Progress in Solid State Chemistry 68 (2022) 100379

ELSEVIER

Contents lists available at ScienceDirect
Progress in Solid State Chemistry

journal homepage: www.elsevier.com/locate/pssc

Progressin

Check for

Structure and functional properties of oxides in the BaO-Al;03 system: i

Phosphors, pigments and catalysts

Zhiwei Wang®, Yuqian Wang*", M.A. Subramanian ‘, Peng Jiang >’

@ Department of Inorganic Nonmetallic Materials, School of Materials Science and Engineering, University of Science and Technology Beijing, Beijing, 100083, China
b Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing, 100190, China

¢ Department of Chemistry, Oregon State University, Corvallis, OR, 97330, USA

ARTICLE INFO ABSTRACT

Keywords:

Ba0O-Al,03 system
Photoluminescent properties
Visible color

Catalytic properties

Oxides such as BaAl;2019 and BaAl,04 in the BaO-Aly03 system demonstrate potential for optical applications
due to the abundant tetrahedral and octahedral sites in their structures, as well as their high thermal stability,
good chemical stability, high surface area and strong light absorption capacity. Rare earth element doping or
transition metal ion doping in oxides in the BaO-AlyO3 system contributes to promising photoluminescent,
visible color and catalytic properties. In this review, the structures of BaAl12019, BaAlx04, BagAly0p, BagAl207,

and BayAly01 in the BaO-Al;03 system are introduced. Their applications in phosphors, pigments and catalysts

are also summarized herein.

1. Introduction

Due to their high thermal stability, good chemical stability, facile
synthesis and low toxicity, oxides in BaO-Al,O3 systems, such as
BaAl;3019 and BaAl;04, have been extensively studied for optical ap-
plications by introducing rare earth ions or transition metal ions in the
last few decades. Their applications are extended to phosphors, pig-
ments, photocatalysts and so on.

Phosphor materials play a very important role in human life as their
application fields extend to solid-state lighting, display imaging, emer-
gency instructions, luminescent ceramic glaze, optical thermometry and
so on. They are used as solid-state lasers, light emitting diodes (LEDs),
plasma display panels (PDPs) or sensors [1].

In the early years, BaAl;5019:Mn®" phosphor with a hexaaluminate
structure was an important green-emitting phosphor in plasma display
panels (PDPs) and fluorescent lamps (FL). In recent years, phosphor-
converted white light-emitting diode (pc-WLED) lighting, which has
gradually replaced fluorescent lamps, has been widely integrated into
our daily lives due to its high energy efficiency, low energy consump-
tion, reliability, durability, long lifetime, and eco-friendly features [2].
They are also used as backlighting instead of usual fluorescent tubes in
LCD televisions. Therefore, there is an increasing amount of research on
suitable phosphors for WLEDs. BaAl;5019:Eu®t, BaAl,04:Ce®"
blue-emitting phosphors and BaAl,04:Eu®* red-emitting phosphor are
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promising phosphor for WLEDs lighting sources.

BaAl;2019 also demonstrates great potential in dual-mode optical
thermometry, which is an emerging application of luminescent mate-
rials. The fluorescence intensity ratio (FIR) or the fluorescence decay
time could be applied in monitoring the temperature. By doping two
phosphorous ions in one material, the dual-mode optical thermometry
will be sensitive to both parameters at the same time, which greatly
improves the flexibility and applicability of fluorescence thermometry.

In addition, an increasing number of studies have also focused on
rare-earth-doped alkaline-earth aluminates with long afterglows
(persistent luminescence), which can be applied in emergency signali-
zation, microdefect sensing, optoelectronics for image storage, and de-
tectors of high-energy radiation [3]. By codoping Eu?t, R3* (R®** is a
rare earth element) in BaAl,0y4, persistent luminescence is observed as
R3" increases the number of traps.

In addition to applications in phosphors, recent studies reveal that
oxides in the BaO-Al;03 system demonstrate promising optical prop-
erties in the visible region when doped with higher transition metal
concentrations. BaAlj2019 and BaAlpO4 are widely used in high-
temperature catalysis because of their high thermal stability and high
surface area.

Due to the valuable applications in optical properties, the structures
and optical applications of oxides in the BaO-Al;03 system are sum-
marized and presented.
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Fig. 1. The phase diagram of the BaO-Al,O3 system [5].
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Fig. 2. Crystal structure and lattice parameters of BaAl;2,019:(a) Bag 75Al11017.25; (b) Bay.157Al10.686017.157.

1.1. Crystal structures of oxides in the BaO-Al;O3 binary system

The most well-known oxides in the BaO-Al;03 system are BaAl;2019
and BaAl;O4, which contain very high amounts of Al,O3. When
increasing the amount of BaO, compositions such as BagAlyOg,
BayAl,07, BasAl,Og, and BayAl,01¢ appear. However, as Ba (1.50 A)is
much larger in size than Al (0.42 f\) [4], the structures are less stable and
easily hydrated or decomposed. Therefore, it is difficult to stabilize
compounds with higher Ba ratios with regular synthesis methods. The
most recent study on the BaO-Al,03 phase diagram (Fig. 1) is provided
based on experimental results and thermal dynamic assessment [9]. The
compounds with determined structures are BaAl;3019, BaAlyOg,
Ba3Al,0¢ and BasAl;0;. The detailed structures of BasAl,Og and
BayAly019 or higher Ba contents remain unclear. As BasAlyOg is pri-
marily reported as an impurity phase when synthesizing BasAly0y, it
will not be discussed here.

1.1.1. BaAl;2019

Although barium hexaaluminate (BaO-6Al;03) has been described to
be monophasic, the f; Ba-poor phase and fy; Ba-rich phase with defective
p-Aly03 structures exist [6]. The p; Ba-poor phase has a composition of
Bag.75A111017.25, which is derived from sodium g-alumina (NaAl;;017)
with the P63/mmc space group. NaAl;;0;7 is a layered structure ar-
ranged along the c axis and consists of Al spinel blocks (Al;101¢) and the
so-called mirror layer (NaO) [7]. Bag 75Al11017.25 is normally treated as
a nonstoichiometric compound where 75% of Na * ions in NaAl;0,7 are
replaced by Ba2*t, while the other 25% of Na * are substituted by Ba®*
vacancies with nearby interstitial oxygen atoms that are situated at
mid-oxygen (mO) sites and act as compensating defects [8]. The Ba-rich
pu phase has the formula Baj 167Al10.667017.167, in which Ba ions are
located in both spinel blocks and mirror planes [9]. The detailed
structures of Bag75Al11017.25 and Baj 167Al10.667017.167 are shown in
Fig. 2. More recently, it has been revealed that a range of hexaaluminate
composition groups are nonstoichiometrically in a pg-alumina-type
structure. Their compositions are summarized as xBa0O-6Al,03, where x
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Fig. 4. The structure of BazAl;Og: (a) projection of the whole structure of BazAl;O¢ parallel to (010) and lattice parameters; (b) projection of one of the highly
wrinkled 12-membered [AlO4] rings parallel to (111).

