the development of Co-free HEO anodes is of great
interest.

Chang et al. reported a Co-free spinel (CrMnFeNiCu);0,
HEO and applied operando X-ray absorption spectroscopy

1572 | Energy Adv, 2023, 2,1565-1590

(XAS) to study ion intercalation mechanisms.*® In comparison
to conventional XAS that is operated in stepping mode, quick-
scanning XAS with a monochromator oscillation frequency of
2 Hz has better signal-to-noise ratio sensitivity as well as
superior time-resolution. Fig. 7 exhibits the various K-edge
spectra for all the metallic elements in the HEO anode during
the initial discharging-charging process. Upon Li" uptake, the
absorption edges of all the spectra shifted towards lower
energy, suggesting that reduction happens during lithiation.
After full lithiation at 0.01 V, operando spectra of all constituent
elements are close to the plots of metal standards, indicating
that the metallic Mn, Cu, Cr, Fe, and Ni formed at the end of
lithiation process. At the delithiation stage, progressive shifts
towards the positive side were observed in Mn, Cr, and
Fe spectra, suggesting the occurrence of oxidation reactions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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A minor shift was noticed in the Ni spectra. It is worthwhile to
note that the absorption edge of Cu was almost unchanged
throughout the delithiation, which is indicative of high
irreversibility.

Detailed coordination structure transformations of all the
metallic elements present in HEO anodes were examined using
first-derivative curves of the K-edge spectra. As shown in
Fig. 8(a), the two peaks around 6539 and 6546 eV were ascribed
to Mn® in metallic Mn and Mn?*"3* in HEO, respectively. After
250 mA h g7, the Mn signal gradually becomes stronger while
the Mn*"*" peak becomes weaker, suggesting that the conver-
sion reaction between Mn**?* and Mn® occurs. Cu®>" undergoes
a single-step conversion to form Cu® (Fig. 8(b)). The Cu>*
characteristic peak located of 8983.9 eV is diminished up to
lithiation of ~250 mA h g~' while the metallic Cu signal at
8979 eV became intensified. After this, the spectral features are
almost unchanged. According to Fig. 8(c), two reduction reac-
tions were observed during the charging and discharging
processes; Cr’* is reduced to Cr** before 0.44 V, then Cr*" is
reduced to metallic Cr° from 675 and 1200 mA h g*. Fe*"*"
also displays two-step reduction with the reduction of Fe*" to

© 2023 The Author(s). Published by the Royal Society of Chemistry

Fe" followed by reduction of Fe** to metallic Fe® (Fig. 8(d)). Ni
underwent a single-step conversion of Ni*" to metallic Ni°
eventually (Fig. 8(e)). The redox behavior of the elements in
the HEO anode is summarized in Fig. 8(f). At the beginning of
the lithiation process, reduction reactions including Mn*" —
Mn”" and Cu®*" — Cu® are mainly responsible for the capacity
contribution. The transitions Mn** —» Mn° cr*' - cr*,
Fe’" — Fe®*, Fe”" — Fe’, and Ni** — Ni° give rise to a charging
potential plateau at around 0.5 V. The final Li" storage charge-
compensation was mainly resulted from Cr** — Cr° conver-
sion. As exhibited in Fig. 8(g), at the initial delithiation process,
the measured capacity was largely originated from the oxida-
tion reaction of metallic Mn. After ~1.13 V, both Cr and Fe
started to oxidize. The Cu reaction was almost invisible and
provided the least capacity. The oxidation of Ni needed a large
overpotential of ~1.67 V, contributing to capacity only at the
last stage.

HEO materials have also been reported as cathode materials
for LIBs. Brezesinski et al. reported a high-entropy rock-salt-
type fluoride oxide Lij 94(C0g21Nip21Zn0 Mg ,ClUg158)01F0.87
and layered oxide LiNi,,Mn, ,C0q ,Feq 2Aly 20,, which displays

Energy Adv., 2023, 2,1565-1590 | 1573
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excellent Li* storage capability."*” Ceder et al. applied the HE
concept to the recently developed cation-disordered rocksalt
(DRX) cathodes, which was found to be an effective method to
suppress cation short-range order (SRO) due to the mixing of a
larger number of TM species.*® The SRO reduction is favorable
for Li* storage capability. Three prototype compositions were
designed with different numbers of TM species in order
to assess their HE DRX strategy. Li; ;Mng 4Tip 304 ,Fo3 was
regarded as reference sample. Mn, Nb, Co, and Cr elements
were successively incorporated into the former structure to
form Li; sMngy,Mng,Tiy1Nbg,0;7Fy5 and Li; 3Mng;C0yMng 1~
Cr.1Tip1Nb 2,0, 7Fo 3. The three compositions were referred to as
TM2, TM4, and TMBS, respectively, based on the various number of
TEM species present in each structure.

1574 | Energy Adv, 2023, 2,1565-1590

As shown in Fig. 9(a), 30% Li excess was included in all three
compositions to facilitate Li intercalation without undermining
the TM redox capacity. 15% fluorine was incorporated to
substitute oxygen to ensure a good redox reservoir. Scanning
electron microscopy (SEM) revealed that the particle size of
TM6 samples is approximately 5-10 pm 