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Abstract: This work presents the design and synthesis of novel high-entropy perovskite
oxides (HEPOs) derived from BaCeO3, formulated using the cluster-plus-glue atom
model. Particularly, through a carbonate-based co-precipitation technique, we synthe-
sized three novel high-entropy perovskite oxides (HEPOs) derived from barium cer-
ate by substituting cerium with different combinations of five different elements (Ce,
Zr, Yb, Sm, La, Gd, Nd) in equal molar ratios, i.e., Ba(Ce0.2Zr0.2Yb0.2La0.2Sm0.2)O2.7,
Ba(Ce0.2Sm0.2Yb0.2Nd0.2Gd0.2)O2.6, and Ba(Ce0.2Zr0.2Nd0.2La0.2Sm0.2)O2.7. Upon calcina-
tion of the as-synthesized samples at different temperatures and subsequent quenching,
the formation of an entropy-stabilized single phase was analyzed and assessed. To ratio-
nalize the observed differences in phase evolution, a novel set of empirical descriptors,
including configurational entropy, Goldschmidt tolerance factor, and B-site size mismatch,
was proposed and discussed. With the aim of studying the sinterability of the single-phase
samples, the calcination treatment was optimized by reducing its temperature and duration
(i.e., 1300 ◦C for 6 h) so that subsequent densification higher than 95% was achieved by
sintering at 1500 ◦C for 6 h.

Keywords: high-entropy perovskites; barium cerate; carbonate-based co-precipitation;
sintering

1. Introduction
The concept of high-entropy materials first originated in the field of alloys, where sys-

tems with five or more principal elements in equimolar or near-equimolar ratios exhibited
unique properties due to their high configurational entropy [1–3].

The success of this concept in alloys led to its application in oxide systems, firstly
including rocksalt [4] and subsequently including many more crystal structures [5–10].

The stabilization of single-phase high-entropy oxides (HEOs) is primarily driven by
configurational entropy, calculated as:

∆Scon f ig = −R∑
i

ciln(ci) (1)

where ci is the molar fraction of the ith component of a given system, while R is the universal
gas constant. For five or more equimolar components, the configurational entropy exceeds
the critical threshold of 1.5R [11,12], suppressing phase segregation and favoring an entropy-
driven homogeneous single-phase formation when a positive entropy of formation (∆Sf)
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overcomes a positive enthalpy of formation (∆Hf) at a given temperature, thus leading to a
negative free energy of formation (∆Gf):

∆G f = ∆H f − T∆S f (2)

Perovskite oxides (ABO3) are an essential class of materials with applications ranging
from solid oxide fuel cells [13–15], catalysts/photocatalysts [16–18], photovoltaics [19,20], and
dielectric devices [21–23]. The flexibility of the perovskite structure, which can accommo-
date a wide variety of A- and B-site cations, makes it an ideal candidate for the design
of novel high-entropy materials. Particularly, high-entropy perovskite oxides (HEPOs)
could involve multiple cation substitutions at either or both A- and B-sites, which can lead
to entropy-driven stabilization of single-phase perovskites even in much more complex
systems [24–28].

Thus, in the context of high-entropy perovskite oxides (HEPOs), the high-entropy
design paradigm could offer multiple advantages, particularly in terms of structural sta-
bility, functional properties, and processability. In fact, the possible incorporation of
multiple cations in either or both A- or B-sites allows for precise control over ionic radii,
valence states, and defect chemistry. Furthermore, the heterogeneous electronic structure
resulting from the multi-cation environment could enhance catalytic activity or proton
conductivity, making HEPOs highly promising for applications in water splitting and CO2

reduction [29,30], as well as low-temperature proton conductors [31,32].
Thus, HEPOs’ potential multifunctionality (thanks to co-existing properties such as

ionic conductivity, ferroelectricity, and catalytic activity within a single material) could be
achieved through the strategic selection and substitution of involved cations, which allows
for the design of materials tailored to specific applications.

Conventional ABO3 systems can exhibit different crystal structures depending on the
different cations’ size, predictable through a structural “tolerance factor” introduced by
Goldschmidt in 1926 [33]:

t =
(rA + rO)√
2(rB + rO)

(3)

where rA, rB, and rO are the radii of A cation, B cation, and oxygen anion, respectively. If t
is in the range 0.9 ≤ t ≤ 1.0, the ABO3 structure is cubic; if t > 1.0 (large A and small B), it
is either hexagonal or tetragonal; if 0.7 ≤ t ≤ 0.9, the perovskite structure results in either
an orthorhombic or rhombohedral phase [34]. However, it has recently been reported that
in HEPOs, Goldschmidt’s tolerance factor is not always a sufficient criterion to predict
the entropy-stabilized single-phase structure [35]. The three studied systems in this work
have been selected considering the average cationic radii in the B-site within the range
0.9 ≤ t ≤ 1.0.