extends from 0.80 to 1.32 [10]. Due to the peculiar layered structure high temperature stability for catalytic combustion and
consisting of alternative stacking of spinel blocks containing Al** ions phosphor-converted white light-emitting diodes.

and BaO mirror planes along the ¢ axis, Ba-hexaaluminates have high

thermal stability [11]. Therefore, it can well meet the requirements of

[ALO,)
[A1O,]
Ba,Al, 0O, Cmca
a 11.31260 A
b 11.70450 A
c 27.18500A
a=p=y 90°

Volume 3599.520395 A3

Fig. 5. Crystal structure and lattice parameters of BasAl,0;.
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Fig. 6. The XRD patterns of BayAl; sMng 5010 [23].

1.1.2. BaAl,Oy4

BaAly04 belongs to a stuffed tridymite-like structure [12], in which
large Ba2t ions are situated in the hexagonal channels formed by
corner-shared [AlO4] tetrahedra. There are two hexagonal phases of
BaAl,04 with a reversible phase transition at 123 °C [13]. At room
temperature, the ferroelectric phase with the P63 space group is
observed, while at high temperature, the paraelectric phase with P6522
can be detected. The structure of ferroelectric phase BaAl,04 is shown in
Fig. 3. Two different Ba sites, Bal and Ba2, are located in Wyckoff po-
sitions 2a (with C3 symmetry) and 6¢ (with C1 symmetry) and coordi-
nated by nine O ions and seven O ions, respectively [13]. There are two
kinds of [AlO4] tetrahedra in the structure: the first contains Al; and Al,
atoms with C1 symmetry, constituting an Al-O-Al angle of 156°; the
second contains Alg and Al4 atoms with C3; symmetry, forming an
Al-O-Al angle close to 180° [13,14].

1.1.3. BasAly0¢

The structure of Ba3Aly0¢ adopts the cubic space group P2;3, which
can be considered a defect perovskite structure. Therefore, the formula
is equally expressed as Ba(Als/4Baj g[11,8)(O3/4[11/4)3. The detailed
structure is illustrated in Fig. 4. It is difficult to obtain a brief description
of the structure because there are nonintersecting threefold symmetry
axes of the cubic space group P2;3, as seen along the b axis (Fig. 4a)
[15]. Concerning the coordination environments and the bond valence
sums, two groups of barium atoms can be distinguished. Type I Ba is
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situated in distorted octahedral coordination, and type II Ba is much
more irregular. However, focusing on the arrangement of the tetrahe-
drally and octahedrally coordinated Ba atoms, the structure could be
visualized from a stacking of two types of alternating layers perpen-
dicular to the [100] direction. The two layers are connected through
shared apical oxygen atoms from the tetrahedra and the octahedra. The
remaining barium atoms of type II are incorporated into voids of this
framework. The principal structural units of BagAloOg are highly wrin-
kled 12-membered [AlO4] rings cross-linked by the Ba cations, which is
shown in Fig. 4b.

1.1.4. Ba,AlL,O;,

The BasAl,07 crystal belongs to the orthonormal system, Cmca space
group [16]. As shown in Fig. 5, its main crystal structure unit is the
separated [AlO4] group and the [Al30;0] group consisting of three
corner-sharing [AlO4] tetrahedra. Seven Ba atoms at different crystal-
lographic sites are located between the cross-linked [AlO4] and form a
Ba-O polyhedron with 6-9 oxygen atoms. Based on the existing studies
and phase diagrams, Ba4Al;05 exists stably above 1231 K and belongs to
the high-temperature stable phase [5]. For the synthesis of BasAl;07,
during the cooling process, it is easy to decompose to other compounds,
and the pure phase is difficult to obtain. As a result, there are few studies
on the application of BasAl,07 at present.

1.1.5. Ba7A12010

Since BayAl»01 is a metastable phase, it is difficult to obtain a single
phase compound, and its detailed structural information remains un-
clear. By doping with Mn in the formula, a much clearer X-ray pattern
(Fig. 6) is shown with BayAl; sMngs010. The major phase and some
structural units were analyzed by FTIR and ?’Al NMR spectroscopy,
leading to some understanding of the structure. As seen in the FTIR
spectrum (Fig. 7), the peaks at 878 cm ™! and 535 cm ™! are attributed to
the stretching vibration of [AlO4] tetrahedra and [AlOg] octahedra,
respectively [1,17-19]. According to the literature, the chemical shifts
of [AlO4] tetrahedra range from +50 ppm to +90 ppm, and those of
[AlOg] octahedra range from 0 ppm to +20 ppm [20-22]. Therefore, the
peak at 92.84 ppm is due to the presence of [AlO4] tetrahedra, while the
peak at 15.70 ppm comes from [AlOg] octahedra, which is consistent
with the FTIR spectrum results, indicating the coexistence of [AlO4]
tetrahedra and [AlOg] octahedra. Due to the existence of a small amount
of Bag g3Al11017.33 in the synthesized samples (seen in Fig. 7), the [AlOg]
octahedra may be derived from the impurity phase Bag g3Al;1017.33 or
the major phase BayAl;01¢. By comparing the relative strength of the
two peaks in the 2’ Al NMR spectrum, it can be seen that there are a large
number of [AlO4] tetrahedra in the structure of Ba;Al;010 and possibly a
small number of [AlOg] sites.
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Fig. 7. (a) The FTIR and (b) 27A1 NMR of BayAl; sMng 5019 [23].
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Table 1
Summary of Eu?* doped in BaAl;,0;0.

Host materials and activator Synthesis Method Excitation peak (nm) Emission peak (nm) Critical concentration ref
BaAl;5019:Eu®" Molten salt flux synthesis 350 439 20mol% [25]
BaAl;,0;9:Eu* Solid state reaction 350 447 25mol% [2]

BA1,40:0.2Eu%* (x = 1.5) Solid state reaction 330 450,490 20mol% [24]
BaAl;50;9:Eu* combustion method 326 444 [26]
BaAl;,0;9:Eu* sol-gel method 323 446 10mol% [27]1
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Fig. 8. (a) The photoluminescence excitation (PLE) and emission (PL) spectra of BAO:xEu?* (1% < x < 25%) [2]; (b) PL spectra of BAH,(O:O.ZEuzJr (x =0-0.6, lex =
330 nm) [24].

