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Abstract: As a type of titanate, the pseudobrookite (MTi,Os/M,TiOs) exhibits a low thermal
expansion coefficient and thermal conductivity, as well as excellent dielectric and solar spectrum
absorption properties. However, the pseudobrookite is unstable and prone to decomposing below 1200 ‘C,
which limits the practical application of the pseudobrookite. In this paper, the high-entropy
pseudobrookite ceramic is synthesized for the first time. The pure high-entropy (Mg,Co,Ni,Zn)Ti,O5
with the pseudobrookite structure and the biphasic high-entropy ceramic composed of the high-
entropy pseudobrookite (Cr,Mn,Fe,Al,Ga),TiOs and the high-entropy spinel (Cr,Mn,Fe,Al,Ga,Ti);04
are successfully prepared by the in-sifu solid-phase reaction method. The comparison between the
theoretical crystal structure of the pseudobrookite and the aberration-corrected scanning transmission
electron microscopy (AC-STEM) images of high-entropy (Mg,Co,Ni,Zn)Ti,Os shows that the metal
ions (M and Ti ions) are disorderly distributed at the A site and the B site in high-entropy
(Mg,Co,Ni,Zn)Ti,Os, leading to an unprecedentedly high configurational entropy of high-entropy
(Mg,Co,Ni,Zn)Ti,Os. The bulk high-entropy (Mg,Co,Ni,Zn)Ti,05 ceramics exhibit a low thermal
expansion coefficient of 6.35x10°® K ' in the temperature range of 25-1400 ‘C and thermal
conductivity of 1.840 W-m "K' at room temperature, as well as the excellent thermal stability at 200,
600, and 1400 C. Owing to these outstanding properties, high-entropy (Mg,Co,Ni,Zn)Ti,Os is
expected to be the promising candidate for high-temperature thermal insulation. This work has further
extended the family of different crystal structures of high-entropy ceramics reported to date.
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1 Introduction

The concept of high-entropy materials is proposed in
the field of alloys firstly. Compared with the traditional
alloys, high-entropy alloys take a variety of elements
as the principal elements in approximately equal
proportions. Multi-principal elements increase the
configurational entropy and reduce the Gibbs free
energy for the formation of multiphase solid solutions.
Therefore, high-entropy alloys exhibit excellent structural
stability and physical properties [1,2]. Subsequently,
the concept of high-entropy materials and the four
major effects (high configurational entropy, severe
lattice distortion, sluggish diffusion, and “cocktail” effect)
are further extended to the field of ceramics [3-5]. High-
entropy ceramics with various excellent properties
have been developed successively [6-11], and the
compositionally complex ceramics (CCCs) with more
flexible principal element numbers and content range
are further proposed [12,13]. Research on high-entropy
ceramics has included a variety of crystal structures
such as rock salt structure, pyrochlore structure, perovskite
structure, argyrodite structure, fluorite structure, spinel
structure, hexagonal CrSip-type structure, hexagonal
AlB,-type structure, aluminates, silicates, and borides
[3-18]. However, to the best of our knowledge, there is
no research on the fabrication of the high-entropy
ceramics with the pseudobrookite structure.

Most of the pseudobrookite belong to titanate
(MTi,05/M;,TiOs), orthorhombic system, and are in the
Cmem space group. Their crystal structure is composed
of two kinds of strongly distorted octahedra [AOg] and
[BOg] (Wyckoff positions 4¢ and 8f), in which A and B
sites are occupied by the metal ions M and Ti,
respectively. The [MOg] and [TiO¢] are connected in
the form of common edge along the directions of b and
¢ axes, and connected in a co-top manner along the
direction of a axis. The lattice parameters in the
directions of b and ¢ axes are much higher than that in
the direction of a axis. At the same time, the A site and
the B site in the pseudobrookite phase have extraordinary
structure flexibility, in which the M and Ti disorderly
distributed in different degrees. So the general formula
can also be written as [M3+,M2+,Ti]A[Ti,M2+,M3+]3205
[19-21].

Owing to the special crystal structure of pseudobrookite,
the thermal expansion coefficient of single crystal in
the g-axis direction is significantly lower than that in
the other two axes. Due to the anisotropic thermal

expansion coefficient of the single crystal, a large
number of microcracks are formed in the pseudobrookite
ceramics during the sintering process. The microcracks
can provide space for thermal expansion and effectively
relieve stress concentrations, resulting in a particularly
small thermal expansion coefficient and excellent
thermal shock resistance of the pseudobrookite ceramics
at the macroscopic scale [22,23]. For MgTi,Os, the
presence of microcracks effectively reduces the linear
thermal expansion from 9.5% to 5.2%, from room
temperature (RT) to 1000 C [23]. For ALTiOs, it
exhibits a low thermal expansion coefficient of
2.5x10° K'! in the temperature range of 25-1400 °C
due to the presence of microcracks [24]. Moreover, the
pseudobrookite also exhibits a low thermal conductivity
and a high melting point. Therefore, the pseudobrookite
has been widely used as high-temperature insulation
ceramics [24], water purification filters [25], and diesel
particulate filters [23]. On the other hand, as an n-type
semiconductor, the pseudobrookite exhibits excellent
dielectric and impedance properties as well as suitable
electronic structure, band gap, and solar spectral
absorption properties, which can be used as photocatalytic
materials [26-30], thermoelectric materials [31], gas
sensors [32], humidity sensors [33], microwave absorbing
materials [34], anode materials of solid oxide fuel cells
[35], and ceramic pigments [36—40].

