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Abstract: High entropy perovskite oxides (HEPOs) were a class of advanced ceramic materials, which
had attracted much scientific attention in recent years. However, the effect of factors affecting the
phase stability of high entropy perovskite oxides was still controversial. Herein, 17 kinds of A-site
HEPOs were synthesized by solid-state methods, and several criteria for the formation of HEPOs
and phase stability were investigated. Single-phase solid solutions were synthesized in 12 kinds of
subsystems. The results show that the phase stability of a single-phase solid solution was affected by
the size disorder and configurational entropy. The electronegativity difference was the key parameter to
predict the evolution of the cubic/tetragonal phase, rather than the tolerance factor. Cubic HEPOs were
easily formed when the electronegativity difference was <0.4, while the tetragonal HEPOs were easily
formed when the electronegativity difference was >0.4. This study can further broaden the family of
HEPOs and is expected to design the phase stability of HEPOs through electronegativity difference.

Keywords: high-entropy perovskite oxides; size disorder; configurational entropy; tolerance factor;
electronegativity difference

1. Introduction

Since 2004, the research into high-entropy alloys (HEAs) has received great attention
due to their vast compositional space and has shown remarkable physical (magnetic and
conductivity) and mechanical (strength, hardness and wear resistance) properties [1-3].
The HEAs were defined as multi-component alloys which were formed by five or more
elements with equal or close to equal atomic fractions [1]. In 2015, Rost et al. were the
first to synthesize entropy-stabilized oxides (MgCoNiCuZn)O with a rock salt structure,
extending high-entropy materials from alloys to oxides [4]. At present, a large number
of high-entropy oxides (HEOs) with different structures were synthesized, including a
fluorite [5-8], pyrochlore [9-12], spinel [13-16], and perovskite structure [17-21], and so
on [22,23]. Nevertheless, many researchers have committed to exploring new possibilities
of entropy-stabilized HEO systems.

Among the typical perovskite oxides, barium titanate (BaTiO3) has been widely ap-
plied in piezoelectric [24,25], dielectric [26-28], and ferroelectric fields [29-31], so the high-
entropy perovskite oxides (HEPOs) based on BaTiO3 have obtained much attention [32,33].
Jiang et al. designed a series of B-site HEPOs with a cubic phase and proposed that the
phase stability of a single cubic solid solution was related to the tolerance factor [34]. Chen
et al. prepared a variety of B-site HEPOs with a single cubic phase using the strategy of
valence combination and proposed that the cation valence difference would affect the phase
stability of ordered structures [35,36]. In addition, Sarkar et al. successfully designed high
entropy system (Gdg zLag 2Ndg 2Smg2Y0.2)(Cog2Crg2Feg2Mng 2Nig2)O3 and confirmed the
role of entropy in the phase stability of a single-phase solid solution [37]. Nevertheless,
the phase stability of single-phase HEPOs was not determined by a single factor but was
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more likely to be in a complex situation. Thus, there was still controversy about the in-
fluencing factors on the phase stability of single-phase HEPOs. In addition, the present
status of this research is mainly focused on the B-site HEPOs, and most of them are cubic
structures without piezoelectricity. Adjusting the phase structure of HEPOs by designing
their composition will have great potential and advantages. It is expected to obtain high
entropy perovskite ceramics with better ferroelectric and piezoelectric properties.

In the present work, based on BaTiOs (BT), SrTiO5 (ST), CaTiOs (CT), PbTiO3 (PT),
and (Bip5Nag5)TiO3 (BNT), 17 kinds of A-site HEPOs were designed and synthesized by
the solid-state method. The phase compositions of the HEPOs were characterized in detail.
The scanning electron microscope (SEM) image and energy dispersive spectroscopy (EDS)
mapping showed that the element distribution of HEPOs with different molar ratios is
different. Moreover, the factors including size disorder, configuration entropy, tolerance
factor, and electronegativity difference, affected the formation of a single-phase solid
solution, and the phase stability was discussed in detail.

