
2394-5311 / JACS Directory©2026. This is an open access article licensed under CC BY 4.0.  
Cite this Article as: Vinayak V.  Kadam, Satish D. Thakare, Gokul V. Suryawanshi, Rare earth elements: Synthesis methods and applications – A brief review, J. Adv. Chem. Sci. 12(3) (2026) 951–954. 

https://doi.org/10.30799/jacs.S206.26120306 J. Adv. Chem. Sci. – Volume 12 Issue 3 (2026) 951–954 

 
 Share Your Innovations through JACS Directory 

  

   

Journal of Advanced Chemical Sciences 
 

Visit Journal at https://www.jacsdirectory.com/jacs     

 

 

Rare Earth Elements: Synthesis Methods and Applications – A Brief Review 
 

Vinayak Vishram Kadam¹,*, Satish Damodhar Thakare², Gokul V. Suryawanshi¹ 
 
¹Department of Chemistry, M.G.V’s M.S.G. Arts, Science and Commerce College, Malegaon Camp, Malegaon, Nashik – 423 105, Maharashtra, India. 
²Department of Chemistry, Karmaveer Ramraoji Aher Arts, Science and Commerce College, Deola, Nashik – 423 102, Maharashtra, India. 

 

 
A R T I C L E D E T A I L S 
 

 
 

 
A B S T R A C T 
 

 

Article history: 
Received 24 February 2026 
Accepted 11 March 2026 
Available online 14 April 2026 

 

Rare earth elements (REEs) play an important role in modern science and technology due to their 
unique electronic, optical, and magnetic properties. These elements have attracted significant attention 
for applications in catalysis, energy devices, sensors, optoelectronics, environmental remediation and 
biomedical fields. This brief review presents an overview of commonly employed synthesis methods for 
rare earth elements and their compounds, including solid-state reactions, sol–gel processes, 
hydrothermal and solvothermal methods, co-precipitation, combustion synthesis and chemical vapor–
based techniques. The advantages and limitations of each synthesis approach are discussed. The review 
also highlights recent advances in the application of rare earth–based materials in functional devices 
and emerging technologies. The aim of this article is to provide a concise understanding of synthesis 
strategies and application prospects of rare earth elements. 
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1. Introduction 

Rare earth elements REEs comprise a group of seventeen metallic 
elements including the fifteen lanthanides La–Lu together with scandium 
and yttrium. Although the term rare suggests scarcity these elements are 
relatively abundant in the Earth’s crust. However, their dispersed 
occurrence and the complexity of extraction and purification processes 
make them strategically important materials for modern technologies [1]. 
The unique physicochemical properties of REEs originate mainly from 
their partially filled 4f electronic orbitals which are shielded by outer 5s 
and 5p orbitals. This shielding effect produces sharp emission spectra 
strong magnetic moments and limited environmental perturbation of 
electronic transitions [2].  

Because of these characteristics rare earth elements play a key role in 
many advanced functional materials. Rapid technological progress in clean 
energy systems electronic devices and advanced communication 
technologies has greatly increased the global demand for rare earth based 
materials. Neodymium and dysprosium are essential components of high 
performance permanent magnets that are widely used in wind turbines 
and electric vehicle motors [3]. Cerium oxide is an important catalytic 
material due to its excellent oxygen storage and release capability which 
makes it highly effective in automobile catalytic converters [4]. Europium 
and terbium are widely used in phosphors for display panels light emitting 
diodes and fluorescent lamps because of their strong luminescence 
properties [5].  

These examples highlight the significant technological importance of 
rare earth elements in modern industrial applications. The performance of 
rare earth based materials strongly depends on the synthesis techniques 
used during material preparation. Synthesis conditions influence 
important characteristics such as crystallinity morphology particle size 
distribution surface area and defect structure. Controlled synthesis allows 
precise tuning of these structural parameters which directly affect 
material performance in applications such as catalysis gas sensing 
optoelectronic devices and energy storage systems. Therefore, 
understanding the relationship between synthesis method structure and 
functional properties is essential for improving the efficiency and 
reliability of rare earth-based materials.  

