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Abstract

Barium aluminate (BaAl:O4) is an alkaline-earth aluminate ceramic that has attracted significant attention
owing to its exceptional structural stability, wide optical band gap, excellent thermal resistance, and
versatile physicochemical properties. The hexagonal stuffed tridymite-type framework of BaAl.Oa
provides a robust host lattice for rare-earth activators, enabling efficient persistent luminescence with high
quantum efficiency and prolonged afterglow. In addition to its well-established role as a phosphor host,
BaAl.Os has recently emerged as a multifunctional material for electrochemical energy storage,
photocatalysis, dielectric devices, humidity sensing, catalyst supports, hydrogen storage, and flexible
electronics. The combination of high chemical stability, low dielectric loss, environmental compatibility,
and structural durability further broadens its technological importance. Furthermore, the integration of
BaAl.O4 with conducting polymers, carbonaceous materials, and transition-metal oxides has significantly
improved its electrical conductivity and electrochemical performance, making it a promising candidate
for advanced supercapacitor electrodes. This review highlights the crystal structure, physicochemical
properties, synthesis strategies, and multifunctional applications of BaAl.Os, emphasizing its potential for
next-generation energy, environmental, and optoelectronic technologies.
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1. Introduction

The growing demand for sustainable energy technologies, advanced optoelectronic devices, and
multifunctional ceramic materials has stimulated extensive research on alkaline-earth aluminates. Among
these materials, barium aluminate (BaAl:O4) has emerged as one of the most promising ceramic oxides
owing to its remarkable structural stability, excellent thermal resistance, wide band gap, and unique optical
characteristics [1]. BaAl:O4 crystallizes in a hexagonal stuffed tridymite-type structure consisting of a
three-dimensional network of corner-sharing AlO4 tetrahedra with Ba** ions occupying the interstitial
cavities. This open-framework crystal structure provides excellent structural rigidity while facilitating the
incorporation of rare-earth activator ions without significant lattice distortion. Initially, BaAl.O4 gained
considerable attention as a host material for long-persistent phosphors because Eu**- and Dy**-doped
BaAl>O4 exhibits intense blue-green emission with prolonged afterglow originating from efficient electron
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trapping and delayed recombination processes [2,3]. Compared with conventional sulphide phosphors,
BaAlL:0Os-based phosphors exhibit superior chemical stability, higher photostability, and longer operational
lifetimes under ambient conditions. Consequently, they have been extensively employed in emergency
signage, display technologies, security printing, and solid-state lighting. Beyond luminescent applications,
recent investigations have demonstrated that BaAl.O4 possesses considerable potential in electrochemical
energy storage owing to its structural robustness, high surface stability, and compatibility with conductive
nanomaterials. Although pristine BaAl:O4 exhibits relatively low electrical conductivity, hybridization
with conducting polymers such as polyaniline (PANI) and polypyrrole (PPy), carbon nanostructures
including graphene and reduced graphene oxide (rGO), and transition-metal oxides effectively enhances
charge transport kinetics, electrochemically active surface area, and ion diffusion pathways [4,5,6]. These
synergistic effects substantially improve specific capacitance, rate capability, and cycling stability, making
BaAl:Os-based composites attractive electrode materials for high-performance supercapacitors.
Furthermore, the exceptional dielectric behaviour, chemical inertness, photocatalytic activity, and thermal
stability of BaAl.O4 have enabled its application in microwave dielectric resonators, catalyst supports,
humidity sensors, refractory ceramics, hydrogen storage systems, optical temperature sensors, and flexible
electronic devices. The multifunctional nature of BaAl.O. therefore positions it as a versatile ceramic
material with significant potential for future energy conversion, sensing, environmental remediation, and
optoelectronic applications [7,8].

2. Fundamental Properties of Barium Aluminate (BaAl.O4)

Barium aluminate (BaAl.O4) is an important alkaline-earth aluminate ceramic that has attracted significant
research interest because of its excellent structural stability, wide band gap, high thermal resistance, low
dielectric loss, and remarkable luminescent characteristics. These intrinsic properties make BaAl:O4 a
promising material for applications in phosphors, photocatalysis, dielectric ceramics, sensors, and energy-
related devices. The fundamental properties of BaAl:O4 are discussed below.