However, the pseudobrookite is unstable and prone
to decomposing below 1200 °C, which seriously limits
its further application. For instance, the A, TiO5 phase
decomposes into AlL,O; and TiO, at 750-1280 C
[24,40,41], the MgTi,05 phase decomposes at 130-230
or below 620 ‘C [23,42], and the Ga,TiOs phase can
only exist at high temperatures [43]. This is attributed
to the fact that the pseudobrookite is an infrequent
phase stabilized by entropy. Unlike ordinary compounds
that obtain a lower Gibbs free energy by lower formation
enthalpy, the pseudobrookite has a high configurational
entropy, which allows the pseudobrookite to obtain a
low Gibbs free energy at high temperatures. However,
the Gibbs free energy is not low enough to keep the
pseudobrookite stable below 1200 ‘C. Therefore, the
method of introducing transition metal elements to
form solid solutions is widely used to prevent the
decomposition and improve the mechanical property of
pseudobrookite [24,31,34,36-38,41]. However, the
solubility limit of a single doped phase prevents further
development [38—40,44].

Herein, we successfully prepare high-entropy
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pseudobrookite for the first time to further increase the
configurational entropy and improve the thermal
stability of the pseudobrookite. Two kinds of typical
pseudobrookite systems, A(M2+)Ti205 and B(M3+)2Ti05,
are selected. Mg, Co, Ni, and Zn are selected for the M
position in ATi,Os (AT2), and Al, Ga, Fe, Cr, and Mn
are selected for the M position in B,TiOs (B2T). The
high-entropy pseudobrookite (Mg,Co,Ni,Zn)Ti,O5 and
(Al,Ga,Fe,Cr,Mn),TiOs are synthesized by the traditional
in-situ solid-phase reaction method. The formation
process of the high-entropy pseudobrookite is determined
from the aspects of crystal structure, chemical composition,
microstructure, chemical states, and chemical environment
of metal ions. The results show that high-entropy
(Mg,Co,Ni,Zn)Ti,Os has a high configurational entropy
and excellent thermal stability. The dense high-entropy
(Mg,Co,Ni1,Zn)Ti,Os also exhibits a low thermal
expansion coefficient and a low thermal conductivity.

2 Experimental

2.1 Preparation

The high-entropy pseudobrookite AT2 and B2T were
prepared by the in-situ solid-phase reaction method.
MgO (99.9% purity), ZnO (99.99% purity), Al,O;
(99.99% purity), Ga,03 (99.99% purity), Fe,O3 (99.9%
purity), and Cr,O3 (99.95% purity) (Macklin Biochemical
Co., Ltd., Shanghai, China) and CoO (99.0% purity),
NiO (99.0% purity), MnO (99.5% purity), and TiO,
(rutile, 99.8% purity) (Aladdin Biochemical Technology
Co., Ltd., Shanghai, China) were used as the raw powders.
Firstly, the raw powders were weighed according to the
stoichiometric ratio, and were ball-milled at 200 r/min
for 7 h with ethanol as the dispersing phase. The slurry
after ball milling was thoroughly dried in an oven at
60 C to remove ethanol, and then sieved by the
60-mesh sieve to obtain the mixed raw material
powders. Polyvinyl alcohol (PVA) was added into the
mixed raw material powders as the binder, and the
mixed raw material powders were pressed into
columnar-shaped compacts with a diameter of 20 mm
under a uniaxial pressure of 30 MPa. Finally, the green
bodies were sintered at different temperatures (1100,
1200, 1300, and 1400 C) for 2 h in the air.

2.2 Characterizations

The crystal structures of the specimens were analyzed
via the X-ray diffractometer (Rigaku, D/Max-2500,

Japan) ranging from 10° to 90° with filtered Cu Ka
radiation. The scanning electron microscope (Hitachi,
S-4800, Japan) and the energy disperse spectrometer
(Oxford, X-Max20, UK) were used to characterize the
microstructures and the element distributions of the
specimens, respectively. The quantitative analysis of
the composition was realized by the energy disperse
spectrometer (Oxford, X-Max20, UK), inductively the
coupled plasma-optical emission spectrometer (Agilent,
5110, USA), and the X-ray fluorescence spectrometer
(Rigaku, Supermini200, Japan). The chemical states
and chemical environment of the metal elements in the
high-entropy MTi,Os were analyzed by the X-ray
photoelectron spectrometer (Kratos, Axis supra, UK)
with Al Ka X-ray source and pass energy of 40 eV. All
data were calibrated to the adventitious C 1s peak at
284.8 eV. The high-resolution microstructure and
crystal structure of the high-entropy MTi,Os were
studied by the transmission electron microscope (JEOL,
Jem-2100f, Japan) and the aberration-corrected scanning
transmission electron microscope (JEOL, Jem-arm200f,
Japan). The thermal expansion coefficients of the
high-entropy MTi,Os were measured by the thermal
dilatometer (Netzsch, Dil402 expedis supreme, Germany)
under the protection of argon flow. The thermal
conductivity of MgTi,0s, CoTi,Os, and the high-entropy
MTi,Os were obtained by the transient plane source
(TPS) method (Hot Disk, Tps2500s, Sweden). The
bulk density of the samples was tested by the
Archimede’s method.