2. Photoluminescent properties luminescence of Eu?" originates from the 4f —»4f°5d transition and
usually consists of broad lines. The emission of Eu?* is hypersensitive to

The photoluminescent properties are the most reported optical the crystal field, as its 5d electrons in the excited state are not shielded
properties in oxides in BaO-Al,03 binary systems. Doping rare earth effectively like the 4f electrons in the ground state. As a result, the Eu®*
elements with large and relaxed f orbitals in BaO-Al;O3 oxides con- emissions exhibit a broad range from the ultraviolet region to the red
tributes to various color emissions. The majority evaluation of lumi- region depending on the crystal field of the doped oxide. To date, a large
nescent properties lies in Eu doping in different oxidation states. The number of Eu?*-doped phosphors have been synthesized with emissions
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nm UV light. The electroluminescence spectra and LEDs photograph of (d) BAO:20%Eu?" and (e) BAO:20%Eu?*, BasSigO;2No:Eu?", CaAlSiNg:Eu?*, with 370 nm
GaN chip [2].
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Fig. 10. CIE chromaticity diagram of Bag79Alig9017.14:0.04Eu, yLi* (y =
0.04-0.14) [28].

in all visible colors, such as red, orange-yellow, blue and green.

Due to the rare storage of rare earth elements, some transition metal
ions with proper oxidation states have also been attempted and suc-
ceeded in producing luminescent emissions in BaO-Al,O3 oxides. To
further control and enhance the luminescent properties, a combination
of rare earth metal and transition metal ions is studied in BaO-Al;03
oxides.

2.1. BaAl;2019

2.1.1. Rare earth element-doped BaAl;2019 phosphors

Due to its facile synthesis, low cost, excellent optical properties, and
high physical or chemical stability, Eu?*t-activated BaAl;5019 has
attracted the most research attention for its luminescent properties.
Various synthesis methods (Table 1), including traditional high-
temperature solid-state reactions [2,24], molten salt flux pathways
[25], combustion techniques [26] and sol-gel techniques [27], have
been attempted and successfully prepared. A sintering temperature
above 1300 °C is necessary to obtain well-crystallized BaAl;j5019.
High-efficiency luminescent materials can be obtained by the traditional
high-temperature solid phase method with a simple process and satis-
factory production rate.

As stated above, a series of barium hexaaluminate samples can be
obtained by adjusting Al/Ba in the range of 9-14 [6]. With the increase
in the Al/Ba ratio, the microstructure of compounds changes obviously:
the occupancy of Ba®* and cell volume tends to decrease, which would
bring about the variation in crystal structure rigidity [24]. Therefore,
researchers generally study BaO-Al,O3:Eu?" phosphors from two as-
pects: fixing the Al/Ba ratio and changing the amount of Eu?* doping or
doping a certain amount of Eu?" and changing the Al/Ba ratio.
BaAluOlg:xEuz+ (BAO:xEu?") has a fixed Al/(Ba Eu) ratio. Under an
excitation wavelength of 350 nm, BaA112019:xEu2+ (BAO:xEu?") emits
bright blue light consisting of a narrow band from 400 to 525 nm. Its
maximum peak position is at approximately 443 nm, as shown in Fig. 8a.
In addition, (Bao‘sEUQ'zo)(A1203)4,575X(1+x) (BA1+XOZO.2E112+, X =
0.2-0.5) phosphors exhibit a blue-green emission with an emission
peak at approximately 450 nm and a shoulder at approximately 490 nm
under excitation at 330 nm, as depicted in Fig. 8b. The emission in-
tensity at 150 °C remains more than 90% of that at room temperature.
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These two kinds of phosphors all show high quantum yields or absolute
quantum efficiency.

Comparing the BAO:xEu?* phosphors with BaMgAl;(Oq7:Eu®*
(BAM:Eu®"), which was commercially used as a blue emitting phosphor,
the BAO:xEu?* powders possess a highly pure blue emission, as shown in
Fig. 9a. Their photoluminescence under 365 nm UV light in Fig. 9b, ¢
also supports the above statement. To further study its application value,
it is assembled into blue LEDs and white LEDs, as shown in Fig. 9d, e.
Under a voltage of 3.15 V and a current of 20 mA, the blue LEDs present
highly efficient luminescence with a color purity of 87.8% and CIE color
coordinates of (0.1578, 0.0769). In addition, the warm white color is
garnered with low color temperature (CCT = 3084 K), high color
rendering index (Ra = 92.2), and CIE color coordinate of (0.4147,
0.3638). These results suggest that the as-prepared BAO:Eu?" could be
an excellent candidate for a blue-emitting phosphor material for appli-
cation in near-UV-based white LED lighting and displays [2].

The above samples were sintered under a reducing atmosphere (95%
N2 + 5% Hj) to ensure that the doped Eu ions were all in the +2
oxidation state to obtain high blue color purity and emission intensity. In
2017, Wang et al. reported that the reduction of Eu>* to Eu?* occurs in
BaAl;2019 hosts in air by a reducing agent. The Bag 79Al;0.9017.14:XEu
phosphor can be prepared by doping Li * ions in air, and the color can be
tuned from blue (0.23, 0.10) to red (0.42, 0.27). The emission intensity
is maintained at a high level of 70.73% at 150 °C compared with the
intensity at room temperature (Fig. 10). Therefore, it may be an alter-
native selection to obtain color tunable emission for white LEDs [28].

In addition to Eu?*, the other rare earth elements also demonstrate
promising luminescent properties in BaAl;2019. BaAl;3019:Tb%" is a
green-emitting phosphor, in which the luminescence originates from
°D3—F; (i =6, 5, 4, 3) and °D4—F; (j = 6, 5, 4, 3) transitions in Tb>".
Xiao et al. synthesized BaAl;5019:Tb>" phosphors with a Aex of 240 nm
and a dem of 545 nm via the sol-gel method. It is found that when sin-
tering at 1300 °C for 2 h and with 2 mol% Tb>" in the composition, the
emission intensity is the strongest [29]. BaAl;2010:Ce®, Eu>* was also
synthesized, and its lifetime was prolonged by the introduction of Ce>*
[30].

