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Rare earth materials exhibit unique hydrogen storage properties compared to other materials due to their distinct electron
shell structure. Among them, rare earth nanomaterials possess higher specific surface areas, and a greater number of
reactive active sites compared to traditional rare earth materials, leading to more stable and superior adsorption processes.
Regarding the preparation methods and morphology control of rare earth nanomaterials, this article introduces preparation
techniques such as solid-phase, liquid-phase, and vapor-phase methods. It discusses the influencing factors and control
strategies of different methods on nanomaterial morphology, analyzes the advantages and disadvantages of each method
and the research progress in different countries and regions. Simultaneously, it summarizes the applications of rare earth
nanomaterials in solid-state hydrogen storage, electrochemical hydrogen storage, liquid hydrogen storage, catalytic
combustion, and other areas. This study examines the relationship between preparation routes, morphological control and
hydrogen storage performance, with particular emphasis on rare-earth-based nanomaterials. It highlights the challenges
and prospects for their practical application in energy storage. The mechanisms of rare earth hydrogen storage and
achieved research results are summarized. Prospects for the development of the rare earth nanomaterials field are also

presented.
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1 INTRODUCTION

Rare earth elements refer to the lanthanide series
(atomic numbers 57-71) along with scandium (Sc) and
yttrium (Y). Compared to other elements, they possess
unique physicochemical properties stemming from their
incompletely filled and shielded 4f electron orbitals and
the lanthanide contraction characteristic. In modern
industry, rare earth elements are widely applied in energy
storage fields, such as rare earth electrode materials,
petrochemicals, fuel cells, and hydrogen storage.
Particularly in addressing the depletion of traditional
energy sources, research, development, and application
of rare earth materials have been intensified both
domestically and internationally, providing greater
potential for developing higher-performance rare earth
energy storage materials [1].

At present, countries worldwide have proposed
“carbon reduction” targets, which is expected to drive
explosive growth in the production and storage of clean
energy. Although the pathways for clean energy
generation have become increasingly diverse, significant
bottlenecks in energy storage technologies still limit the
amount of clean energy that can be practically utilized,
making it far lower than the peak production capacity. As
hydrogen energy and electrical energy are regarded as the
major energy carriers for future societal development,
improving their storage efficiency and safety has become
an urgent scientific and technological challenge.
Kazakhstan, as one of the countries with the richest rare-
earth resources, is well positioned to address energy
storage bottlenecks by exploiting the unique physico-
chemical properties of rare-earth elements, thereby
contributing to the achievement of governmental carbon-

reduction goals. Compared with conventional materials,
rare-earth-based materials at the nanoscale not only
integrate the intrinsic advantages of nanostructures but
also significantly enhance the utilization efficiency of
rare-earth atoms. In particular, in hydrogen storage
systems, rare-earth elements exhibit strong affinity
toward hydrogen owing to their relatively large atomic
radii and stable 4f electronic configurations, enabling the
formation of stable yet reversible metal-hydrogen bonds.
Meanwhile, their predominantly +3 oxidation state,
together with locally reversible valence transitions,
facilitates the modulation of electronic structures and
lattice parameters, thereby lowering the energy barriers
for hydrogen adsorption and desorption. Furthermore,
the incorporation of rare-earth elements can stabilize the
crystal phases of hydrogen storage materials, suppress
volume expansion and pulverization during cycling, and
markedly improve hydrogen sorption kinetics and
cycling durability. As a result, rare-earth-based materials
demonstrate more pronounced comprehensive perfor-
mance advantages than transition-metal-based counter-
parts in complex metal hydrides, hydrogen storage
alloys, and solid-state hydrogen storage systems.
Although numerous review articles have summarized the
synthesis methods and applications of nanomaterials,
most focus on general nanomaterial systems, lacking
specific critical discussions on rare-earth-based nano-
materials. Particularly concerning the comparative
advantages and disadvantages of different preparation
routes for rare-earth systems and the structure-property
relationships in hydrogen storage applications, relevant
comparisons are often insufficient. Therefore, there is an
urgent need for a systematic review that organically
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integrates the synthesis methods, morphology control,
and hydrogen storage mechanisms of rare-earth nano-
materials. This article systematically introduces nano-
material preparation methods, primarily the “Bottom-up”
approach, and summarizes the advantages and disadvan-
tages of each method as well as the main factors influen-
cing rare-carth nanomaterial morphology. It reviews
research progress and mechanisms of rare earth nano-
materials in catalytic applications within environmental
and new energy fields and provides an outlook on the
development trends of these materials.
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Figure 1. Preparation and application in energy storage
of nano-rare earth materials

