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Elemental Stability Rules for High Entropy Disordered
Rocksalt Type Li-lon Battery Positive Electrodes

Lin Wang, Neelam Sunariwal, Yufang He, Do-hoon Kim, Dong-hee Yeon, Yan Zeng,

Jordi Cabana, and Bin Ouyang*

High entropy disordered rocksalt (HE-DRX) Li-ion battery positive

electrodes have gained attention as a potential alternative to commercialized
positive electrodes, aiming to eliminate or minimize the use of Ni/Co while
maintaining competitive electrochemical performance. Despite their potential,
understanding the intricate elemental stability across the vast HE-DRX
chemical landscape remains a significant challenge. In this study, we tackle this
challenge by conducting a comprehensive data-driven phase diagram analysis
of 18810 potential HE-DRX compositions, each featuring common Li and

F stoichiometries. Leveraging a charge balance algorithm, we systematically
explore redox stability and phase stability, unveiling critical insights into chem-
ical stability rules within the HE-DRX design space. The analysis also uncovers
untapped potential of Cu as redox-active centers, with Sb and Sn contributing
as stable charge compensators. The utilization of these elements is seldom
reported in the literature but has been validated by the successful experimental
synthesis of materials Li,, Zr,Ti;Mn,Fe;Cu,O;¢ and Li,; Mn,Ti;Fe;Cu,Sn,O,.

1. Introduction

With the growing demand for portable devices and electric ve-
hicles that rely on batteries as a power source, exploring more
sustainable battery materials with good performance remains
a primary goal. Particularly, the recent focus on Li-ion posi-
tive electrodes is centered on discovering materials with not
only good performance, but also lower cost.'”! Introducing
high entropy composition has emerged as a promising mate-
rials design strategyl®®! to enable competitive performance as
well as reduce or eliminate the utilization of critical elements,
e.g., Co and Ni. This unique compositional space offers an
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effective strategy to minimize detrimen-
tal short-range order”*'! and to in-
troduce the lattice distortion in dis-
ordered rocksalt (DRX) type positive
electrodes,'?! thereby improving Li per-
colation, enhancing Li kinetics, and
reducing the volume change during
cycling.[61213] These improvements arise
not from the presence of specific el-
ements but from the collective contri-
bution of a diverse ensemble of el-
ements. To fully reach these advan-
tages, it is essential to identify elements
that exhibit stability and compatibility
across a wide range of compositions.

Despite the promise of high-entropy
disordered rocksalt (HE-DRX) positive
electrodes, their development is hin-
dered by the challenge of understand-
ing the synthetic accessibility within the
immense compositional space. In this
study, we investigate the stability of HE-DRX positive electrode
materials and aim to identify key stabilization rules. We picked
six typical chemical formulas of HE-DRX that are studied!*1%14l
and enumerated all compositional possibilities within 28 cations
derived from 13 metals, resulting in 18810 possible compounds.
The exact equilibrium charge states of each species were discov-
ered by density function theory and determined by our charge
balance algorithm, which enabled us to chart both redox sta-
bility and phase stability of various ion species. Through com-
prehensive analysis of ion stability from different perspectives,
it has been discovered that Cu’* is an overlooked redox center,
which shows great stability among a diverse range of composi-
tions. Meanwhile, Sb>* and Sn** are found to be the overlooked
charge compensators. Surprisingly and excitingly, both Cu?* as
a redox center and Sb>*/Sn** as charge compensators are sel-
dom reported in literature. To validate our computational stabil-
ity investigation, we synthesized two HE-DRX compositions with
these elements from our dataset: Li,; Zr,Ti;Mn,Fe;Cu,0,, and
Li,; Mn, Ti; Fe;Cu, Sn; 5. The successful synthesis of these com-
pounds reinforces the reliability of our computational approach
and the stability of these overlooked elements.