The cluster-plus-glue atom is a chemical model recently proposed to provide a the-
oretical framework for understanding and predicting the formation and stabilization of
high-entropy systems, including HEPOs [36–38]. Initially developed for metallic sys-
tems [39], this model has been successfully extended to oxides, offering critical insights
into their structure and stability [40,41]. According to the cluster-plus-glue atom model, a
crystal structure is conceptualized as comprising principal clusters and glue atoms. The
principal clusters represent the most strongly bonded and most dense units within the
structure, while the glue atoms occupy positions outside the clusters, maintaining charge
neutrality and completing the lattice [40]. For high-entropy perovskites with an ABO3

structure, the principal cluster typically corresponds to the octahedral coordination of the
B-site cation, such as [BO6]. Conversely, the glue atoms include the A-site cations and
additional oxygen atoms that stabilize the lattice [38].
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In the study and design of HEPOs, the cluster-plus-glue model could offer signifi-
cant advantages by providing a predictive tool for determining stable compositions and
evaluating the compatibility of clusters and glue atoms among the selected cations.

However, despite its strengths, the cluster-plus-glue model has limitations, particularly
in its application to highly complex multinary systems. While it simplifies the conceptual-
ization of novel high-entropy systems, it does not fully account for kinetic barriers to phase
formation or the dynamic interactions within the lattice. Nevertheless, we believe that the
cluster-plus-glue atom model’s integration with experimental methods and other possible
predictors developed for differently structured HEOs [42] could provide a good framework
for advancing and accelerating the discovery of novel HEPOs with complex compositions.

Based on the above considerations, this study is focused on the systematic design,
synthesis (through a cheap and simple carbonate-based co-precipitation technique), and
sintering of three novel HEPOs derived from barium cerate by substituting cerium with
different combinations of five different elements (Ce, Zr, Yb, Sm, La, Gd, Nd) in equal
molar ratios, i.e., Ba(Ce0.2Zr0.2Yb0.2La0.2Sm0.2)O2.7, Ba(Ce0.2Sm0.2Yb0.2Nd0.2Gd0.2)O2.6, and
Ba(Ce0.2Zr0.2Nd0.2La0.2Sm0.2)O2.7. Barium cerate and its derivatives have been extensively
studied in the literature, mainly for their high proton conductivity [43–48], but still, such a
class of materials is hindered by severe technological issues such as chemical instability [49],
fast performance degradation [50], and sintering challenges [51–53]. Thus, within this work,
by simultaneously applying the cluster-plus-glue atom model and a standard deviation
predictor first introduced by the authors for fluorite/bixbyite-structured HEOs [42], we
studied both the entropy stabilization from different starting conditions and the sinter-
ing behavior of Ba(Ce0.2Zr0.2Yb0.2La0.2Sm0.2)O2.7, Ba(Ce0.2Sm0.2Yb0.2Nd0.2Gd0.2)O2.6, and
Ba(Ce0.2Zr0.2Nd0.2La0.2Sm0.2)O2.7 systems in order to identify the experimental conditions
enabling the formation of structurally stable, gas-tight HEPO pellets for technological
applications.

2. Materials and Methods
Cerium (III) nitrate (Ce(NO3)3·6H2O, Carlo Erba, Cornaredo, MI, Italy), zirconyl ni-

trate (ZrO(NO3)2, Carlo Erba, Cornaredo, Italy), gadolinium (III) nitrate (Gd(NO3)3·6H2O,
Carlo Erba, Cornaredo, Italy), lanthanum (III) nitrate (La(NO3)3·6H2O, Sigma Aldrich,
Milan, Italy), samarium (III) nitrate (Sm(NO3)3·6H2O, Sigma Aldrich, Milan, Italy),
neodymium (III) nitrate (Nd(NO3)3·6H2O, Sigma Aldrich, Milan, Italy), ytterbium
(III) nitrate (Yb(NO3)3·5H2O, Sigma Aldrich, Milan, Italy), and ammonium carbonate
((NH4)2CO3, Sigma Aldrich, Milan, Italy) were used as reagents for the three designed
HEPOs, i.e., Ba(Ce0.2Zr0.2Yb0.2La0.2Sm0.2)O2.7, Ba(Ce0.2Sm0.2Yb0.2Nd0.2Gd0.2)O2.6, and
Ba(Ce0.2Zr0.2Nd0.2La0.2Sm0.2)O2.7.