Codoping of multiple rare earth elements in BaAl;5019 will improve
the luminescent properties by energy transfer in rare earth elements.
ce®t, Dy>* or Eu?t were successfully introduced into BaAl;2019:Tb3*,
respectively. For Tb3*/Eu?* BaAl;5019, with the concentration of Tb>*
fixed at 0.02, the excitation peak shifts from 240 nm to 310 nm by the
introduction of Ce3*, as illustrated in Fig. 11a. In Fig. 11b, a charac-
teristic Ce>* emission peak was not observed in the codoped sample. The
energy transfer in Ce3* and Tb®* results in an increase in the emission
intensity and excitation wavelength range in Ce>*-BaAl;,0;5:Tb%" [31].
In Tb3*/Eu?* codoped BaAl;5019 (Fig. 11c¢), the emission peak of Eu?*
at 440 nm is increased, while that of Tb3* at 550 nm is decreased.
However, the emission peak intensity of Tb2* at 550 nm is enhanced
with the elevated amount of Eu?" in the composition, as illustrated in
Fig. 11d.In Dy3+/Eu2+ BaAl;2019 (Fig. 11e), the emission peaks excited
at 291 nm are stronger, and there is no emission peak of Dy>'. In
Fig. 11f, the luminescent intensity of Dy>" decreases to zero with
increasing Tb3* concentration. Compared with BaA112019:Tb3+, the
Dy>* and Tb®* codoped phosphors are stronger. The above evidence
proves the energy delivered between the rare earth elements. The di-
rection of energy delivery can be modified by adjusting their ratio to
control the emission light color of phosphors [32,33].

2.1.2. Transition metal ion-doped BaAl;20;19 phosphors

Transition metal ions, especially Mn, are also doped into BaAl;2019
to obtain fluorescent properties. Octahedrally (strong crystal field) and
tetrahedrally (weak crystal field) coordinated Mn?+ give rise to orange
to red emission and green emission, respectively [34,35]. As Mn?" has a
high probability of entering tetrahedral vacancies due to the d° elec-
tronic configuration, Mn?*-doped phosphors always show green emis-
sion. BaA112019:Mn2Jr green phosphors, with their luminescence raised
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Fig. 11. (a) PLE spectrum of BaAl;5014:Tb, Ce at dex = 543 nm; (b) PL spectrum of BaAl;50,4:Tb, Ce at Aex = 310 nm [31]; (c) PL spectrum of BaAl;5014:Tb, Eu at Aex
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Table 2
The summary of BaAl;5079:Mn%" phosphor.
Synthesis method Particle size Morphology Ref
solution combustion Diameter: 40-100 nm, nano-rod morphology [34,
method Length: 200-600 nm 36]
electrospinning Nanoparticle <50 nm, fibers aggregated by a [37]
method Diameter ~ 400 nm mass of nanoparticles
solid-state reaction 8-10 um irregular and [39]
method agglomerate grains
reverse microemulsion 40-100 nm Spherical [40]
method
flux assisted solid state 2-4 ym regular and fine grains [35,
re-action method 41]

from the 3d° (4T1)-3d5 (6A1) transition in Mn2+, have a lower decay
time, demonstrating advantages as green color sources for plasma
display panels (PDPs) [36]. Moreover, BaAl;2019:Mn?* phosphors have
high luminous efficiency and good stability. Therefore, it is adaptable
for field emission displays (FEDs) and Hg-free lamps.

In recent years, BaAhzOlg:Mn2+ studies have focused on enhancing
the luminescent intensity and improving its synthesis method [37]. A
widely used method to enhance the luminescent intensity of BaAl;2019:
Mn?" is incorporating other elements. Wang et al. substituted some Al-O
bonds with Si-N bonds by introducing SigN4 and SiO into BaAl;2019:
Mn®*. The lattice parameters were reduced, and therefore, the

luminescence intensity of the BaAl;5019:Mn?" phosphor was improved
[38]. The luminescent intensity is increased by 33.8% by synthesizing
S-doped BaA112019:Mn2+ phosphors through a solid-state reaction
method [39]. To make the BaAllzolg:MnZJr phosphor more suitable for
PDPs, various synthetic methods were attempted to adjust its particle
size, shape or both (Table 2). Compared with the traditional solid-state
method, the electrospinning method reduces the calcination tempera-
ture and fabrication of one-dimensional BaAl;079:Mn?" whiskers with
a diameter below 50 nm and a length of 400 nm [37]. Similarly, the
solution combustion method and reverse microemulsion method can
also fabricate nanosized BaAl;2010:Mn?* phosphor particles. In addi-
tion, the reverse microemulsion method has been proven to decrease its
decay time [34,36,40]. H3BOs was added to the BaAl;20;9:Mn?*
phosphor as the flux to promote the solid-state reaction by reducing the
sintering temperature. Zhou et al. separately studied the effects caused
by a single type of flux and multifold flux synthesis. The addition of flux
was proven to reduce the sintering temperature, improve luminescent
properties and modify the phosphor morphology [35,41]. The SEM
images of the BaAl;5019:Mn?" phosphor prepared by the different syn-
thesis methods stated above are shown in Fig. 12.

As Cr®" luminescence is always used in low-cost red-emitting phos-
phors, it is also doped into BaAl;2019 for luminescent purposes. Singh
et al. synthesized a BaAl;2010:Cr>" phosphor via the combustion
method. Its excitation spectrum exhibited characteristic Cr>" bands in
distorted octahedral symmetry, resulting in an intense band centered at
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Fig. 12. The SEM images of (a) electrospinning method, (b) solution combustion method, (c) reverse micro-emulsion method, (d) flux assisted solid state reaction

method [36,37,40,41].
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Fig. 13. (a) PLE spectrum (Aepm; = 700 nm) and (b) PL spectrum (Aey; = 413 nm)
of BaAl;,0,:Cr*" [42].

700 nm from the 2Eg—>4A2g transition (Fig. 13) [42].

2.1.3. Codoping of Eu>* and a transition metal ion in BaAl;3019

A recent study proved that the luminescence intensity of BaAl;2019:
Eu?" could be further enhanced by introducing a transition metal ion
that can transfer energy to Eu?".