2. Methodology
2.1. DFT Calculations

First-principles DFT calculations were performed to obtain an
accurate description of the structural energies and magnetic
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moments of the different positive electrode materials. All the cal-
culations were performed using the projector-augmented wave
(PAW) method!’®! as implemented in the Vienna AD initio Simu-
lation Package (VASP).I1%] The PAW potentials were based on the
Perdew-Burke-Ernzerhof (PBE) form of the generalized gradient
approximation (GGA) as the exchange-correlation functional. A
rotationally averaged Hubbard U correction!'”8 was used to cor-
rect the self-interaction error in oxides containing Cr, Fe, Mn,
Mo, and V. The U parameters were obtained from a previously
reported calibration to oxide formation energies.[*®! For all calcu-
lations, spin-polarized method was used, a reciprocal space dis-
cretization of 25 k-points per A~! was applied, with a plane-wave
cutoff energy of 520 eV, and the convergence criteria were set as
10~ eV for electronic loops and 0.02 eVA~" for ionic loops.

2.2. Thermodynamic Stability

To investigate the thermodynamic stability of our calculated HE-
DRX database. In each composition, all the entries with rela-
tive chemical space are extracted from the Materials Project!®!
to build a convex hull of complete chemical space. The stability
of phases not located on the hull is quantified by their energy
above the hull (E, ), which signifies the compound’s tendency
or driving force toward decomposition into their nearby ground
states. E, , serves as a reasonable indicator of synthetic accessi-
bility, as experimentally accessible materials must generally have
a low E, ; value.l?>-22] To consider the influence of high entropy
on thermodynamic stability, configuration entropy and temper-
ature are involved in calculating the E, ; at a specific tempera-
ture, B,y r = Ejpy ok — TSpgeq- In this study, 1473K is used to
estimate the typical upper bound temperature of solid-state syn-
thesis in a typical muffle or tube furnace. When constructing the
convex hull, an anion correction will be added to all entries.!'8]
At the same time, in our studied HE-DRX materials, metal ox-
ides and metal fluorides always work as decomposition ground
states, while O, and F, gases seldom show up. This feature fur-
ther minimizes the potential issue of inaccurate calculation of O,
and F, by GGA level of theory. The stabilization temperature is
calculated and used as an indicator of synthetic accessibility; the
distribution of the calculated stabilization temperature is shown
in Figure S1 (Supporting Information).

2.3. Material Synthesis

All the HE-DRX oxides were synthesized by the traditional solid-
state method. Li,CO; (Sigma-Aldrich, 99.999%), TiO, (Sigma—
Aldrich, 99.8%), MnO, (Sigma—Aldrich, 99%), Zr(OH), (Sigma—
Aldrich, 97%), Fe,O; (Sigma—-Aldrich, 99.9%), Mn, O, (Alfa Ae-
sar, 99%), SnO, (Alfa Aesar, 99.9%), and CuO (Sigma—Aldrich,
99.99%) were used as precursors. All the precursors were stoi-
chiometrically mixed in ethanol in 50 ml stainless steel jars at
200 rpm for 12 h in Retsch PM200 planetary ball mill. The mix-
ture is then dried overnight and pelletized. These precursor pel-
lets are then sintered at 1050 °C for 3 h in the air in the alu-
mina tube furnace. (10% more Li,CO; was added to compensate
for possible loss during synthesis). Similar processes were per-
formed to synthesize all HE-DRX oxides in an inert atmosphere.
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2.4. Powder X-ray Diffraction

X-ray powder diffraction of all the synthesized samples was per-
formed using a laboratory Bruker D8 Advance diffractometer op-
erating at 40 kV and 40 mA with Cu Ka radiation (4 = 1.5418
A). XRD profiling was collected by scanning from 10° to 80°, 26,
using a step size of 0.019°, at a rate of 2.6 X 10~ °/min 26, in a
custom air-free sample holder to avoid contamination from the
air. Pawley refinement of the XRD patterns was performed using
JANA2006. Particle morphology was observed by Scanning elec-
tron microscopy (JEOL JSM-6610LV) equipped with EDS (Oxford
Instruments) operating at 20 kV.

3. Results

3.1. High Throughput Screening on Selected Prototype Formulas

Based on commonly reported stoichiometries of DRX positive
electrode materials,!”1%!* we sampled typical Li contents and F
concentrations, resulting in the development of six prototype for-
mulas (as shown in Figure 1a). At fixed Li and F concentrations,
six metal species are placed at the M site in similar mole ratios
to maximize configuration entropy and satisfy integer atoms per
species as constrained by the supercell.’] The stoichiometry of
the metals is provided in Table S1 (Supporting Information). To
search for HE-DRX materials, by considering the cost and atomic
size, noble metals along with Sc, Hf, Ta, Ga, In, Y, as well as Co
and Ni, were excluded. Apart from Li, 6 non-redox metals (Mg,
Ti, Zr, Nb, Sn, and Sb) and 7 redox metals (V, Cr, Mn, Cu, Mo,
W, Fe) are picked to enumerate the metal site. All typical oxi-
dation numbers of the 7 redox metals are included during the
enumeration.