Increasing demand for advanced electronic devices renewable energy 
technologies and miniaturized sensors has further accelerated research on 

REE based compounds. Elements such as lanthanum cerium neodymium 
samarium europium terbium and dysprosium are widely used in 
permanent magnets phosphors lasers rechargeable batteries and catalytic 
converters. Rare earth oxides including CeO₂ La₂O₃ Nd₂O₃ and Gd₂O₃ 
exhibit excellent chemical stability high thermal resistance and 
multifunctional properties which make them suitable for a wide range of 
technological applications. The functional performance of these materials 
is highly dependent on synthesis route particle size morphology 
crystallinity and defect chemistry. Careful selection of synthesis 
techniques therefore plays a crucial role in tailoring material properties 
for specific applications.  

This review provides an overview of major synthesis methods used for 
rare earth materials and discusses their applications in various 
technological fields. 
 

2. Fundamental Properties of Rare Earth Elements 

The lanthanide series exhibits a gradual decrease in ionic radii across 
the periodic table. This phenomenon is known as lanthanide contraction 
[6]. The contraction arises because the 4f electrons provide poor shielding 
of the increasing nuclear charge. As a result, the effective nuclear 
attraction on the outer electrons increases across the series. This gradual 
reduction in ionic size significantly influences lattice parameters bonding 
characteristics and coordination environments in rare earth compounds. 
Light rare earth elements from La to Sm possess relatively larger ionic 
radii compared with heavy rare earth elements from Gd to Lu. The 
difference in ionic size strongly affects crystal structure stability phase 
formation and catalytic activity of rare earth based materials. Rare earth 
ions also exhibit unique optical properties. Their emission behaviour 
originates mainly from intra 4f electronic transitions. These transitions 
are normally parity forbidden according to the Laporte selection rule. 
However, interactions with the surrounding crystal field partially relax 
these restrictions and allow sharp line emissions [7].  

Because the 4f orbitals are well shielded by the outer 5s and 5p orbitals 
the emission lines are very narrow and relatively insensitive to the host 
lattice environment. Europium ions produce intense red emission while 
terbium ions generate strong green luminescence. Thulium ions emit blue 
light. These well-defined emission colours make rare earth ions ideal 
dopants for phosphor materials used in lighting display technologies and 
optical devices [8].  

Magnetic properties are another important characteristic of rare earth 
elements. Many REE ions such as Nd Sm and Dy possess several unpaired 
4f electrons. These electrons contribute to large magnetic moments strong 
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magnetic anisotropy and high saturation magnetization [9]. Because of 
these features rare earth elements play a crucial role in high performance 
permanent magnet materials. The intermetallic compound Nd₂Fe₁₄B 
forms the basis of the strongest commercially available permanent 
magnets which are widely used in electric motors wind turbines and 
electronic devices [10].  

Cerium based compounds are particularly significant among rare earth 
materials because of the reversible redox transition between Ce³⁺ and Ce⁴⁺ 
states. This redox flexibility enables the formation and annihilation of 
oxygen vacancies within the crystal lattice. Such oxygen storage and 
release capability greatly enhances catalytic performance in various 
reactions [11]. As a result, cerium oxide-based materials are widely used 
in catalytic converters solid oxide fuel cells photocatalysis and 
environmental remediation processes. Table 1 summarizes the 
classification of rare earth elements and their important properties. 

 
Table 1 Types and properties of rare earth elements 

Category Elements Electronic 

Configuration 

Feature 

Key Properties 

Light Rare 

Earth 

Elements 

(LREEs) 

La, Ce, Pr, 

Nd, Pm, 

Sm, Eu 

Progressive filling 

of 4f orbitals (4f1–

4f7) 

Larger ionic radii; high 

catalytic activity; strong 

luminescence (Eu3+ red 

emission); used in magnets 

and phosphors 

Heavy Rare 

Earth 

Elements 

(HREEs) 

Gd, Tb, Dy, 

Ho, Er, Tm, 

Yb, Lu 

Further filling of 

4f orbitals (4f7–

4f14) 

Smaller ionic radii due to 

lanthanide contraction; high 

magnetic anisotropy; used in 

high-performance magnets 

and lasers 

Scandium Sc No 4f electrons 

(3d1 

configuration) 

Lightweight; high strength 

alloys; improves mechanical 

properties in aerospace 

materials 

Yttrium Y No 4f electrons 

(4d1 

configuration) 