2 PREPARATION OF RARE EARTH NANOMATE-
RIALS BY USING “BOTTOM-UP”” APPROACH

2.1 Vapor-phase methods and morphology

control for rare earth nanomaterials

Vapor-phase methods are divided into two categories:
physical vapor deposition (PVD) and chemical vapor
deposition (CVD). PVD includes pulsed laser deposition
(PLD), atomic layer deposition, molecular beam epitaxy,
etc., while CVD includes Metal-Organic Chemical Vapor
Deposition (MOCVD), laser-induced CVD, flame
combustion CVD, plasma-assisted CVD, etc. Among
these, PLD and MOCVD are widely used for preparing
rare earth nanomaterials [2].

2.1.1 PVD: PLD method

PLD method uses a high-power laser to ablate a target
material, generating a high-temperature, high-pressure
plasma plume. This plasma deposits onto a substrate to
form a nanofilm. The structure and morphology of
nanomaterials produced by this method are precisely
controllable. The main disadvantages are high energy
consumption and the tendency for target material to
sputter onto the film, forming non-nano particles.

Deposition temperature primarily affects the
migration rate of particles on the substrate. Excessively
high temperatures cause rapid reactions between the
substrate and particles, leading to excessive loss of rare
earth elements and increased defects. Conversely,

temperatures that are too low result in incomplete
diffusion before crystallization, yielding products with
poor crystallinity. Muhammad, et al. [3], studying copper
oxide film deposition, found that films deposited at room
temperature were amorphous. Scanning electron micro-
scopy (SEM)/Atomic force microscopy (AFM) analysis
revealed that films deposited on substrates below 300 °C
consisted of large clusters or particles, while uniform
films formed at substrate temperatures between
400~500 °C. Four-point probe measurements also
showed the highest film conductivity at 500 °C. Further
increases in substrate temperature reduced both transmit-
tance and conductivity.

Laser pulse energy density and ambient pressure are
also major factors influencing film morphology and
structure. Low energy density results in insufficient
particle diffusion energy, promoting agglomeration and
rough surfaces. Conversely, excessively high energy
density causes collisions with newly formed crystals,
leading to poor crystal structure and elemental loss.
Hiroaki, et al. [4], investigating hydroxyapatite films,
found that higher energy density reduced surface
roughness. However, excessively high energy density
combined with low ambient pressure decreased the
phosphorus content in the film. At lower energy den-
sities, ablation caused atomic collisions and scattering
with ambient gas molecules due to the lower speed of the
ablated material and higher ambient pressure.

2.1.2 CVD: MOCVD method

MOCVD is a chemical vapor deposition technique in
which volatile metal-organic precursors are transported
by a carrier gas and thermally decomposed on a heated
substrate to form thin films or nanostructures. MOCVD
offers controllable parameters, high deposition
efficiency, and can perform the required reactions under
low vacuum. It has a broad application range compared
to other methods and is now widely used for various
nanofilm preparations. During nanofilm structure
formation, it is primarily influenced by substrate type,
deposition temperature, and growth pressure. Roberta G.
Toro, et al. [S] used Ce(hfa); and diglyme as precursors
in MOCVD to prepare CeO; nanofilms. Experiments
showed that on a low-mismatch Al,O3(1-102) substrate,
low-temperature deposition (450 °C) formed highly
ordered(100)-oriented columnar crystalline films with
high density, a steep optical absorption edge (bandgap
~3.05 eV) and excellent visible-light transparency. On a
high-mismatch TiO(001) substrate, low temperature
(600 °C) produced(100)-oriented films but with a
disordered transition layer at the interface, reducing
refractive index and order. High temperature (900 °C)
induced a(111) orientation transition, refined grains to
20 nm accompanied by oxygen defects, causing
absorption tailing and bandgap blurring, significantly
degrading optical performance.

2.2 Liquid-phase methods

Liquid-phase methods involve dissolving metal salts
to form a solution, followed by precipitation through the
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addition of precipitating agents, evaporation, sublima-
tion, hydrolysis, etc. Common liquid-phase methods for
synthesizing rare earth nanomaterials include precipi-
tation, templating, hydrothermal synthesis, sono-
chemistry and microemulsion methods.