The Cr®*-doped BaAl;50,9:Eu?* exhibits red emission, which origi-
nates from the 2E—*A, transitions of Cr>". There is no absorption of Cr>*
under the 306 nm excitation, but the red emission of cr3t (at 694 nm
and 700 nm) is enhanced with an increase in Cr®" concentrations,
indicating an energy transfer existed between Cr®* and Eu?* (Fig. 14a).
From Fig. 14b, the emission light color can be controlled by the Cr>*
concentration [43]. Singh et al. synthesized blue-green emitting
BaAl;5019:Eu®t, Mn?t phosphors through a combustion method and
confirmed the presence of Eu>" and Mn?" in the BaAl;5019 matrix
through optical (Fig. 15a) and electron paramagnetic resonance
(Fig. 15b) analysis of the sample [44]. The BaAl;2019:Eu?t, Mn?*
phosphors show blue-green emission, which is due to the emissions of
Eu?" at 442 nm and Mn®" at 511 nm.

2.1.4. BaAl;2019 phosphors doped with two ions for dual-mode optical
thermometry

BaAl;5019-based phosphors doped with two ions were reported to be
applicable for dual-mode optical thermometry, which is sensitive to
both the fluorescence intensity and fluorescence lifetime.

In Mn?*:BaAl;5019-Mn**:SrAl; 5,01, two distinct emission peaks are
clearly observed from the excitation spectrum and emission spectrum
(Fig. 16). In Fig. 17, the fluorescence lifetime of Mn?* is steadily
maintained at different temperatures, while that of Mn*" decays rapidly
under temperature variance. Therefore, the Mn2+:BaA112019—Mn4+:
SrAl;3019 solid solution can be used in dual-mode optical thermometry.
The coexistence of Mn?* and Mn*" is achieved via the proportion
adjustment in solid solution between BaAl;3019 and SrAl;2019. Mn?* is
able to reside in BaAlj2019 due to the self-reduction phenomenon by
Reidinger defects. Only Mn** exists in SrAl12019, as there are no
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Fig. 14. (a) PL spectra of BaAl;5,0,9-BaAl,04:1% Eut, x% Cr®* (x = 0.5, 1, 2, 3, 4 and 5 Aex = 306 nm). (b) The red/blue emission change with Cr®* concentration
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Fig. 18. (a) The fluorescence decay curves of Cr®* emission (lex = 370 nm, dem = 706 nm) in Bag.gyAlj7.97019:0.03Eu?*, 0.03Cr3* phosphors at different tem-
peratures; (b) PLE and PL spectra of Bag.¢7Al;2016:0.03Eu®" and BaAl;; 97014:0.03Cr>* [46].

Reidinger defects [45].

As stated above, BaA112019:Eu2+, Cr®* is used for illumination and
displays excellent photoluminescent properties. In addition, cr®t has
high temperature sensitivity to the fluorescence lifetime. The emissions
of Eu*" ions and Cr®" ions can be well separated, which can provide
excellent signal recognition capabilities for dual-mode optical ther-
mometry (Fig. 18). Moreover, the energy transfer from Eu?* to Cr3*
strengthens the fluorescence intensity of Cr>™ which provides conve-
nience for expanding the thermometry range [46]. Therefore,
BaAl;5019:Eu?*, Cr®* is also a potential material for dual-mode optical
thermometry.

2.2. BaAl,O4

2.2.1. Rare earth element-doped BaAl,O4 phosphors

Similar to BaAl;2019, rare earth elements are also successfully doped
into BaAl,04 to pursue luminescent properties.

Eu doped in BaAl;04 exhibits two oxidation states, +3 and + 2.
BaAl,04:Eu*, which is utilized extensively in numerous commercial
applications ranging from display to solid-state lighting, is currently one
of the most achieved high-quality red phosphors. Its quantum efficiency
of luminescence evidently decreased with annealing temperature. The
Pechini method and sol-gel method are well developed to synthesize
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BaAl,04:Eu®t phosphors. The Pechini method normally leads to a
higher intrinsic emission quantum yield and higher emission color pu-
rity of the as-prepared phosphor [47].

When Eu?* is introduced into BaAly0y, it will occupy Ba positions,
which are surrounded by 9 oxygen atoms. There are two Ba®" ion sites
(2a and 6¢) in the BaAl;O4 structure, and one of them produces an
emission at 495 nm, while the other gives rise to an emission at 530 nm.
Therefore, BaAl,04:Eu®" exhibits green emission because of the 4f7—
4f65d transitions in Eu®>" ions [48]. Nakauchi et al. compared BaAl;04
doped with different concentrations of optically active Eu*" ions and
concluded that a 3% Eu?*-doped sample showed the highest quantum
yield and scintillation light yield and the lowest afterglow [49].

The persistent luminescent phenomenon is currently understood to
relate to the electrons trapped and released by traps [50]. Thus, the
number and depth of the traps have an inseparable relationship with the
persistent luminescence phenomenon, which directly affects the length
of the afterglow [51]. In BaAl,04Eut, R®*, the electrons in Eu®" are
excited from the 4f ground state to the 5d level. Some of them escape to
the conduction band after irradiation and become trapped from there by
rare earth codopants, neighboring crystal vacancies or both [51-53].
The energy of persistent luminescence is stored in traps.

As inferred from Fig. 18, the types of R®* and temperature can affect
the persistent luminescent phenomenon. In BaA1204:Eu2+, R3*, the
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materials codoped with La®*, Ce®*, Sm®", Gd*" and Tb3" have low
concentrations of defects. Therefore, it is difficult to find a persistent
luminescence phenomenon after irradiation, and the thermolumines-
cence intensity is low (Fig. 19a). The materials codoped with Pr>*, Er®*
and Tm3* exhibit higher maximum luminescence intensity values, but
their peak positions are located above 100 °C, which is not applicable for
ambient conditions (Fig. 19b). BaAl,O4 codoped with Nd** or Dy>*
shows a higher thermoluminescence intensity at room temperature. It
was also proven that only Nd** or Dy** codoped materials have elevated
concentrations of defects with a longer duration of persistent lumines-
cence (Fig. 20) [54,55].

Dy>* is used more widely than Nd>*. Eu?*, Dy3* codoped BaAl,04,
as a completely new generation of persistent luminescent phosphors, has
excellent luminescent properties, such as high luminescent intensity,
high quantum efficiency and long-lasting afterglow. Its chemical sta-
bility is also more satisfactory than that of traditional phosphors.
Different synthesis methods have also been used to further promote the
properties of BaAl,O4Eu?", Dy>". Homogeneous coprecipitation,
hydrothermal-homogeneous precipitation, and combustion synthesis
assisted by microwave irradiation were all reported to succeed in the
preparation of BaAly04:Eu®", Dy*", demonstrating improvements in
particle morphology, emission intensity or afterglow [56-59]. Modifi-
cation in the doping concentration of Dy>*, substitution of Ba by Sr or

Mn K-edge
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Fig. 21. The XANES spectra of (a) Bag.o7Ceq.02Mng 01A1204, and standard Ce references Ce>* and Ce*"; and (b) Bag.¢7Ceg.02Mng,.01Al;04, and standard Mn references

Mn?*, Mn®* and Mn** [70].
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addition of Li,COj3 into the BaAl,04:Eu?t, Dy** phosphor will also help
[60-64].