Two types of structures are generated to account for the effect
of the disorder. The first type of structure is generated based on
the definition of Special quasi-random structures (SQS), which
serve as an approximation of a fully random structure.?*] The in-
clusion of SQS structures reflects the recent discovery that HE-
DRX structures are, in general, closer to fully random states com-
pared with low entropy DRX.I7242°] In addition to SQS structures,
we also included those representing electrostatic ground states
(ESGS), which are considered as the approximation for struc-
tures exhibiting chemical short-range order.'!l As many DRX
are identified to present significant short-range order,”® the in-
cluding of ESGS state will be useful to consider those HE-DRX
that have predominant short-range order states. The lower en-
ergy of ESGS and SQS state is used to assess the stability of
specific HE-DRX composition. As a result, we generated 6516
entries for Li,gM;,0q,, 276 entries for Li,gM,0¢,F,, 9880 en-
tries for Li,; M504, 776 entries for Li,; M;50;,F., 1338 entries
for Li,,M,,0,,F, and 24 entries for Li),M,,0,,F,,. The specific
metal elements for each formula are detailed in Figure 1b-g.

3.2. Redox Compatibility
Although the generation of combinatorial compositional space

and structural enumeration assumes specific oxidation numbers
for different cations, it is not guaranteed that these elements
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Figure 1. a) The barplot showing the number of compounds containing specific metal in the presented HE-DRX dataset; b-g) The barplot showing the
number of compounds containing the specific metal in each chemical formula, b)LisgM3,030; €) LizgM3,0¢4F14; d) Liz1M15036; €) Liy1M15054F; f)

Liz4M12030F¢; 8) LizgM13044F ;.

will maintain the same oxidation number after DFT relaxation.
Therefore, a critical step following the acquisition of DFT results
is determining the oxidation numbers of various ions. Maintain-
ing charge neutrality in the bulk material is commonly employed
as a constraint to assist in identifying the charge states. This con-
straint can then be used alongside molecular orbital theory to
determine the actual charge states of all ions after DFT energy
optimization. According to crystal orbital theory, the d states in
transition metals split into three t,, orbitals and two e, orbitals
for octahedron coordination as in HE-DRX (Figure 2a; Figure S2,
Supporting Information). The extra d electrons on M** gradually
fill these five orbitals. The specific way these orbitals are filled
then determines the actual magnetic moment of the cation. Con-
versely, by using the DFT-optimized magnetic moment, the ac-
tual oxidation state can be determined.

However, two types of ambiguity complicate the direct assign-
ment of oxidation states from magnetic moments. The first arises
from the fact that the same magnetic moment of an element can
correspond to different oxidation states. The electron configura-
tions of different oxidation states for V, Cr, Mo, W, and Mn are
shown in Figure S2 (Supporting Information). The identification
of oxidation states for these elements is straightforward as each
specific magnetic moment corresponds uniquely to a single ox-
idation state. However, as demonstrated in Figure 2a, determin-
ing the specific oxidation states for Cu and Fe is quite challeng-
ing. For example, a magnetic moment of 4 p, for Fe could cor-
respond to either Fe?* and Fe**, while a magnetic moment of 0
y; for Cu could correspond to either Cu* and Cu**. Furthermore,
due to the disordered coordination environments and the diverse
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covalency of M-O bonds in HE-DRX, the DFT-calculated mag-
netic moments appear as a distribution rather than a fixed value.
For redox centers like Mn, Cu, and Fe, the distribution of mag-
netic moments for different oxidation states can overlap (Figure
S4, Supporting Information). To address these challenges, a ro-
bust algorithm that adheres to molecular orbital rules and aims
to maximize the number of charge-balanced structures has been
developed and is presented in Figure 2b and Note S1(Supporting
Information). With the application of this algorithm, 15204 out
of 18810 structures are charge-balanced with the distribution of
E,. values shown in Figure S3 (Supporting Information). The
exact decision boundaries for different species can be found in
Figure S4 (Supporting Information). Among the 18810 entries
analyzed, 3606 failed to achieve charge balance, we hypothesize
that this discrepancy may arise from delocalization of electrons,
which may deserve further study separately.