3 Results and discussion

The pseudobrookite is an infrequent phase stabilized
by entropy. The A site and B site in the pseudobrookite
have extraordinary structure flexibility, in which the M
and Ti disorderly distribute in some degrees. This
disordered distribution provides a relatively high
configurational entropy for the pseudobrookite, which
makes the pseudobrookite have a low Gibbs free
energy at high temperatures. However, the degree of
disorder distribution is limited at lower temperatures,
resulting in the instability and decomposition of
pseudobrookite. As a comparison, the degree of disordered
distribution improves considerably in high-entropy
pseudobrookite at the same temperature. The ideal
crystal structure of high-entropy pseudobrookite is
shown in Fig. 1, in which the metal ions M and Ti are
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Fig. 1 (a) Ideal crystal structure with the most disordered state of the high-entropy pseudobrookite phase; (b) the (001) crystal
plane of the ideal crystal structure of the high-entropy pseudobrookite phase.

randomly distributed at the A site and the B site. In this
work, Mg, Co, Ni, and Zn were selected for the M
position in AT2 system, and Al, Ga, Fe, Cr, and Mn
were selected for the M position in B2T system. These
metal elements have been proved to have good
compatibility and high doping amounts in the lattice of
pseudobrookite [32,34,35,37,38,43].

3.1 Synthesis and characterization of high-entropy
(Mg,Co,Ni,Zn)Ti,05

The X-ray diffraction (XRD) patterns of AT2 after
sintering at 1100, 1200, 1300, and 1400 ‘C are shown
in Fig. 2. It can be seen that the main phases of AT2
after sintering at 1100 °C are the ilmenite phase
high-entropy (Mg,Co,Ni,Zn)TiOs (space group R3) and
rutile phase TiO,, which are consistent with the
stoichiometric ratio of the original raw material. When
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Fig. 2 XRD patterns of AT2 after sintering at 1100,
1200, 1300, and 1400 C for 2 h.

the sintering temperature is increased to 1200 C, a
small amount of pseudobrookite phase begins to appear.
With a further increase in the sintering temperature, the
ilmenite phase high-entropy (Mg,Co,Ni,Zn)TiO; gradually
reacts with TiO, to form the pseudobrookite phase
high-entropy (Mg,Co,Ni,Zn)Ti,Os. As the sintering
temperature is further increased to 1400 ‘C, the XRD
spectra are indexed to the pure pseudobrookite phase
high-entropy (Mg,Co,Ni,Zn)Ti,0s. Therefore, we can
conclude that raw material powders (MgO, CoO, NiO,
Zn0O, and TiO,) are firstly reacted with each other to
form high-entropy (Mg,Co,Ni,Zn)TiOs phase, and then
high-entropy (Mg,Co,Ni,Zn)TiO5 further reacts with
TiO; to form high-entropy (Mg,Co,Ni,Zn)Ti,Os. Similar
process has also been found in the synthesis of other
pseudobrookite phase. In the study of preparing single
crystal CoTi,Os [45], it was found that CoO first
reacted with TiO; to form CoTiO;, and then the single
crystal CoTi,Os formed along the interface between
CoTiO; and TiO,. And the same process has also been
found in the preparation of MgTi,Os by different
methods [23,25,37,46].

To demonstrate the existence of the transition phase
high-entropy (Mg,Co,Ni,Zn)TiOs, the phase compositions
of AT2 after sintering at 1100 'C were further
investigated. Figure 3 shows the SEM image and the
corresponding energy dispersive spectroscopy (EDS)
mappings of the bulk AT2 after sintering at 1100 C. In
Fig. 3, Mg, Co, Ni, and Zn show a significant
aggregation, and the quantitative analysis results of the
Mg, Co, Ni, Zn, and Ti in these aggregated areas are
consistent with the components of high-entropy
(Mg,Co,N1,Zn)TiO;. This result confirms the existence
of the transition phase high-entropy (Mg,Co,Ni,Zn)TiOs.
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Fig. 3 SEM image and corresponding EDS mappings of AT2 after sintering at 1100 C.

The SEM images and corresponding EDS mappings
of pure pseudobrookite phase high-entropy
(Mg,Co,Ni,Zn)Ti,Os after sintering at 1400 ‘C are
shown in Fig. 4. As shown in Fig. 4(a), high-entropy
(Mg,Co,Ni1,Zn)Ti,Os is mainly composed of some
abnormally large rod-shaped particles and equiaxed
fine particles around the rod-shaped particles. The
corresponding EDS mappings show that the Mg, Co,
Ni, Zn, Ti, and O are evenly distributed without obvious
element enrichment. Figures 4(b) and 4(c) show the
SEM images and corresponding EDS mappings of the
abnormally large rod-shaped particles and the fine
particles, respectively. All elements in the rod-shaped
particles and the equiaxed particles are distributed
homogeneously. Combined with the XRD analysis
results, it can be concluded that the rod-shaped
particles and the equiaxed fine particles all belong to
high-entropy (Mg,Co,Ni,Zn)Ti,Os. The morphology of

the coexistence of the rod-shaped particles and the
equiaxed fine particles is consistent with that of the
normal pseudobrookite phase [23-25,31,32,41,47].
The appearance of the rod-shaped particles is attributed
to the exaggerated grain growth (EGG) of some particles
at high temperatures [48]. For the pseudobrookite
phase, the lattice parameters in the directions of b and
¢ axes are much higher than that in the direction of a
axis, indicating that the reticular density of the (100)
crystal plane is less than that of the (010) and (001)
crystal planes. According to the Bravais’ rule, the
crystals are usually surrounded by crystallographic
planes with the highest reticular densities and the
greatest interplanar distances. Therefore, the (010) and
(001) crystal planes extend along the a-axis direction
continuously during the crystal growth at high
temperatures, which eventually leads to some of the
crystals showing a rod-shaped structure.