2.1 Crystal Structure

BaAl:O4 crystallizes predominantly in a hexagonal crystal structure with the space group P63 under
ambient conditions. The crystal framework consists of corner-sharing AlO4 tetrahedra, forming a three-
dimensional network that creates channels occupied by Ba** ions. The tetrahedral arrangement of
aluminium and oxygen provides structural rigidity and excellent thermal stability. The crystal structure
contains interconnected AlOa units rather than AlOs octahedra, distinguishing BaAl2Os from many other
oxide ceramics. The arrangement of Ba** ions within the framework also facilitates the incorporation of
rare-earth dopants such as Eu?" and Dy*" without significantly altering the host lattice [9,10].

2.2 Structural Stability

BaAl>O4 possesses excellent structural stability due to the strong Al-O covalent bonds present within the
AlOs tetrahedral framework. The rigid three-dimensional network resists structural deformation under
elevated temperatures and harsh chemical environments. The material exhibits good resistance to
oxidation, corrosion, and moisture, making it suitable for long-term operation in demanding environments

[11].
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2.3 Optical Properties

BaAlL:0O4 is a wide-band-gap oxide semiconductor with a band gap generally reported between 5.1 and 6.5
eV, depending on the synthesis method, crystallinity, particle size, and defect concentration. Because of
its wide band gap, the material is transparent in the visible region and exhibits strong absorption in the
ultraviolet region. Undoped BaAl.O4 shows relatively weak intrinsic luminescence arising from lattice
defects such as oxygen vacancies. However, when doped with rare-earth ions, particularly Eu?*, it exhibits
intense blue-green emission. Co-doping with Dy** or Nd** introduces trap levels that enable persistent
luminescence, allowing the material to emit light for several hours after the excitation source is removed
[12].

2.4 Luminescent Properties

BaAl.O4 is widely recognized as an excellent host lattice for long-persistent phosphors. Rare-earth ions
substitute for Ba?* sites in the crystal lattice and create efficient luminescent centers.

Among the various dopants, the BaAl:Os:Eu**,Dy*" phosphor is one of the most extensively studied
persistent luminescent materials. Upon ultraviolet excitation, Eu?* ions undergo electronic transitions from
the excited 4f°5d' state to the 4f” ground state, producing broad blue-green emission. Dy*" ions act as
electron traps, storing excitation energy and gradually releasing it, thereby producing long-lasting
afterglow. The luminescent efficiency depends on factors such as dopant concentration, crystal defects,
calcination temperature, and synthesis method [13].

2.5 Thermal Properties

BaAl.O. exhibits excellent thermal stability owing to its rigid crystal framework. It remains chemically
and structurally stable at temperatures exceeding 1000 °C, making it suitable for high-temperature ceramic
applications. The material possesses a relatively low coefficient of thermal expansion and maintains its
crystalline structure during repeated heating and cooling cycles. Thermogravimetric studies generally
reveal negligible weight loss after complete crystallization, indicating good thermal durability [14].

2.6 Dielectric Properties

BaAl.O4 exhibits stable dielectric characteristics over a wide frequency range. It possesses a moderate
dielectric constant and low dielectric loss, making it useful in microwave dielectric ceramics and high-
frequency electronic devices [15]. The dielectric properties are influenced by grain size, porosity, crystal
defects, synthesis conditions, and sintering temperature. High-density BaAl.O4 ceramics generally exhibit
improved dielectric performance because of reduced porosity and enhanced grain connectivity.

2.7 Mechanical Properties

BaAlxOs4 is a hard ceramic material characterized by high compressive strength and good wear resistance.
The interconnected tetrahedral framework contributes to its mechanical rigidity and dimensional stability.
However, similar to many oxide ceramics, BaAl.O4 exhibits relatively low fracture toughness due to its
brittle nature. The mechanical properties can be improved through grain refinement, composite formation,
or incorporation into ceramic matrix composites [16].

2.8 Chemical Stability
BaAl.O4 demonstrates excellent chemical stability in air and remains resistant to oxidation under normal
operating conditions. The material exhibits good resistance toward many dilute acids and alkaline
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solutions, although prolonged exposure to strong acidic environments may gradually affect the surface.
The chemically stable framework contributes to the long operational lifetime of BaAl>Os-based phosphors
and ceramic components [17].