The adopted synthesis method involved dissolving appropriate amounts of differently
selected nitrates in deionized water to achieve a total cationic concentration of 0.1 M (Solu-
tion A). In parallel, an aqueous solution of ammonium carbonate with a concentration of
0.5 M (Solution B) was prepared. Both solutions were vigorously stirred until complete dis-
solution and homogenization were achieved. The co-precipitation process was conducted
at room temperature by rapidly adding Solution B to Solution A. The volume ratio was
adjusted to maintain a molar ratio (R) of 10 between ammonium carbonate and the total
cations contained in Solution A.

The resultant suspensions were filtered and dried overnight. Finally, the dried pow-
ders were subjected to calcination and quenching in air at different temperatures at two se-
lected temperatures (800 ◦C and 1300 ◦C), as detailed in the following sections.
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The differently calcined powders were compacted into cylindrical pellets with a
diameter of 13 mm by using uniaxial pressing, followed by sintering in air at different
temperatures and soaking times.

Both calcination and sintering treatments adopted a constant heating rate of
10 ◦C/min.

The crystalline structure and phase composition of the different samples were analyzed
using X-ray diffraction (XRD) with a Panalytical (Almelo, The Netherlands) X’PERT MPD
diffractometer.

The thermal behavior of the as-synthesized powders was examined through dif-
ferential thermal analysis and thermogravimetric analysis (DTA-TG) using a Netzsch
Instruments (Selb, Germany) STA 409 Thermoanalyzer.

The density of the successfully sintered samples was determined by the Archimedes
method using a highly sensitive analytical balance (Gibertini, Novate Milanese, Italy) with
sensitivity of 0.1 mg.

Microstructural analysis of successfully sintered pellets was conducted through scan-
ning electron microscopy (SEM) using a Philips (Amsterdam, The Netherlands) micro-
scope XL30.

Table 1 summarizes the differently prepared HEPOs, also presenting their labeling
according to the thermal cycles (calcination and/or sintering) they were subjected to.

Table 1. Labeling of the differently studied HEPO systems.

Chemical Composition Thermal Treatments Labeling

Ba(Ce0.2Zr0.2Yb0.2La0.2Sm0.2)O2.7 As-precipitated Ba(CZYbLS)
Ba(Ce0.2Zr0.2Yb0.2La0.2Sm0.2)O2.7 Calcination at 800 ◦C Ba(CZYbLS)_800
Ba(Ce0.2Zr0.2Yb0.2La0.2Sm0.2)O2.7 Calcination at 1300 ◦C Ba(CZYbLS)_1300
Ba(Ce0.2Zr0.2Yb0.2La0.2Sm0.2)O2.7 Calcination at 1300 ◦C + Sintering at 1500 ◦C Ba(CZYbLS)_1300_1500
Ba(Ce0.2Sm0.2Yb0.2Nd0.2Gd0.2)O2.6 As-precipitated Ba(CSYbNG)
Ba(Ce0.2Sm0.2Yb0.2Nd0.2Gd0.2)O2.6 Calcination at 800 ◦C Ba(CSYbNG)_800
Ba(Ce0.2Sm0.2Yb0.2Nd0.2Gd0.2)O2.6 Calcination at 1300 ◦C Ba(CSYbNG)_1300
Ba(Ce0.2Sm0.2Yb0.2Nd0.2Gd0.2)O2.6 Calcination at 1300 ◦C + Sintering at 1500 ◦C Ba(CSYbNG)_1300_1500
Ba(Ce0.2Zr0.2Nd0.2La0.2Sm0.2)O2.7 As-precipitated Ba(CZNLS)
Ba(Ce0.2Zr0.2Nd0.2La0.2Sm0.2)O2.7 Calcination at 800 ◦C Ba(CZNLS)_800
Ba(Ce0.2Zr0.2Nd0.2La0.2Sm0.2)O2.7 Calcination at 1300 ◦C Ba(CZNLS)_1300
Ba(Ce0.2Zr0.2Nd0.2La0.2Sm0.2)O2.7 Calcination at 1300 ◦C + Sintering at 1500 ◦C Ba(CZNLS)_1300_1500

3. Results and Discussion
3.1. Design via the Cluster-Plus-Glue Atom Model

To firstly evaluate the possible formation of high-entropy single-phase perovskite-like
structures in the studied systems, i.e., Ba(Ce0.2Zr0.2Yb0.2La0.2Sm0.2)O2.7, Ba(Ce0.2Sm0.2Yb0.2

Nd0.2Gd0.2)O2.6, and Ba(Ce0.2Zr0.2Nd0.2La0.2Sm0.2)O2.7, a design approach based on the
cluster-plus-glue-atom model was employed. This method enables the theoretical represen-
tation of complex multi-cationic structures and the rational distribution of cations in the
lattice to grant chemical stability and charge compensation. Such a model has already been
applied in the recent literature for the prediction of different HEOs [36,37] and composi-
tionally complex systems, and the authors previously applied it for the first time to design
a stable single-phase HEPO [38].

