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Abstract

This study examines dysprosium ions in molten halide systems, analyzing their electrochemical
behavior and coordination chemistry. Systematic investigation of chloride-fluoride melts yielded
kinetic and thermodynamic data essential for optimizing electrosynthesis parameters. The
successful co-electroreduction of dysprosium and boron enabled efficient production of borides
and intermetallic compounds. Temperature and composition effects on ion interactions were
characterized, advancing understanding of dysprosium electrochemistry in high-temperature

media. Current challenges and future research directions are discussed.
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Introduction

Dysprosium is a member of the lanthanide series characterized by unique magnetic,
optical, and electrochemical properties, establishing it as a critical material for various advanced
applications. The element was discovered in 1886 by the French chemist Paul Emile Lecoq de
Boisbaudran, who isolated dysprosium oxide from holmium oxide through a labor-intensive
process involving multiple precipitations. The element's name, "dysprosium," is derived from the
Greek term 'dysprosium,' meaning 'difficult to acquire' [61].

In molten media, particularly halide-based systems, dysprosium ions can profoundly
influence the medium's properties, including conductivity, solubility, and reactivity. Molten
halide media, such as NaCl, KCIl, and LiCl, are noted for their high ionic conductivity, thermal
stability, and capacity to dissolve various ions, rendering them ideal for high-temperature
applications, including electrorefining, metal extraction, and nuclear fuel processing. The
introduction of Dy** ions into these molten salts initiates interactions with halide ions (e.g., Cl~
or F7), resulting in the formation of ion pairs and complexes that affect the system's physical and
chemical characteristics [37].

The interactions of dysprosium ions in molten salts have been extensively investigated
due to their applications in magnetism, nuclear reactors, and energy storage technologies [54].
The study of dysprosium's behavior in molten media has evolved in tandem with advancements
in electrochemical techniques, transitioning from early investigations of electrochemical
reduction in chloride melts to contemporary applications in renewable energy and recycling [70,
74].

This review aims to trace the historical development of our understanding of dysprosium
ions in molten halide media, focusing on electrochemical behavior, thermodynamic properties,
and the synthesis of alloys and intermetallic compounds, while also discussing future

perspectives.

Historical Developments in the Field

Early Studies: Initially, research on dysprosium ions was limited, with the primary focus
in chemistry being on studying the general properties of rare-earth elements. The exploration of
molten salts began in the 19th century, driven by the rise of electrochemical studies and the
increasing need for high-temperature industrial processes. The pioneering work of scientists like

Michael Faraday established the basic principles of electrolysis and the behavior of ions in
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molten states. However, the application of rare-earth elements such as dysprosium in molten
salts did not gain significant attention until the mid-20th century.

In the 1950s and 1960s, researchers began to investigate the behavior of rare earth
elements, including dysprosium, in molten salts. At that time, molten salts were mainly used in
nuclear reactors and electrochemical processes, but there was little understanding of the specific
behaviors of lanthanide ions like Dy in these environments. One of the first major contributions
came from Soviet scientists, who in the 1960s investigated the electrochemical reduction of Dy**
ions in molten calcium chloride. They were able to determine the standard electrode potential of
the Dy**/Dy couple and study the kinetics of the electrochemical process, laying the foundation
for further investigations. Banks et al. (1961) analyzed the absorption spectra of lanthanides,
including dysprosium, in fused LiCI-KCI eutectic melts, providing early insights into its ionic
behavior [1].

Studies in the 1970s-1980s: Focus on Ionic Transport and Electrochemical Properties

In the 1970s and 1980s, researchers in various countries, including the United States,
Japan, and European nations, continued to expand the understanding of dysprosium-containing
molten halide systems; Research into molten salts containing rare earth ions such as dysprosium
intensified. A key area of investigation was the transport properties of Dy*" in molten halides.
Researchers began to study the diffusion coefficients of Dy® ions and their interactions with
other ions like alkali metals (Li*, Na*) and alkaline earth metals (Ca®>, Mg?). This research was
pivotal in understanding how Dy*  ions behaved in molten environments and how they affected
the physical properties of the medium.