In addition to Eu, other rare earth elements, such as Tb>* and Ce*
also show good photoluminescent properties. BaAl,04: T shows the
green emission produced by the 5D4—>7Fj (j = 0-6) transitions of Tb>*
upon UV excitation. With the increase in Tb®* doping concentration, the
luminescence lifetime also increases [65]. The cost-effective sol-gel
method is employed to synthesize Tb®>*-doped BaAl,0, nanophosphors.
Ce**-doped BaAl,04 synthesized by the sol-gel method shows bright
blue emission that is due to the 5d—4f transitions of Ce>*. Owing to
promising color purity, thermal quenching and antiaging properties, the
phosphor can potentially be applied in solid-state lighting and
field-emission display devices [66].

2.2.2. Transition metal ion-doped BaAl;04 phosphors

In Mn-doped BaAl;O4, Mn ions can exist as Mn?* and Mn*". The
green luminescence of BaAl,04:Mn?" suggests that Mn2* probably oc-
cupies a tetrahedral site in BaAl;04. The luminescence of Mn?" is rooted
in the 4T1 (4G)-6A1 ©s) transition, and its decay time is in milliseconds
without persistent luminescence [67]. The luminescence of Mn*t is
rooted in the 2E—*A, transition, showing red emission. BaAl,04:Mn*" is
synthesized by the urea combustion method, which is facile and
economically viable [68].

BaAl;04:x% Cu?t (0< x < 1) has a bluish emission color, so it can be
an alternative oxide phosphor for blue light emitting diodes (BLEDs).
Maphiri et al. concluded that the excitation wavelength and Cu?" con-
centration can affect its blue color emission. The optimum Cu?" con-
centration and critical energy transfer distance (Rc) were proven to be
0.075% Cu®* and 12.01 A, respectively [69].
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2.2.3. Codoping of rare earth elements and metal ions in BaAl;04

In Mn and Ce codoped BaAl;04, Ce exists in the form of Cce®t and
Ce*™ while Mn exists in the form of Mn®** and Mn**. There is a possi-
bility that Mn?" is also present as a minor group based on the XANES
curves shown in Fig. 21. A change in the concentration of the codoped
Mn ion will also modify the emission color (Fig. 22) [70].

When Cr3" is doped into BaAl,04:Eu?*, the phosphor exhibits green
emission due to the 4/°5d'—4f’ transition in Eu?*. Cr®* doping leads to
the long persistence of the phosphor by creating deep traps to prolong
the relaxation of these secondary ions. From Fig. 23, a higher emission
efficiency was observed for the Cr-doped samples compared to the
parent phosphor without Cr [71]. Ti>* behaves the same as Cr>" when
incorporated into BaAl,04:Eu’*, contributing to the improvement of
emission efficiency [72].

Some researchers have also doped K* ions or Ca" ions to improve
the luminescent property of BaAl,04:Eu?". Due to K codoping, the
better crystallinity contributes to an increase in luminescence intensity.
The inter-Eu distance was also elongated, which prolongs the radiative
lifetime by reducing various nonradiative transitions and electron-
phonon coupling strengths [47].

2.3. BazAl;04 and BasAl;07

Compared with BaAlj5019 or BaAloO4, BazAloOg and BagAl;O7 are
less covered due to stability concerns. BayAl»01 is a metastable phase,
and currently, there is no research coverage on its application potential
in phosphors.

The structure of BazAl,O¢ belongs to the cubic system with space
group Pa3, and Ba has six independent crystallographic sites in BagAl,Og
lattices, which is an advantage as a parent compound for phosphor
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research [73]. You et al. synthesized a BazAl,0¢:Eu®" phosphor by a
high-temperature solid-state method and found that a higher calcination
temperature leads to better crystallinity. BagAl,O:Eu" shows red
emission from the °Dy—’F; transition of Eu>*. With the increase in Eu®*
concentration, the impurity phase BaAl,04 will appear. To reduce the
distortion of local symmetries of optical centers, researchers introduce
Li*, Nat and K for charge compensation. Li*-BazAl,0¢:Eu®" exhibits
the strongest emission intensity (Fig. 24) [73].

Eu?*" and Dy**-doped BayAl,0; phosphors were synthesized by the
combustion method. BasAl,07:Eu®™ shows bluish-green emission from
the 4f°5d'—>4f transition in Eu®". BasAl,0,:Dy°>" has two emission
bands with one centered at 478 nm (blue) and another at 575 nm
(vellow). BasAl,07:Eu®t and BasAl,07:Dy>t show potential in solid-
state lighting due to their luminescent properties [74].

3. Visible color

Zhou et al. reported that a turquoise-green color can be obtained
when introducing Mn®* into BaAl,O, [75]. Producing intense colors by
Mn®*-doped tetrahedral coordination in BaO-Al,O3 compounds also
attracts research focus. According to the literature, Mn®>" is usually not
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Fig. 26. UV-Vis absorbance spectrum of BagAl, ,Mn,Os., (0 < x < 0.2) [76].

stable in oxides. However, it can be stabilized in tetrahedral coordina-
tion sites of oxides with Ba". Mn>*-doped Ba3Al,0¢ presented sky blue
to ocean blue, while cyan to ocean blue can be obtained when Mn®* is
hosted at AI>* tetrahedral sites in Ba;Al;01¢. Unfortunately, Mn°*-do-
ped BaAl;O4 requires a complex sol-gel synthesis, and the doping
amount of Mn is lower, so its application is limited. Co®>*~ or Ni>*-doped
BaAl;5019 presents an intense blue color with high chemical stability
and can be used as a ceramic dyeing agent. These discoveries greatly
enriched the research content in the field of BaO-Al;O3 system perfor-
mance and extended the application scope.

3.1. Mn°*-doped BaAl;0y, BasAl,0¢ and BayAl,0;9

Representative X-ray diffraction patterns of Mn>*-doped BaAl,O4,
BasAly0g and BayAl;01¢ are shown in Fig. 25. BaAl,O4 is a hexagonal
phase of the P63 space group, and BagAl;0g belongs to the cubic phase of
the P2;3 space group. The pure Ba;yAl;01¢ phase is difficult to synthe-
size, as its structure has not been determined, but the introduction of Mn
is beneficial to the stability of Ba;Al>01.