2. Experimental Procedure

The following powders BaCOs (99.95%), CaCOj3 (99.95%), SrCO3 (99.95%), PbO
(99.95%), MgO (99.95%), Bi;O3 (99.95%), Y203 (99.95%), Na,CO3 (99.95%), KoCO3 (99.95%),
and TiO; (99.95%) purchased from Aladdin reagent company were used as starting ma-
terials. HEPOs were synthesized by a solid-state method. The powders were weighed
according to the stoichiometric compounds shown in Table 1. The obtained powders
were mixed homogeneously by ball-milling for 6 h at a rotation speed of 300 r/min using
anhydrous ethanol as a medium. After drying, the mixed powders were pressed into discs
with a diameter of 20 mm and a thickness of about 10 mm under a uniaxial pressure of
50 MPa. Finally, the discs were calcined at 1000 °C for 3 h in a muffle furnace (KSL-1200X;
Kejing Company, Hefei, China) with a heating rate of 3 °C/min and cooled naturally.

The phase composition of the HEPOs was analyzed using X-ray diffraction (XRD,
DMAX Ultima IV, Rigaku, Japan) with Cu K« (A = 1.5418 A) as the radiation source.
Data were digitally recorded in a continuous scan in the range of angle (26) from 20° to
90°. A scanning electron microscope (SEM, GEMINI SEM 500; Zeiss, Jena, Germany),
equipped with an energy dispersive X-ray spectrometer (EDS, UltimMax100, UK), was
used to characterize the morphology and element distribution of the HEPOs.

Table 1. Summary of important results of 17 kinds of HEPOs.

No. Composition Phase AS,ix RA(R) t o I
5ATO-1 (Bal/551"1 /5Ca1 /5Pb1/5Mg1/5)TiO3 F 1.376 0.98 18.30 -
5ATO-2 (Ba1 /551‘1 /5C31 /5B11/5Na1 /5)T103 C 1.432 1.00 6.60 0.37
5ATO-3 (Ba1/5Sr1/5Ca1/5Bil/5K1/5)Ti03 C 1.482 1.02 8.19 0.39
5ATO-4 (Ba1 /551'1 /5Ca1 /5Y1 /5Na1 /5)Ti03 F 1.372 0.98 12.67 -
5ATO-5 (Ba1/5Ca1/5Pb1/5B11 /5N&1/5)T103 T 1609R 1.442 099 676 043
5ATO-6 (Ba1/5Sr1 /5Pb1 /51311/5Na1/5)T103 T 1.462 1.00 5.73 0.44
5ATO-7 (Bay /5511 /5B ;5Nay /5Ky /5)TiO3 T 1.492 1.02 7.43 0.40
5ATO-8 (Ba1/5Ca1/5B11 /5N&1/5K1/5)TIO3 T 1.472 1.00 8.59 0.40
5ATO-9 (Bal/5Pb1/5Bil/5Na1/5K1/5)TiO3 T 1.502 1.01 7.19 0.46

5ATO-10 (Ba1/4Sr1 /4Bi] /4Na1/8K1/8)TiO3 F 1.486 1.00 7.15 -
5ATO-11 (Bay /4Cay /4Bt ;4Nay /5Ky /g)TiO3 F 1560R 1461 1.01 8.52 -
5ATO-12 (Bal/4Pb1/4Bi1/4Na1/8K1/8)TiO3 F 1.499 1.03 6.87 -
6ATO-1 (Bal /651'1 /6Ca1 /6Pb1 /6Bi1/6Na1/6)TiO3 T 1.790R 1.442 0.99 6.17 0.44
6ATO-2 (Bal /681‘1 /6Ca1 /6Bil/6Na1 /6K1/6)TiO3 C : 1.467 1.00 7.91 0.36
6ATO-3 (Ba1/5Sr1/5Ca1/5Bi1/5Na1/10Kl/10)Ti03 C 1.748R 1.457 0.99 7.66 0.38
7ATO-1 (Bal/7Sr1/7Ca1/7Pb1/7Bl1/7Na1/7K1/7)T103 C 1.946R 1.470 1.00 7.33 0.45
7ATO-2 (Ba1/68r1/6Ca1/6Pb1/6B11 /6Na1/12K1/12)T103 C 1.907R 1.463 0.98 7.02 0.44

