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High-entropy (HE) design emerged as a promising path for discover-
ing multivalent superionic conductors. This work provides a compu-
tational exploration of the synthesizability of HE spinel-based
electrolytes among the typical chemical space. Design principles have
been established, while experimental synthesis has supported the
stability rules predicted by computational data.

With the rapid advancement of electric vehicles, portable electro-
nics, and mobile robotics, the demand for rechargeable batteries
with higher energy density and improved safety continues to grow."
Electrolytes are key to enhancing long-term cycling stability by
effectively suppressing the formation of lithium dendrites-a major
safety concern.” To further improve energy storage capabilities,
multivalent-ion batteries have gained attention as promising alter-
natives due to their potential for higher volumetric energy density.
Unlike monovalent ions such as Li'/Na'/K’, multivalent ions (e.g.,
Mg**, AI*") carry multiple charges per ion, enabling greater energy
storage potential.*> Moreover, multivalent metals exhibit reduced
tendency to form dendrites compared to lithium, contributing to
enhanced safety and stability in multivalent systems.®

Despite substantial developments in multivalent electrode’
materials, the relative deficiency of robust solid-state electro-
lytes presents a significant challenge to developing safer energy
storage technologies. Materials with spinel structures are widely
recognized for their potential in various rechargeable batteries
applications.> > The general chemical formula AM,X, allows
divalent cations to occupy the A site, which adopts tetrahedral
coordination, while charge balance is maintained by cations at
the octahedral M sites. The anion site, represented by X, can be
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occupied by oxygen, sulfur or halogens. In this work, we will
focus primarily on oxide-based spinel due to their exceptional
phase stability and electrochemical stability. Despite the advan-
tages, spinel-based multivalent systems suffer from sluggish ion
migration within the lattice."® This challenge might be miti-
gated through HE strategy, which boost ionic conductivity via
compositional disorder'* that creates overlapping site energies
which promote the formation of ion-percolating networks.
Moreover, the synthetic accessibility of such materials has the
potential to be enhanced by entropy stabilization mechanism."?

In this work, we present a systematic high-throughput
screening of potential spinel oxide-based HE electrolytes, with
a focus on addressing the synthesis challenges of these materi-
als. We computationally investigated the phase stability of
AM,0, HE spinel oxides, with Mg, Ca and Zn being the mobile
ions at A site, while the M sites are contributed by 4 equal-molar
species out of 14 cations that can reach charge balance. Phase
diagrams have been analyzed across 381 compounds to reveal
the thermodynamic stability principles for compositional
design. Finally, experimental synthesis has been performed to
support the viability of our theoretical predictions.

This study focused on spinel electrolytes based on Mg**,
Zn**, and Ca**, where these three divalent cations occupy the
tetrahedral sites within the spinel structures. Accordingly, all
spinels were categorized as Mg-, Zn-, and Ca-based, respec-
tively. The spinel structure with a single metal at the M site is
used as a template to generate HE versions by substituting the
octahedral sites (M) with four different metal cations, selected
in equimolar concentrations from a pool of 14 redox inactive
ions: Mg>*", zn**, Ca**, AI**, Ga*", In**, s¢**, zr**, Hf"", Ti"",
sn**, Nb>*, Ta’", and Sb>", while ensuring overall charge
neutrality. As a result, 127 distinct HE compositions have been
generated for each divalent metal in A site.

Subsequently, we performed a high-throughput phase
diagram'® calculations among the identified 381 HE spinels using
Density function theory (DFT) to assess their stability. (see ESIt for
computational methods) DFT simulations were employed to all
three spinel categories, utilizing the ground states from materials
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Fig. 1 (a) One example of HE Zn-spinel; (b) tetrahedral site and octahe-
dral sites of metals, (c) competing phases of the selected material.

project database to construct phase diagrams.'®'” One representa-

tive candidate, chosen as Zn,(AlCaGaSn)Os, is illustrated in Fig. 1 to
clarify this process. In this material, Zn>* stays in tetrahedral site,
while four other metals will occupy octahedral sites. From phase
diagram calculations, there are four competing phases-ZnAl,O,,
ZnGa,0,4, ZnO, and CaSc,0, for the targeted composition, while
the energy above the convex hull (E},;) made from these four
competing phases can serve as quantitative metric for evaluating
the synthesizability. Ey,;, defined as the decomposition energy of a
target material into the ground state (ie., the convex hull) in the
corresponding phase diagram, has been shown in various prior
studies to possess remarkable capability in quantifying synthesi-
zability,”**" and is therefore adopted in this work. A total of 26, 35,
and 24 competing phases were identified for Mg-, Zn-, and Ca-based
spinels, respectively. Fig. 2 presents the frequency distribution of
these competing phases. As depicted, the most encountered compet-
ing phases for Mg-, Zn-, and Ca-based systems are MgO, ZnO, and
Caln,0,, respectively (see ESIt for competing phases).