3.3. Stability of Redox Centers

The establishment of a charge balance algorithm enables the
study of stability among various redox centers. There are two
types of stability perspectives related to redox centers: redox
compatibility and phase stability. Redox compatibility indicates
whether we can achieve our aimed oxidation state by cooperat-
ing with specific metals while phase stability determines whether
specific elements can co-exist in the targeted single phase.

The redox compatibility is assessed by calculating the like-
lihood that two electron configurations of metal ions can co-
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Figure 2. a) Molecular orbitals of cation coordination in DRX and two examples of ambiguous charge states for the same magnetic moment; b) The

workflow that describes our charge state identification algorithm.

exist within a single phase based on our DFT dataset. The
statistics of redox compatibility are compiled and presented
in Figure 3. Two kinds of probabilities are computed to ana-
lyze trends in redox compatibility depending on the normal-
ization of the observed number of compounds where A™*
and B"* coexist. As indicated in Figure 3a, this normaliza-
tion considers all compounds containing both elements A and
B, represented as P(A™*B"*|AB). When A™" and B"™ refer
to different oxidation states of the same element, it is rep-
resented as P(A™*A"*|A). Conversely, Figure 3b shows the
normalization based on all observations of A™*, denoted as
P(Am+Bn+|Am+)_
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Within the same elemental couple AB, the likelihood of form-
ing A™*B™ is shown in Figure 3a. In Figure 3a, the ions
are ordered by atomic number and oxidation state. To illus-
trate some interesting comparisons, in the elemental couple
Cr-Mn, Cr**-Mn*" and Cr**-Mn** are more likely to form. At
the same time, Cr species tend to stabilize more with Mn**
rather than Mn®* and will never get stabilized with Mn?*. The
stability between Cr** and Mn*" can be supported by several
low entropy DRX compositions that have been reported(2¢?7] re-
cently; the fact that Cr’* can also be stabilized with Mn>** re-
veals that more redox flexibility and potentially higher metal
redox capacity can be enabled by designing high entropy
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Figure 3. a) The heatmap illustrates the likelihood of each species pair occurring when the corresponding pair of elements is present; b) The heatmap
shows the stability of other different species when there is a specific specie present.
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composition. Moreover, due to the diverse local environments in-
herent in high-entropy materials, mixvalency is indeed a com-
mon feature in these systems. Mixvalency is observed in high
entropy disordered rocksalt materials shown in Figure 3a when
the species on x-axis and y-axis share the same element. For ex-
ample, we observe V3* coexisting with V**, Cr** coexisting with
Cr**, Mn?* coexisting with Mn**, etc. The presence of multiple
oxidation states for a single cation species contributes to the over-
all configurational entropy of the material, which can enhance its
stability.

The relative stability between certain cation specie and all other
species can then be visualized by dividing the occurrence of the
specific occurrence of A™*B"* by the total occurrence of A™*.
Additionally, the relative redox compatibility of different cation
species in each column (B™*) with the same element A but dif-
ferent oxidation numbers A™* can also be shown. As shown by
Figure 3b, one overlooked redox specie, Cu®*, shows reasonable
stability across many typical redox centers, such as Fe*t, V¥,
Mn3*, Cr**, Cr3* and Mo’*. In contrast, Cu* can only be stabi-
lized in rare cases with limited redox centers (Mo>*/6*, W3+/6+),
Particularly, both Cu?* and Cu’* show reasonable stability with
Mn?*, which is much better than the case of Cu*-Mn’** pair.
Some elements with two different oxidation states show reason-
able compatibility: Cu?*/Cu’*, Mn3* /Mn**, and V*/V>*. This
reveals that it is possible to couple Cu?* — Cu**, Mn** - Mn**,
V#*—>V5* redox with other typical metal redox in positive elec-
trode design. To achieve a more comprehensive understanding of
chemical formula dependent stability across various ion species
within high-entropy disordered rocksalt structures, compatibility
maps were generated covering all prototype chemical formulas,
as shown in Figures S5-S10 (Supporting Information). In gen-
eral, Cr species exhibit a stronger tendency to stabilize with Mn**
rather than Mn3*, which can be observed across most chemical
formulas. Additionally, Cu** and Cu** are found to be compatible
with typical redox centers across all formulas.