One major discovery was the formation of ion pairs and complexes, such as DyCls, which
significantly influenced the conductivity and ion transport properties of the molten medium.
Studies during this period also revealed the impact of temperature and concentration on the
stability of Dy* ions in these systems. Further studies explored the redox characteristics of
dysprosium ions in various molten chloride systems. High-temperature electrochemical
techniques were employed to determine the standard electrode potentials and reaction
mechanisms of dysprosium ion reduction [5]. An investigation was carried out to evaluate the
preparation of dysprosium metal by a reduction-distillation method. Lanthanum metal was used
as the reductant [3].

Studies in the 1990s and 2000s: Computational Models and Advances. The advent of
advanced computational methods, such as molecular dynamics simulations and Monte Carlo
techniques, allowed scientists to model the behavior of Dy*" ions in molten halogen

environments with greater precision. These simulations provided insights into the ion dynamics

241 Scientific Journal Of Seiyun University December 2025 - Vol. 6 - No. 2




Historical Analysis of Dysprosium lons in Molten Media Abdulkader M. Qahtan .et al

at the atomic level and helped in understanding the formation of ion clusters, complexes, and the
overall structure of molten salts.

Recent Studies (2000s-Present): Modern research has focused on advanced materials,
specifically the use of dysprosium-doped molten salts in renewable energy systems, nuclear
reactors, the development of high-efficiency batteries, industrial applications, particularly in
laser technology, magnetic materials, and electronic devices. Studies have also explored the
electrochemical behavior and speciation of dysprosium ions in various molten salt media. In
LiCI-KCl eutectic, the cathodic reduction of Dy’ions on molybdenum electrodes was
investigated for high-purity metal production [47]. Similar research in KCI-NaCl-CsCl eutectic
at 823 K revealed the formation of DyxNiy intermetallic phases during co-reduction with nickel
ions [62]. Spectroscopic and electrochemical analyses of Dy® in LiCl-KC1-CsCl eutectic showed
a subtle decomposition to Dy(II) species and irreversible cathodic reduction at 623-973 K [55].
Dysprosium's unique properties make it valuable for various applications, including phosphors,
glasses, and quantum dots, contributing to advancements in electroluminescent diodes, solar
cells, and optoelectronic devices [68]. These studies highlight the importance of dysprosium in
modern technologies and the ongoing research to understand its behavior in molten salt systems.
New discoveries in nanomaterials and composite materials have led to further exploration of
Dy? ions in molten media, enhancing their potential in technological innovations.

Characterization Techniques: Moreover, advances in experimental techniques such as X-
ray diffraction (XRD), neutron scattering, and spectroscopy have helped characterize the
structural aspects of molten salts containing rare earth ions. These studies enabled a deeper
understanding of how Dy®  ions interact with the solvent ions and how these interactions change

with temperature and pressure. [28, 30].

Key Research Findings
1. Electrochemical reduction mechanisms and alloy formation

The electrochemical reduction of dysprosium (III) to dysprosium (0) has been studied on
various electrodes, including W, Cu, Mo, Fe, Ni, Zn, Al, and Ag in different molten salt
electrolytes [44, 31, 47, and 50]. The reduction process is typically a single-step mechanism
involving the transfer of three electrons, leading to the formation of dysprosium metal or
compounds at the electrode surface. The specific compounds formed- such as Cu-Dy, Dy-Ni,
Dy-Al, Dy-Ag, Dy-Fe, and Dy-Zn intermetallic compounds- depend on the electrode material
and the presence of other elements in the electrolyte. These studies provide valuable insights into

