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ARTICLE INFO ABSTRACT

Keywords: In this paper we offer a new perspective on how the principles of high entropy design for oxide materials can be
L“hluf“ Rich Layered Oxides applied to lithium rich transition metal oxide cathodes. We discuss the structure, unique properties, and synthetic
Batteries dependence of lithium rich transition metal oxide cathodes as well as some background on high entropy oxides.
Entropic Stability . 3 . T . . . . .

Cycle Life We then discuss the benefits of entropic stabilization in reducing the rigor and increasing the consistency of

synthesizing phase pure cathodes materials. We draw parallels between the established temperature, time and
transformation relationships used in synthesis of materials and electrochemistry to propose a voltage, time, and
transformation analogue that can be used to help explore the phase transformations of lithium rich transition
metal oxide cathodes over cycling. This proposed voltage, time, and transformation system is then used to
explore the use of entropic stabilization of lithium rich transition metal oxide cathodes during electrochemical
cycling. Finally, considerations for the design and limitations of entropic stabilization for lithium rich transition
metal oxide cathodes are discussed, and solutions are offered.

Materials Design

Introduction to LRLOs

The lithium rich layered oxides (LRLO) cathodes are an ouroboros of
structure and property relationships. The LRLO category of cathodes was
initially notable due to high capacities, high voltages, and relatively
low-cost compositions [23-27]. However, as time progressed, they
became more well known for their challenges such as fading voltages
and capacities, poor rate capabilities, and poor thermal stabilities [23,
25,28-30]. As seen in Fig. 1 Michael Thackeray, et. al. first noted the
chemical and electrochemical behaviors of the Li,MnO3 material, the
precursor of LRLO materials, in 1991 [1]. Further experimentation with
LisMnOg resulted in its use to stabilize other layered lithium transition
metal oxides, as seen in the work of Numata et. al. who successful sta-
bilized LiCoO, with LioMnOg [2]. Further investigation of the structure
of the resultant class of LRLO materials resulted in two rival structural
interpretations. Thackeray proposed a two-phase structure with a
mixture of a R-3 m component phase of LiNipsMng 502, and a C2/m
component phase of Li,MnOg; Dahn proposed a single R-3 m phase
material, see Fig. 2(b), Figure SI1, and Figure SI2 [3,4]. Later structural
refinement by Ceder, et. al. demonstrated that the arrangement of
transition metals within the transition metal layer for both of the

proposed structures could explain the observed XRD patterns, see Fig. 2
(c) and Figure SI3 [5]. Publication of the Gibbs Diagram by Dahn et. al.
demonstrated how LRLO materials lie in a two-phase existence region
between an R-3 m (Li[NigsMngs]O2) phase, and a C2/m) (LioMnOs3
phase, which highlighted how compositionally dependent the structure
of LRLO materials are [12,13].

As the structural ambiguity remained, more observations were being
made on the unique features of LRLO cathodes, such as their poor ca-
pacity and voltage cycle stability. The loss of voltage and capacity over
multiple cycles was initially addressed by the use of a surface coatings
[6]. The surfaces of LRLO materials were known to be unstable with
observation of spinel or spinel-like phase forming over the course of
cycling [8]. With surface coatings, which would stabilize LRLO surfaces
and prevent side reactions, as well as spinel growth, voltage decay was
observed, indicating that voltage decay was rooted in the bulk of the
LRLO materials [6,8]. Migration of the transition metal ions in the bulk
of the LRLO materials was first proposed in 2013 by Gallagher et. al. as
the mechanism behind voltage fade, and this was later confirmed by
direct observation by Li et. al [14,21]. The migration of transition
metals being the mechanism of voltage fade was consistent with the
observed phase instability of the LRLO materials. This instability means
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upon repeated cycling and the associated transition metal migration
LRLO materials undergo phase decomposition into defect phases [12].
The phase instability of LRLO cathodes is also represented in the
4.5V plateau seen in the first charge profile of with potentials at or
above 4.5 V. This plateau is a representation of the LRLO materials
undergoing a previously thought irreversible structural transformation,
where transition metal ordering is lost, and oxygen becomes electro-
chemically active [7,22]. The electrochemical activation of oxygen was
first proposed as an explanation for the greater than theoretical capac-
ities seen in LRLO materials [7]. There are several competing contem-
porary explanations for the origin and cause of this additional capacity,
though a majority of them ascribe the electrochemical activation of
oxygen as critical for this process [9-11,15,16,18,19]. Additionally, as
previously mentioned this process was believed to be entirely irrevers-
ible, until the discovery that simple thermal treatment could reverse the
phase transformation, however, at time of writing the structural trans-
formation remains electrochemically irreversible [22]. The discovery of
the activation processing being reversible, as opposed to irreversible,

Next Materials 7 (2025) 100332

indicates that electrochemically active LLRO is metastable [22].

The metastability of electrochemically active LRLO materials offers
several key insights into the mechanistic origins as well as for strategies
for mitigating or eliminating phase instability. The electrochemically
irreversible energy in the activation of LRLO materials is lost during the
creation of defects accompanying the phase transition from the pristine
material into the metastable material [22]. These defects also serve as
the origin structural instability, voltage fade, and capacity loss in LRLO
materials. The metastability of electrochemically active LRLO materials
also offers the possibility of increasing the phase stability of these ma-
terials through entropic stabilization techniques.