Chemically similar to HREEs; 

used in phosphors, 

superconductors, and YAG 

lasers 

Cerium – 

Special Case 

Ce Variable 

oxidation states 

(Ce3+/Ce4+) 

Excellent oxygen storage 

capacity; redox catalyst; used 

in catalytic converters and fuel 

cells 

Neodymium – 

Magnet 

Element 

Nd Strong 4f 

electron 

contribution to 

magnetism 

High magnetic moment; 

essential in Nd–Fe–B 

permanent magnets for EVs 

and wind turbines 

Gadolinium - 

Biomedical 

Element 

Gd Seven unpaired 

4f electrons 

High magnetic moment; MRI 

contrast agent; neutron 

absorption capability 

 

3. Types of Rare Earth Elements 

Fig. 1 illustrates the classification of rare earth elements (REEs) into 
three primary groups: Light rare earth elements (LREEs), heavy rare earth 
elements (HREEs), and the associated elements scandium and yttrium. 
This classification is mainly based on atomic number, electronic 
configuration, and the progressive decrease in ionic radius known as the 
lanthanide contraction. 

The light rare earth elements (LREEs) include lanthanum (La), cerium 
(Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm), samarium 
(Sm), and europium (Eu). These elements occupy the beginning of the 
lanthanide series and are characterized by relatively larger ionic radii 
compared to heavy rare earths.  

Due to their larger size and higher reactivity, LREEs are widely used in 
catalytic applications, glass polishing, hydrogen storage alloys, and 
permanent magnets. Cerium is particularly significant because of its 
variable oxidation states (Ce³⁺/Ce⁴⁺), which provide excellent oxygen 
storage capacity and redox catalytic behaviour. Neodymium plays a crucial 
role in the fabrication of high-strength Nd–Fe–B permanent magnets, 
which are essential in electric vehicles and wind turbines [12]. The heavy 
rare earth elements (HREEs) include gadolinium (Gd), terbium (Tb), 
dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium 
(Yb), and lutetium (Lu). These elements exhibit smaller ionic radii due to 
lanthanide contraction and generally possess higher magnetic anisotropy 
and stronger spin–orbit coupling effects. Heavy rare earths are 
particularly important in high-performance magnets, lasers, optical 
amplifiers, and nuclear applications [13]. Dysprosium is added to 

neodymium magnets to enhance thermal stability, while erbium is 
extensively used in fibre optic communication systems due to its emission 
in the infrared region.  

In addition to the lanthanides, scandium (Sc) and yttrium (Y) are 
grouped with rare earth elements because of their similar chemical 
behaviour and occurrence in rare earth mineral deposits. Although they 
do not contain 4f electrons, they share comparable ionic sizes and 
coordination chemistry with the lanthanides. Yttrium is widely used in 
phosphors, superconductors and yttrium aluminium garnet (YAG) lasers, 
whereas scandium improves the mechanical strength and corrosion 
resistance of aluminium alloys used in aerospace applications [14,15]. 
 

 
Fig. 1 Types of rare earth elements 

 

4. Synthesis Methods for Rare Earth Elements 

The synthesis of rare earth element REE based materials is an 
important step that determines their structural optical electrical and 
catalytic properties. Different synthesis techniques have been developed 
to control particle size morphology crystallinity surface area and defect 
structure of rare earth compounds. Among the most widely used methods 
the sol–gel method is highly effective for preparing homogeneous rare 
earth oxide materials. In this technique rare earth metal salts such as 
nitrates or chlorides are dissolved in a solvent followed by the addition of 
chelating agents such as citric acid or ethylene glycol. Hydrolysis and 
polycondensation reactions lead to the formation of a gel network in which 
rare earth ions are uniformly distributed. After drying and calcination the 
gel converts into crystalline rare earth oxide nanoparticles with high 
purity and controlled particle size. The sol–gel technique is particularly 
useful for producing materials with uniform composition and high surface 
area which are suitable for catalytic optical and sensing applications [16].  
 