2.9 Electrical Properties

Pure BaAl:O+ behaves as an electrical insulator because of its large band gap and very low intrinsic
electrical conductivity. The conductivity can be modified through defect engineering or by introducing
suitable dopants that generate additional charge carriers. The electrical behaviour also depends on
synthesis conditions, oxygen vacancy concentration, and operating temperature.

2.10 Surface and Morphological Properties

The morphology of BaAl.Os strongly depends on the synthesis technique. Solid-state synthesis generally
produces irregular micron-sized particles, whereas sol-gel, hydrothermal, combustion, and Pechini
methods typically yield nanoparticles or nanocrystalline powders with improved uniformity. Particle size,
specific surface area, crystallinity, and porosity significantly influence the optical, catalytic, dielectric, and
luminescent performance of BaAl>Oa.

3. Synthesis Techniques of BaAl2O4

The synthesis route plays a significant role in determining the crystal structure, phase purity, particle size,
morphology, and functional properties of barium aluminate (BaAl:O4). Depending on the preparation
method, the material can exhibit different crystallinities, surface areas, and microstructures, which directly
influence its optical, dielectric, catalytic, and luminescent performance. Various synthesis techniques have
been reported for the preparation of BaAl:Os, including the solid-state reaction, sol-gel, solution
combustion, co-precipitation, hydrothermal, Pechini, and molten salt methods.

3.1 Solid-State Reaction Method
The solid-state reaction method is the most conventional technique for synthesizing BaAl:Oa4. In this
method, stoichiometric amounts of barium carbonate (BaCOs) and a-aluminium oxide (a-Al.Os) are
thoroughly mixed using ball milling or manual grinding to ensure uniform mixing of the precursors. The
mixed powders are then calcined in air at temperatures generally ranging from 1300 to 1500 °C for several
hours. During calcination, barium carbonate decomposes and reacts with alumina to form crystalline
BaAl.O4 according to the following reaction:

BaCO, + Al,0, — BaAl,0, + CO, T
Complete formation of single-phase BaAl:Os requires sufficiently high temperatures because diffusion
between the solid reactants is relatively slow. Inadequate calcination temperatures or insufficient reaction
time may result in secondary phases such as BaAli2O1s or unreacted Al-Os. Owing to the high-temperature
treatment, the synthesized particles generally exhibit high crystallinity and relatively large grain sizes.

3.2 Sol-Gel Method

The sol-gel method is a wet-chemical synthesis technique that enables homogeneous mixing of metal ions
at the molecular level. Water-soluble barium and aluminium salts, commonly barium nitrate and
aluminium nitrate nonahydrate, are dissolved in distilled water. Chelating agents such as citric acid and
polymerizing agents such as ethylene glycol are added to form stable metal complexes. Continuous stirring
and controlled heating promote hydrolysis and condensation reactions, resulting in the formation of a
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homogeneous gel. The gel is dried to remove excess solvent and subsequently calcined at 800—1000°C to
obtain crystalline BaAl.O4 nanoparticles. The intimate mixing of Ba®>* and AI** ions during gel formation
reduces diffusion distances during calcination and facilitates phase formation at comparatively lower
temperatures.

3.3 Solution Combustion Method

Solution combustion synthesis is a rapid wet-chemical technique widely employed for preparing
nanocrystalline BaAl:Os powders. In this process, aqueous solutions of barium nitrate and aluminium
nitrate are mixed with an appropriate organic fuel such as urea, glycine, or citric acid. The metal nitrates
function as oxidizing agents, whereas the organic compound serves as the reducing fuel. The precursor
solution is heated until dehydration occurs, producing a viscous gel. Further heating initiates a highly
exothermic self-sustained combustion reaction accompanied by the rapid evolution of gases such as COx,
H-0, and N2. The resulting fluffy powder is then calcined at approximately 900-1100 °C to improve
crystallinity and remove any remaining organic residues. The combustion process produces highly porous
powders due to the release of large volumes of gaseous products.