The sample that cannot form a single phase is labeled as “F”, the sample that can form cubic perovskite is labeled
as “C”, and the sample that can form tetragonal perovskite is labeled as “T”. R, is the average radius of A-site
cations, and other parameters are described in detail later.
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3. Results and Discussion

Figure 1a shows the XRD patterns of 17 kinds of HEPOs. It is found that three kinds
of six-component perovskite oxides (6ATO-1, 6ATO-2, and 6ATO-3) and two kinds of
seven-component perovskite oxides (7ATO-1 and 7ATO-2) crystallize as single-phase solid
solutions. However, for the five-component perovskite oxides, except 5ATO-1, 5ATO-4,
5ATO-10, 5ATO-11, and 5ATO-12, the others form single-phase solid solutions.

2Theta(deg.)

Figure 1. XRD patterns of (a) 17 kinds of HEPOs, (b) (Ba; /55r;/5Ca;/5Y1,/5Na; /5)TiO3 (5ATO-4),
(C) (Ba1/4Sr1 /4Bi1/4Na1/8K1 /8)TIO3 (5ATO-10), (Ba1/4Ca1/4Bi1/4Na1/8K1/8)TiO3 (5ATO-11), and
(Ba1/4Pb1/4Bi1/4Na1/8K1/8)TiO3 (5ATO-12)

For 5ATO-1, a solid solution with a perovskite structure is basically formed, but there
is a small amount of the second phase. As shown in Figure 1b, the peaks in the 26 range
of 31-34°, 39-42°, 46-49°, and 57-60° are composed of three peaks, respectively, which
correspond to the standard card of BaTiO3 (PDF#31-0174), SrTiO; (PDF#35-0734), and
CaTiO; (PDF#75-2100), indicating that three-phase (BT, ST, and CT) coexist in 5ATO-4. In
addition, a small number of impurities are present in 5SATO-4.

As shown in Figure 1c, by comparing the peaks in the 26 range of 31-33°, 38—40°,
45-47°, and 56-58° of 5ATO-10, 5ATO-11, and 5ATO-12 with the standard card of BaTiO3
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(PDF#31-0174), SrTiO3 (PDF#35-0734), CaTiO3 (PDF#75-2100), and PbTiO3 (PDF#40-0099),
the occurrences of two diffraction peaks during each 20 range prove that a single-phase
solid solution cannot be formed. At the 26 range of 31-33°, the separation of the 5ATO-
11 peak is farther than that of 5ATO-10 and 5ATO-12. This is because the radius of
Ca2* (1.34 A) is less than Sr2* (1.44 A) and Pb2* (1.49 A).

For perovskite oxides ABOj3, the A-site ions occupy the corners and the B-site ions
occupy the body center of the cube, while the oxygen ions locate the face centers. B-
site ions have 6-fold coordination and form BOg4 octahedrons with oxygen ions, while
the A ions have 12-fold coordination [38]. For A-site HEPOs, multiple cations occupy
the A-site randomly, but the crystal structure remains unchanged and stable. Figure 2
displays the crystal structure of HEPOs with multiple elements at A-site. According to
the classical Hume-Rothery (H-R) rules, the cation size mismatch plays an important role
in the formation of a complete solid solution [39]. To form a complete solid solution, the
cation radii should have little difference. When the cation size mismatch exceeds 15%, the
solid solution becomes unstable [40]. Therefore, to form A-site HEPOs with stable crystal
structures, the A-site cation radii should show little difference.

Figure 2. Crystal structure of HEPOs with multiple elements at A-site. The red sphere represents
oxygen ion, the blue sphere represents titanium cation at B-site, and the colored ball represents the
multi-component cations at A-site.