 
Fig. 2 Synthesis methods for rare earth elements 

 
Another commonly employed technique is the co-precipitation method 

which is simple economical and suitable for large scale production of rare 
earth nanoparticles. In this process aqueous solutions of rare earth salts 
are reacted with precipitating agents such as sodium hydroxide 
ammonium hydroxide or sodium carbonate to form hydroxide or 
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carbonate precursors. The precipitation process is controlled by adjusting 
parameters such as pH temperature and stirring rate to achieve uniform 
nucleation and particle growth. The obtained precipitate is then filtered 
washed dried and calcined to form crystalline rare earth oxide powders. 
This method allows good control over particle size distribution and is 
widely used for synthesizing oxides such as CeO₂ La₂O₃ and Nd₂O₃ which 
are important for catalytic and electronic applications [17]. Synthesis 
methods for rare earth elements are shown in Fig. 2. 

The hydrothermal synthesis method is another important approach 
used for preparing highly crystalline rare earth nanostructures. In this 
method precursor solutions containing rare earth ions are sealed in a high 
pressure autoclave and heated at elevated temperatures typically between 
120 °C and 250 °C. The high temperature and pressure conditions enhance 
solubility and reaction kinetics which promote nucleation and crystal 
growth. Hydrothermal synthesis enables the formation of well-defined 
nanostructures such as nanorods nanowires nano cubes and nanosheets. 
Materials prepared by this method generally exhibit high crystallinity 
uniform morphology and improved functional performance in catalytic 
optical and gas sensing applications [18].  

The combustion synthesis method is also widely used for preparing 
rare earth oxide nanoparticles. In this technique aqueous solutions of rare 
earth nitrates are mixed with organic fuels such as urea glycine or citric 
acid. When the mixture is heated a self-sustaining exothermic redox 
reaction occurs between the oxidizing nitrate ions and the reducing fuel 
which produces a large amount of heat within a short time. This rapid 
reaction results in the formation of fine porous oxide powders with high 
surface area. Combustion synthesis is advantageous because it requires a 
short reaction time produces highly pure materials and yields nanosized 
particles that are beneficial for catalytic and sensing applications [19].  

Another traditional approach for preparing rare earth compounds is the 
solid-state reaction method. This method involves mixing stoichiometric 
amounts of rare earth oxides carbonates or nitrates followed by grinding 
and high temperature calcination. The mixture is typically heated at 
temperatures above 800 °C which allows diffusion and chemical reaction 
between the solid precursors. Although this method requires high 
temperatures and longer reaction times it is widely used for producing 
bulk rare earth ceramics phosphors and magnetic materials due to its 
simplicity reliability and ability to produce highly crystalline products 
[20].  

In recent years advanced synthesis techniques such as microwave 
assisted synthesis spray pyrolysis and template assisted synthesis have 
gained considerable attention for the preparation of rare earth 
nanostructures. Microwave synthesis provides rapid and uniform heating 
which significantly reduces reaction time and improves particle 
uniformity. Spray pyrolysis involves atomizing precursor solutions into 
fine droplets followed by thermal decomposition to produce oxide 
powders with controlled composition and particle size. Template assisted 
synthesis utilizes porous templates such as polymers silica frameworks or 
carbon materials to fabricate ordered nanostructures with tailored 
morphology and enhanced surface area. These advanced synthesis 
strategies allow precise control over structural characteristics which is 
essential for optimizing the performance of rare earth based materials in 
applications such as catalysis optoelectronics energy storage and gas 
sensing technologies [21]. 
 

 
Fig. 3 Applications of rare earth elements 

5. Application of Rare Earth Elements 

Rare earth elements have become indispensable in modern science and 
technology due to their exceptional optical magnetic catalytic and 
electronic properties. Their applications continue to expand in areas such 
as renewable energy environmental protection electronic devices sensing 
technologies and advanced functional materials. Rare earth elements REEs 
possess unique electronic magnetic optical and catalytic properties due to 
their partially filled 4f orbitals. These characteristics make them extremely 
important for modern technological applications including electronics 
energy devices catalysis environmental protection and advanced 
materials. Because the 4f electrons are shielded by the outer 5s and 5p 
orbitals rare earth elements show stable electronic transitions strong 
magnetic behaviour and excellent chemical stability which enable their 
use in a wide range of functional applications [22].  

One of the most significant applications of rare earth elements is in 
permanent magnets. Rare earth based magnetic materials such as 
Nd₂Fe₁₄B and SmCo₅ exhibit extremely high magnetic strength and high 
magnetic anisotropy. These magnets are widely used in electric vehicles 
wind turbines hard disk drives robotics and miniaturized electronic 
devices. Neodymium iron boron magnets are currently the strongest 
commercially available permanent magnets and play a key role in energy 
efficient technologies and modern electronics [23].  