Entropic stabilization in oxides

Entropy is critical in stabilizing a myriad of materials and structures
from the membranes that make up life [31], to providing toughness and
resilience for new alloys [32,33]. The discovery of high entropy alloys
(HEA) demonstrated that entropic stabilization can be achieved through

LiNigsMn, .0,
n

NiO;

Al

Fig. 1. - A timeline of significant research milestones for lithium-rich cathode materials. These milestones are: Michael Thackeray’s description of the first
lithium-rich compounds [1], the first synthesis of Li;MnO3 stabilized cobalt analogue [2], the patents filed by Dahn [3] and Thackeray [4] with differing structural
arguments, Ceder’s publication of honeycomb ordering [5], the first use of coatings to successfully stabilize LRLOs [6], the oxygen activation theory [7], spinel
formation observed and linked to voltage fade [8], Oxygen Dimer Theory [9], Trapped oxygen theory [10,11], publication of lithium-rich phase diagrams [12,13],
proposed mechanism of voltage fade as TM migration [14], polyanion doping preformed in LRLO [15], oxygen vacancy and TM migration theory [16], link between
morphology and performance of LRLO established [17], electron hole theory of activation [18,19], manganese oxidation theory [20], transition metal migration
linked to voltage fading [21], reversibility of electrochemical activation through heat treatment [22].
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the high mixing entropy from multiple components [32]. By the Boltz-
mann hypothesis the greater the number of available microstates in-
creases the entropy, and by increasing the number of components the
number of microstates increases. The gain in entropy arises from the
number of components in a mixture and can be calculated by converting
the mixing entropy to configurational entropy which measures the
overall change in entropy per mole of each constituent element, see
Equation 1 for the process of deriving the configurational entropy [32].

Equation 1. - The derivation of configurational entropy, ASconfig-
Where k is Boltzmann’s constant, o is the number of microstates, n is the
number of constituent elements of equimolarity, and R is the universal
gas constant.

AS onfig = kin(w) = R(%ln(%) +... +%ln(%) ) = Rln(%) = —RIn(n)

The calculation of phase stability for these multicomponent alloys
follows Gibb’s rules, where for the formation of a stable phase, the
Gibb’s free energy of formation, AGy, of the phase formation needs to be
lower than zero. For this to happen the entropy of formation, ASy, must
be large enough to exceed the positive enthalpy of formation, AHy, and
dominate the Gibb’s free energy of formation, AGy where AGy = AHj -
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TAS; thereby stabilizing the formation of the alloys above a sufficiently
high temperature. This definition of |ASfT| >> |AHy| serves as the
strictest definition of entropic stabilization [34]. Configurational en-
tropy is the most direct mechanism for influencing the formation en-
tropy of a material system. The expansion of the configurational
entropy, as seen in Equation 2, while including the concentration of
each constituent, is still based on idealized Boltzmann statistics and
therefore fails to account for the possible interactions of other constit-
uent elements that can have substantial influence on the enthalpy and
entropy of the material [32,35,36]. For this purpose, convention set by
Chang et. al. set the definition of high entropy alloys as those with 5 or
more principle elements with concentrations between 35 and 5 at% with
configurational entropies > 1.5 R such that any non-ideal factors are
overcome [32].

Equation 2. - Ideal configuration entropy of non-equimolar phases is
used to factor in the fraction, x, of each constituent element, i, for n
constituent elements.

ASconﬁg(xi) = —-R Z xiln(xi)
i=1

Application of entropic stabilization expanded in 2015 with the
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Fig. 2. — Representation of how the unique structure of LRLO materials is related to the oxygen activation as well as the historical limitation of phase
instability and rate capability. (a) The Gibbs diagram of the pseudo-ternary Li-Ni-Mn system, with the highlighted region demonstrating where on the diagram
LRLO’s exist. (b) The structures of the (i) R-3 m and (ii) C2/m phases. (c) Representation of the transition metal layer ordering in (i) C2/m and (ii) R-3 m phases. (d)
The 1st cycles charge/discharge curves of Li/xLi;MnO3;@(1-x)LiMng sNig 502 cells between 4.7 — 2.0 V at 5 mA/g and 30 °C, where x = 0.1 and 0.5. (e) The voltage vs
capacity curve over time demonstrating the loss of capacity and voltage over the course of repeated cycling.

(a) Adapted with permission from {reference 12} Copyright 2013 American Chemical Society. (b) Adapted with permission from {reference 38}. (c) Reproduced with
permission from {reference 40} Copyright 2005 American Chemical Society. (d) Reproduced with permission from {reference 43}. (e) (f) Cycling behavior of
xLi>MnO3;@(1-x)LiMn; ,3Ni; 3C01 30, particle of compositions x = 0.3, 0.5, and 0.7, at various rates ranging from C/10-2 C with voltage range of 2.0 — 4.8V,

reproduced from #4,



S. Burke et al.

initial discovery of high entropy oxides (HEO) by Rost et. al. demon-
strating the assumptions made in classical HEA cannot be directly
applied to oxides [34,37]. Oxide materials consist of a minimum of two
distinct sublattices, the cationic sublattice and the oxygen sublattice,
both of which can contribute to the configurational entropy of the
resultant oxide. For HEO systems the maximum configurational entropy
therefore scales not only with the number of constituent elements, but
also the number of sublattices and their respective multiplicities as seen
in Equation 3. Therefore, HEO can have less than 5 constituent elements
and still exceed the AS;onsg; > 1.5 R threshold. In realistic materials
systems, such as the LRLO cathodes, the lithium and oxygen sublattices
are not heavily substituted, leaving the transition metal sublattice the
primary driver of configurational entropy. This limits the overall en-
tropy per sublattice of a potential entropy stabilized LRLO systems to
0.375 R of entropy per sublattice of LRLO in the case of AS¢oy5; = 1.5 R.
Which raises the question of if the per mole configurational entropy is
sufficient to fulfill the strict requirement for entropic stabilization, such
that |ASfT| >> |AHf|.