the electrochemical behavior of dysprosium and the potential for its extraction and purification
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from molten salt electrolytes. The electrochemical behavior of dysprosium ions in different
halide species has been extensively studied. Dysprosium ions tend to form stable complexes with
halogen ions in molten media. These complexes affect the solubility and stability of Dy® in the
molten environment, influencing the system’s thermodynamic properties. The interaction
between Dy>* and halide ions is crucial in understanding the structural and dynamic behavior of
molten salt systems. Understanding the reduction mechanisms of dysprosium ions is crucial for
developing efficient electrochemical extraction processes. [36] examined the electrochemical
reduction of Dy** in molten NaCl-KCl at 973 K, revealing that dysprosium undergoes a stepwise
reduction to metallic Dy, depending on electrode material interactions [36]. [48] Found that the
reduction of Dy (IIl) ions in a LiF-DyF3 molten salt system is a quasi-reversible diffusion-
controlled process. [62] Further explored this, showing that the electroreduction of Dy** ions in a
KCI-NaCl-CsCl eutectic melt is reversible and proceeds in a single three-electron stage. [55]
Studied the speciation and behavior of dysprosium (III) chloride in a LiCl-KCI-CsCl eutectic,
finding that the cathodic reduction of Dy (IIl) ions is irreversible in dilute solutions. [46]
Investigated the cathodic reduction of Dy** ions in a fused LiCI-KCI eutectic, finding that the
reaction is irreversible and controlled by the charge transfer rate. In recent studies, researchers
have investigated the co-electroreduction of dysprosium with nickel and other transition metals
to form intermetallic compounds. Electrochemical studies in molten KCI-NaCl-CsCl eutectic
have demonstrated that Dy-Ni alloy formation occurs via simultaneous reduction of Dy*" and
Ni**, offering new methods for synthesizing functional materials [64]. A range of studies has
investigated the diffusion coefficients and transport properties of dysprosium species in various
molten salt media. [55] Determined the diffusion coefficients of [DyCle]*" complex ions in a
LiCI-KCI-CsCl eutectic, while [31] calculated the diffusion coefficients of GdCle* and DyCle>
ions in an Equimolar NaCl-KCl melt. [53] focused on the electrochemical behavior of
dysprosium complexes [Dy ™ (NTf 2)s] > in a potassium bis (trifluoromethylsulfonyl) amide
K[NTf 2] melt, measuring its diffusion coefficient and activation energy. [63] Used ab initio
Molecular Dynamics to explore the transport properties of various molten salt systems, including
KCl, LiCl and NaCl, providing a broader context for understanding the transport properties of
dysprosium species. Electrochemical properties of dysprosium were studied in the eutectic LiClI-
KCl using different substrates: (i) was an inert working electrode and (i1) Al a more noble metal
than Dy, with possibility of alloy formation. Different behaviors were found for the two
electrodes [21]. As for the electrochemical formation of Dy-Ni alloy films in a molten LiCIl-KCl-
DyCls system at 700 K, the growth of DyNi; film and behavior of anodic dissolution of Dy from

the formed DyNi» film were investigated [73]. The cyclic voltammetry, electrode potential-time
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curve after potentiostatic electrolysis, potential-step method and X-ray diffraction were used to
study the electrochemical Behavior of Dy** in equimolar NaCl-KCI mixture on Ni electrode. The
DyNis forms at first, and then the intermetallic compounds of Dy-Ni containing more Dy form in
sequence. The metallic Dy deposits at last. The Dy-Ni alloy was prepared by consumable
cathode in molten chlorides. The Dy-Ni alloy containing over 85 wt. % Dy was obtained. The
composition of alloy was DyNis and Dy. The current efficiency and the recovery of Dy were
near 80% [8].

The electrochemical formation of Dy—Fe alloy films was investigated in a molten LiClI-KCl—
DyCls (0.50 mol %) system at 773 K. The deposition potential of Dy metal was 0.47 V (vs.
Li/Li) at a Mo electrode. Repetition of the potential sweep treatment at a fresh Fe electrode was
effective in increasing the rate of formation of Dy Fe alloys. Using an Fe electrode activated by
repetition of the potential sweep treatment, a DyFe> film was formed by potentiostatic
electrolysis at 0.55 V [9]. However, the alloy film was thin and non-adhesive. An adhesive
DyFe; film was formed at the activated Fe electrode by potentiostatic anodic electrolysis at 0.55
V after cathodically electrodepositing Dy meal at 0.40 V. By using a similar procedure, DysFe23
was formed at 0.68 V. The equilibrium potential for (2/11) DysFe23 /Dy (III) /3e7// (23/11) DyFe»
was estimated as 0.62 V [13]. Electrochemical implantation was performed at Ni electrodes to
form DyNi» films at 0.55 V (vs. Li/Li), 0.62 V, and 0.70 V*or 0.5-5.0 h in a molten LiCI-KCl—-
DyCl; (0.50 mol %) system at 700 K. It was found that the DyNi» films grew linearly with time,
with a coulombic efficiency of about 100%. The obtained growth rates were higher at more
negative potentials, i.e., 0.47 mm/ min at 0.55 V, 0.32 mm/ min at 0.62 V, and 0.14 mm/ min at
0.70 V. On the analogy of the metal oxide growth, the observed rapid and linear growth of
DyNi. films may be explained by the existence of the outer and inner DyNi» layers [14]. The
electrochemical behavior of dysprosium (III) was investigated in the LiF-CaF eutectic mixture
on molybdenum, nickel and copper electrodes in the 840-930 °C temperature range using cyclic
voltammetry, square wave voltammetry, and chronopotentiometry. On Mo electrode, the study
showed that Dy>" ions were reduced to Dy metal in a one-step diffusion-controlled process
exchanging three electrons: Dy** + 3e” — Dy the diffusion coefficients verify the Arrhenius law,
allowing the activation energy to be calculated. The study of the electrochemical reduction of
Dy** ions on reactive electrodes (Ni, Cu) first by cyclic voltammetry showed that the reduction
potential of Dy**/Dy on reactive electrodes was observed at more positive values than those on
an inert electrode. Then open-circuit chronopotentiometry put into evidence the formation of
intermetallic compounds at more anodic potentials than pure dysprosium. Preparation of alloy