3.4 Co-precipitation Method

The co-precipitation method involves preparing aqueous solutions of soluble barium and aluminium salts
in the required stoichiometric ratio. A precipitating agent such as ammonium hydroxide or sodium
hydroxide is gradually added under continuous stirring until the desired pH, typically between 9 and 11,
is reached. This process results in the simultaneous precipitation of mixed hydroxides containing both
Ba** and AI** ions. The precipitate is aged to promote complete precipitation and improve homogeneity,
followed by filtration, repeated washing with deionized water to remove residual ions, and drying. The
dried precursor is then calcined at 900-1100 °C, leading to the decomposition of hydroxides and
crystallization of BaAl.O4. The homogeneous distribution of cations in the precursor facilitates phase
formation during calcination.

3.5 Hydrothermal Method

Hydrothermal synthesis is carried out in a sealed Teflon-lined stainless-steel autoclave under elevated
temperature and pressure. Appropriate barium and aluminium precursors are dissolved in water, and the
solution pH is adjusted according to the synthesis requirements using alkaline reagents. The precursor
solution is transferred into the autoclave and heated at 180—240 °C for 12—48hours. Under hydrothermal
conditions, nucleation and crystal growth occur simultaneously, resulting in well-crystallized BaAl.O4
particles. After completion of the reaction, the autoclave is allowed to cool naturally to room temperature.
The precipitate is collected, washed thoroughly with distilled water and ethanol, dried, and, when
necessary, calcined at 800—1000 °C to enhance crystallinity and eliminate residual hydroxides.

3.6 Pechini Method

The Pechini method, also known as the polymeric precursor method, is based on the formation of a
polymeric network that uniformly distributes the metal ions. Barium nitrate and aluminium nitrate are
dissolved in water, after which citric acid is added as a chelating agent. Ethylene glycol is subsequently
introduced to promote polyesterification between citric acid molecules.

Upon heating, a viscous polymeric resin containing uniformly dispersed Ba*" and AI** ions is formed. The
resin is initially decomposed at 300-500 °C to remove the organic matrix and then calcined at 800—1000
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°C to obtain crystalline BaAl.O4. The polymeric precursor ensures atomic-level mixing of the constituent
ions, which facilitates the formation of the desired phase during calcination.

3.7 Molten Salt Method

The molten salt method employs inorganic salts as reaction media to accelerate diffusion between the
reactants. Stoichiometric amounts of BaCOs (or BaO) and Al>Os are mixed with molten salts such as NaCl,
KCI, or NaCl-KCI eutectic mixtures. The mixture is heated to 800—1100 °C, where the salts melt and
provide a liquid medium that enhances ion transport and crystal growth. Following the reaction, the
product is cooled and repeatedly washed with hot distilled water to dissolve and remove the residual salts.
The purified powder is then dried before further characterization. The liquid environment created by the
molten salts promotes efficient diffusion and facilitates the formation of well-crystallized BaAl>Oa.

4. Multifunctional Applications of BaAl.O4

4.1 Persistent Luminescent Phosphors

BaAl:Oa is one of the most extensively investigated host materials for long-persistent phosphors. Rare-
earth activators such as Eu**, Dy**, Nd**, and Pr** generate efficient trap centres within the crystal lattice,
producing intense blue-green emission with prolonged afterglow following ultraviolet excitation. Owing
to their superior photostability and environmental durability, BaAl:Os-based phosphors have found
widespread applications in emergency signage, traffic indicators, security printing, optical information
storage, anti-counterfeiting technologies, and solid-state lighting [11].

4.2 Electrochemical Energy Storage

Recent studies have demonstrated the potential of BaAl.O4 as an active material for supercapacitor
electrodes. Although pristine BaAl:Os exhibits limited electrical conductivity, its combination with
conducting polymers, graphene derivatives, carbon nanotubes, and transition-metal oxides significantly
improves electron transport and electrochemical kinetics. The resulting hybrid electrodes exhibit enhanced
specific capacitance, improved rate capability, superior cycling stability, and reduced charge-transfer
resistance, highlighting their potential for high-performance electrochemical energy-storage systems [15].

4.3 Photocatalysis

The wide band gap, chemical stability, and photo corrosion resistance of BaAl.O+ make it a promising
photocatalyst for environmental remediation. Under ultraviolet irradiation, photogenerated electron-hole
pairs participate in oxidation-reduction reactions that degrade organic pollutants and toxic dyes. The
photocatalytic efficiency can be further enhanced through heterojunction formation with narrow-band-gap
semiconductors [15,19].