Equation 3. - The ideal configuration entropy for multiple sublattices,
where m is the multiplicity of sublattice j, and s is the total number of
sublattices.

s

Asconﬁg (Xi_j) = —R Z m; ( Z xi,jln(xij) >
i=1

Jj=1

The challenges imposed by applying the ASsns, >1.5 R standard
from HEAs on HEOs demonstrate that HEOs need separate definitions.
Therefore, for this publication we will use the strict definition of
entropic stabilization, where a single-phase material is stabilized due to
the dominance of entropy in the thermodynamics of formation, such that
|ASfT| >> |AHy|, instead of the ASconfig > 1.5 R benchmark. Prioritizing
entropic stabilization provides more clarity as it links the definition to
experimentally verifiable tests. These tests were first outlined by Rost et.
al. and are described as follows: 1) the phase formation reaction is
endothermic, 2) the phase formation is reversible, 3) the stabilized
phase has a distinct crystal structure [34]. For more detailed de-
scriptions of these tests refer to Supplemental Note 1. It is important to
note that while these tests can help identify and confirm the entropic
stabilization of an oxide material, there are other sources of entropy
outside of the classical configuration entropy, as described in Supple-
mental Note 2, and each of these additional forms of entropy can
complicate the previously mentioned tests. Many of these additional
sources of entropy also arise from statistical distribution of microstates,
and therefore for the rest of this this paper we will use chemical entropy
to refer the configurational entropy that arises from the number and
concentration of chemical constituents, as seen in Equation 3.

Structure and activation of LRLOs

The structure of LRLO cathode materials makes them an ideal
candidate for the employ of entropic stabilization techniques. As seen in
Fig. 2(a) LRLO cathodes exist in a two-phase regions of the Gibbs dia-
gram with end member oxides of C2/m Li;MnOs (see Fig. 2(b)i) and R-
3 m Li[Mx]O5 where Mx is a stand-in for transition metal(s) such as the
most commonly used Mn, Ni, and Co, with compositions varied to
maintain an average +3 oxidation state (see Fig. 2(b)ii). As a result,
there a large range of possible transition metal and lithium metal con-
figurations, with localized ordering able to resemble constituent phase,
as seen in Fig. 2(c). This ordering results in many of the unique prop-
erties of LRLO cathodes, as discussed in Supplemental Note 3. For
example ordering of lithium in the transition metal layers can form
LioMnOs like regions which are directly correlated with many of the
unique properties such as high capacities, activation, voltage fade and
intrinsic voltage hysteresis [38-40]. This is particularly highlighted by
the previous work of Delmas et. al. on the relationships between the

Next Materials 7 (2025) 100332

composition, structure and performance of LRLO materials. The disorder
optimized composition of Li; 2Mng 54C0g.13Nig.1302 provides an excel-
lent example of how these relationships can be leveraged, and as such
this composition is an ideal starting point for any future ES-LRLO
composition(s) [41].

The third tests of an entropically stabilized oxide specify that an
entropically stabilized oxide must form a single phase that is structurally
distinct from the end members [36,42]. Therefore, any entropically
stabilized LRLO (ES-LRLO) cathode must be a single phase. The pro-
posed R-3 m structure with transition metal superlattice peaks would
therefore satisfy the requirements for structural distinction and phase
purity [3,36,42]. For this purpose, the remainer of this publication will
refer to LRLO cathodes as single-phase R-3 m, as the two-phase inter-
pretation cannot satisfy the requirements for entropic stabilization.
However, regardless of the model, the electrochemical activation of
LRLO cathode represents a phase transformation, that results in the loss
of the pristine structure and the associated transition metal ordering.