Dysprosium and samarium are also used to improve the thermal 
stability and magnetic performance of these materials [20]. Rare earth 
elements are also widely used in luminescent materials and phosphors. 
The different applications of rare earth elements are reveal in Fig. 3. 

Many REE ions show characteristic narrow emission bands resulting 
from intra 4f electronic transitions. Europium ions produce intense red 
emission terbium ions emit bright green light and thulium ions generate 
blue emission. Because of these properties rare earth doped phosphors 
are extensively used in fluorescent lamps light emitting diodes display 
panels and television screens. These materials provide high colour purity 
strong brightness and long operational stability which are essential for 
modern lighting and display technologies [24].  

Another important application of rare earth elements is in catalysis and 
environmental protection. Rare earth oxides especially cerium oxide CeO₂ 
exhibit excellent oxygen storage and release capability due to the 
reversible redox transition between Ce³⁺ and Ce⁴⁺ states. This property 
makes cerium oxide a key component in automobile catalytic converters 
where it helps convert harmful exhaust gases such as carbon monoxide 
hydrocarbons and nitrogen oxides into less harmful products. Rare earth 
catalysts are also widely used in petroleum refining chemical synthesis 
and environmental remediation processes [25].  

Rare earth elements also play an essential role in energy storage and 
renewable energy technologies. Nickel metal hydride rechargeable 
batteries which are widely used in hybrid electric vehicles contain rare 
earth alloys such as LaNi₅ as hydrogen storage materials. These alloys 
provide high hydrogen storage capacity good electrochemical stability and 
long cycle life. Rare earth elements are also used in advanced fuel cells 
photovoltaic devices and thermoelectric materials which contribute to 
sustainable energy generation and storage technologies [26].  

In addition, rare earth oxides and nanostructures have gained 
considerable attention in gas sensing and electronic devices. Materials 
such as CeO₂ La₂O₃ and Nd₂O₃ exhibit excellent thermal stability high 
surface reactivity and good electrical conductivity which make them 
suitable for detecting various gases including LPG CO NO₂ and SO₂. The 
sensing performance of these materials depends strongly on particle size 
surface defects and oxygen vacancy concentration which influence 
adsorption and reaction of gas molecules on the material surface [27].  

Because of these characteristics rare earth-based materials are 
increasingly used in environmental monitoring industrial safety systems 
and smart sensing devices. Rare earth elements are also used in optical 
devices lasers and medical imaging systems. Lanthanide doped materials 
such as Nd³⁺ Er³⁺ and Yb³⁺ are commonly used in solid state lasers fibre 
optic communication systems and optical amplifiers. Their sharp emission 
spectra high quantum efficiency and long excited state lifetimes make 
them highly suitable for photonic applications. Rare earth-based contrast 
agents are also used in magnetic resonance imaging because of their 
strong magnetic properties and stable chemical behaviour [28]. 
 

6. Conclusion 

The rare earth elements play a vital role in modern science and 
technology due to their unique electronic magnetic optical and catalytic 
properties that arise from partially filled 4f orbitals. These elements 
exhibit remarkable characteristics such as strong magnetic anisotropy 
sharp optical emissions high thermal stability and excellent redox 
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behaviour which make them essential for many advanced technological 
applications. The development of efficient synthesis techniques such as 
sol–gel co precipitation hydrothermal combustion and solid state methods 
has enabled precise control over particle size morphology crystallinity and 
defect structure of rare earth materials. These structural parameters 
strongly influence the functional performance of rare earth-based 
compounds in various applications including permanent magnets 
luminescent phosphors catalytic converters rechargeable batteries lasers 
and gas sensing devices.  

Rare earth oxides such as CeO₂ La₂O₃ Nd₂O₃ and other lanthanide-
based materials demonstrate excellent chemical stability high surface 
reactivity and multifunctional behaviour which further expand their 
technological importance. Continuous research on synthesis strategies 
nano structuring and surface engineering is necessary to enhance the 
efficiency performance and sustainability of rare earth-based materials. 
Therefore, rare earth elements will continue to play a critical role in the 
development of next generation technologies related to renewable energy 
environmental protection electronic devices and advanced functional 
materials. 
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