Fig. 4 (a) SEM image and corresponding EDS mappings of AT2; SEM images and corresponding EDS mappings of

(b) abnormally large rod-shaped particles and (c) fine particles in AT2 after sintering at 1400 C.
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In order to determine the element compositions of
high-entropy (Mg,Co,Ni,Zn)Ti,Os, quantitative analysis
of each element was carried out by three different
methods (EDS, XRF, and ICP). The corresponding
results are listed in Table 1. Firstly, the ratio of metal
ions M (Mg, Co, Ni, and Zn) to Ti is in accord with the
stoichiometric ratio of MTi,Os (1:2). Furthermore, all
the analyses show that the contents of Mg, Co, and Ni
ions are in line with the expected content of high-
entropy (Mg .25C0¢.25Nig25Z1025)T1,0s5, and the content
of Zn ions is slightly lower than the expected content
(0.25). The slightly lower concentration of Zn ions is
caused by the lower capacity of Zn in the
pseudobrookite phase [27,35] and the volatilization of
Zn0O/Zn [35]. In addition, the rod-shaped particles have
the same element composition as the equiaxed particles.
All the results demonstrate that AT2 is consisted of
pure pseudobrookite phase high-entropy (Mg,Co,Ni,Zn)
Ti,Os after sintering at 1400 ‘C. We have successfully
prepared pure high-entropy pseudobrookite ceramics
for the first time.

3.2 Synthesis and characterization of high-entropy
(Cr,Mn,Fe,Al,Ga),TiOs

The XRD patterns of B2T after sintering at different
temperatures are shown in Fig. 5. The main crystalline
phase in B2T after sintering at 1100 C is the cubic
spinel phase high-entropy (Cr,Mn,Fe,Al,Ga,Ti);0, with
the Fm3m space group. As the sintering temperature
is increased to above 1200 ‘C, the pseudobrookite
phase high-entropy (Cr,Mn,Fe,Al,Ga),TiOs begins to
appear. When the sintering temperature is 1400 C,
B2T is composed of the pseudobrookite phase high-
entropy (Cr,Mn,Fe,Al,Ga),TiOs and the spinel phase
high-entropy (Cr,Mn,Fe,Al,Ga,Ti);04. It can be seen
that the formation process of high-entropy (Cr,Mn,
Fe,Al,Ga),TiOs in B2T does not have any transition
phase. This similar process has also been reported in

Table 1 Quantitative analysis of AT2 after sintering
at 1400 °C (relative ratios of the molar content of each
element)

Mg Co Ni Zn Ti
EDS (rod-shaped particles) 0.258 0.273  0.275 0.194 2.057
EDS (equiaxed particles) 0.259 0.262 0262 0.217 1976
EDS (whole AT2) 0.255 0.266 0.265 0.224 2.005
XRF 0310 0.234 0.252 0.204 1.949
ICP 0.262 0.244 0.266 0.228 1.986
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Fig. 5 XRD patterns of B2T after sintering at 1100,
1200, 1300, and 1400 C for 2 h.

related studies. For example, Fe,TiOs was also found
to be directly formed by the diffusion of Ti*" to the
surface of Fe,0; [32], and Al,O; reacted directly with
TiO; to form AL, TiOs [40].

As shown in Fig. 6, the surface morphology images
of the bulk B2T after sintering at 1400 ‘C are mainly
composed of a large number of equiaxed particles. In
contrast to the AT2 (pure pseudotitanite phase) where
some particles undergo the EGG to form the rod-shaped
structure, the high-entropy spinel phase (Cr,Mn,Fe,
Al,Ga,Ti);04 generated firstly in B2T prevents further
growth of the high-entropy pseudobrookite phase
(Cr,Mn,Fe,Al,Ga),TiOs, resulting in the formation of
equiaxed grains. Figure 6 also shows the corresponding
EDS mappings, in which Cr, Mn, Fe, Al, Ga, and Ti
elements are distributed homogeneously. The quantitative
results obtained by the XRF, ICP, and EDS test are
listed in Table 2. The EDS results exhibit two kinds of
different element distribution trends, which conformed
to the chemical compositions of the pseudobrookite
phase high-entropy (Cr,Mn,Fe,Al,Ga),TiOs and the
spinel phase high-entropy (Cr,Mn,Fe,Al,Ga,Ti);0,4. It
can indicate that B2T after sintering at 1400 C is a
biphasic high-entropy ceramic composed of the
high-entropy pseudobrookite (Cr,Mn,Fe,Al,Ga),TiOs
and the high-entropy spinel (Cr,Mn,Fe,Al,Ga,Ti);0,.
In high-entropy (Cr,Mn,Fe,Al,Ga),TiOs, the Cr and
Mn have a lower content, while Fe has a higher content.
Contrary to the EDS results of high-entropy
(Cr,Mn,Fe,Al,Ga),TiOs, the contents of Cr and Mn in
high-entropy (Cr,Mn,Fe,Al,Ga,Ti);04 are significantly
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Spinel phase

Pseudobrookite phase

Fig. 6 Surface morphology image and corresponding EDS mappings of B2T after sintering at 1400 C.