4.4 Catalyst Support

BaAl.O4 exhibits excellent thermal stability and chemical inertness, making it an efficient catalyst support
for high-temperature catalytic reactions. Its porous structure and stable surface facilitate uniform
dispersion of catalytically active nanoparticles while preventing particle agglomeration, thereby
improving catalytic efficiency and operational durability [20].
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4.5 Dielectric and Microwave Devices

The low dielectric loss, excellent insulation characteristics, and stable dielectric constant of BaAl.Os make
it suitable for microwave dielectric resonators, ceramic capacitors, high-frequency communication
devices, and electronic substrates requiring excellent thermal reliability [15,18].

4.6 Humidity Sensors

Nanostructured BaAl:Os exhibits excellent moisture adsorption characteristics and stable impedance
variation under different humidity levels. These characteristics make it suitable for highly sensitive
humidity sensors employed in environmental monitoring, industrial automation, and agricultural
applications [15,3].

4.7 Flexible Electronics

Recent developments have demonstrated that crystalline BaAl:Os can function as a water-soluble
sacrificial layer for fabricating freestanding oxide membranes. This innovative approach enables the
integration of high-quality crystalline oxides into flexible electronic devices, wearable sensors, and next-
generation semiconductor technologies.

4.8 Hydrogen Storage

BaAl:0Os-based nanostructured materials have demonstrated favourable hydrogen adsorption behaviour
owing to their stable crystal framework and surface characteristics. These properties indicate their
potential application in hydrogen storage and clean-energy technologies [10].

5. Challenges and Future Perspectives of BaAl.Ox

Barium aluminate (BaAl.O4) has emerged as a promising functional ceramic owing to its excellent thermal
stability, wide band gap, chemical durability, and remarkable luminescent properties. Despite these
advantages, several scientific and technological challenges still limit its large-scale commercialization and
broader application. Addressing these challenges through advanced material design and innovative
synthesis strategies will further expand the potential of BaAl.Os in optoelectronics, photocatalysis,
dielectric devices, sensors, and energy-related technologies.

5.1 Challenges

5.1.1 High Synthesis Temperature

One of the major challenges associated with BaAlO4 synthesis is the high calcination temperature required
for complete phase formation, particularly in the conventional solid-state reaction method. Temperatures
above 1300 °C are generally needed to obtain phase-pure and highly crystalline BaAl.Oa4, leading to high
energy consumption and increased production costs. Prolonged heat treatment also promotes grain growth
and particle agglomeration, which may adversely affect the material's functional properties.

5.1.2 Phase Purity and Stoichiometric Control

Obtaining single-phase BaAl:0O4 remains challenging because slight deviations in the Ba:Al ratio or
insufficient calcination may result in the formation of secondary phases such as BaAli201s, BasAl:Os, or
residual Al2Os. These impurity phases can significantly influence the optical, dielectric, and luminescent
performance of the material. Therefore, precise control of precursor composition and synthesis conditions
is essential.
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5.1.3 Particle Agglomeration

Wet-chemical synthesis methods often produce nanoparticles with high surface energy, leading to particle
agglomeration during drying and calcination. Agglomeration reduces the effective surface area, limits
uniform particle dispersion, and affects the reproducibility of the material properties. Controlling particle
growth while maintaining high crystallinity remains an important research objective.

5.1.4 Defect Engineering

Intrinsic defects such as oxygen vacancies, cation vacancies, and lattice distortions play an important role
in determining the optical and electrical properties of BaAl.Os. However, excessive or uncontrolled defect
formation may act as non-radiative recombination centres, reducing luminescence efficiency and
photocatalytic activity. Developing controlled defect engineering strategies remains a significant
challenge.

5.1.5 Dopant Optimization

Rare-earth ions such as Eu**, Dy**, Sm**, Nd**, and Ce*" are widely incorporated into BaAl.O4 to improve
its luminescent performance. However, excessive dopant concentration can lead to concentration
quenching, resulting in reduced emission intensity and shorter afterglow duration. Identifying the optimum
dopant concentration and co-doping combinations remains an active area of research.