In addition to redox compatibility, the phase stability of
compounds with specific redox center M"* is evaluated us-
ing energy above hull (E,;)."%?] To quantify the likelihood
of having a certain redox center, the probability of finding
M"* with E,; < 0 at a certain temperature T is defined as

By o (MF). This is calculated as the ratio of the number of
compounds where ng < o to the total occurrences of M" ¥,
n(M"™). The E, ; is determined using DFT to compute the to-
tal energy relative to all ordered competing phases from phase
diagram calculations.[7?%] The effect of temperature is ac-
counted for by incorporating ideal mixing entropy, following ap-
proaches used in previous literature.[”?#?°1 The count of com-
pounds meeting the E,, criterion, ng  \u<o, and the oc-
currence of M"* in a dataset of 15204 charge-balanced com-
pounds are used to compute Py (M"¥). This probability was
evaluated across different prototype formulas and is shown in
Figure 4.

As indicated in Figure 4, only the species that appear in the
compounds with E, ;; < 0 at a certain temperature T are shown
in the circular barplot. In most cases, the temperature is set
to 1473K, which is the typical upper bound of solid-state syn-
thesis temperature. However, for HE-DRX with high F con-
tents, e.g. Li,xzM;,0,F,, and Li,,M;,0,,F,,, no compounds ex-
hibit negative energy above the hull (E, ;) at 1473 K. Therefore,

Adv. Energy Mater. 2025, 2404982

2404982 (5 of 9)

www.advenergymat.de

the temperature is increased to 1673 K to access the stability
order.

Several stoichiometry dependencies of elemental stability can
be observed from Figure 4. Particularly, Fe’*/Fe3* appears to
be an overlooked species that can be stabilized in HE-DRX.
Fe3* tends to be a stable element across all chemical formula
prototypes. In contrast, Fe?* is only observed as a top element
for oxides, while in all four types of oxy-fluoride stoichiome-
try, Fe?* is computed to be a much less stable element. More-
over, it appears that the stability of Cr** is quite dependent on
the specific stoichiometry. Specifically, it is generally more sta-
ble in both oxide prototypes, e.g., Li,;M;O;, and Li,gM;,0q,
but become much less stable in oxyfluorides. However, where
enough Li-excess level is presented, such as in the case of
Li,,M,,0,,F, both Cr** and Cr** show up as a stable specie
again. In addition to the stoichiometry dependency of elemen-
tal stability, it is also identified that W, V, and Mo species, be-
ing species that are redox active, show less stability than Mn,
Fe, Cr and Cu. This instability is more significant when W, V,
and Mo ions are coupled; all the compounds exhibit instabil-
ity (showing a positive E, ;) at 1473K (Figure S11, Supporting
Information).

3.4. Stability of Charge Compensators

In addition to examining the stability of redox centers, it is
also worth investigating the stability of various charge com-
pensators. The distribution of E  1,73¢ for five redox-inactive
charge compensators is demonstrated in Figure 5a. Surpris-
ingly, many stable compounds utilize Sb>* as a charge com-
pensator. The preference for Sb>* is even more pronounced
than for Nb>* and Ti**, which are widely used in state-of-
the-art DRX positive electrodes.l”#10143031] This unprecedented
discovery highlights the overlooked potential of Sb™* as a
charge compensator. Furthermore, it should be noted that Sb
is also cheaper compared to Nb,??l suggesting that the cost
of materials in DRX positive electrodes can be further re-
duced by incorporating Sb>*. The stability of charge compen-
sators across different redox centers is shown in Figure S12
(Supporting Information). Mn**, Cr**, Fe** show the best sta-
bility with five charge compensators. Other species, includ-
ing Fe**, Mn**, Mn*", Cr**, V**, Cu*, and Cu?*, exhibit rea-
sonable stability across various redox centers. In addition to
the general stability trend, the top three competing phases
for all five charge compensators and the corresponding ob-
served frequencies are also shown in Figure 5b,c. It can be
inferred that for all five species, the most frequently seen
competing phases are ordered versions of the rocksalt struc-
ture, e.g. Li,SbO,, Li;NbO,, Li,TiO,, Li,ZrO, and Li,SnO;.
Therefore, the relative stability of such charge compensators
is largely dictated by the tendency of forming ordered rocksalt
structures.