Repeated cycling of LRLO cathodes leads to the loss of transition
metal ordering and the formation of defects in LRLO cathodes, see Fig. 3
(a). As seen in Fig. 2(e) the capacity and voltage of LRLO materials
decrease over repeated cycling, and while only the initial activation
cycle sees large degree of transition metal migration, each cycle will
result in small changes to the transition metal ordering. Over time the
culmination of these defects results in formation of defect phases which
eventually phase segregate. These phases have different electrochemical
behaviors from LRLO and reduce the capacity and reduce the system-
wide kinetics of lithium migration [43]. This ordering of metallic ions is
not limited to just the transition metal layer either, as the LRLO system
includes common defects, such as Lit/Ni®* anti-site defects, which
introduce a degree of interlayer ordering. Anti-site defects are often
associated with poor rate capabilities, as Li*/Ni?* defects can block
lithium diffusion channels [29,45]. However, as seen in Fig. 2(f) the
degree of integrated Li;MnOs; and overall rate capability of a LRLO
cathode have a non-linear relationship, demonstrating that more factors
than composition and structure influence the rate capability [44]. From
the entropic perspective the anti-site defect impacts the rate capability
of an LRLO system by disrupting long-range ordering and increasing the
degree of short-range ordering that decrease the diffusion of the lithium
ions. This is consistent with the recent work of Ceder et. al. on entro-
pically stabilized disordered rock-salt cathodes with high rate capabil-
ities [46]. The work of Breitung et. al. on increasing the electrochemical
performance of rock-salt oxyfluorides [47], and other cutting edge work
on rock-salt systems also demonstrate the utility of entropic stabilization
for energy materials [37,48]. Other commonly found defects from
activation include stacking faults among the transition metal layers,
dislocations, twin boundaries, and anti-site domains [49]. These defects
are predominantly observed post activation, but continued cycling also
results in more defect formation. These defects disrupt the long range
and short range ordering of the LRLO cathodes resulting in distortions in
the oxygen sublattice of LRLO materials [49]. The loss of ordering in the
LRLO system might initially seem like an increase in the entropy of the
LRLO materials, however the relationship between defects, ordering and
entropy is more complex, as mentioned in Supplemental Note 4.

Defects impact the phase purity and homogeneity of the LRLO
cathode material, which reduces the entropy. As discussed in Supple-
mental Note 1, one of the tests for a material to be a HEO is being a single
phase with a distinct structure. The single-phase system is also inher-
ently more entropically stable than a multi-phase system of similar
chemical composition. The reason for this is phase entropy. Phase en-
tropy will be defined as the entropy derived from the phase homogeneity
and mixing of the system. The relationship between the phase entropy
and chemical entropy is that the phase entropy is the size(s) and number
of the space(s) in which the mixing of chemical entropy can occur. In a
homogenous phase of x atomic positions the number of microstate
configurations that an atom “a” in bulk “b” has access to is x! while in the
case of a phase inhomogeneity of y atomic positions, given that x > y, the
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Fig. 3. - Summary of defects formed in LRLO materials. (a) The formation of lithium vacancies in LRLO materials during activation with (i) the pristine lattice
before cycling, (ii) an in-plane migration of transition metals, (iii) an out-of- plane migration of transition metals that gives rise to anti-site defects. (b) In situ
formation of dislocations in an LRLO particle, (i) the evolution of the displacement field along q as a function of voltage vs Li/Li", (ii) the strain along the (001)
direction of the particle, which is perpendicular to the layers, with the average lattice constant displaced above.

(a) Reproduced with permission from {reference 49}. (b) Reproduced with permission from {reference 53}.

base matrix phase has (x-y)! microstates and the inhomogeneity has y!
microstates for the atom of “a” to occupy. In these scenarios the total
number of microstates has been reduced as x! > ((x-y)! + y!). In LRLO
materials the reduction of accessible microstates first occurs during the
first cycle electrochemical activation.

As seen in Fig. 3(a) the defects created during activation are elec-
trochemically irreversible and through disrupting the ordering of the
LRLO cathode the defects block diffusion pathways resulting in the
larger LRLO system being subdivided into several smaller domains,
thereby reducing the entropy of the system [29,50-52]. This publication
will refer to this as the “defect locking” of the domains. These defect
locked domains will become more prevalent over the course of cycling
until they begin to aggregate, and segregate creating defect phases. The
formation of defect phases and the morphological heterogeneity they
represent in the material leads to greater polarization during cycling,
which induces stress in the cathode particles and eventually leads to
cracking and material failure as describe in Fig. 3(b) [53,54]. Contem-
porary investigations are focused on how to mitigate or even prevent the
formation of defects in LRLOs and the associated failure mechanisms by
creating more resilient LRLO materials. Synthesizing these resilient
LRLO materials however has proven difficult due to the high synthetic
sensitivity of LRLO cathodes.

One additional advantage of high entropy design principles is that
ES-LRLO cathodes will have greater defect resilience than non-
entropically stabilized LRLO cathodes. As discussed in Supplemental
Note 4 the introduction of multiple aliovalent consistent cations into the
transition metal sublattice of an HEO materials, like LRLO cathodes,
creates multiple localized environments in the oxygen sublattice that
can be tuned to stabilize oxygen vacancies [55-58]. Being able to tune
the stability of oxygen vacancies in LRLO cathodes will provide another
mechanism for controlling the electrochemical activation of LRLO
cathodes, potentially reducing the degree of electrochemically

irreversible capacity and increasing the degree of electrochemically
accessible oxygen redox capacity. The diversity of oxidation states and
ionic radii of a high entropy LRLO cathode will also result in a more
mechanically robust lattice, that has higher dislocation tolerance and
lower stacking fault energies [42,59-61]. This results in materials that
have greater fracture toughness and are therefore less prone to the
cracking induced failure. Further, the reduced mobility of the disloca-
tions and stacking faults will increase the barrier for phase segregation,
and reduce the amount of defect phases formed. Counter-intuitively a
more entropic LRLO system will result in LRLO materials with greater
defect tolerance, and greater tunability of the many unique properties of
LRLO that these defects are responsible for. However, these benefits also
come at a cost, as too many defects will result in loss of entropy,
therefore design of high entropy LRLO materials must balance these
factors.