As HE materials become increasingly stable at elevated tem-
peratures due to configurational entropy contributions, the tem-
perature at which the target phase becomes thermodynamically
favored is defined as the entropy stabilization temperature
(Tstabilizea), calculated as: Tyabilized = Enu/Sconfig (refer to the EST for
the Tyabilizea Values)."' Based on this analysis, 53 target phases
exhibit entropy stabilization temperatures below 1473 K, which is set
us a proxy for the upper temperature limit for classical solid-state
reaction. The application of this filtering criterion yields 19, 26, and 8
stable phases from the Mg-, Zn-, and Ca-based spinels, respectively.
This also suggests that spinel structures incorporating Zn>* at the
tetrahedral site demonstrate the greatest synthetic stability under
ambient conditions, whereas Ca-based spinels appear to be least
stable within the same temperature range.
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Fig. 2 Occurrence frequency of competing phases in Mg-, Zn- and Ca-
based spinels.
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Fig. 3 Thermodynamic stability of HE spinels based on (a) and (d) Mg, (b)
and (e) Zn, and (c) and (f) Ca as A-site cations. Subfigures (a)-(c) show
heatmaps of the average energy above hull (En.) in meV per atom for
different cation pairs occupying the octahedral (M) sites; Subfigures (d)—(f)
present box plots of Ey distributions for individual cations.

To provide a better picture of the thermodynamic stability
trends, heatmaps and boxplots derived from the calculated Ep,y
values are presented in Fig. 3(a-c) displays heatmaps representing
the average Ep,; values among all compositions that have the
given pairs of metals. These plots reveal trends in cation compat-
ibility, where darker regions indicate more stable cation pairings
(lower Ep,p), and lighter regions correspond to less stable combi-
nations (higher E,j). Such patterns provide insights into favor-
able elemental substitutions that help enhance the thermo-
dynamic stability in HE spinel systems.”** Meanwhile, Fig. 3(d-f)
display box plots illustrating the distribution of Ey,y values for
individual cations occupying octahedral-sites in Mg-, Zn-, and Ca-
based spinels. Cations with lower median Ey,; values are asso-
ciated with higher stability, while the width of the distribution
reflects their sensitivity to the surrounding chemical environ-
ment. Narrow distributions indicate consistent stability across
compositions, whereas broader ones suggest greater variability. It
can be inferred from Fig. 3 that among the Mg- and Zn-based
spinels, the most stabilizing elements in the octahedral sublattice
include Mg?*, Sn**, and Sb>* whereas Ca®* and Nb>" appear to be
the least favorable. In Ca-based spinels, however, the stability
trend slightly diverges. Although Ca** contributes to instability
when present in the octahedral sites of Mg- and Zn-based spinels,
it exhibits moderate stability within its own species of Ca-based
spinels. For these systems, AI** and Nb>* turn out to be the least

This journal is © The Royal Society of Chemistry 2025
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stable elements, whereas Sb>*, Sn**, and In*" displayed strong
stabilizing behavior.

To further understand the fundamental chemical handles
for tuning the synthesizability of the HE spinels, we attempted
several elemental descriptors, e.g., electronegativity, ionic radii
and oxidation number, and have identified that average electro-
negativity () and the standard deviation of ionic radius (7;0n) Of
octahedral-site elements correlate best with phase stability. In
Mg- and Zn-based spinels, 7 shows a moderate negative linear
correlation with Ey,,;;, with Pearson correlation coefficients (r) of
—0.552 and —0.619, respectively (Fig. 4a and b). However, this
trend is absent in Ca-based spinels, where the correlation is
negligible, (e.g., 7 = 0.108, as shown in Fig. 4c). Meanwhile, the
orion €xhibits a strong positive linear relationship with Ey; for
Mg- and Zn-based spinels, with r values of 0.813 and 0.793,
respectively (Fig. 4e and f). Once again, Ca-based spinels deviate
from this behavior, showing minimal correlation (r = 0.020;
Fig. 4f). The strength of the inverse relationship between o7iop
and thermodynamic stability also follows the trend Ca « Zn <
Mg, which inversely correlates with the ionic radii of the tetra-
hedral site cations (Ca*": 1.00 A, Zn?*: 0.60 A, Mg>": 0.57 A).

Even though stability of Ca-spinels is less correlated with
and or;.,, there are much better correlations with standard
deviation of electronegativity (o)) and average ionic radius (Fion)
instead. Particularly, the Pearson correlation with oy and 7, are
—0.437 and —0.634 respectively (Fig. 4d and h). These deviations
in the Ca-based spinels may be attributed to the significantly
larger ionic radius and lower electronegativities of Ca>*, which
likely disrupt structural compatibility within the spinel lattice.
As a result, the major factor for stability will be whether the
metal ions have closer (larger) ionic radii compared to Ca®>" and
possess sufficiently varied electronegativities to be compatible
with the Ca-spinel framework. (See ESIt for the relationship
between X and r;,, of octahedral site elements.)