layers was finally carried out by potentiostatic electrolysis at underpotentials compared to the
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pure metal deposition. SEM observations of the layers allowed the most stable compounds
prepared by this method to be identified [72]. [35, 42] identified optimal conditions for the
synthesis of ultra-disperse powders of dysprosium borides and dysprosium silicides in a KCI-
NaCl melt.[44] furthered this work by studying the electrolytic extraction of dysprosium and the
formation of various (Cu-Dy) intermetallic compounds in a eutectic LiClI-KCl melt. [52]
Discussed the electrosynthesis of double and triple compounds based on rare-earth metals. [51]
Focused on the electrochemical recovery of dysprosium from a LiCl-KCI melt, with a particular
emphasis on the formation of (Pb-Dy) intermetallic compounds. Finally, [38] investigated the
electrochemical behavior of Dy** and the selective formation of Dy-Ni intermetallic compounds
in the same LiCI-KCl eutectic melts. These studies collectively contribute to our understanding
of the electrochemical synthesis of dysprosium borides and intermetallic compounds. As to the
electrochemical formation of Dy-Ni alloy films in a molten LiCl-KCl- DyCl; system at 700 K,
the growth of DyNi; film and behavior of anodic dissolution of Dy from the formed DyNi; film
were investigated [73].These studies collectively provide a comprehensive understanding of the

electrochemical behavior of dysprosium ions in different halide species.

2. Thermodynamic characterization of dysprosium ions in molten salts

A detailed understanding of thermodynamic properties is necessary to optimize
extraction, refining techniques, and the behavior of dysprosium ions in high-temperature
environments. [58] Conducted thermodynamic assessments of DyCls in molten NaCl-2CsCl
eutectic within the temperature range of 843-973 K, analyzing the diffusion coefficients and
reaction kinetics on inert molybdenum and active gallium electrodes [58].
Moreover, research into the solubility and stability of dysprosium chloride complexes in
different molten salts has provided valuable data for industrial applications. Studies on the
formation of dysprosium oxychlorides have been instrumental in refining processes involving
high-purity rare-earth extractions [43]. A range of studies has explored the thermodynamic
properties of dysprosium in molten salt media. [47] Investigated the behavior of dysprosium in a
fused LiCI-KCl eutectic, determining the apparent standard potential and Gibbs energy change of
dysprosium trichloride formation. They also calculated the activity coefficients of dysprosium in
liquid Ga-based alloys. Similarly, [55] studied the speciation and behavior of dysprosium in a
LiCI-KCI-CsCl eutectic, determining the apparent standard potential of the Dy**/Dy couple. [2]
Estimated the activity coefficients of dysprosium in liquid bismuth, while [22] used the binding-
mean-spherical approximation theory to predict the thermodynamic properties of dysprosium