Table 2 Quantitative analysis of B2T after sintering
at 1400 °C (relative ratios of the molar content of each
element)

Cr Mn Fe Al Ga Ti

XRF 0.193 0.200 0.196 0.213 0.198 0.504

ICP 0.156 0.174 0.247 0.199 0.224 0.637

EDS (pseudobrookite) 0.149 0.164 0.241 0.219 0.227 0.698
EDS (spinel) 0.262 0.262 0.086 0.172 0.218 0.048

higher than those of the other metal elements M, while
the content of Fe is far lower than those of the other
metal elements M. The reason for the opposite distribution
trends of Cr, Mn, and Fe in the pseudobrookite phase
high-entropy (Cr,Mn,Fe,Al,Ga),TiOs and the spinel
phase high-entropy (Cr,Mn,Fe,Al,Ga,Ti);0,4 is that Cr
and Mn tend to enter the spinel phase, while Fe tends
to enter the inverse spinel phase. During the formation
of the spinel phase, the total free energy of the spinel
phase is the lowest when Cr, Al, and Ga ions occupy
the octahedral positions, and Mn ions occupy the
tetrahedral positions [49-54]. In contrast, Fe tends to
form the inverse spinel structure and occupies the
tetrahedral position in the inverse spinel structure
[50,53]. Therefore, during the formation of the
high-entropy spinel (Cr,Mn,Fe,Al,Ga,Ti);04, more Cr
and Mn ions enter the lattice of the spinel, while only a
very small amount of Fe ion enters the lattice of the
spinel. With the further increase of temperature, the

remaining oxides react with each other to form the
high-entropy pseudobrookite (Cr,Mn,Fe,Al,Ga),TiOs.

The XRF test can show the overall content of B2T
in the macro perspective, and the results exhibit that
the content of each element in B2T after sintering at
1400 C is consistent with that of the raw material,
indicating no element volatilization during the sintering
process. The results of the ICP are almost the same as
those of high-entropy (Cr,Mn,Fe,Al,Ga),TiOs in the
EDS. We consider that the dissolution solution used in
the chemical dissolution process was more favorable to
dissolve the pseudobrookite phase (the same dissolution
solution was also used in the ICP test of AT2). Thus,
during the ICP test, more high-entropy pseudobrookite
phase was dissolved than the high-entropy spinel
phase.

The synthesis process of high-entropy (Mg,Co,Ni,Zn)
Ti,0s5 in AT2 and high-entropy (Cr,Mn,Fe,Al,Ga),TiOs
in B2T are shown in Fig. 7. In AT2, the transition
phase high-entropy (Mg,Co,Ni,Zn)TiOs phase is firstly
generated through the solid-phase reaction between the
raw material powders. Subsequently, high-entropy
(Mg,Co,N1,Zn)TiO; further reacts with TiO, to form
high-entropy (Mg,Co,Ni,Zn)Ti,Os. Finally, a pure high-
entropy pseudobrookite (Mg,Co,Ni,Zn)Ti,Os is formed.
In B2T, high-entropy spinel phase (Cr,Mn,Fe,Al,
Ga,Ti);04 appears first, and eventually co-exists with
high-entropy (Cr,Mn,Fe,Al,Ga),TiOs. Finally, a biphasic
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Fig. 7 Synthesis process of high-entropy (Mg,Co,Ni,Zn)Ti,Os in AT2 and high-entropy (Cr,Mn,Fe,Al,Ga),TiOs in B2T.

high-entropy ceramic composed of the high-entropy
pseudobrookite (Cr,Mn,Fe,Al,Ga),TiOs and the high-
entropy spinel (Cr,Mn,Fe,Al,Ga,Ti);04 is formed.

Therefore, in order to investigate the crystal structure
and the intrinsic property of the high-entropy
pseudobrookite  phase, the pure high-entropy
(Mg,Co,Ni1,Zn)Ti,0s was selected as the research
subject in Sections 3.3 and 3.4.

3.3 Structure analysis of high-entropy
pseudobrookite (Mg,Co,Ni,Zn)Ti,O5

The X-ray photoelectron spectroscopy (XPS) test can
not only express the chemical states of elements, but
also reflect the chemical environment of the metal
elements. Figure 8 shows the XPS spectra of Mg 1s,
Co 2p, Ni 2p, Zn 2p, and Ti 2p in high-entropy
(Mg,Co,Ni,Zn)Ti,0s. For comparison, MgTi,0s, CoTi,Os,
NiTiOs, and ZnTiOs; prepared by the same in-situ
solid-phase reaction method were also analysed by the
XPS in Fig. 8. It should be noted that since NiTi,Os
and ZnTi,O5 are unstable, NiTiO; and ZnTiO;, which
also have [MOg] octahedral, were chosen to analyse
the chemical states and the chemical environment of
the Zn and Ti elements.

For the pseudobrookite, both metal M and Ti ions
should be in octahedral coordination. With regard to
the Mg ions, the binding energies of Mg 1Is in
high-entropy (Mg,Co,Ni,Zn)Ti,Os and MgTi,Os are
1303.32 and 1303.16 eV, respectively, which are
consistent with the binding energy of typical
octahedrally coordinated Mg2+ [55]. The results denote
that the Mg ions in high-entropy (Mg,Co,Ni,Zn)Ti,0Os