In this framework, the chemical formulas for perovskite-structured high-entropy per-
ovskite oxides (HEPOs) can be expressed in terms of clusters and glue atoms, aligning with
the general ABO3 structure formula. Particularly, the A-site, occupied by Ba2+ in all three
studied systems, acts as a fixed site, while the B-site is populated by multiple equimolar
cations, contributing to an increase in the configurational entropy of the whole system.
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Thus, according to the cluster-plus-glue atom model [38,40] for granting the octet rule,
the B-site clusters could be written as follows:

• [TVO6]Ba2TV;
• [REO6]RE3;
• [REO6]Ba3RE.

where TV stands for a tetravalent cation (i.e., Ce, Zr in our systems) and RE stands for a
generic trivalent rare-earth (i.e., Yb, Sm, La, Gd, Nd in our systems).

Starting from the Ba(Ce0.2Zr0.2Yb0.2La0.2Sm0.2)O2.7 system, it consists of a mixture of
tetravalent (Ce4+, Zr4+) and trivalent (Yb3+, La3+, Sm3+) cations at the B-site. Thus, the
B-site can be “written” as different [BO6] clusters, where the B-site is randomly populated
by the five cations (Ce, Zr, Yb, La, Sm) in equimolar proportions. Each [BO6] cluster is
influenced by the average charge and ionic radius of its constituent cations, which stabilize
the lattice through entropy-driven mixing. The A-site is occupied by Ba2+, which acts
as the glue atom for the different [BO6] clusters. Finally, the oxygen sublattice forms the
backbone of the octahedral network, with vacancies introduced within the systems to
maintain charge neutrality. Definitely, according to the cluster-plus-glue atom model, the
Ba(Ce0.2Zr0.2Yb0.2La0.2Sm0.2)O2.7 system can be written as:

0.2 [TVO6]Ba2TV + 0.2 [REO6]Ba3RE + 0.05 [REO6]RE3 (4)

Similarly, Ba(Ce0.2Zr0.2Nd0.2La0.2Sm0.2)O2.7 incorporates a mix of two tetravalent
(Ce4+, Zr4+) and three trivalent (Nd3+, La3+, Sm3+) cations at the B-site, thus being possibly
written according to the cluster-plus-glue atom model in the same way as (4).

Conversely, Ba(Ce0.2Sm0.2Yb0.2Nd0.2Gd0.2)O2.6 features an almost fully trivalent B-site
composition (Sm3+, Yb3+, Nd3+, Gd3+), except for Ce4+. Thus, the [BO6] clusters here are
differently distributed along the system, resulting in a slightly different local order than the
previous systems, being possibly written according to the cluster-plus-glue atom model
as follows:

0.1 [TVO6]Ba2TV + 0.26[REO6]Ba3RE + 0.06[REO6]RE3 (5)

Summarizing, all three systems rely on the entropy-driven stabilization of different
kinds of [BO6] clusters, depending on the combination of trivalent and tetravalent cations;
Ba2+ ions at the A-site maintain the structural integrity of the lattice acting as glue atoms
along with a small percentage of trivalent cations introducing different local environments
(on the basis of the various cluster-plus-glue formulae) in samples containing Zr and in
sample Ba(Ce0.2Sm0.2Yb0.2Nd0.2Gd0.2)O2.6.

To define a possible predictor for HEPOs based on the cluster-plus-glue atom model, a
numerical descriptor highlighting the difference in the A-site to B-site cations ratio for each
possible cluster in HEPOs compared to the “standard” [TVO6]Ba2TV cluster in pure ABO3

perovskites (where the A-site-to-B-site cationic ratio is 1 and the only cluster is indeed
[TVO6]Ba2TV) have been calculated as follows:

∆CG =
∑n

i=1 ai(catB/catA)

1
(6)

where n is the number of possible clusters containing both A-site and B-site cations in a
generic HEPO, ai is the relative abundance of the ith possible cluster, and catA and catB are
the numbers of cations occupying A-site and B-site of the HEPO, respectively.

Based on Equation (6), for both Ba(Ce0.2Zr0.2Yb0.2La0.2Sm0.2)O2.7 and Ba(Ce0.2Zr0.2Nd0.2

La0.2Sm0.2)O2.7, ∆CG is equal to 0.333, while for Ba(Ce0.2Sm0.2Yb0.2Nd0.2Gd0.2)O2.6, ∆CG

is equal to 0.278. Thus, it is expected that Ba(Ce0.2Sm0.2Yb0.2Nd0.2Gd0.2)O2.6 is character-
ized by a short-range order that diverges more from the “unmodified” reference ABO3
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perovskite structure than the other two studied systems compared, possibly leading to a
much more difficult entropy-driven single-phase stabilization.