Entropy stabilization in synthesis

As previously discussed, the structure of LRLO material is highly
route dependent, with small variations in synthetic parameters resulting
in a lack of phase purity. The Gibbs landscape for the LRLO synthesis
therefore closely resembles that seen in Fig. 4(a)i, with multiple local
energy minima that can lead to stable multiphase end products. In ES-
LRLO materials this Gibbs landscape would begin to resemble Fig. 4
(a)ii, stabilizing the formation of the single-phase material. This
increased phase stability will reduce the synthesis burden of making
phase pure and high quality LRLO cathodes [12,13,22,34,62-64].

To achieve the entropic stabilization of LRLO cathodes during syn-
thesis the chemical and phase entropies must be explored. The chemical
entropy is the main way of increasing the entropy of the LRLO system
during synthesis and can be accomplished through increasing the
number of constituent elements in the transition metal sublattice of
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Fig. 4. — Through increasing the entropy of LRLOs the stability envelope of phase pure single-phase material can be increased. (a) Schematic of the Gibbs
free energy profile for the synthesis of LRLO cathodes from compared to their constituent Li,MnO3 and LiNi sMng 505 phases, and the corresponding conversion to a
more single phase dominate synthesis where |AS| >> |AH|. (b) TTT diagrams of (i) a non-entropically stabilized LRLO cathode, (ii) an entropically stabilized LRLO
cathode. For TEM evidence of the phase separation during synthesis see Figure SI5. See Figure SI6 for larger global scale TTT diagram.

LRLO materials, as seen in Equation 3 and Fig. 5(b). The other mecha-
nism of influencing the entropy of these systems is through the tem-
perature. As seen in the Gibbs free energy equation entropy can only
dominate the enthalpy of formation at sufficiently high temperatures.
Many entropically stabilized systems are therefore only stable at fairly
high temperatures and therefore require quenching to maintain their
single high entropy phase [65,66]. As seen in Fig. 5(c) the distribution of
elements in a rapidly quenched material is more uniform than the
clustering and phase segregating slowly cooled material. Therefore, to
preserve the phase entropy of any ES-LRLO materials the temperature of
synthesis must be sufficiently high to allow for the dominance of the
chemical entropy. However, the relationship between chemical entropy
and temperature is a two-way street. Fig. 4(b) shows a zoom-ins time--
temperature-transformation plots of the LRLO cathode systems,
demonstrating that the envelope of single-phase stability increases as
the single-phase material becomes more entropically stabilized. This
larger contribution from the entropy can result in decreasing the critical
stabilization temperature for the single-phase region and even remove
the necessity of thermal controls like quenching to achieve phase sta-
bility [67].

As previously discussed, the chemical entropy is built off an
assumption of perfect entropic mixing, which is non-realistic in syn-
thesis. As seen in Fig. 5(a) three different synthesis techniques for the
same composition of LRLO resulted in only one phase pure material.
These results highlight how while the chemical entropy of a system can
be high the poor mixing of the system can still result in LRLO materials
with poor phase purity and by extension poor phase entropy. The dif-
ferences seen in Fig. 5(a) should that the sol-gel and co-precipitation
methods resulted in materials with chemical segregation to the sur-
faces which would reduce the entropy of the resultant material, though
it is important to note that all 3 of these synthesis methods can be
conducted in manner that results in chemically homogenous final
products [65-67]. These routes are also quite flexible and through

adjusting synthetic parameters the resultant particle morphologies can
be adjusted for larger domain size in order to increase phase entropy.
However, while these methods are adjusted to optimize for increased
entropy the degree synthetic mixing remains as the most important
factor, through adding more constituent elements there become more
possibilities for non-idealized mixing and resultant phase segregation.
Therefore, standardization of techniques that allow for large degrees of
chemical mixing will be necessary for the wide implementation of
ES-LRLO cathodes. It is also important to standardize and address the
characterization methods used to evaluate the structure of the resultant
materials. Many techniques lack the resolution to accurately determine
the difference between the two structural analogues of LRLOS, and
therefore a standard set of characterization results should be required
for determination of is a resultant materials has fully achieved the phase
purity [49].

Implementing entropic stabilization techniques in the synthesis of
LRLO materials will need to be accomplished through controlling the
composition to maximize the chemical entropy of the system. As pre-
viously mentioned initial definitions of high entropy materials stipu-
lated the necessity for 5 principle elements of 5 at. percent or higher to
reach the point of entropic stabilization [32,33]. Reaching this point can
also be accomplished through the use of multiple dopant elements with
concentrations below 5 at. percent. This means for LRLO systems to
reach the point of entropic stabilization at least one additional principal
element is needed, for Co containing LRLO systems, or several dopants.
Extensive previous work has been done on dopants for LRLO systems
that can further speed up the process of determining what elements to
select when making ES-LRLO cathodes [69]. These ES-LRLO cathodes
will therefore enter the closed electrochemical system with higher
chemical and phase entropies, which will result in enhanced electro-
chemical performance.
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Entropy stabilization in electrochemical cycling

The electrochemical cycling of an intercalation material can be
thought of as analogous to its synthesis. Both processes have external
forces that drive reactions in the material causing physio-chemical
changes. In synthesis this force is a thermal gradient, and in cycling it
is a potential gradient. The phase segregation of LRLO materials in
synthesis is due to their thermodynamic instability. Similarly, LRLO
cathodes are not electrochemically phase stable, undergoing phase
segregation during electrochemical cycling as seen in Fig. 6(a) [70]. The
electrochemical phase instability of LRLOs contributes to the gradual
voltage and capacity fading, eventually leading to cell failure [70]. The
determination of whether or not entropic stabilization is viable in
electrochemical phase transformations requires the electrochemical
phase transformation to fulfil the same metrics: reversibility, phase
distinction, and endothermicity [71]. The initial reversibility require-
ment is fulfilled by LRLO cathodes, as electrochemical activation and
phase degradation of repeated cycling are both reversible [22].