(IIT) salt solutions. Electromotive force (EMF) measurements for various Dy—Ni intermetallic
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compounds in two-phase coexisting states were carried out in the temperature range of 673—773
K in a molten LiCI-KCI-DyCls (0.5 mol %) system. The activities and relative partial molar
Gibbs free energies of Dy were obtained from the measured EMFs for various Dy—Ni
intermetallic compounds—DyNi», DyNis, Dy>Ni7, and DyNis. The relative partial molar entropies
and enthalpies of Dy were also calculated from the temperature dependence of the EMFs. The
activities and relative partial molar properties of Ni in the compounds were calculated from the
activities of Dy by using Gibbs—Duhem equation. Finally, the standard Gibbs free energies of
formation for the Dy—Ni intermetallic compounds were estimated [15]. Research involving
cyclic voltammetry (CV) analysis was conducted to determine the behavior of Dy in molten
FLiNaK salt (LiF-NaF-KF: 46.5-11.5-42 mol %) at temperatures of 600-700 °C [71]. An
investigation into the thermodynamic properties of Ni—Dy intermetallic compounds was
conducted using electrochemical methods in molten CaCl-—DyCls at temperatures ranging from
1073 to 1173 K. The study utilized open-circuit potentiometry to determine the coexisting phase
potentials of the Ni-Dy intermetallic compounds. The potentials were referenced to the Dy**/Dy
potential, and measurements were carried out at various temperatures to ascertain the
temperature dependence of the coexisting phase potentials [75]. The thermodynamic properties
of dysprosium in molten salts are influenced by factors such as the salt composition,
temperature, and electrode materials. These studies collectively provide valuable insights into the

thermodynamic characterization of dysprosium in molten salt media.

3. Applications of Alloy Dysprosium and Intermetallic Compounds

The growing demand for dysprosium in high-tech applications—such as permanent
magnets, lighting, and energy storage devices—has further fueled research efforts in this field.
Researchers have sought to optimize the electrochemical processes involved in the production,
recovery, and recycling of dysprosium, as well as to explore its potential applications in molten
salt-based technologies. Electrochemical deposition techniques in molten CaCl. have been
developed to selectively extract dysprosium from end-of-life permanent magnets. [56] Reported
a novel method that achieves efficient Dy/Nd separation via electrochemical alloying on nickel
cathodes, demonstrating its potential for sustainable rare earth recycling [56]. Additionally,
dysprosium’s incorporation into aluminum- and iron-based alloys through molten salt electrolysis
has been explored, offering new pathways for producing high-strength and corrosion-resistant

materials [45].
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Beyond metallurgy and recycling, dysprosium is gaining attention in photonics. With the
increasing interest in the mid-infrared spectral region, dysprosium has recently been revisited for
the development of efficient high-performance infrared source. Despite historically receiving
less attention than other rare earth ions, in recent years lasers utilizing the dysprosium ion as the
laser material have set record mid-infrared performance, including tunability from 2.8 to 3.4 um
(and lasing at 4.3 um), continuous wave powers exceeding 10 W, slope efficiencies greater than
73%, and even ultrafast pulsed operation [49].

Dysprosium is also used in conjunction with vanadium and other elements, in the fabrication of
laser materials and commercial lighting. Because of dysprosium's high thermal-neutron
absorption cross-section, dysprosium oxide-nickel cermets are used in neutron-absorbing control
rods in nuclear reactors [20, 12]. Its primary application, however, remains in permanent
magnets, where dysprosium additions help maintain magnetic performance at elevated
temperatures [34].

Further extending its utility, dysprosium-cadmium chalcogenides serve as sources of infrared
radiation, which are valuable tools for studying chemical reactions [24]. Owing to its high
susceptibility to magnetization, dysprosium and its compounds are widely used in data storage
technologies, including hard disk drives [18].

Dysprosium is one of the components of Terfenol-D, along with iron and terbium. Terfenol-D
has the highest room-temperature magnetostriction of any known material [16], which is
employed in transducers, wide-band mechanical resonators [17], and high-precision liquid-fuel
injectors [11].

In the field of lighting, Dysprosium iodide and dysprosium bromide are used in high-intensity
metal-halide lamps. These compounds dissociate near the hot center of the lamp, releasing
isolated dysprosium atoms that re-emit light in the green and red parts of the spectrum,
effectively producing a bright and balanced light output [12, 27].

Additionally, several paramagnetic crystal salts of dysprosium (dysprosium gallium garnet,
DGG; dysprosium aluminium garnet, DAG; dysprosium iron garnet, DyIG) are used in adiabatic
demagnetization refrigerators [19,32].

The trivalent dysprosium ion (Dy**) has been studied due to its downshifting luminescence
properties. Dy-doped yttrium aluminium garnet (Dy:Y AG) excited in the ultraviolet region of the
electromagnetic spectrum results in the emission of photons of longer wavelength in the visible
region. This idea is the basis for a new generation of UV-pumped white light-emitting diodes

[40].
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Finally, due to its strong magnetic properties, dysprosium alloys are used in the marine
industry's sound navigation and ranging (SONAR) systems [67, 10]. Their use in SONAR
transducers and receivers enhances sensitivity and accuracy by providing stable and efficient

magnetic fields [23].