2.2.1 Precipitation method

The precipitation method typically uses rare earth salt
solutions, where precipitating agents induce the
formation of hydroxides or carbonates. Subsequent
drying and decomposition yield nanomaterials. During
this process, the structural properties of the product are
mainly influenced by pH, temperature, and the
precipitating agent. Wu, et al. [6] studied the effect of pH
on synthesizing ytterbium monosilicate (Yb2SiOs)
nanopowders via precipitation. Research showed that the
polymerization degree and thermal stability of Yb-O-Si
colloidal particles were affected by the system pH value.
Within the pH range of 7~12, as pH increased, the pore
size of the -[YDb-O-Si]- network structure gradually
enlarged, and branched networks decreased. OH-
concentration determined the size and agglomeration of
the synthesized X>-Yb,SiOs crystals. Zhang, et al. [7]
synthesized a series of La and Y-doped cerium-
zirconium mixed oxides (CZLYs) via co-precipitation.
They found temperature to be a crucial factor affecting
the structural properties of CZLYs. Within a certain
temperature range, higher temperatures yielded better
CZLYs performance, with the optimal redox
performance and thermal stability achieved at 60 °C.
Above 60°C, agglomeration occurred. Common
precipitating agents are NaOH, NH3-H,O, NH4sHCOs3,
(NH4)>COs3, etc. Overall, the precipitation method is
simple and suitable for large-scale synthesis of rare earth
nanoparticles; however, precise control over particle size
and morphology remains challenging due to rapid
nucleation and particle agglomeration during the reaction
process.

2.2.2 Template method

The template method involves adsorbing
nanomaterials onto a template surface or within its pores
through physical confinement or chemical action. After
removing the template, nanomaterials with specific
morphologies are obtained. There are three main types:
hard template, soft template, and sacrificial template
methods. The hard template method is typically used to
prepare nanotubes. Saito, et al. [8] successfully prepared
Eu**-doped La,Os nanosheets via a graphene oxide (GO)
template method. The material exhibited a single-crystal
structure and red-light emission properties. GO was
prepared using Hummers' method, subjected to
secondary exfoliation in 2-methoxyethanol, then reacted
with lanthanum/europium isopropoxide precursors for 2
days. After purification and calcination, the final product
was obtained. Transmission electron microscope (TEM)
characterization showed the nanosheets were hundreds of
nanometers wide with a single-crystal flake structure.
This study provides a new pathway for the template
method in preparing rare earth nano-oxides. In general,

the template method enables the fabrication of rare earth
nanomaterials with well-defined and controllable
morphologies; nevertheless, the complexity of template
removal and the potential introduction of impurities limit
its practical scalability.

2.2.3 Hydrothermal method

The hydrothermal method promotes crystal growth
within a sealed container by utilizing the unique
properties of water under high temperature and pressure.
The structural properties of hydrothermally grown
products are typically controlled by factors such as
reaction temperature, reaction time, system pH, and salt
solution ratio. Santos, et al. [9] studied the growth
process of CeO> nanotubes, finding that CeO> nano-
crystals first aggregated into microspheres. Ostwald
ripening then promoted nanotube growth along the
sphere surface. Increasing NaOH concentration, tempe-
rature, and reaction time during the process led to
increased diameter and oxygen vacancy concentration of
the final CeO, nanotubes. Different calcination tempe-
ratures also resulted in different nanotubes during
calcination. Compared with conventional precipitation
methods, hydrothermal synthesis provides better crystal-
linity and morphology control for rare earth nano-
materials, although it usually requires longer reaction
times, higher energy consumption, and specialized
reaction vessels.

2.2.4 Sonochemical method

This method utilizes the cavitation effect generated
by ultrasound to produce instantaneous high temperature
and pressure, followed by rapid cooling in a localized
area, thereby accelerating the reaction rate and forming
corresponding nanocrystals. Using this method not only
generates nanomaterials greenly and efficiently but also
reduces agglomeration compared to other methods. The
structural properties of the product are mainly controlled
by ultrasonic power, precursor concentration, surfactant,
and pH. Salavati-Niasari, et al. [10], while preparing
nano La,03 from La,(CHCOO), and NaOH, studied the
effects of ultrasonic time, precursor concentration, and
other factors on product morphology and particle size.
Experiments indicated that precursor concentration is the
main parameter affecting nanoparticle size. Low
concentrations of lanthanum acetate led to excessively
low concentrations of lanthanum hydroxide, which is
detrimental to forming well-structured nano lanthanum
oxide. Ultrasonic power is primarily used for fragmenta-
tion; as lanthanum acetate concentration increases, more
ultrasonic energy is required to ensure lower particle
adhesion. Overall, the sonochemical method offers a
rapid and relatively green route for synthesizing rare
earth nanomaterials with reduced agglomeration;
however, the scalability of this technique is limited by
energy efficiency and reactor design constraints.