Understanding the entropy landscape of the LRLO system during
activation and during electrochemical cycling is critical for under-
standing why LRLO cathodes pass the reversibility requirement of
entropic stabilization. Previous work done by Meng et. al. found that the
activation process of LRLO cathodes results in a metastable material, and
that the respective phase transformation is not electrochemically
reversible, but is thermally reversible [22]. As seen in Fig. 7(b) the
electrochemically activated LRLO phase can be converted back to a
pristine state by meeting the minimum temperature around 300 °C [22].
This indicates that the reversal process has a minimum activation energy
[22]. This thermal process also results in the restoration of the

superlattice ordering of the LRLO cathode as evidenced by the super-
lattice peaks seen in the XRD patterns of the treated LRLO materials in
Fig. 6(c). Furthermore, repeated cycling of LRLO cathodes can also be
reversed by the thermal treatment process, as seen in Figs. 6(e), and 6(f).
This indicates that process of phase segregation is similar to that of
electrochemical activation, as they are reversible through the same
process. It is important to note that LRLO cathodes are not a closed
system and the loss of materials such as lithium and oxygen from acti-
vation, or transition metals through dissolution, will cause some amount
of irreversibility. The success of this thermal process in reversing the
electrochemical phase reaction demonstrates these phase trans-
formations pass the first test of entropic stabilization, reversibility [34,
71]. Reversibility also hints that an electrochemical process for
reversing this phase transformation might exist, however this will
require further investigation. Further the use of a thermal process to
reverse an electrochemically driven phase transformation suggests that
electrochemical and thermal processes are more analogous than previ-
ously thought.

Temperature vs time plots are commonly used to map the phase
transformations of a material during synthesis; voltage can be thought of
as analogous to temperature and a voltage vs time plot can be used to
map the electrochemical phase transformations of a material during
electrochemical processes [72,73]. These voltage and time plots will be
referred to as VTT-diagrams, and one can be seen in Fig. 7(a), and
Figure SI8. Similarly to how a TTT-diagram acts as a guide to which
phases are thermodynamically stable for a given time and temperature
based off the Gibbs free energy, the VTT-diagram would also represent
which phases are present at specific potentials based off their Gibbs free
energy. Therefore any changes in a phase’s entropy that significantly
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(a) Reproduced with permission from [70]. (b) Reproduced with permission from [22]. (c) Both reproduced with permission from [22]. (d) Reproduced with
permission from [22]. (e) Reproduced with permission from [22].
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Fig. 7. — The entropy of the system also influences the phase stability during electrochemical cycling. (a) A VTT diagram, and analogue of the TTT diagram
where temperature is replaced by voltage (state of charge), demonstrating how longer time at voltage will cause the material to phase segregate. For TEM dem-
onstrations of the phase separation during cycling see Figure SI7. See Figure SI8 for larger VIT diagram. (b) (i) A Gibbs diagram representing the conversion from
pristine LRLO to cycled LRLO [22], and (ii) the corresponding entropy profile of the same transformation.

increases its stability would be reflected in an expansion of that phase’s
single/active regions on the VTT-diagram, these results would be
consistent with some previous result in sodium systems [74]. This means
that through increasing the entropy of the LRLO material such that en-
tropy dominates, the time at voltage (and the corresponding state of
charge) an LRLO material is stable increases, which indicates greater
electrochemical stability. Since potential for many lithium-ion systems
is also directly related to the degree of lithiation this also indicates that
these materials become more resistant the any lattice stresses associated
with this. While the VTIT diagram can also indicate the maximum
voltage that a given material can tolerate while remaining in the phase
stable window, this correlation between the lithiation and voltage
means there is always an ultimate upper limit for lithiated phases. The
cycling of materials at reduced voltages lead to longer cycle life and
greater phase stability has been demonstrated by Dahn, et. al., where the

cathode materials that were cycled with narrower voltage windows had
greater lifetimes [75]. The use of VTT methodology would also indicate
that there is a critical cycling protocol that optimizes the LRLO material
time at voltage to stabilize the material in the single-phase region; this
would be analogous to quenching in synthesis and is represented by the
critical rate of phase stabilization, Rc_spg, line in Fig. 7(a). However, this
critical cycling however has not, to our knowledge, been experimentally
verified.

In electrochemical cycling the stability of the phase means instead of
two phases becoming a structural distinct single phase as in synthesis we
instead want the single phase to not decompose into two or more distinct
phase. But in order to meet the requirements for a candidate process the
parent phase must be structural distinct from the daughter phases,
which as seen in Fig. 6(a), LRLO materials are structural distinct before
and after cycling; the initial cycled and thermally treated phases are also
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structurally distinct, as seen in Fig. 6(c) and Fig. 6(f).

