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ABSTRACT

Introduction: the perovskite structure, characterized by the general formula ABXs, has been a cornerstone
in ceramic science and technology due to its remarkable versatility and adaptability. From the earliest
insights of Goldschmidt linking material structure to composition, the perovskite structure emerges as a
quintessential demonstration of this principle.

Objective: this paper aims to offer a thorough review of perovskite materials, emphasizing the interplay
between their structural versatility and practical utility.

Results: known for its remarkable adaptability, the perovskite framework can accommodate a vast array
of compositional variations, enabling the creation of materials with diverse properties such as dielectric,
conductive, and superconductive behaviors. Among these, barium titanate (BaTiO3) stands out as a prime
example of a perovskite that can be fine-tuned to achieve enhanced dielectric characteristics, leading
to widespread industrial usage. The capacity of perovskites to endure extreme environmental conditions,
including the immense pressures found in Earth’s interior, underscores their relevance not only in technology
but also in geological research. Recent explorations into piezoelectric and ferroelectric applications highlight
the cutting-edge potential of these materials for future innovations. By adjusting perovskite compositions,
researchers can systematically optimize functionalities across multiple sectors, ranging from consumer
electronics to advanced scientific instrumentation.

Conclusion: through an examination of novel findings, the authors shed light on the continuing evolution
of perovskite research, illuminating both the foundational science and the growing array of real-world
applications and future directions.

Keywords: Perovskite Structure; Piezoelectric; Ferroelectric; Electronic Devices.
RESUMEN

Introduccion: la estructura perovskita, caracterizada por la formula general ABXs, ha sido un pilar en
la ciencia y tecnologia de ceramicas debido a su versatilidad y adaptabilidad excepcionales. Desde los
primeros postulados de Goldschmidt, que relacionaban la estructura de los materiales con su composicion,
la perovskita surge como un ejemplo paradigmatico de este principio.

Objetivo: este articulo ofrece una revision exhaustiva de los materiales perovskiticos, destacando la relacion
entre su versatilidad estructural y su utilidad practica.

Resultados: conocida por su notable flexibilidad, esta estructura puede albergar una amplia variedad de
variaciones composicionales, permitiendo disenar materiales con propiedades diversas, como comportamiento
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dieléctrico, conductor o superconductor. Entre estos, el titanato de bario (BaTiO3) destaca como un ejemplo
clasico de perovskita cuyas propiedades dieléctricas pueden ajustarse para aplicaciones industriales. Su
capacidad para resistir condiciones ambientales extremas, como las altas presiones del interior terrestre,
resalta su relevancia no solo tecnologica, sino también geologica. Investigaciones recientes en aplicaciones
piezoeléctricas y ferroeléctricas subrayan el potencial innovador de estos materiales. Mediante el ajuste
composicional, los investigadores pueden optimizar sistematicamente sus funcionalidades en sectores que
abarcan desde la electrdnica de consumo hasta instrumentacion cientifica avanzada.

Conclusion: a través del analisis de hallazgos recientes, los autores exploran la evolucidon continua de la
investigacion en perovskitas, abordando tanto sus fundamentos cientificos como sus crecientes aplicaciones y
futuras direcciones.

Palabras clave: Estructura Perovskita; Piezoeléctrico; Ferroeléctrico; Dispositivos Electronicos.

INTRODUCTION

Perovskite materials trace their origins to a noteworthy discovery in 1839, when the German mineralogist
Gustav Rose first encountered an unusual calcium titanate mineral (CaTiOs) in the Ural Mountains of Russia.
Recognizing its distinctive properties, Rose named this newly identified mineral perovskite in honor of
Russian mineralogist Lev Perovski (1792-1856) (Bhalla, Guo, & Roy 2000; Rose 1839).™" Over time, the term
“perovskite” has been used to designate not only the specific natural mineral but also an entire family of
compounds characterized by the ABXs crystal structure, which shares similar structural motifs to the original
CaTiOs mineral (Goldschmidt 1926; Imada, Fujimori, & Tokura 1998).@ Although the name “perovskite” was
initially tied to a single naturally occurring mineral, the structure’s scientific significance became more evident
as crystallographers and mineralogists systematically explored the relationship between ionic sizes, crystal
chemistry, and physical properties. Early in the 20th century, Victor Goldschmidt extensively investigated how
ionic radii governed structural stability in oxides, laying the groundwork for understanding why perovskite-
based compounds could accommodate numerous chemical substitutions (Goldschmidt 1926; Miiller 1993).® This
notion of “tolerance” proved fundamental in explaining the wide compositional latitude of perovskites, which,
in turn, made them highly valuable for research in ceramics, electronic devices, and more.