3.2. Geometric Descriptors

In addition to the design based on the cluster-plus-glue atom model, inspired by the al-
ready consolidated standard deviation predictor for fluorite/bixbyite-structured HEOs [42],
the standard deviation of the B-site cationic radii has been calculated for all three studied
HEPOs to unravel a possible effect of the “cationic mismatch” in the B-site on the entropy-
driven formation of the desired single-phase perovskitic structure in HEPOs. Thus, consid-
ering the B-site cations radii (in 6-fold coordination) [54], the three different standard devia-
tions s (alongside their Goldschmidt tolerance factor) of Ba(Ce0.2Zr0.2Yb0.2La0.2Sm0.2)O2.7,
Ba(Ce0.2Sm0.2Yb0.2Nd0.2Gd0.2)O2.6, and Ba(Ce0.2Zr0.2Nd0.2La0.2Sm0.2)O2.7 have been calcu-
lated according to:

s =

√√√√∑5
i=1

(
ri − r)2

(5 − 1)
(7)

where ri is the cationic radius of the ith B-site cation and r is the mean B-site cationic radius.
Table 2 summarizes, for each studied system, both the standard deviation of the B-site

cationic radii (sB) and the Goldschmidt tolerance factor (t).

Table 2. Standard deviation of the B-site cationic radii, Goldschmidt tolerance factor, and ∆CG

descriptor for the differently studied HEPO systems.

Sample Labelling
Mean B-Site

Cationic Radius (
¯
r )[Å]

Standard Deviation of the
B-Site Cationic Radii (sB)

Goldschmidt
Tolerance Factor (t) ∆CG Descriptor

Ba(CSYbNG) 0.9234 0.05216 0.914 0.278
Ba(CZYbLS) 0.8896 0.11680 0.928 0.333
Ba(CZNLS) 0.9126 0.12267 0.919 0.333

3.3. Structural and Thermal Characterization

Subsequent to the co-precipitation-based synthesis route described in Section 2, the
three as-prepared systems, i.e., Ba(CSYbNG), Ba(CZYbLS), and Ba(CZNLS), have been
characterized both from a structural and thermal point of view to assess the entropy-driven
formation of the desired single-phase perovskite-like structure based on both the sB and
∆CG of each studied system.

Figure 1 shows the DTA-TG curves of samples Ba(CSYbNG) (a), Ba(CZYbLS) (b), and
Ba(CZNLS) (c).

The DTA and TG curves of the three as-precipitated samples reveal a complex thermal
behavior characterized by multiple events, as described in detail below (denoted with
Greek letters in Figure 1). The irregularities in the TG curves in Figure 1a,c (at about 1250◦

and 1200 ◦C, respectively) are due to unpredictable instrumental issues and do not impair
the following discussion.

Carefully analyzing the three TG curves, the thermal evolution of the as-precipitated
samples can be divided into two main regions: below and above 700 ◦C.

Up to 700 ◦C, the observed weight losses are consistent with the evolution of water and
carbon dioxide, resulting from the decomposition of zirconium hydroxide (where present)
and rare-earth carbonates formed upon precipitation [55,56]. Based on the exemplary
Ba(CZYbLS) composition (containing Zr), the following global reaction can be used to
describe this overall decomposition process:

BaCO3 + 0.1 Ce2(CO3)3·xH2O + 0.3 RE2(CO3)3·yH2O + 0.2 ZrO2·zH2O + 0.05 O2 →
BaCO3 + 0.2 CeO2 + 0.3 RE2O3 + 0.2 ZrO2 + (0.1x + 0.3y + 0.2z) H2O↑ + 1.2 CO2↑

(8)
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Figure 1. DTA-DG curves of samples Ba(CSYbNG) (a), Ba(CZYbLS) (b), and Ba(CZNLS) (c). Irregu-
larities in the TG curves in (a,c) at about 1250◦ and 1200 ◦C, respectively, are due to unpredictable
instrumental issues.

Above 700 ◦C, the registered weight losses are associated with the complex decompo-
sition of barium carbonate [57,58] and the subsequent formation of the entropy-stabilized
HEPO. Such overall process can be described by the following global reaction (again
referrable to the exemplary Ba(CZYbLS) composition):

BaCO3 + 0.2 ZrO2 + 0.2 CeO2 + 0.3 RE2O3 → Ba(Ce0.2Zr0.2Yb0.2La0.2Sm0.2)O2.7 + CO2↑ (9)

Such global reaction (9) leads to a theoretical weight loss slightly exceeding 10 wt%
(relative to the as-synthesized Ba(CZYbLS) analyzed in the DTA-TG run), which appears in
good agreement with both the experimentally measured value and the previously published
value for a very similar HEPO [38].