The third test of the phase transformation being endothermic re-
quires the careful calorimetric characterization of the electrochemical
activation and continued cycling of both entropically stabilized and non-
stabilized LRLO cathodes. The work of Tarascon et. al. has demonstrated
that in model LRLO cathodes systems anionic redox results in heat
generation and voltage hysteresis that causes lost electrochemical work
to be lost as waste heat [64]. As previously discussed, the stabilization
reaction should be endothermic, so for decomposition of the stabile
phase the release of heat is consistent [36,42]. Further development of
calorimetric techniques, developed by Tarascon et. al. and Gasteiger et.
al., would allow for accurate measurement of heat follow and entropic
changes of these reactions in situ, allowing for invaluable information
for the design of electrochemically viable ES-LRLO cathode materials
[76-78].

Design and engineering strategy for entropy stabilization in
LRLO

ES- LRLO cathodes will have a greater of phase purity and electro-
chemical phase stability. The design considerations for the maximiza-
tion of ES-LRLO cathodes entropy requires careful consideration on the
number and concentration of constituent elements. As seen in Fig. 8(a)
LRLO cathodes with more consistent elements, ie Ni-Mn-Co, on average
have a greater cycle lifetimes, which is consistent with these systems
having greater chemical entropy than the Mn-Ni or Ni-Co based systems
[79]. As seen in Equation 3, the concentration of these constituent el-
ements is also critical for maximizing the system’s chemical entropy,
with Fig. 8(b) highlighting how even among stoichiometric LRLO sys-
tems, such as the Li[NiyLi(1/3-2x/3)Mn(2/3-x/3)102 stoichiometry, the
chemical entropy can be quite varied, with the higher entropy systems
achieving higher capacities and greater cycle lives. While the number
and relative concentration of primary constituent elements in the tran-
sition metal sublattice of LRLO cathodes are the primary drivers of the
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system’s chemical entropy the use of other, dopant elements must also
be carefully considered. Due to the unique environment of high entropy
oxides like ES-LRLO cathodes even relatively small amounts of any
constituent can have profound impacts on the properties of the final
materials through the cocktail effect [62,72,73,80]. Once again, the
expanding corpus of literature on the impact of various dopants on LRLO
cathodes can elucidate the potential outcomes of adding any specific
element to ES-LRLO cathodes. The binding energies, and oxidation
states of each possible constituent element are particularly important. As
seen in Fig. 8(c) the energy levels of an LRLO can be tuned to reduce the
energy of an oxygen orbital, and maximize oxygen redox [81,82]. As
previously discussed in Supplemental Notes 2 and 4 these constituent
elements can also allow encourage or discourage the formation and
stabilization of specific defect, like oxygen vacancies, which can allow
for even greater degrees of property control. These new constituent el-
ements would not only increase the chemical entropies of the resultant
LRLO systems but could also be chosen based on the overlap of energy
states in order to maximize any possible electronic or magnetic entropy
that could arise from these interactions [42,60,83]. However, energy
density also needs to be considered in these cases, as adding electro-
chemically inactive species, such as aluminum, might help with stabi-
lization but will reduce the overall utility of the resultant cathode [45].
Design of ES-LRLO cathodes offers many exciting possibilities as each
additional dopant element can through the cocktail effect cause new
exciting properties.

The design of ES-LRLO cathodes needs to also carefully consider the
surfaces, as while any entropic stabilization effects would be predomi-
nantly expressed in the material bulk, the majority of entropy disrupting
defects will occur from the material surfaces. The dominate surface in-
teractions for LRLO cathodes will be with electrolytes, making it
essential to understand the electrolyte/cathode interfaces. An electro-
lyte is stable within a specific potential range, known as its electro-
chemical stability window, which is predominately set by the energy
difference between the lowest unoccupied molecular orbital (LUMO),
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(a) Reproduced with permission from [79]. (b) Reproduced with permission from [65]. (c) Reproduced with permission from [81].
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and the highest occupied molecular orbital (HOMO) of the electrolyte.
During operation if the valance band of the cathode material is lower
than the HOMO of the electrolyte, see Fig. 9(a), then charge transfer
across this interface will result in electrons being pulled from the elec-
trolyte causing decomposition [84,85]. This process can cause the cre-
ation of undesirable defects that could cause defect locking in the LRLO
system, which can in turn reduce the phase entropy of the system. Due to
the high operating potential of the LRLO cathodes, their valance bands
tend to be quite low, making it difficult to find electrolytes that have
HOMOs low enough to be compatible. Ideally, an electrolyte would have
a HOMO lower than the valence band of the cathode, as seen in Fig. 9(b),
which would prevent decomposition reactions. Another view of this
model is through electrochemical potential, zz, [84,85]. The potential
model of decomposition deal with the bulk potentials of the materials,
and a representation can be seen in Fig. 9(c), where the large gap in
electrochemical potentials stems from the mismatch of the electrolyte
HOMO and cathode valance band levels [85].