The oxidation state of Mn was confirmed by X-ray photoelectron
spectroscopy. The binding energies of Mn in BaAl; 9sMng,0504y,
Ba3A11.9Mn0.106 and Ba7A1145M1‘10.5010 are 642.3 eV, 642.43 eV and
642.43 eV, receptively [23,75,76]. The results are well inside the range
expected for the binding energy of Mn®* in tetrahedral coordination by
comparison with Mn®" in Ba,In,.Mn,Os (642.75 eV) [77] and CagBa
(P1.xMn,)4017 (642.8 eV) [78]. Further study of its UV-Vis absorption
spectrum showed that the coloration of the compounds depended on the
allowed d-d transition of Mn®" whose peaks were in the visible to
infrared range. The absorbance peaks produced by the Al-O and Mn-O
ligand-to-metal charge-transfer (LMCT) transition are in the UV region,
which has little effect on the hues of the compounds. As seen in Fig. 26,
there are five transitions of 3d of [Mn®*0,] groups in the low-symmetry
(C3y) tetrahedral field, including three spin allowed absorptions
3A3T1(°P) (380 nm), *A3T1(F) (650 nm) and *A3T (900 nm) transitions
and two spin forbidden absorptions 3A§A1 (780 nm) and 3A%E (1200 nm)
transitions. With the increase in Mn content, the absorption peaks at
approximately 400 nm and 600-800 nm become stronger and broader,
resulting in a decrease in the sample brightness. The colors of the
compounds are tuned from sky blue to turquoise (Fig. 27).

All three compounds (BaAly,Mn,O4, BasAls.,Mn,Og and BajAl,.
«Mn,O1¢) exhibit similar UV-Vis absorbance spectra. Further study on
the color of the three solid solutions found that with increasing Ba
content, the maximum doping amount of manganese and the blue value
all increased.
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BaAl;2.,,C0,019 inferred that Co* is located in tetrahedral coordination.

%=L1| There are three spin-allowed d-d transitions of 3 d” ions in [Co?T04],
x=0.7 including *A, (F) — *T; (P) (550750 nm), “A, (F) > *T; (F) (1320 nm)
x=0.3 and “A, (F) - *T» (F) (1520 nm) (Fig. 28) [79,80].
LMCT .TJPI x=0_ As seen from the absorption spectrum of BaAl;,Ni,O19 (Fig. 29),
. “T.(F) there are three strong optical absorptions in 200-400 nm, 500-800 nm
T(F) 2 and 100-1200 nm. According to the fitting of the Kubelka-Munk ab-

sorption spectrum of BaAly; 7Nip 3019 bands, the absorption peaks are
rooted in the Ni-O ligand-to-metal charge-transfer (LMCT) and the d-
d transitions of 3 d® ions in tetrahedral and octahedral coordination. In
Fig. 29, there are three spin-allowed transitions in the [Ni**04] groups:
3T; CP)-3T, CF) (4438 em™), 3Ty 3F)—3A, (%F) (8665 cm™1) and T,
L (3F)—>3T1 (®P) (15000 cm-1-19000 cm’l), in which 3T1 CPisa ground
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state. The °T; CF)—>T; (°P) transition undergoes a splitting in two terms
of 3A, and °E due to the lower tetrahedral symmetry. Weaker bands are
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tively. Only a small amount of Ni*" is introduced into the octahedral
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Fig. 28. The absorbance spectrum of BaAl;5,C0,019.y (0 < x < 1.1) [81]. and A (°F)—°T1¢ (°F) transition [81-83].

3.2. Co** or Ni?*-doped BaAl;3019 4. Catalytic properties

By introducing Co?* or Ni?* in BaAl;201, solid solutions of BaAl;s. 4.1. Catalytic properties of BaAl;2019
+«C0x019 and BaAl;5,Ni,O19 with royal blue and sky blue colors were

. . . BaAl is considered a candidate catalyst for methane
synthesized through a solid-state reaction. The absorbance spectrum of 12019 y
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Fig. 29. (a) Fitting of Kubelka-Munk absorption spectrum of BaAly; ;Nip 3019 bands; (b) The absorbance spectrum of BaAl;, ,Ni,O19 (0 < x < 1.1) [81].
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Fig. 30. Catalytic combustion of CH4 over the catalysts [89].

Table 3
Catalytic activities expressed as T10, Ts09 and Togo, in °C [89].
Catalysts T10%(°C) Ts00(°C) To0u(°C)
BaAl;5019.4 630 750 841
BaMnAl;1019.4 470 580 655
BaMn,Al11019.4 433 537 619
Ce0,/BaAl;5010.4 535 618 690
CeO2/BaMnAl;1019.« 468 576 645
Ce0,/BaMnyAl; 0010y 426 534 611
Ce0,/BaFeMnAl; (010, 436 530 597

combustion. It is also applicable in the transesterification reaction of
rapeseed oil with methanol under flow conditions [84] and steam
reforming of tar [85].

Currently, methane has been used widely for industry, and methane
combustion always involves nitrogen oxide (NO,) production. Catalytic
combustion with enhanced energy efficiency is a better way to reduce
NO, emissions. BaAl;3019 exhibits promising catalytic activity for
methane combustion. To obtain better catalytic performance, different

Progress in Solid State Chemistry 68 (2022) 100379

synthetic methods were attempted to increase its surface area. Teng
et al. prepared nanoscale BaAl;2019 via a nonionic reverse micro-
emulsion method and proved that needle-shaped BaAl;2019 is more
conducive to methane combustion than spherical BaAlj,019 [86].
BaMnAl 1019, was synthesized by supercritical drying (SCD) with
alumina sol using a (NH4)2CO3 coprecipitation precursor. By improving
the surface area, the as-synthesized samples demonstrate high catalytic
activity [87]. Yin et al. synthesized BaAl;2019 by the urea combustion
method, which also improved the surface area [88]. To further improve
the catalytic efficiency for methane combustion, Mn, Fe or multiple el-
ements were doped into BaAl;5019, CeO2-BaAl; 20,9 composite or both.
As indicated in Fig. 30 and Table 3, Mn doping helped with the catalytic
efficiency of BaAlj5019. CeOy/BaFeMnAl;(O19., has the best perfor-
mance as a combustion catalyst [87,89].