Ideal Perovskite Structure

At its simplest, the perovskite structure can be described by the general formula ABXs, where “A” typically
refers to a larger cation, “B” designates a smaller cation (often a transition metal), and “X” is an anion
(commonly oxygen, but it can also be a halide or other species). In the idealized cubic form (space group
Pm3m), the A cation occupies the corners of the cubic lattice, the B cation resides at the body center, and the
X anions sit at the face centers (Bhalla et al. 2000; Mitzi 2004)™. More specifically:

1. The A-site cation is surrounded by twelve anions, forming a dodecahedral coordination environment.

2. The B-site cation sits in the center of an octahedron of anions, meaning it has six nearest-neighbor anions.

3. The X anions effectively bridge the A and B sites, ensuring a stable three-dimensional network of
corner-sharing BXe octahedra.

This configuration—A cation in a 12-fold site, B cation in a 6-fold site, and X anion bridging the two—permits
remarkable flexibility. One reason is the ability to substitute different elements at the A and B sites, significantly
altering electrical, magnetic, optical, and mechanical properties (Miiller 1993; Imada et al. 1998).®

Compositional Flexibility and Tolerance Factor

A hallmark of the perovskite family is their extraordinary compositional adaptability. This adaptability arises
from a concept known as the tolerance factor (t), introduced by Goldschmidt (1926).®

Mathematically expressed as:

TATTXY

t= V2(rp +rx)’

TA+TX

V2(rp +rx)’

Where r, is the ionic radius of the A-site cation, r, is that of the B-site cation, and r, is that of the anion. A
tolerance factor close to 1 (typically between 0,8 and 1,0) suggests a stable cubic structure, while deviations
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can lead to lower-symmetry variants (orthorhombic, tetragonal, or rhombohedral). This phenomenon is crucial
in ceramic science because even slight ionic substitutions can drastically change phase stability and material
properties (Bhalla et al. 2000).™

For instance, if the A cation is smaller than the ideal size, the BXe octahedra may tilt, giving rise to
orthorhombic or rhombohedral distortions (Glazer 1972; Miller 1993).® On the other hand, if the A cation is
larger or the B cation is smaller, the structure may adopt hexagonal or layered variants, demonstrating just how
profoundly compositional changes can modify structural symmetry.

Role in ceramic science and technology
Dielectrics and ferroelectrics

Perhaps one of the most famous perovskite oxides in ceramic science is barium titanate (BaTiO3). Discovered
to exhibit ferroelectricity, BaTiOs sparked a revolution in electroceramics, leading to applications in capacitors,
piezoelectric actuators, transducers, and more (Jaffe, Cook, & Jaffe 1971).® Its high dielectric constant and
polarization behavior exemplify how the perovskite structure can be manipulated for advanced functionalities.

Superconductivity

The discovery of high-temperature superconductivity in copper-oxide perovskites, such as yttrium barium
copper oxide (YBa2Cu307-0), expanded interest in the perovskite family (Bednorz & Muller 1986). The layered
perovskite blocks in these compounds facilitate superconductivity at relatively higher temperatures than
conventional metallic superconductors, underscoring the structural influence on electronic properties.

Magnetic and Colossal Magnetoresistance (CMR)

Manganese-based perovskites, such as La1-xSrxMnOs, exhibit colossal magnetoresistance, where electrical
resistance changes dramatically under an applied magnetic field (Tokura 2006).® This phenomenon has
implications for magnetic sensors, data storage, and spintronic devices. Once again, the perovskite lattice is
central to enabling doping strategies that optimize these magnetic and electrical behaviors.