4, Discussion

4.1. Overlooked Chemical Space for DRX

Among the 9405 compositions in our DRX positive elec-
trode materials dataset, 1215 compositions exhibit stabilization
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Figure 4. The circular bar plot represents the stability trend of redox centers in each chemical formula.

temperatures lower than 1326.2 K, which is the calculated sta-
bilization temperature of widely reported low entropy DRX ma-

terial Li; ,Mn, ,Ti,,0,,333* as shown in Figure S1 (Supporting We

Information). These results indicate the competitive thermody-
namic stability compared to the Li; ,Mn,,Ti, ,O, material. More-
over, high-entropy materials inherently offer advantages such
as improved Li percolation, enhanced Li-ion kinetics, reduced
critical elements (Co/Ni), and reduced volume changes during

—
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cycling,[¢1213] making them more promising positive electrode
materials.

reported Li-ion rocksalt

materials”*>~% with the overlooked redox specie Cu, along with
five charge compensators considered in this work as Figure 6a.
The reported Li-ion rocksalt positive electrode compounds are
listed in Table S2 (Supporting Information). Moreover, the
chord diagram in Figure 6D illustrates the frequency with which

104

LizSbO, Li;NbO, mm Sh
103 Nb
102 Li;Fe;SbOg LiSbO,

Mg,Nb,0q

10t LiNbO,
10* T
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103 Zr0, Vg, Sn
102 LigZr,0,

MgTiO, Li,TiO,

Figure 5. a) Distribution of the Ey, , at 1473K for different redox-inactive charge compensators; b) The top 3 competing phases for Sb and Nb contained
HE-DRX; c) The top 3 competing phases for Ti/Zr/Sn contained HE-DRX.
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Figure 6. a) The number of HE-DRX reported in previous experimental research which contains Cu, Sb, Nb, Ti Zr and Sn; b) The chord diagram of
elemental compatibility based on experimentally reported compositions; c) The number of HE-DRX in our calculations which contains Cu, Sb, Nb, Ti
Zr and Sn and with Ep i 1473¢ < 0; d) The chord diagram of elemental compatibility based on our DFT calculations with Epj 1473¢ < O; For both chord
diagrams in (b) and (d), the width of the connections between two elements is proportional to the probability of these two elements to co-exist in a
compound reported in experiment or a compound with Ey i 1473¢ < 0. The overlooked elements are highlighted in red, other redox centers are shown in
yellow, and the remaining charge compensators are marked in grey. Each elemental pair is represented by two connections, with each color corresponding

to one of the two elements.

different metal pairs are reported across all elements considered
in this work. The width of each connection is proportional to the
frequencies with which two elements coexist in a single phase,
as reported in experimental literature. It is evident that most of
the materials reported in the literature contain Mn, Ti and Nb,
followed by V, Fe and Cr.

For comparison, we plotted the number of synthetically acces-
sible compounds from our DFT dataset (with E}  473¢ < 0) that
contain the overlooked redox specie Cu, along with five charge
compensators in Figure 6¢. In our dataset, the number of en-
tries containing Sb and Nb is 2584 each, while the number of
entries containing Ti, Zr and Sn is 3946 each. Although Sb and
Nb show fewer stable compositions, the overall stability trend
aligns with that shown in Figure 5a. Furthermore, the chord di-
agram of elemental stability generated from our DFT dataset is
visualized in Figure 6d, where the width of the connections rep-
resents the probability of finding a compound with E, j 1473¢ <
0 containing both elements. Interestingly, the pair preferences
in Figure 6d differ significantly from the experimental coverage
shown in Figure 6b. Figure 6d reveals that Cu-based DRX has
comparable synthetical accessibility compared to Mn-based DRX.
Moreover, while V- and Cr- based compounds are frequently in-
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vestigated in the literature, as shown in Figure 6d, they are not
particularly stable. Consistent with studies by Kitchaev et.al.,’’]
and Huang et. al.,[?63 as well as systematic data mining shown
in Figure 6d, both V- and Cr-based DRX require high-energy ball
milling to form DRX phases, as conventional solid-state reactions
up to 1473 Kis insufficient to form DRX structures. Additionally,
in contrast to the extensive investigation of Nb- and Ti-based DRX
in the literature, Sb- and Sn-based DRX exhibit reasonable stabil-
ity comparable to Nb-based DRX. This highlights the overlooked
potential of utilizing Sb and Sn in the design of DRX positive
electrodes.