By careful analysis of the DTA curves above 700 ◦C, it is always possible to distinguish
4 different thermal events, denoted with α, β, γ, and δ in Figure 1, that can be, respectively,
explained as follows:

• Endothermic orthorhombic-to-hexagonal polymorphic transformation (around 800 ◦C)
of barium carbonate [57];

• Endothermic hexagonal-to-cubic polymorphic transformation (around 850 ◦C) of
barium carbonate [57];

• Possible formation of the entropy-stabilized fluorite/bixbyite single phase involving
the non-Ba cations (around 950 ◦C);

• Possible formation of the entropy-stabilized perovskite single phase upon completion
of barium carbonate decomposition at around 1250 ◦C (according to reaction (9)).

Thus, based on the thermal characterization results, it is possible to define two different
calcination paths for the three analyzed systems, i.e., 800 ◦C for 12 h and 1300 ◦C for 12 h.
The former calcination temperature (alongside the prolonged treatment duration) was
chosen to grant the completion of both rare-earth carbonates and zirconium hydroxide
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decomposition but not the barium carbonate one, whilst the latter temperature was chosen
to grant the completion of all precursors decomposition.

Figure 2 shows the diffraction patterns of samples Ba(CSYbNG) (a), Ba(CZYbLS) (b),
and Ba(CZNLS) (c) after calcination at 800 ◦C for 12 h.
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All the diffraction patterns in Figure 2 are very complex, being characterized by the
presence of at least two crystalline phases, among which orthorhombic barium carbon-
ate (witherite) is mixed with either bixbyite-structured phases, attributable to rare-earth
sesquioxides (such as Gd2O3), or fluorite-structured phases, likely corresponding to rare-
earths-doped CeO2 and/or Zr-doped CeO2. The reference ICDD cards for these phases
are as follows: ICDD card n. 045–1471 for orthorhombic barium carbonate, ICDD card
n. 012–0797 for bixbyite-like gadolinium oxide (representative of the rare-earths sesquiox-
ides), and ICDD card n. 034–0394 for fluorite-like cerium oxide. Except for BaCO3, the
other present phases are likely solid solutions, given the strong tendency of the differently
involved oxides to form them. The identified phases are labeled in Figure 2 with the fol-
lowing symbols: “*” for orthorhombic barium carbonate, “•” for bixbyite-like phases, and
“■” for fluorite-like phases. Therefore, calcination at 800 ◦C leads to a very similar behavior
in the three samples, as revealed by the diffraction patterns in Figure 2; that finding is in
perfect agreement with the DTA-TG data.

Conversely, by calcination at 1300 ◦C for 12 h, very different behavior among the sam-
ples arose as revealed by the diffraction patterns of samples Ba(CSYbNG) (a), Ba(CZYbLS)
(b), and Ba(CZNLS) (c), displayed in Figure 3.

Indeed, only the Ba(CZYbLS) sample is monophasic, while the other two systems
are pluriphase.

Particularly, sample Ba(CSYbNG) is characterized by the coexistence of two perovskite-
like phases, one orthorhombic (ICDD card n. 01-070-3676), labeled with “O” in Figure 3, and
one cubic (ICDD card n. 01-075-0431), labeled with “C” in Figure 3. Very likely, the different
short-range order suggested by a lower value of ∆CG, along with a lower value of both
Goldschmidt tolerance factor and sB predictor, led to two different local “environments”
in which the as-formed barium oxide (upon barium carbonate decomposition at around
1250 ◦C) separately reacted with the surrounding rare-earth oxides to form such differently
structured perovskites. Under this hypothesis, as Goldschmidt tolerance factor <0.9 results
in the formation of orthorhombic perovskite, the as-formed barium oxide could have
separately reacted with smaller rare-earth elements such as Gd and Yb (hypothetically
leading to the formation of cubic perovskite), whereas the rest of the as-formed barium
oxide separately reacted with larger rare-earth elements like Ce and Nd (hypothetically
leading to the formation of orthorhombic perovskite).

Sample Ba(CZYbLS)_1300 is, indeed, monophasic and is characterized by the presence
of an entropy-stabilized cubic perovskite (ICDD card n. 01-070-3674).