Fuel Cells and Catalysis

Certain perovskite oxides (e.g., La1-xSrxMnOs) are used as cathodes in solid oxide fuel cells (SOFCs),
capitalizing on their mixed ionic and electronic conductivity. In addition, perovskites such as LaCoOs or LaFeOs
can serve as catalysts for various oxidation reactions. Their structural stability at high temperatures and flexible
compositional range make them valuable in energy and environmental technologies (Mogensen, Sammes, &
Tompsett 2000).?

Photovoltaics

Organic-inorganic halide perovskites (e.g., CH:NH3Pbls) have risen to prominence in solar cell research due
to their exceptional light absorption and carrier transport properties (Snaith 2013)®. Although the original
perovskite mineral was an oxide, the concept of an ABXs lattice extends to halides, broadening the scope of
applications well beyond traditional ceramics.

Structural distortions and advanced ceramics

Ceramic technology often relies on the controlled manipulation of crystal structures to optimize mechanical,
thermal, and electronic properties. The perovskite structure’s capacity for structural distortion can be both
advantageous and challenging:

Advantage: Structural distortions can induce ferroelectric or multiferroic properties, allowing materials
to exhibit simultaneous magnetic and electric order (Cheong & Mostovoy 2007).® This synergy is pivotal in
developing new transducer materials, memory devices, and sensors.

Challenge: Distortions can complicate sintering processes or degrade performance at high temperatures.
Researchers frequently employ doping strategies or composite formulations to mitigate undesired phase
transitions, ensuring stable performance over a broad temperature range (Guo, Cross, & Park 2001).(?

Recent advances in perovskite ceramics: synthesis, processing, and applications

Perovskite ceramics have emerged as a groundbreaking class of materials, capturing significant attention in
the fields of materials science, energy, and electronics due to their unique structural, electrical, and optical
properties. The term "perovskite” refers to a family of materials with the general chemical formula ABXs, where
Aand B are cations of different sizes, and X is an anion, typically oxygen or a halogen. The versatility of perovskite
ceramics lies in their ability to accommodate a wide range of elements, enabling tailored properties for specific
applications. Recent advancements in the synthesis, processing, and application of perovskite ceramics have
opened new avenues for innovation, particularly in energy storage, catalysis, and optoelectronics.
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Figure 1. Schematic illustration of the sensory applications of perovskite nanomaterials."

Synthesis of Perovskite Ceramics

The synthesis of perovskite ceramics has undergone significant evolution, with researchers developing novel
methods to achieve precise control over composition, morphology, and crystallinity. Traditional solid-state
reaction methods, which involve high-temperature calcination of precursor powders, remain widely used due
to their simplicity and scalability. However, these methods often result in inhomogeneous products with large
grain sizes, limiting their performance in certain applications. To address these limitations, advanced synthesis
techniques such as sol-gel processing, hydrothermal synthesis, and chemical vapor deposition (CVD) have
been developed. The sol-gel method, for instance, offers excellent control over stoichiometry and particle
size, producing homogeneous and fine-grained perovskite powders. This technique involves the hydrolysis
and condensation of metal alkoxides or salts, followed by thermal treatment to form the desired perovskite
phase. Hydrothermal synthesis, on the other hand, utilizes high-pressure and high-temperature conditions in
an aqueous environment to crystallize perovskite materials at relatively low temperatures. This method is
particularly advantageous for synthesizing nanostructured perovskites with high surface areas, which are ideal
for catalytic and sensing applications.

Chemical vapor deposition (CVD) has also gained prominence as a versatile technique for depositing high-
quality perovskite thin films. By precisely controlling the precursor gases and deposition parameters, CVD
enables the growth of uniform and defect-free films with tailored properties. These advancements in synthesis
methods have not only improved the quality of perovskite ceramics but also expanded the range of achievable
compositions and structures.