In terms of the physical or chemical origins of stability for such
compounds, the Shannon radii in an octahedral environment!*!]
for Cu* (0.77 A), Cu?* (0.73 A), and Cu** (0.54 A) are quite close
to typical redox centers, such as Mn?* (0.83 A) and Mn>* (0.645
A). This similarity suggests that Cu in various oxidation states can
be compatible in terms of ionic size with other common species.
Similarly, Sb>* (0.6 A) and Sn** (0.69 A) have radii comparable to
those of Nb** (0.64 A) and Ti** (0.605 A), which are commonly
utilized reported DRX positive electrodes. These ionic radii sim-
ilarity highlights the potential reason of broad stability of Cu, Sb,
and Sn in our screened HE-DRX space. Also, the stability of Cu,
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Figure 7. a) The XRD diffraction pattern of Li,;Zr;Ti;Mn,FesCu,O3¢ and Liy;Mn,Ti;FesCu,Sn;O3¢. b) The SEM image and EDS elemental mapping
figures of Liy1Zr; Ti;Mn,FesCu, 03¢ The mapping results for Mn, Cu, Zr, Fe, and Ti are presented in different colors.

Sb and Sn in various HE-DRX compositions offers richer tun-
able chemical space to avoid or minimize the cobalt and nickel
content in HE-DRX. Particularly, Cu redox can also be a viable
replacement for Co and Ni redox in classic Li-ion positive elec-
trodes.

4.2. Experimental Verification of Stability Prediction

To verify the reliability of the computational metrics and ele-
mental rules established, two new HE-DRX compositions pre-
dicted from our dataset were synthesized by solid-state reactions:
Li,, Zr;Ti;Mn,Fe;Cu, 05 and Li,;Mn,Ti;Fe;Cu,Sn;05;. These
compounds are chosen with computed E jj,73¢ to be —4.948
meV/atom and —0.632 meV/atom, respectively. Selection was ini-
tiated by randomly picking compounds with Cu and Fe that are
predicted to be stable at 1473 K, as both redox centers are infre-
quently studied in previous literature. Additionally, these include
less favorable charge compensators, Zr*" and Sn**, chosen be-
cause compounds with these compensators are expected to be
stable only in limited compositions, as indicated in Figures 5
and 6. Therefore, the successful synthesis of these compound
can be a strong support to the reliability of our computational
approach. Pawley refinements are applied on two XRD diffrac-
tion patterns, as shown in Figure S13 (Supporting Information).
The successful synthesis of compounds in more challenging
chemical space helps validate the reliability of our computational
metric.

As shown in Figures 7a and S13 (Supporting Information),
both compounds were synthesized with neglectable impurities.
Complementing the x-ray diffraction (XRD) results, scanning
electron microscopy-based energy-dispersive spectroscopy (SEM-
EDS) images are presented in Figure 7b. The EDS results indi-
cate a homogenous distribution of all elements across the parti-
cles ranging from 10 to 20 pm. This supports the conclusion that
the predicted materials were synthesized with a homogenous el-
emental distribution.
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5. Conclusion

We have developed a comprehensive dataset of Li-ion high en-
tropy rocksalt-type positive electrode materials, spanning a space
of 28 metal species. This dataset includes six reported formulas
with various concentrations of Li and F, and two types of ionic
orderings. In total, our dataset comprises 18810 entries of mate-
rials. Through systematic data mining of elemental stability, we
have highlighted the overlooked potential of utilizing Cu, Sn and
Sb in HE-DRX design, showing comparable stability to Mn-, Nb-,
Ti-based DRX, with the added potential to reduce elemental cost.
Supported by experimental verification, our work offers valuable
insights into the rational stability prospects for designing HE-
DRX-based Li-ion positive electrode.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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