2.2.5 Microemulsion method

The main operating principle of the microemulsion
method is that two immiscible liquids form a physically
and chemically stable dispersion system under the action
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of a surfactant. The core structure of this method is a
nanoscale “water pool” or “oil pool” surrounded by a
monolayer of surfactant molecules. It is generally divided
into oil-in-water, water-in-oil, and bicontinuous types.
Oil-in-water: The oil core is wrapped by surfactant and
dispersed in water, mainly suitable for preparing water-
soluble nanoparticles. Water-in-oil: The water core
wrapped by surfactant is stably dispersed in a continuous
oil phase, generally used to prepare hydrophobic nano-
particles or to prevent particle agglomeration. Compared
to other methods, the microemulsion method offers high
tunability of nanomaterial size, mild reaction conditions,
wide applicability, and effectively prevents nanoparticle
agglomeration. Therefore, this method has unique
advantages in preparing high-quality nanoparticles.
However, the large amount of organic solvent and
surfactant residue makes post-processing difficult.
During the reaction, the particle size is controlled by
adjusting the emulsion ratio, reactant ratio, and the type
or amount of surfactant. The microemulsion method
allows precise control over the particle size and
dispersion of rare earth nanomaterials under mild
reaction conditions, but the extensive use of surfactants
and organic solvents complicates post-treatment and
increases production costs.

3 APPLICATION RESEARCH OF RARE EARTH

NANOMATERIALS IN HYDROGEN STORAGE

Different kind of materials including carbon
materials, biomass-derived carbon materials [11, 12],
metal-organic frameworks (MOFs) [13], zeolite [14] and
rare earth nanomaterials [15, 16] are investigated to use
in the hydrogen storage. Using rare earth nanomaterials
in the hydrogen storage field mainly includes several
application forms: rare earth nanomaterials themselves
exhibiting energy storage performance or acting as
promoters to enhance the activity of traditional hydrogen
storage materials and reduce activation energy. When
rare earth nanomaterials are doped into other materials or
doped with other materials (such as other alloys, carbon
nanomaterials), they can improve the dispersion of
traditional hydrogen storage materials, reduce activation
energy, and increase the hydrogen storage capacity of the
nanomaterials. Compared to rare earth nanomaterials
functioning solely on their own, this doped nanomaterial
approach offers greater advantages for hydrogen storage.
Optimizing the design of new rare earth nanomaterials
and controlling their morphology structure are key means
to enhance their performance.

3.1 Direct hydrogen storage by rare earth

nanomaterials

Rare earth nanomaterials store hydrogen by levera-
ging their own properties or by forming alloys with other
metals to undergo reversible chemical reactions with
hydrogen, forming corresponding hydrides. Basic
reaction: M (rare earth or rare earth alloy) + (X/2)H, =
MHx + Heat.

Nanoscale rare earth materials not only possess the
properties of rare earth materials but also have a huge
specific surface area, providing a large number of
hydrogen adsorption sites while lowering the adsorption
activation energy. Generally, factors affecting rare earth
nanomaterials as hydrogen storage materials are mainly
the material size, the type of rare earth in the alloy, and
the type of other doped metals. For example, Wei Liu and
Kondo-Francois Aguey-Zinsou [16] synthesized LaNis
nanoparticles of two different sizes, 170 nm and 250 nm.
Both nanomaterials were morphologically stable during
hydrogen cycling, but the 170 nm LaNis exhibited
stronger hydrogen kinetics than the 250 nm LaNis. The
smaller LaNis underwent complete desorption in a very
short time.