Processing Techniques for Enhanced Performance

The processing of perovskite ceramics plays a critical role in determining their final properties and
performance. Recent innovations in processing techniques have focused on enhancing the density, purity,
and microstructure of perovskite materials. Sintering, a key step in ceramic processing, has seen notable
improvements through the adoption of advanced methods such as spark plasma sintering (SPS) and microwave
sintering. Spark plasma sintering (SPS) is a rapid sintering technique that applies pulsed electric currents
and uniaxial pressure to achieve high-density ceramics at lower temperatures and shorter times compared to
conventional sintering. This method minimizes grain growth and preserves the nanoscale features of perovskite
materials, making it particularly suitable for producing ceramics with enhanced mechanical and electrical
properties. Microwave sintering, another emerging technique, utilizes microwave radiation to heat the material
volumetrically, resulting in uniform heating and reduced processing times. In addition to sintering, additive
manufacturing (3D printing) has emerged as a transformative approach for processing perovskite ceramics. By
enabling the fabrication of complex geometries and customized structures, 3D printing has expanded the design
possibilities for perovskite-based devices. Techniques such as direct ink writing (DIW) and stereolithography
(SLA) have been successfully employed to create perovskite components with precise control over shape and
porosity.

Applications of Perovskite Ceramics

The unique properties of perovskite ceramics have led to their widespread adoption in a variety of applications,
ranging from energy storage and conversion to environmental remediation and biomedical devices. One of the
most prominent applications is in the field of energy storage, where perovskite-based materials are used as
electrodes in solid oxide fuel cells (SOFCs) and lithium-ion batteries. The high ionic conductivity and thermal
stability of perovskite ceramics make them ideal candidates for these applications, enabling efficient energy
conversion and storage.
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In the realm of catalysis, perovskite ceramics have demonstrated exceptional performance as catalysts and
catalyst supports for various chemical reactions. Their tunable electronic structure and redox properties allow
for the optimization of catalytic activity and selectivity. For example, perovskite oxides such as LaCoOs and
SrTiOs have been widely studied for their ability to catalyze oxygen reduction and evolution reactions, which
are critical for water splitting and fuel cell technologies.

Perovskite ceramics have also made significant strides in optoelectronics, particularly in the development
of solar cells and light-emitting diodes (LEDs). Organic-inorganic hybrid perovskites, such as methylammonium
lead iodide (MAPDI3), have achieved remarkable power conversion efficiencies in photovoltaic devices, rivaling
those of traditional silicon-based solar cells. The tunable bandgap and high absorption coefficient of these
materials make them highly attractive for next-generation solar energy harvesting. In addition to energy-related
applications, perovskite ceramics have found use in environmental remediation, where they are employed as
adsorbents and photocatalysts for the removal of pollutants from air and water. Their ability to degrade organic
contaminants under light irradiation has positioned them as promising materials for sustainable environmental
solutions.
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Figure 2. Different perovskite materials and their applications

Challenges and future directions

Despite the remarkable progress in the synthesis, processing, and application of perovskite ceramics,
several challenges remain to be addressed. One of the primary concerns is the stability of perovskite materials,
particularly under harsh operating conditions such as high temperatures and humid environments. For instance,
hybrid perovskites used in solar cells are prone to degradation due to moisture and thermal stress, limiting
their long-term performance and commercial viability. To overcome these challenges, researchers are exploring
strategies such as compositional engineering, surface passivation, and encapsulation to enhance the stability of
perovskite materials. Additionally, the development of lead-free perovskites is gaining traction as a means to
address the environmental and health concerns associated with lead-based compounds. Another area of focus
is the scalability of synthesis and processing techniques. While laboratory-scale methods have demonstrated
impressive results, translating these advancements to industrial-scale production remains a significant hurdle.
Efforts are underway to optimize manufacturing processes and reduce costs, paving the way for the widespread
adoption of perovskite ceramics in commercial applications.

CONCLUSION

Recent advances in the synthesis, processing, and application of perovskite ceramics have positioned
these materials as key enablers of innovation across multiple disciplines. From energy storage and catalysis
to optoelectronics and environmental remediation, perovskite ceramics offer unparalleled versatility and
performance. While challenges related to stability and scalability persist, ongoing research and development
efforts are expected to unlock new possibilities and drive the commercialization of perovskite-based
technologies. As the field continues to evolve, perovskite ceramics are poised to play a pivotal role in shaping
the future of materials science and engineering.
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