To further understand the chemical bonding origin of stabi-
lity, crystal orbital Hamilton population (—COHP) analysis was
performed on the Mg-, Zn-, and Ca-based spinel systems, each
featuring identical M-site (octahedral) compositions.>® As shown
by Fig. 5, the analysis focuses on interactions at the tetrahedral
sites across these systems. As can be observed from Fig. 5(a), (c)

@ b) (© )
= = = CaM,04 = CaM;0.
E150 MaM204 150 ZM201 54 ' E1s0 -
® . © L N © . ©
2100 2100 100 - 3100 -
v 9 (] v N 4 (] -~
E 50 E 50 » E 50 E 50
H 2 3 B
&0 r=-0552 b0 r=-0619 Wi 0 r=0.108 Wi 0 r=-0.437
12 14 16 18 1214 16 1.8 12 14 16 1.8 01020304
(e) X U] X (8 X (h) ox
=200 MgM,0, £200 ZnM;0, 2200 CaM0;| 200 CaM,0,4
2150 . g0 s S150 2150
5
3100 £ 3100 € o 3100 S
£ E ° 3 e
= 50 =50 ¥ = 50 = 50
3 3 3 3
W o r=0.813 r=0.793 i 0 r=-0.020 § 0 r=-0.634
0 0.050.10,150.2 0 0.050.10,150.2 0 0.050.10,150.2 0.60.650.70.750.8
Tion (R) OTion (R) Orion (R) Fion (A)

Fig. 4 Correlation analysis between Ey, and structural descriptors of
octahedral-site elements in HE spinels. (a)—(c) Relationship between Ep
and 7. (e)-(g) Correlation between Ey, and arion for Mg-, Zn-, and Ca-
based spinels, respectively. (d) and (h) lllustrate the relationships between
Enuu @and the oy, and between Epyy and Fion.
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Fig. 5 Projected density of state (PDOS) and —COHP analyses for Mg-,
Zn-, and Ca-based spinels with identical octahedral-site elements. Panels
(a) and (c), and (e) correspond to Mg—-0, Zn-0, and Ca-0O bonding in the
tetrahedral sites, respectively. Panels (b), (d), and (f) correspond to Ti—-O,
Al-0, Zn-0, and Ga-0 (denoted as M) at octahedron sites.

and (e), Mg-O bond shows mostly bonding states, indicated by
only green (positive) -COHP values. As a contrast, the Zn-O bond
shows moderate antibonding character, while the Ca-O bond
exhibits predominantly antibonding states, e.g., red (negative)
—COHP values. Such distinct chemical bonding features highlight
the instability of Ca-based spinels mainly arises from the
unstable Ca-O bond. Fig. 5(b), (d) and (f) can further support
this point, as the M-O bond are quite similar across all three
systems. The observations from chemical bond analysis are also
consistent with the statistic observation that Ca tends to desta-
bilize in tetrahedron environment in compounds like spinel
compared to Mg and Zn based compounds.*®

To experimentally validate the computational predictions, six
selected spinel structures, two each from the Mg-, Zn-, and Ca-based
spinel groups are picked. The corresponding powder X-ray diffrac-
tion (XRD) patterns are presented in Fig. 6, with ZnFe,O, (ICSD:
PDF# 01-070-6393) used as a reference.”’ Notably, the samples
Mg,(ZnMgSbIn)Os, Mg,(ZnMgSbGa)Og, Zn,(MgZnSbIn)Og, and
Zn,(MgZnSbGa)Og exhibit diffraction patterns consistent with
the spinel phase, closely matching the reference material. In
contrast, both Ca-based spinel samples are not synthesized suc-
cessfully, as being indicated by the extra diffraction peaks in Fig. 6.
The calculated Ey,,y; values are provided together with each of the
diffraction patterns. The synthesis outcome is consistent with the
relative values of Ey), while the two Mg-spinels and two Zn-spinels
selected show much lower E,,; values, turn out to be phase pure.
As a contrast, the two Ca-spinels, even though with lowest Ey,,; and
third lowest Ey, values, still cannot be made phase pure.

To sum up, this study presents a high-throughput computa-
tional analysis, complemented by experimental validation of Mg-,
Zn-, and Ca-based HE spinels as candidates for multivalent-ion
electrolytes. Thermodynamic stability in HE spinels was found to
correlate with the ¥ and the or;,, of octahedral site elements for
Mg- and Zn-based spinels. However, Ca-based spinels show a
divergent trend and unique correlation with oy and 7;,,,. Based on
the elemental study, the next challenge is to determine the
optimal stoichiometry of the favorable metals, including Mg/
Zn/Ca that maximizes ionic conductivity.>**®
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Fig. 6 Powder XRD patterns of synthesized HE spinel samples. Composi-
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