Finally, sample Ba(CZNLS)_1300 exhibits three different crystal phases: an orthorhom-
bic perovskite (ICDD card n. 01-070-3676), labeled with “O” in Figure 3, along with barium
oxide (ICDD card n. 03-065-2923), labeled with “+” in Figure 3, and barium carbonate
(ICDD card n. 045-1471), labeled with * in Figure 3. The observed barium oxide could
derive from either a partial decomposition (with consequent BaO exsolution) of the entropy-
stabilized perovskite-like phase or a local compositional “mismatch” of barium oxide and
the (CZNLS) oxide at high temperatures. Conversely, the presence of barium carbonate in
the diffraction pattern of Figure 3c is attributable to a partial carbonation of some of the
residual observed BaO quickly reacting with atmospheric CO2 to form Ba(CO)3 [59].

To better understand the Ba(CZNLS) chemical stability behavior, an additional thermal
treatment at 1500 ◦C for 12 h on the already-calcined system has been carried out. Figure 4
shows the diffraction patterns of such a system, crushed in powders from a sintered pellet
of Ba(CZNLS)_1300_1500, taken after 2 days of atmospheric air exposure.
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The analysis of the diffraction pattern in Figure 4 mainly reveals a noticeable loss
of the sample’s crystallinity, characterized by significantly attenuated and broadened
diffraction peaks emerging from an amorphous halo. The few weak peaks observable can
be tentatively attributed to a fluorite-structured rare-earth-based HEO and several “hinted”
peaks of barium carbonate reflections deriving from the previously formed HEPO that have
withstood a significant transformation process. In fact, the pronounced alteration in the
structural characteristics of the Ba(CZNLS)_1300_1500 sample is most likely attributable to
interactions with the surrounding atmosphere during the post-sintering stages [49,50]. Such
interactions could involve moisture absorption, barium oxide carbonation, and consequent
structural degradation, leading to the observed predominance of an amorphous phase.
Thus, independently of the starting conditions (already-calcined or as-precipitated) and
of the extremely severe subsequent thermal treatment, Ba(CZNLS) entropy-stabilized
perovskite is not chemically stable over time.

Conversely, the same thermal treatment (1500 ◦C for 12 h) carried out on sample
Ba(CZYbLS)_1300_1500 (crushed into powders from a sintered pellet) led to the results
shown in Figure 5, i.e., the entropy-stabilized cubic perovskite (ICDD card n. 01-070-3674)
already observed for sample Ba(CZYbLS)_1300. Only a pronounced sharpening of the
diffraction peaks due to the noticeable grain growth deriving from the harsh adopted
thermal treatment can be observed.
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Figure 5. Diffraction pattern of sample Ba(CZYbLS)_1300_1500.

Finally, Ba(CSYbNG)_1300_1500, whose diffraction pattern is not reported here, is
substantially unaltered compared to Ba(CSYbNG)_1300 (see Figure 3a) being a stable
biphasic system irrespective of the prolonged and severe thermal treatment at 1500 ◦C.

Definitely, based on the above-presented results of the three HEPOs structural charac-
terization, it was possible to obtain the desired entropy-stabilized single-phase perovskite
only for system Ba(CZYbLS). Thus, it is possible to observe from the used descriptors,
by comparing in the following Table 3 Ba(CZYbLS) with another HEPO already demon-
strated to be obtainable in a stable form by the authors [38], that high-entropy barium
cerate/zirconate derivatives could exist in a very narrow set of conditions that will be
further investigated in an upcoming work.

Table 3. Comparison between Ba(CZYbLS) and a reference system [38] in terms of the three used
empirical descriptors for HEPOs.

Sample Labeling Standard Deviation of the
B-Site Cationic Radii (sB)

Goldschmidt Tolerance
Factor (t) ∆CG Descriptor

Ba(CZYbLS)—this work 0.11680 0.928 0.333
Ba(CZYLG)—[38] 0.11385 0.927 0.333

3.4. Sintering Behavior of System Ba(CZYbLS)

Once having identified the empirical descriptors and the “stability conditions” for
barium cerate/zirconate HEPOs derivatives, the Ba(CZYbLS) system was sintered starting
from different conditions in order to define a possible fabrication protocol for its use as
gas-tight electrolyte for proton conducting fuel cells (PCFCs).

Particularly, a sintering cycle at 1500 ◦C for 6 h was carried out on both a Ba(CZYbLS)
pellet and a Ba(CZYbLS)_1300 one, corresponding to a starting condition of either a mixture
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of barium carbonate and amorphous rare-earth carbonates and zirconium hydroxide [38]
or a fully formed cubic HEPO, respectively.

Figure 6 shows two exemplary micrographs of the Ba(CZYbLS)_1500 sample, obtained
by sintering directly the formed as-precipitated Ba(CZYbLS).
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Figure 6. SEM micrographs (taken at different magnifications) of the Ba(CZYbLS)_1500 sample.