BaAl15,019 with proper reaction conditions can help to achieve
almost complete conversion of rapeseed oil. The high thermal stability
and high surface area make BaAl;,019 a catalyst for high-temperature
reactions in steam reforming of tar. When Co metal particles are
dispersed on BaAl;5019, Co/BaAl; 5019 shows higher catalytic activity in
the steam reforming of tar [85].

4.2. Catalytic properties of BaAl204

4.2.1. BaAl;Oy4 catalyzes the reaction of soot with NOy

NO, generated through petroleum combustion is known to be haz-
ardous to the environment. BaAl,04 exhibits potential in catalyzing the
simultaneous removal of soot and NO,. BaAl;04 shows comparable
catalytic efficiency to noble metal-based catalysts in NO, trapping.
However, the high cost and scarcity of noble metals make BaAl,O4 more
promising. Compared with BaO, BaAl,04 has a higher efficiency of NO,
reduction, as barium is engaged in a strong bond with aluminum to
inhibit CO adsorption [90,91]. Therefore, BaAloO4 can be used as a new
catalyst to replace noble metal-based catalysts.

NO, is reduced to Ny by carbon soot, and soot is oxidized to CO in
the process. The effect of BaAl»O4 is completely different under various
O, partial pressures. In the absence of Oy, the reaction requires a higher
temperature to make lattice oxygen atoms participate in the reaction. In
the presence of Oy, the reaction mechanism is shown in Fig. 31. Nitrates
and C(O) intermediates are the key precursors of the reaction. Initially,
nitrite is formed by NO, adsorption on the BaAl,04 catalyst. With the
presence of oxygen, the nitrites are readily oxidized into nitrates. The C
(O) intermediates from carbon in the soot are preoxidized by NO, NO5
and O. Finally, the redox of nitrate with these oxygenates releases CO,
Ny and a small quantity of N2O, ultimately regenerating active sites on
catalyst surfaces [92,93]. BaAl,O4 therefore realizes NO, adsorption and

Ta (:‘
0 N, ;
) NO
—» BMULMM )+ Ba(Ogyr )
NO,
NO o N
Bil,t.';w;un:}r — ¥ i
0,, wari ’ UI attice a(s)
> Ba—0—N=C > Ba—-0-— [\,.[) o
NO, [NO; |~
Ba (vacancy)
p Ba-0, D‘ ’Dsurl * me j \ Bai(()
Ba—0/ N

<

Jin-o

CO:, Ns, NLO

Fig. 31. Schematic mechanisms on the redox of soot and NO, on BaAl,0, surface [92].
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Fig. 32. The spectra were BaAl,04 dwelling with gaseous reactants at (a) 150 °C, (b) 250 °C, (c) 350 °C and (d) 450 °C, the curves were gaseous reactants switched
from (a) NO(0.5%)/He to (b) NO(0.5%)/05(2%)/He to (c) NO(0.5%)/02(5%)/He [94].

the reaction of soot with NO, spontaneously.

Nitrates are easily produced on the catalyst surface in the presence of
oxygen, so Li et al. studied the effect of oxygen concentration on the
reaction of NO, with soot. In Fig. 32, the bands at 1216 em !, 1256 cm™!
and 1340 cm ! are attributed to nitrites, and the bands at 1340 cm ™!
1385 cm™! and 1744 cm™! are attributed to nitrates. The intensities of
the bands for nitrates further increase with increasing O, concentration.
This is because more NO, is adsorbed, as well as the transformation of
nitrites in the excess of Oq. As a consequence, the reaction of soot with
NO, is promoted, and the conversion efficiency of NO, into N and N2O
is improved. The intensities for the nitrates at 350 °C and 450 °C are
obviously stronger than those at 150 °C and 250 °C. Therefore, high
temperature also favors the formation of nitrates to promote the reaction
of soot with NO, [94]. In addition to oxygen concentration control, Yang
et al. attempted to dope Mn at the Ba site to improve soot oxidation and
NO, reduction over a BaAl,O4 catalyst. A synergistic mechanism of
manganese and barium is proposed to promote soot combustion. Among
them, NO is captured by barium to form nitrite, and the generated ni-
trites are further transformed to nitrates facilitated by manganese,
which finally oxidizes soot into CO5 [95].

4.2.2. BaAl,04 photocatalysis

BaAl;O4 with a strong light absorption capacity is also applied in
photocatalysis. However, the high electron hole recombination rate, low
charge transfer capacity and separation efficiency limit its applications.
To solve this problem, doping noble metal ions or other active ions into
BaAly04 is a good approach.

In photocatalysis, the key to BaAlyO4 catalysts are hydroxyl groups
on the surface of the catalyst. After the BaAlpO4 catalyst absorbs
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Fig. 33. Methylene blue photocatalytic degradation profiles under solar radi-
ation [98].

photons, photogenerated electrons enter the conduction band of
BaAl;04 from the valence band. The electrons can be trapped by O5 to
form superoxide radicals (O;). Additionally, corresponding positive
holes are produced in the valence band that can produce highly reactive
hydroxyl radicals. Hydroxyl radicals are powerful oxidizing reagents
with an oxidation potential of 2.33 V and exhibits a high rate of reaction
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with most organic and many inorganic solutes [96].

Zhu et al. doped Ag ions into BaAl;04 to enhance the photocatalytic
activity in toluene decomposition. After excitation by Ag, photo-
generated electrons enter the conduction band of BaAl;O4, and some
electrons will produce hydroxyl radicals [97]. Methylene blue is widely
present in industrial wastewater and causes serious pollution and
damage to the environment. To enhance the photocatalytic activity,
Mumanga et al. doped Nd** into BaAl,04. Then, they found that the
catalyst had the best photocatalytic degradation rate with a 0.1 mol%
Nd3* doping percentage, as shown in Fig. 33 [98].

5. Conclusion

In the oxides currently reported in the BaO-Al;O3 system, with
increasing Ba content, the stability of the compound decreases gradu-
ally. Therefore, BaAl12,019 and BaAl;04 attract more research focus than
other oxides. The structure and potential applications of BaAl;5019,
BaAly04, BagAl;0Og, BasAl20O7, and BayAl;04¢ are summarized. Although
much work has been performed on the synthesis, structure analysis and
property improvement of these oxides, there is still plenty of unknown
knowledge on their detailed structure, photoluminescence property
mechanism, potential applications and so on. With a better under-
standing of the oxides in the BaO-Al,0O3 system, they will hopefully be
able to be utilized in our daily life.
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