Equation 4. - The Gibbs-Duhem Equation, where the change in
chemical potential, y; for a species of gas, Nj, is summed for each
component and found to be equal to the volume and pressure of the gas
systems as well as the entropy and change in temperature.
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There are a variety of strategies that could aid in minimizing the
potential gap between liquid electrolytes, such as: energy level tuning in
the cathode, the use of intermediate phases, higher voltage electrolytes,
solid-state electrolytes, or liquefied gas electrolytes. As seen in Fig. 8(c)
the energy levels of constituent ions in the LRLO materials can impact
the potential of the cathode system [81]. Through the inclusion of 5
constituent metals, to ensure |AS| >> |AH|, the materials selection
process can include constituents that tune the energy level of the LRLO
cathode to be closer to that of the electrolytes. This would increase the
shelf-life of the systems, but still have a negligible impact when charged
to high voltage. The use of an intermediate phase, or surface coating, can
be seen as a mixture of Figs. 9(a) and 9(b), where the electrolyte has a
small potential gap between it and the intermediate phase, and the in-
termediate phase has small gap with the cathode, thereby protecting the
cathode and the electrolyte from the larger, and more damaging, po-
tential gap of electrolyte on cathode. This solution however can reduce
the energy density of the materials, as these intermediate phases are not
usually electrochemically active. The ability to use higher voltage liquid
electrolytes and solid-state electrolytes are very similar, as both would
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result in either smaller potential gaps, or situations similar to Fig. 9(b)
[84,85]. Both cases would resemble the potential diagram seen in Fig. 9
(b), where the reduced gap mitigates and prevents the damaging re-
actions. The ultimate expression of a stable electrolyte would therefore
be one with a well-matched potential. Since chemistry is difficult to
adapt to every situation, the ability to externally tune potential would be
ideal, this could be accomplished with the use of liquified gas electro-
lytes, where the potential window of the electrolyte would have both
chemical and pressure contributions, as provided by the Gibbs-Duhem
equation, see Equation 4 [86]. These surface stabilizing techniques
can mitigate the formation of undesirable surface defects in ES-LRLOs
allowing them to maintain their phase entropy for great periods of
time and therefore will be essential in the optimization of ES-LRLO
cathodes.

Conclusions

For years research on lithium rich transition metal oxide has been
focused on finding methods to synthesize, stabilize, and settle the
structure of LRLO cathodes. Numerous studies were conducted to study
the relationships between order and disorder in LRLO cathodes, their
thermodynamic stability, and their electrochemical performance. In this
perspective we extend the arguments centering around disorder through
using the principles of entropic stabilization. We argue that LRLO
cathodes are an ideal set of materials for entropic stabilization, due to
their existence in a two-phase region, existing compositional flexibility,
and metastability after electrochemical activation.

Since the electrochemical properties of LRLO are highly synthesis
depend on the scaled consistent synthesis of LRLO cathodes is difficult.
Here we argue this synthesis can be made more facile through synthe-
sizing LRLO materials with high chemical entropy and through using
synthesis methods that have a high degree of mixing. These increases in
chemical entropy of the materials system would increase the single-
phase stability window for the LRLO materials. With a larger single-
phase stability window the number of synthetic pathways on the
LRLO TTT diagram that result in phase pure material increases and these
pathways can also possibly be conducted at lower temperatures, and or
quicker time scales, both of which would reduce the cost of synthesis.
Additionally, through focusing on maximizing chemical entropy and
phase entropy of LRLO materials obtaining a phase pure material will be
simplified due to the increase thermodynamic stability. Its is significant
that increasing chemical and phase entropy for synthesis of LRLO ma-
terials would not require re-tooling of contemporary industrial synthesis
methods and therefore once optimal compositions are found scaled
synthesis would be able to leverage existing infrastructure.

This paper also introduces the idea that these principles are not
unique to the relationships between time, temperature, and phase
transformation, but that the principle of entropic stabilization can be
applied to the relationships seen in electrochemical systems: voltage,
time, and phase transformation. In this section we discuss how the
electrochemical activation of LRLO materials results in a metastable
material which undergoes phase decay over the course of repeated
cycling. We discuss how these phase reactions can be mitigated or
possibility eliminated through maximizing the initial entropy and
therefore stability of the pristine material. We discuss how the use of the
VTT diagram to explore the single-phase stability region of LRLO ma-
terials could be used to design optimized cycling protocol. We also re-
view how in order to design pareto-optimal LRLO cathodes for
performance and cycle stability in operando investigation of the LRLO
system’s entropy during cycling is needed.

Finally, we discuss the other consideration one must have when
designing entropically stabilized cathode materials. The other sources of
entropy in the LRLO system such as magnetic, vibrational, and elec-
tronic, must also be considered as their contributions to material sta-
bility, while more difficult to predict, can be more significant than the
more commonly discussed chemical and phase entropy. The stabilizing
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effects of increased entropy also allow for the inclusion of a plethora of
possible new consistent or dopant elements that have the potential to
add in new and beneficial properties. Designing entropically stabilized
systems also needs to consider surface stabilization so that the bulk
stability offered through entropic stabilization can be maintained.
LRLO cathodes have seemingly always been 5 years away from
commercial adoption, but as their complex history demonstrates, these
exciting materials are as full of promise, as they are of unanswered
questions. We hope that by exploring the role of entropy in the stabili-
zation of these cathodes more of these questions can be answered.
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