belong to octahedrally coordinated Mg*". The peaks of
the Co ions in high-entropy (Mg,Co,Ni,Zn)Ti,Os
situated at 796.42 and 780.63 eV can be accordingly
assigned to Co 2p;; and Co 2ps,, respectively, and the
intense satellite peaks at 786.77 and 802.55 eV imply
the presence of octahedrally coordinated Co®" with
high spin state [56]. The CoTi,Os also shows almost
the same binding energy and peak shape in Fig. 8. The
results indicate that the Co ions in high-entropy
(Mg,Co,Ni1,Zn)Ti,Os also belong to octahedrally coordinated
Co™". As to the Ni ions in high-entropy (Mg,Co,Ni,Zn)Ti,Os,
the binding energies of Ni 2p;, and 2p;, are 873.38
and 855.76 eV, respectively, which are consistent with
the binding energy of the Ni*" in typical Ni insulator
[57,58]. Furthermore, the strong satellite peaks at
861.59 and 879.34 eV are similar with the satellite
structure of high-spin Ni*" in octahedral position [56]. In
order to further confirm the chemical environment of
the Ni in high-entropy (Mg,Co,Ni,Zn)Ti,0s, the XPS
spectrum of Ni 2p;, and corresponding satellite peak
of high-entropy (Mg,Co,Ni,Zn)Ti,Os were fitted with
five peaks. It is found that the peak shape of peak E is
similar to that of NiFe,O4 with octahedral [NiOg]
rather than that of NiCr,O4 with tetrahedral [NiO4] [59].
In addition, the NiTiO; with the same octahedrally
coordinated Ni*" has similar binding energy and peak
shape. The results imply that the Ni ions in high-
entropy (Mg,Co,Ni,Zn)Ti,Os are octahedrally coordinated
Ni*". For the Zn ions in high-entropy (Mg,Co,Ni,Zn)Ti,Os,
the binding energies of Zn 2ps;, and Zn 2p,, are
1021.30 and 1044.21 eV, respectively, which are
consistent with the binding energy of typical Zn®" [28,35].
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Fig. 8 High-resolution XPS spectra of Mg s, Co 2p, Ni 2p, Zn 2p, and Ti 2p in high-entropy (Mg,Co,Ni,Zn)Ti,Os and
corresponding normal pseudobrookite ceramics; and peak fitting of Ni 2ps;, and satellite peak of high-entropy
(Mg,Co,Ni,Zn)Ti,Os. FWHM represents the full width at half maximum.

The corresponding binding energies in ZnTiO; are
1021.53 and 1044.63 eV, which are similar to the
binding energy of the Zn ions in high-entropy
(Mg,Co,N1,Zn)Ti,0s. The results suggest that the Zn
ions in high-entropy (Mg,Co,Ni,Zn)Ti,Os are also
octahedrally coordinated Zn>". In conclusion, the XPS

results indicate that the Mg, Co, Ni, and Zn ions in
high-entropy (Mg,Co,Ni,Zn)Ti,O5 are all in octahedral
coordination, which are consistent with the M ions in
high-entropy pseudobrookite. Figure 8 also shows the
XPS spectra of Ti 2p in high-entropy (Mg,Co,Ni,Zn)Ti,Os;
the peaks situated at 458.39 and 464.15 eV belong to
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Ti 2ps32 and Ti 2py., respectively, and demonstrate that
the Ti ions in high-entropy (Mg,Co,Ni,Zn)Ti,05 are
Ti*" rather than Ti’".

In order to analyze the configurational entropy
change of high-entropy (Mg,Co,Ni,Zn)Ti,Os, the structural
parameters were refined by using the Rietveld method
and Fullprof software (Fig. 9). The refinement process
was based on the crystal structure of CoTi,Os, and the
change of configurational entropy can be reflected by
the change of the cell parameters. Compared with the
unit cell parameters of CoTi,Os (a = 3.7320 A, b =
9.7180 A, and ¢ = 10.0690 A), the length of @ and b in
high-entropy (Mg,Co,Ni,Zn)Ti,Os increases to 3.7415
and 9.7184 A, respectively, while the length of ¢
decreases to 10.0280 A. The change of the cell
parameters indicates an increase of configurational
entropy of high-entropy (Mg,Co,Ni,Zn)Ti,Os [20]. In
addition, compared with the unit cell volume of
CoTi,Os (365.18 A3), the unit cell volume of high-
entropy (Mg,Co,Ni,Zn)Ti,Os is reduced to 364.63 A%,

O Ohserved

Caleulated

Difference

i { I -2 posicion

Intensity (a.u.)

iy Lk At

TR I

1 t —1

10 20 30 40 50 60
20 (9)

because the ion radius of Mg®* (0.72 A), Ni*" (0.69 A),
and Zn*" (0.74 A) are all smaller than that of the Co*"
(0.75 A) with high spin state.

Figure 10 shows the high-resolution TEM (HRTEM)
image of high-entropy (Mg,Co,Ni,Zn)Ti,Os and the
selected area electron diffraction (SAED) pattern of the
corresponding region. In the HRTEM image, three
groups of crystal planes with interplanar spacings of
0.2109, 0.2315, and 0.1943 nm are assigned to the (024),
(130), and (114) crystal planes in the pseudobrookite
structure, respectively. The periodic lattice structure in
the HRTEM image and the corresponding SAED
pattern along the [621] direction confirm that the
crystal ~ structure of synthesized high-entropy
(Mg,Co,Ni1,Zn)Ti,Os belongs to the pseudobrookite
structure.

Figures 11(a) and 11(b) show the atomic-resolution
STEM-high-angle annular dark-field (HAADF) images
of high-entropy (Mg,Co,Ni,Zn)Ti,Os. It can be seen
that high-entropy (Mg,Co,Ni,Zn)Ti,Os is orderly

il % : c=10.0280 A

b=9.7184 A

Cell volume = 364.63 A?

Fig. 9 Rietveld analysis of the XRD patterns.