Zhang et al. proposed that size disorder characterized the solid solution behavior of
the constituent elements in the multi-component alloys [41]. Size disorder was also utilized
to judge the formation of B-site HEPOs by Jiang et al. [34]. Thus, size disorder (6') is used
to characterize the cation size difference of A-site HEPOs in our work, and it can be defined

as follows:
2
N R;
o = Cox |1 ——— 1
\JZz—l ’[ E?inRi]

where x; and R; are the mole fraction and the radius of the i cation at A-site, respectively.
The size disorder of 17 kinds of HEPOs is shown in Table 1. It can be seen that the ¢’) values
ranged from 5.73% to 8.59% except for 5ATO-1 and 5ATO-4. Single-phase HEPOs are not
formed in two compositions with high ', (18.30% for 5ATO-1 and 12.67% for 5ATO-4,
respectively). Miracle et al. indicated that the ¢, values have an upper limit of 6.5% for the
formation of single-phase HEAs [42]. For 5ATO-3 and 5ATO-8, the ¢’; values even exceed
8%. Thus, it seems that this upper limit should be higher for A-site HEPOs. The results are
consistent with some synthesized HEPOs [17,43].

Furthermore, it is noted that the ¢; value of 5ATO-10, 5ATO-11, and 5ATO-12 is 7.15%,
8.52%, and 6.87%, respectively (albeit smaller than 7.43% of 5ATO-7, 8.59% of 5ATO-8,
and 7.19% of 5ATO-9, respectively). However, 5ATO-10, 5ATO-11, and 5ATO-12 cannot
form a single-phase solid solution. Thus, the cation size difference is probably a necessary
criterion, but not a sufficient criterion for HEPOs to obtain a single-phase solid solution.
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The multiple elements at the A-site (Ba, Sr, Bi, Na, and K) of 5ATO-10 and 5ATO-7
are the same, but the mole fractions of the five elements are different. Therefore, the
configuration entropy of 5ATO-10 and 5ATO-7 are different. Further consistent with this
situation are 5ATO-8 and 5ATO-11, 5ATO-9 and 5ATO-12. The configuration entropy
(AS,,;iy) is defined as follows [44]:

N
ASmix =—R Zi:l xilnxi (2)

where R is the gas constant; x; is the molar fraction of the i cation at A-site; and N represents
the number of components at A-site. The calculated configuration entropy by the corre-
sponding stoichiometric formula is given in Table 1. The AS,,;, value of 5ATO-7, 5ATO-8,
and 5ATO-9 is 1.609R, while that of 5ATO-10, 5ATO-11, and 5ATO-12 is 1.560R. Rost et al.
found that the formation of a high-entropy solid solution was affected by the molar fraction
of cations, and indicated that the configuration entropy was an important driving force for
the formation of a single phase [3]. According to the concept of high entropy, the AS,,;;,
value should be higher than 1.609R [45]. Therefore, the low AS,,;, value is a factor that
affects 5ATO-10, 5ATO-11, and 5ATO-12 and cannot form a single-phase solid solution.

The multiple elements at A-site (Ba, Sr, Ca, Bi, Na, and K) of 6ATO-2 and 6ATO-3 are
the same, but the mole fractions of the six elements are different. For these two kinds of
HEPOs, a single-phase solid solution is formed, and their configuration entropy is greater
than 1.7R. Figure 3 shows SEM images and corresponding EDS sample mapping of 6ATO-2
and 6ATO-3. It can be seen that the elements of Ba, Sr, Ca, Bi, Na, K, and Ti are randomly
distributed in the samples of 6ATO-2 and 6ATO-3. However, the content of Na and K
elements is significantly low for sample 6ATO-2. It may be caused by the fact that the
sample of 6ATO-2 does not conform to the valence balance [46].

Figure 3. SEM images and corresponding EDS sample mapping of 6ATO-2 and 6ATO-3.