The Ba(CZYbLS)_1500 microstructure, even though being rather homogeneous in
terms of grain size and distribution, is characterized by a uniform presence of very small
(around 1 µm of diameter) pores, possibly derived by the reactions globally described
in Equations (8) and (9) concurring with the sintering phenomena at high temperatures,
leading to a significant and homogeneous CO2 evolution all over the sintered pellet.

Figure 7 shows two exemplary micrographs of the Ba(CZYbLS)_1300_1500 sample,
obtained by sintering the single-phase perovskitic Ba(CZYbLS)_1300 (diffraction pattern of
Figure 3b).

The micrographs displayed in Figure 7 reveal a very homogeneous grain struc-
ture characterized by a very narrow size distribution. The average grain size of
Ba(CZYbLS)_1300_1500, estimated by using the average grain intercept method according
to [60] using the ImageJ software, version 1.54k, (reported in Table 4), is equal to around
0.7 µm. Indeed, the Ba(CZYbLS)_1300_1500 microstructure is nearly ideal from the view-
point of a possible Ba(CZYbLS) use as a solid electrolyte in electrochemical devices [61].

Finally, Table 4 reports the measured apparent densities of both sintered Ba(CZYbLS)_1500
and Ba(CZYbLS)_1300_1500, along with their relative densities calculated by using
the theoretical density of BCZY27 yttrium-doped barium cerate/zirconate from [62],
i.e., 6.210 g/cm3.
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Table 4. Measured densities of Ba(CZYbLS)_1500 and Ba(CZYbLS)_1300_1500.

Sample Labeling
Apparent Density

[g/cm3]
Relative Density

[%]
Average Grain Size

[mm]

Ba(CZYbLS)_1500 4.810 77.45 1.1
Ba(CZYbLS)_1300_1500 5.891 94.86 0.7

4. Conclusions
The present study demonstrates that the cluster-plus-glue atom model provides a

robust framework for the design and synthesis of high-entropy perovskite oxides (HEPOs)
with different multi-cationic configurations derived from barium cerate (BaCeO3). A de-
tailed structural characterization of three different designed systems, i.e., Ba(Ce0.2Zr0.2Yb0.2

La0.2Sm0.2)O2.7, Ba(Ce0.2Sm0.2Yb0.2Nd0.2Gd0.2)O2.6, and Ba(Ce0.2Zr0.2Nd0.2La0.2Sm0.2)O2.7,
characterized by different geometrical predictors, highlighted that only one of these,
i.e., Ba(Ce0.2Zr0.2Yb0.2La0.2Sm0.2)O2.7–Ba(CZYbLS), resulted in the formation of a stable
entropy-stabilized single-phase perovskite. Conversely, the other two systems exhibited
the coexistence of multiple phases, including orthorhombic perovskites and residual oxide
phases, indicating a lower tendency toward single-phase stabilization.

The three used empirical descriptors, including the Goldschmidt tolerance factor
(t), the standard deviation of the B-site cationic radii (sB), and the novel ∆CG descriptor,
provided a quantitative framework to predict HEPO stability. Specifically, the Ba(CZYbLS)
system exhibited values of t = 0.928, sB = 0.11680, and ∆CG = 0.333, possibly representing
a critical range for cubic phase stabilization. In fact, a comparison between Ba(CZYbLS)



Ceramics 2025, 8, 32 16 of 19

and a previously established stable HEPO, Ba(CZYLG) [38], further reinforced that the
stabilization of high-entropy barium cerate/zirconate perovskites occurs within a narrow
set of geometric and chemical conditions. This result suggests that the integration of the
cluster-plus-glue model with geometric descriptors may serve as an effective approach for
the design and discovery of novel HEPOs.

Having identified Ba(CZYbLS) as the only stable HEPO among the studied systems, a
dedicated sintering protocol was developed to fabricate dense pellets in view of Ba(CZYbLS)
potential use as a proton-conducting fuel cell electrolyte. Sintering at 1500 ◦C for 6 h starting
from a single-phase perovskitic powder resulted in a densified pellet with a relative density
of about 95%. Scanning electron microscopy (SEM) analysis highlighted the obtaining
of a homogeneous microstructure characterized by uniform grains whose average size is
around 1 µm, being nearly ideal for applications as electrolytes in electrochemical devices.

Definitely, this work validates the cluster-plus-glue atom model as an effective frame-
work for the design and synthesis of high-entropy perovskite oxides (HEPOs) derived
from barium cerate, enabling the identification of compositional configurations likely to
yield single-phase stability. The successful densification of the stable Ba(CZYbLS) system
to 95% relative density, along with the achievement of a fine-grained and homogeneous
microstructure, provides a significantly novel contribution in terms of compositional de-
sign strategy and process development for its potential application as a proton-conducting
electrolyte, even though future research work should be dedicated to a full electrochemical
characterization to such system.
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