5.1.6 Limited Visible-Light Photocatalytic Activity

Although BaAl:O4 exhibits excellent chemical stability, its wide band gap (approximately 5.1-6.5 eV)
restricts light absorption mainly to the ultraviolet region. Consequently, its photocatalytic efficiency under
visible light is relatively low. Strategies such as elemental doping, heterojunction formation, and
composite fabrication are being explored to extend its optical response into the visible region.

5.1.7 Scale-Up and Commercial Production

Many synthesis techniques reported for BaAl:Oa, including sol-gel, hydrothermal, and Pechini methods,
are well suited for laboratory-scale production but face challenges during industrial-scale manufacturing.
Issues such as process reproducibility, cost of precursors, long synthesis time, and equipment requirements
must be addressed before large-scale commercialization becomes feasible.

5.2 Future Perspectives

5.2.1 Advanced Low-Temperature Synthesis

Future research should focus on developing low-temperature synthesis routes that can produce highly
crystalline BaAl:Os while reducing energy consumption. Microwave-assisted synthesis, solution
combustion, mechanochemical synthesis, and modified sol-gel techniques offer promising alternatives for
achieving phase-pure materials at comparatively lower temperatures.

5.2.2 Nanostructured BaAl:O4

The fabrication of BaAl:O4 in the form of nanoparticles, nanorods, nanowires, nanosheets, and hierarchical
porous structures is expected to enhance its surface area and improve its optical, catalytic, and sensing
performance. Precise control over particle morphology will remain an important direction for future
investigations.
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5.2.3 Rare-Earth and Transition-Metal Doping

Systematic studies involving rare-earth ions (Eu?**, Dy**, Tb*", Ce**, Sm**, and Nd**) as well as transition-
metal ions (Mn?*, Cr**, Fe*", and Co*") are expected to further improve the luminescent, optical, and
magnetic properties of BaAl:Os. Optimizing dopant concentration and understanding the associated
energy transfer mechanisms will facilitate the design of next-generation multifunctional phosphors.

5.2.4 Composite and Heterostructure Development

Combining BaAl.O4 with semiconductors, carbon-based materials, polymers, or other ceramic oxides can
produce multifunctional composites with enhanced photocatalytic, dielectric, sensing, and mechanical
properties. Such hybrid materials are expected to broaden the range of practical applications.

5.2.5 Photocatalytic and Environmental Applications

Future studies should focus on improving the visible-light activity of BaAl:O4 through band-gap
engineering, surface modification, and heterojunction design. Enhanced photocatalytic materials may find
applications in wastewater treatment, degradation of organic pollutants, hydrogen production, and
environmental remediation.

5.2.6 Energy Storage and Electronic Devices

Although BaAl:O4 is primarily recognized as a phosphor host, its excellent dielectric stability and chemical
durability make it an attractive candidate for microwave dielectric ceramics, capacitors, insulating
substrates, and advanced electronic components. Exploring BaAl.Os-based composites for energy storage
and electronic applications represents a promising research direction.

5.2.7 Biomedical and Smart Materials

The high chemical stability and non-toxic nature of BaAl.O4 suggest potential applications in bioimaging,
optical biosensors, security marking, anti-counterfeiting technologies, and smart luminescent coatings.
Future research should evaluate its biocompatibility, long-term stability, and performance in biological
environments.

4. Conclusion

BaAl:04 1s a technologically important multifunctional ceramic material that combines excellent structural
stability, superior thermal resistance, wide optical band gap, favourable dielectric properties, and
outstanding chemical durability. Although originally developed as a host lattice for long-persistent
phosphors, recent advances have significantly expanded its application spectrum to include
electrochemical energy storage, photocatalysis, catalyst supports, humidity sensing, hydrogen storage,
dielectric components, refractory ceramics, and flexible electronics. Moreover, the fabrication of BaAlOa-
based hybrid nanocomposites with conducting polymers, carbon nanomaterials, and transition-metal
oxides has overcome its intrinsic low electrical conductivity, substantially improving its electrochemical
performance. Owing to these unique multifunctional characteristics, BaAl:O4 is expected to play an
increasingly important role in the development of next-generation materials for sustainable energy-storage
systems, optoelectronic devices, environmental remediation, and advanced functional ceramics.
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