(000
@

/ \.
(024)

(114)

(130)

Fig. 10 (a) HRTEM image of high-entropy (Mg,Co,Ni,Zn)Ti,Os and (b) corresponding SAED pattern.
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Fig. 11 Atomic-resolution STEM—HAADF images of high-entropy (Mg,Co,Ni,Zn)Ti,Os5 at (a) low and (b) high magnifications;
(c) corresponding SAED pattern; and (d) simulated pattern of the standard pseudobrookite phase taken from the [001] direction.

arranged on the atomic scale. Figure 11(c) shows the
corresponding SAED pattern; Fig. 11(d) shows the
simulated pattern of the standard pseudobrookite phase
taken from the [001] direction, which was constructed
from the crystallographic information file (CIF) of the
pseudobrookite phase. By comparing Fig. 11(c) and
Fig. 11(d), the SAED pattern (Fig. 11(c)) is exactly the
same as the simulated pattern (Fig. 11(a)), indicating
that the STEM image (Fig. 11(b)) is the (001) crystal
plane in the pseudobrookite structure.

Figure 12(a) shows the theoretical crystal structure
of pseudobrookite with the viewing direction
perpendicular to the ab plane. The red, green, and gray
spheres represent the O ions, the metal M ions
occupying the A site, and the Ti ions occupying the B
site in the pseudobrookite structure, respectively.
Figure 12(b) shows the simplified crystal structure of
Fig. 12(a) after the removal of O ions. It can be seen
that the metal M ions in A site and the Ti ions in B site
are arranged in a serpentine double chain-like structure
along the g-axis direction. This serpentine double
chain-like structure contains two types of “nodes” with
different distances, which are framed by blue and red
rectangles. As shown in the HAADF image in the same
viewing direction (Fig. 12(c)), the metal M and Ti ions

in high-entropy (Mg,Co,Ni,Zn)Ti,Os exhibit the similar
serpentine chain-like structure. However, the theoretical
crystal structure of pseudobrookite and the actual
crystal structure of high-entropy (Mg,Co,Ni,Zn)Ti,05
show different “nodes” in the chain-like structure.

Figure 12(d) shows the theoretical crystal structure
of pseudobrookite viewed from the direction
perpendicular to the a axis. It is clearly seen that the
metal M ions at the A site and the Ti ions at the B site
do not overlap each other completely in each “node” of
the chain-like structure, resulting in a “diatomic” state
of each “node” in the direction perpendicular to the ¢
axis (Fig. 12(b)). In contrast, the chain-like structure of
high-entropy (Mg,Co,Ni,Zn)Ti,Os shows a “single
atom” state at each “node” (Fig. 12(c)). This “single
atom” state in the (001) crystal plane of high-entropy
(Mg,Co,N1,Zn)Ti,0s is consistent with that of the ideal
crystal structure of the high-entropy pseudobrookite
phase (Fig. 1(b)), and indicates that the metal M and Ti
ions are randomly distributed at the A site and the B
site.

Figures 12(e) and 12(f) show the single unit cell of
the theoretical pseudobrookite crystal structure and the
HAADF image at high magnification of high-entropy
(Mg,Co,Ni1,Zn)Ti,0Os (the image contrast was improved
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(Mg,Co,Ni,Zn)Ti,Os. (e) Single unit cell of theoretical crystal structure. (f) HAADF image at high magnification of high-entropy

(Mg,Co,Ni,Zn)Ti,Os taken from the same direction.

by the photoshop software), respectively. In the theoretical
crystal structure of pseudobrookite (Fig. 12(e)), the
distances between M at the A site and Ti at the B site in
the two blue “nodes” are 3.7239 and 2.6103 A,
respectively. In high-entropy (Mg,Co,Ni,Zn)Ti,Os (Fig.
12(%)), the distance between these ions in the two blue
“nodes” is 3.0695 A, which is between 2.6103 and
3.7239 A. Similarly, the distances between M at the A
site and Ti at the B site in the red “node” are 5.9941
and 7.1077 A in the theoretical crystal structure of
pseudobrookite, and that in high-entropy (Mg,Co,Ni,Zn)
Ti,Os is 6.9438 A, between 5.9941 and 7.1077 A. This
phenomenon further exhibits the random assignment of
metal M and Ti ions at the A and the B site in
high-entropy (Mg,Co,Ni,Zn)Ti,Os. Furthermore, it is
worth noting that the cell parameters of the a and b
axes obtained in the HAADF image at high magnetism
(Fig. 12(f)) are 3.8783 and 10.0133 A, respectively,
which are much higher than those of any known
pseudobrookite titanate ceramic, indicating that
high-entropy (Mg,Co,Ni,Zn)Ti,05 has an unprecedented
high configurational entropy [20].

3.4 Properties of high-entropy pseudobrookite
(Mg,Co,Ni,Zn)Ti,05

The biggest disadvantage of pseudobrookite is that it is
easy to decomposing below 1200 °C. For instance, the
MgTi,Os phase decomposed at 130-230 or below
620 C [23,42], the CoTi,Os phase was unstable below
1200 ‘C [45], and the ZnTi,Os phase decomposed
when heated in the air [35]. Therefore, in order to
explore the thermal stability of high-entropy
(Mg,Co,Ni1,Zn)Ti,Os, the sample was heated at 200,
600, and 1400 ‘C for 20 h. Figure 13(a) shows the
XRD results of the samples after heated at different
temperatures. Unlike normal pseudobrookite, high-
entropy (Mg,Co,Ni,Zn)Ti,Os does not decompose after
heated at different temperatures, and no other phases
are formed. High-entropy (Mg,Co,Ni,Zn)Ti,O5 has
higher configurational entropy and lower Gibbs free
energy than the normal pseudobrookite titanate
ceramics, and thus exhibits an excellent stability.
However, it can be seen that the relative intensity of
some peaks in the XRD spectrum of high-entropy
(Mg,Co,N1,Zn)Ti,05 change after the heat treatment at
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images of high-entropy (Mg,Co,Ni,Zn)Ti,Os (b) before heat treatment and after heat treatment at (¢) 200 ‘C, (d) 600 C, and