To further investigate the phase structure, 12 kinds of single-phase HEPOs were
analyzed in detail. It is worth noting that there are different phases among these single-
phase solid solutions: cubic perovskite structure and tetragonal perovskite structure.

Figure 4a shows the XRD pattern of the six kinds of cubic HEPOs. It can be seen
that the six oxides exhibit typical diffraction peaks of (110), (111), (200), and (211), which
correspond to the standard card of SrTiO; (PDF#35-0734) [47], proving that they possess
cubic perovskite structure.
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Figure 4. (a) XRD patterns of cubic perovskite oxides, (b) Zoom in view of the XRD patterns between
31° and 34°.

In addition, as shown in Figure 4b, XRD patterns in the 26 range from 31° to 34° were
enlarged. It is worth noting that the diffraction peaks shift to the left with the increase
in the average radius of A-site cations, with only one exception (7ATO-1). The aver-
age radius of A-site ions of 5ATO-2, 5ATO-3, 6ATO-2, 6ATO-3, 7ATO-1, and 7ATO-2 are
1.432 A, 1.457 A, 1.463 A, 1.467 A, 1.470 A, and 1.482 A, respectively. The diffraction peaks
shift to a lower angle, indicating the increase in lattice value. The lattice constants of
12 kinds of single-phase HEPOs are summarized in Table S1 (Supplementary Materials).
When the elements with larger ion radii enter the crystal lattice, they will cause the expan-
sion of the cell. This is consistent with Bragg’s law [48]. For 7ATO-1, a slight deviation from
the valence balance may cause lattice distortion and lead to exceptional uncertainty [46].

As shown in Figure 5a, for the three oxides (5ATO-5, 5ATO-9, and 6ATO-1), the
diffraction peaks at 26 = 31°, 32°, 40°, 45°, 46°, 56°, and 57° correspond to (101), (110),
(111), (002), (200), (112), and (211) planes, indicating that the three oxides correspond to
the standard card of tetragonal (Big 5K 5)TiO3 (PDF#36-0339) [49]. The XRD patterns of the
other three oxides (6ATO-6, 5ATO-7, and 6 ATO-8) are given in Figure 5b. The diffraction
peak at 20 = 32°, as well the split of the diffraction peak at 26 = 44.75° into two peaks of
(002) and (200), indicate that the three oxides correspond to the standard card of tetragonal
BaTiOs (PDF#05-0626) [50].

According to the lattice constants summarized in Table S1, the values of c/a of six
oxides with tetragonal structure are calculated. The values of c/a are 1.035, 1.021, and
1.033 for 5ATO-5, 6ATO-1, and 5ATO-9, respectively, which are close to the value of ¢/a of
(Bip5Kq.5)TiO3 (1.024). The values of ¢/a are 1.016, 1.008, and 1.008 for 5ATO-6, 5ATO-7,
and 5ATO-8, respectively, which are close to the value of c/a of BaTiO3 (1.011). This is
consistent with the corresponding result of XRD results.
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Figure 5. XRD patterns of the six samples which possess tetragonal perovskite structure: (a) 5ATO-5,
5ATO-9, and 6ATO-1, (b) 5ATO-6, 5ATO-7, and 5ATO-8.

For perovskite oxides, Goldschmidt proposed a tolerance factor (t) to characterize the
stability and cubic symmetry deviation of perovskite structure [51]. The value is defined
using the following formula:

___Ra+Ro
V2(Rp + Ro)

where R4 and Rp are the ionic radii of the cations at A and B sites, respectively, and
Ro is the radius of the oxygen ion. A cubic phase is likely to be stable if 0.9 <t < 1.0,
while a tetragonal phase may be formed if ¢ > 1.0 [30]. In the case of multiple cations at
the A-site, the average ionic radius is considered. The calculated t values of the samples
are given in Table 1. We find that the t values of each A-site HEPO are in the range of
0.98-1.02. In fact, for six oxides possessing a cubic perovskite structure (SATO-2, 5ATO-3,
6ATO-1, 6ATO-2, 7ATO-1, and 7ATO-2), the values are 1.00, 1.02, 0.99, 1.00, 1.00, and 0.98,
respectively; meanwhile, for six oxides possessing tetragonal perovskite structure (5ATO-5,
5ATO-6, 5ATO-7, 5ATO-8, 5ATO-9, and 6ATO-1), the values are 0.99, 1.00, 1.02, 1.00, 1.01,
and 0.99, respectively. Thus, there is no correlation between the tolerance factor and the
phase structure, i.e., the f value cannot be used to predict whether the HEPOs form a cubic
perovskite phase or a tetragonal perovskite phase.

For HEAs, there is an obvious correlation between the electronegativity difference
and whether the HEAs form body-centered cubic (BCC) or face-centered cubic (FCC)
structures [52]. Herein, we introduce the concept of electronegativity difference into
HEPOs. For A-site HEPOs, the electronegativity difference (49 ) is defined as follows:

2
R .

where ¢; and x; are the electronegativity and the mole fraction of the i cation at A-site,
respectively. According to the Pauling electronegativity of each element, the calculated
&% values are listed in Table 1. It can be found that, except for 7ATO-1 and 7ATO-2, the
&% values of other cubic perovskite oxides (5ATO-2, 5ATO-3, 6ATO-2, 6ATO-3) are less
than 0.4 (0.37, 0.39, 0.36, and 0.38, respectively). The 6% values of all tetragonal perovskite
oxides (BATO-5, 5ATO-6, 5ATO-7, 5ATO-8, 5ATO-9, and 6ATO-1) are higher than 0.4 (0.43,
0.44, 0.40, 0.40, 0.46, and 0.44, respectively). Pb is higher than other meter elements selected
in this study. Therefore, the 6% values of the four oxides containing Pb (5ATO-5, 5ATO-6,

®)
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5ATO-9, 6ATO-1) are relatively higher, and HEPOs containing Pb prefer to form tetragonal
perovskite structures. It is worth noting that the 6% values of 5ATO-7 and 5ATO-8 are both
0.40, which is the boundary value. Furthermore, it can be found that the c/a values of
5ATO-7 and 5ATO-8 are close to 1, indicating that they have a tendency from the tetragonal
perovskite phase to the cubic perovskite phase. However, the ¢ values of 7ATO-1 and
7ATO-2 are 0.44 and 0.45, respectively, because of their Pb-containing, but they form a
cubic perovskite phase. The fact that it may have originated from more principal elements
at A-site and higher configurational entropy should be investigated in detail later. The
prediction for the phase evolution between cubic and tetragonal by the ¢ values are
consistent with the result of this work. It is well known that the degree of the tetragonal
phase is related to ferroelectric properties. The high entropy perovskite ceramics prepared
by this method are expected to have better ferroelectric properties.

4. Conclusions

A series of A-site HEPOs with five components, six components, and seven elements
were successfully synthesized by the solid-state method. Subsequently, the values of size
disorder, configurational entropy, tolerance factor, and electronegativity difference were
calculated to clarify the correlation with the formation and phase stability. The formation
of single-phase A-site HEPOs can be predicted by ¢"; and AS,,;,. Oxides 5ATO-1 and
5ATO-4 with higher ¢’) values do not easily form single-phase solid solutions. Meanwhile,
5ATO-10 with low AS,,;, value cannot form a single-phase solid solution. The t values of
12 kinds of A-site HEPOs were in the range of 0.98-1.02, which cannot be used to predict
whether the HEPOs form a cubic perovskite phase or a tetragonal perovskite phase. Finally,
the 6% values were successfully used to predict the phase stability of HEPOs. Cubic HEPOs
were easily formed when the electronegativity difference was < 0.4, while the tetragonal
HEPOs were easily formed when the electronegativity difference was > 0.4.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma16062214/s1, Table S1: Lattice constants of 12 kinds of single-
phase HEPOs.
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