Additionally, when rare earth nanomaterials act as
electrodes, hydrogen is absorbed and released through
electrochemical reaction cycles. The main reaction
mechanism is M (rare earth nanomaterial) + x H,O +x e
= MHy + x OH". In this reaction, hydrogen atoms diffuse
directly into the lattice of the rare earth nanomaterial,
forming the corresponding hydride, thereby storing
hydrogen. Fu, et al. [17] studied the effect of carbon
nanotubes (CNTs) on the electrochemical hydrogen
storage performance of LaNis alloy by doping LaNis with
CNTs. Experiments doping different amounts of CNTs
found that the electrode doped with 10% CNTs exhibited
the best electrochemical activity among the four
electrode materials. Comparing discharge curves of
electrode materials with different doping ratios, within
the experimental range, when doping LaNis with 10%
CNTs, under charging current density of 200 mA/g,
discharging current density of 100 mA/g, and discharge
voltage limit of 0 V, the capacity reached 407 mA-h/g,
higher and more stable than the other three materials. The
experiments also found that the LaNis electrode doped
with 10% CNTs achieved better and higher charge-
discharge efficiency.

Improving the hydrogen storage performance of rare
earth materials by doping with carbon nanotubes, carbon
dots, or other metals is one approach. Another method is
to dope rare earth materials into other materials to
improve hydrogen adsorption. Xiao, et al. [18] success-
fully lowered the dehydrogenation temperature of MgH>
to 201 °C by adding 7 wt% of Ceo.sZr0402 nanocrystals
to MgH,. They achieved fast low-temperature hydrogen
absorption (50 °C) and high-temperature hydrogen
release (270 °C), along with excellent cycling stability
(98.9% capacity retention after 20 cycles). This superior
performance originates from the in-situ formation of
CeH,73/CeOs.x and ZrO, multiphase nano-active
substances during cycling, which effectively reduce the
hydrogen dissociation energy barrier and promote hydro-
gen diffusion. Compared with conventional Mg-based
and transition-metal-based hydrogen storage materials,
rare earth nanomaterials exhibit lower hydrogen
absorption/desorption temperatures and faster kinetics,
especially after nanoscaling.

83



RARE EARTH NANOMATERIALS: PREPARATION METHODS AND ENERGY STORAGE APPLICATIONS

3.2 Indirect hydrogen storage via rare earth

nanomaterials

Rare earth nanomaterials or alloys act as catalysts,
additives, or carriers. By adding them to other hydrogen
storage materials, they promote chemical reactions,
enabling hydrogen adsorption and desorption. Typically,
hydrogen is stored in formic acid, methanol, or liquid
organic carriers. Adding rare earth nanomaterials as
catalysts to the system improves the activation energy for
hydrogen adsorption or desorption. Yu, et al. [19] used
Pd-modified LaNis nanoparticles to enhance the
reversible hydrogen storage capacity of N-ethylcarbazole
(NEC). The authors electrodeposited Pd onto the surface
of LaNis nanoparticles, catalytically improving NEC's
reversible hydrogen storage capacity. At 453 K and
7 MPa H,, NEC absorbed 5.5 wt% H in 0.7 hours.
Simultaneously, at 453 K and 0.1 MPa H», it released
5.5 wt% H; in 2.2 hours. Under the same conditions,
Pd/LaNis significantly enhanced the reversible hydrogen
storage capacity of NEC compared to Pd/AlO;. The
main reason for this performance improvement is the
abundant lattice hydrogen bonding sites provided by the
rare earth material LaNis, which play a positive role in
the catalytic process. Additionally, LaNis also possesses
rapid bulk hydrogen diffusion kinetics.

Table 1 summarizes several application examples of
rare earth nanomaterials in the hydrogen storage field.

Currently, the rare earth elements used for hydrogen
storage materials are mainly metal alloys or dopants of
La, Y, Ce, etc. The main preparation methods are
hydrothermal synthesis, vapor deposition, and chemical
precipitation. The morphology of the obtained rare earth
materials is predominantly nanoparticles. As the main
active component, rare earth elements exhibit good
hydrogen storage performance after nanoscaling.
Compared to traditional Mg-based/Al-based alloys and
transition metal-based materials (such as TiFe, V-based
alloys), rare earth elements can increase hydrogen
storage capacity while effectively lowering hydrogen
absorption/desorption temperatures, enabling effective
hydrogen uptake and release under room temperature
water cooling or air-cooling conditions. The performance
of some rare earth-based hydrogen storage materials has
already surpassed that of commercial Mg-based/Al-
based hydrogen storage materials; when used as catalysts
for hydrogen absorption/release from organic carriers,
rare earths also show significant improvements over
traditional materials, indicating huge application
potential. Rare earth nanomaterials used as catalysts or
additives show superior hydrogen activation ability
compared with traditional oxide or noble metal catalysts,
mainly due to their abundant lattice hydrogen sites and
fast hydrogen diffusion.