(e) 1400 C.

different temperatures, which is attributed to a
combination of the continuous growth of some crystal
planes at high temperatures and the oriented arrangement
of rod-shaped particles under pressure [60—64]. Figures
13(b)-13(d) show the SEM images of the surface
morphology of high-entropy (Mg,Co,Ni,Zn)Ti,Os
before heat treatment and after heat treatment at different
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temperatures. It is demonstrated that continuous growth
of crystal planes occurred to different degrees of
high-entropy (Mg,Co,Ni,Zn)Ti,0Os after heat treatment at
different temperatures, which led to the changes in
relative intensity of some peaks in the XRD spectra.
Figure 14(a) shows the thermal expansion curve and
the corresponding thermal expansion coefficients of high-
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Fig. 14 (a) Thermal expansion curve and thermal expansion coefficients of high-entropy (Mg,Co,Ni,Zn)Ti,Os. (b—) SEM
images and (f) relative densities and thermal conductivities of high-entropy (Mg,Co,Ni,Zn)Ti,Os, CoTi,Os, and MgTi,Os. (g)

Thermal conductivity vs. thermal expansion coefficient.
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entropy (Mg,Co,Ni,Zn)Ti,Os. The thermal expansion
coefficient of high-entropy (Mg,Co,N1,Zn)Ti,0s in the
range of 25-1400 ‘C is 6.35x10® K. The decrease
of thermal expansion coefficient in the range of 1000—
1200 °C is attributed to the healing of microcracks in
the pseudobrookite phase at high temperatures [24,31].

Figures 14(b)-14(f) show the morphology images
and the relative densities and the thermal conductivities at
RT of high-entropy (Mg,Co,Ni,Zn)Ti,0s, CoTi,Os, and
MgTi,0s5 prepared by the same method. The thermal
conductivity of ceramic depends mainly on the crystal
structure, the grain size, and the number and size of
pores. High-entropy (Mg,Co,Ni,Zn)Ti,Os, CoTi,Os,
and MgTi,0s have almost the same relative densities.
Moreover, high-entropy (Mg,Co,Ni,Zn)Ti,Os and
CoTi,O5 also have similar morphologies and grain
sizes. However, the thermal conductivity of high-
entropy (Mg,Co,Ni,Zn)Ti,0s (1.840 W-m -K') is
much smaller than that of CoTi,Os (3.045 W-m 'K ™").
Severe lattice distortion and the synergistic effect of
multi-component cations reduce the thermal conductivity
of high-entropy (Mg,Co,Ni,Zn)Ti,0s. For MgTi,Os
with similar relative density, the smaller particle size
and the large number of fine pores reduce the apparent
thermal conductivity of MgTi,Os, resulting in a
slightly lower thermal conductivity (1.642 W-m K ")
of MgT1,05 than that of high-entropy (Mg,Co,Ni,Zn)Ti,0s
(1.840 W-m K ).

Figure 14(g) summarized the thermal conductivity
vs. thermal expansion coefficient for high-entropy
(Mg,Co,N1,Zn)Ti,Os with commonly used thermal
insulation materials and some reported high-entropy
ceramics. Compared with conventional thermal resistant
insulation ceramics [5,65—68] and some reported high-
entropy ceramics [68—74], high-entropy (Mg,Co,Ni,Zn)
Ti,Os exhibits both low thermal expansion coefficient
and low thermal conductivity. The lower thermal
expansion coefficient can reduce the thermal stress of
the thermal insulation materials, while the lower
thermal conductivity can effectively insulate the heat
[22,75]. Therefore, high-entropy (Mg,Co,Ni,Zn)Ti,05s
has a great potential for the thermal protection systems.

4 Conclusions

In this work, high-entropy pseudobrookite is successfully
synthesized for the first time. The pure high-entropy
pseudobrookite (Mg,Co,Ni,Zn)Ti,0s, the biphasic

high-entropy ceramic composed of the high-entropy
pseudobrookite (Cr,Mn,Fe,Al,Ga),TiOs and the high-
entropy spinel (Cr,Mn,Fe,Al,Ga,Ti);O, are prepared by
the solid-phase reaction method. The crystal structure
and properties of high-entropy (Mg,Co,Ni,Zn)Ti,O5
are studied in depth. By comparing the AC-STEM
images of high-entropy (Mg,Co,Ni,Zn)Ti,O5 with the
theoretical crystal structure of normal pseudobrookite
ceramic, we find that high-entropy (Mg,Co,Ni,Zn)Ti,Os
not only exhibits the same disordered distribution
between metal M ions at the A site as the normal high-
entropy ceramics, but also the disorder of the distribution
of metal M and Ti ions between the A site and the B
site is also greatly increased compared to that of the normal
pseudobrookite ceramic. The cell parameters further
indicate that high-entropy (Mg,Co,Ni,Zn)Ti,O5 has an
unprecedented high configurational entropy. At the
same time, the dense high-entropy (Mg,Co,Ni,Zn)Ti,Os
shows a low thermal expansion -coefficient of
6.35x10° K ™! in the temperature range of 25-1400 °C
and a low thermal conductivity of 1.840 W-m "K' at
RT, as well as an excellent thermal stability at different
temperatures. These outstanding properties make high-
entropy (Mg,Co,Ni,Zn)Ti,Os have a great potential for
the application in thermal protection systems.
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