4. Future perspectives

Building upon the historical understanding of dysprosium ion behavior in molten media,
future research can explore several promising directions. One critical area involves the
optimization of electrochemical techniques for more efficient and selective extraction of
dysprosium from complex waste streams, especially within the context of rare earth recycling.
Additionally, investigating the thermodynamic and kinetic properties of dysprosium ions in
novel molten salt compositions could pave the way for the development of next-generation
materials with enhanced magnetic and thermal characteristics.

Moreover, advances in in-situ spectroscopic and computational modeling techniques could
enable a more detailed understanding of ionic interactions and phase behavior at high
temperatures, allowing for better control over alloying and separation processes. From a practical
standpoint, integrating dysprosium-based systems into sustainable energy applications-such as
high-efficiency magnetic refrigeration or nuclear reactor technologies—remains a compelling

avenue.

Molten Salt Batteries and Energy Storage Systems
The development of high-temperature molten salt batteries as safe, efficient energy storage
solutions benefits from rare earth ion chemistry. Dysprosium ions could serve as redox-active
centers or dopants to improve ionic conductivity and stability of electrolytes under extreme
conditions. Exploring Dy ion coordination and redox kinetics in novel molten salt electrolytes
could yield breakthrough battery technologies with longer lifespans and higher energy densities
[60].

Environmental Remediation and Catalysis

The catalytic activity of dysprosium-based compounds in molten salts for breaking down
pollutants or converting greenhouse gases is a nascent but promising area. Research may focus
on designing molten salt catalytic reactors where dysprosium ions act as active centers for CO:
reduction or nitrogen fixation. This aligns with global sustainability goals and green chemistry

initiatives [65].
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Integration in Sustainable Energy and Material Technologies

Dysprosium’s unique magnetic and neutron absorption properties position it as a key component
in emerging energy technologies. Future efforts could target enhancing the performance of
dysprosium-containing alloys for use in magnetic refrigeration and high-temperature permanent
magnets. Moreover, improving the corrosion resistance of dysprosium alloys in molten salt
reactors (MSRs) will be crucial as these reactors gain prominence in clean energy production.
Lifecycle analyses and environmental impact assessments must accompany these developments

to ensure sustainable application [69].

Advanced Magnetic Materials for Spintronics and Quantum Computing
Dysprosium’s strong magnetic anisotropy and large magnetic moments make it a promising
candidate for next-generation spintronic devices and quantum information storage. Research into
molten salt synthesis of dysprosium-based nanostructured alloys could lead to materials with
finely tunable magnetic properties, useful in ultra-low-power electronics and quantum bits
(qubits). This emerging field calls for deep electrochemical control and precise composition

regulation during molten salt processing [66].

Advanced Electrochemical Recovery and Separation

Future research should focus on refining molten salt electrolysis techniques to enhance the
selective recovery of dysprosium from complex mixtures, such as end-of-life magnets and
nuclear waste. Recent studies have shown that adding fluoride ions to molten CaCl.—NdCls—
DyCls systems significantly improves Dy/Nd separation efficiency [57]. Further exploration of
novel electrode materials, including liquid metal cathodes like gallium and cadmium, may allow
for more selective and energy-efficient recovery processes [59]. The integration of in-situ
spectroscopic monitoring will also be essential to dynamically control the redox conditions and

improve yield.

Conclusions - In more recent decades, the research has expanded to include the study of
dysprosium-containing molten salts in the context of emerging technologies, such as molten salt
reactors, high-temperature batteries, and advanced materials processing. The knowledge gained
from these investigations continues to contribute to the development of innovative applications

and the sustainable management of rare earth elements like dysprosium.
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The historical progression of research on molten halogenous media containing dysprosium
ions demonstrates the sustained scientific interest and the critical importance of understanding
the electrochemical properties of this rare earth element in various molten salt systems.

Halide environments containing Dysprosium ions have been developed to improve the
efficiency and effectiveness of various applications. Although their development has faced
challenges, it is expected to continue advancing in the future. These systems have the potential
to revolutionize fields including medicine, industry, and environmental science.

The continued research in this field is essential to address the growing demand for rare earth
elements, like dysprosium and to develop sustainable and environmentally - friendly
technologies that can capitalize on their exceptional properties while minimizing the associated

environmental impact.
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