Table 1. Application examples of rare earth materials in hydrogen storage

Application . Synthesis Rare earth A
area Material type method morphology Rare earth role type Application effect Ref.
Solid-state LaNis Chemical Nanoparticles As primary hydrogen Stable reversible hydrogen absorption/ [16]
storage Precipitation storage material. desorption reaction at room temperature below
1.0 MPa.
Electrochemical | CNTs-LaNis Chemical Vapor | Nanotubes Doping CNTs into LaNis | At 10% CNT doping, capacity was 407 mA-h/g | [17]
storage Deposition improves dispersion. under charge/discharge current densities.
Solid-state CeosZro402 MgH2 Hydrothermal / | Nanoparticles Doping to improve MgH: | Fast Hz absorption below 50 °C. Absorbed [18]
storage Ball Milling hydrogen storage 6.02 wt% H2 within 180 s at 150 °C, 50 bar.
performance. Reduced dehydrogenation activation energy
and improved cycle stability.
Liquid storage | Pd/LaNis Thermochemical | Nanoparticles The unique properties | 1 wt% Pd/LaNis absorbed 5.5 wt% H; in N- [19]
Reduction of Pd/LaNis break the ethylcarbazole within 0.7 h under specific
limitation of active conditions. Released fully within 2.2 h.
hydrogen bonding sites
caused by competitive
adsorption of hydrogen
and N-ethylcarbazole.
Solid-state VazFenTisoCrioRE2 Arc Discharge | Nanopolyhedrons | As primary hydrogen Room temp. absorption saturation time [20]
storage (RE=La,Ce,Y, Sc) storage material. <100 s. Max capacity 3.41 wt% when RE =Y.
Liquid storage | La-Ni/Al203 Co-precipitation | Ultrafine As main active site Promotes Ni°-Nid* synergy, enhances [21]
Nanoparticles of catalyst. catalysis, improves adsorption capacity for
intermediates, reduces activation energy
Liquid storage | Ni-La(OH)s/D-MIL-125 | Hydrothermal Nanoparticles As main catalytic com- | Adding La element enriches Ni nanoparticles | [22]
ponent of catalyst. with electrons, enhancing catalytic
performance & increasing hydrogen
production yield.
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4 APPLICATION OF RARE EARTH NANOMATE-
RIALS IN BATTERIES AND ELECTROCHEMICAL
ENERGY STORAGE

In energy storage technologies, batteries, as a typical
form of electrochemical energy storage, enable the direct
storage and release of electrical energy and are
characterized by high energy conversion efficiency, rapid
response, and a high level of technological maturity.
Consequently, battery energy storage is more suitable for
short-term regulation, instantaneous power support, and
distributed energy systems. Compared with chemical
energy storage technologies represented by hydrogen
storage, batteries still exhibit inherent limitations in terms
of energy density and long-term storage capability due to
constraints associated with electrode materials, battery
separators, and related technologies. Nevertheless,
within an integrated energy storage framework, batteries
can serve as an effective complement and form a
synergistic  relationship with  hydrogen storage
technologies.

At present, battery technologies are developing
rapidly, accompanied by continuous and accelerated
iteration of the materials composing batteries. Traditional
metal-based materials often suffer from limitations such
as low specific surface area, poor electrical conductivity,
and insufficient electrochemical activity. In contrast,
rare-earth-doped nanomaterials can introduce localized
electronic  states, thereby enhancing electrical
conductivity and chemical activity, while simultaneously
improving the resistance of alloys to pulverization and
oxidation. In several studies, the appropriate incor-
poration of rare-earth elements or rare-earth oxides has
been demonstrated to significantly modify electro-
chemical properties, including capacitance and cycling
stability, in batteries and supercapacitors. For instance,
Meng Qin, et al. [23] doped Ce and La into LisTisO2
nanosheets, and the resulting materials exhibited
excellent electrochemical performance in half-cell
configurations, including high specific capacity, good
cycling stability, and superior rate capability. The Wei
Liu group [24] integrated rare-earth elements into MoS,
anode materials via a hydrothermal method, producing a
CexMo03012/MoS»/C composite anode. When employed
as a lithium-ion battery anode, this material demonstrated
outstanding electrochemical stability, retaining a high
discharge capacity after 200 cycles. Haodong Wang, et
al. [25] investigated the effects of layered rare-earth
hydroxides and their two-dimensional composite
structures with carbon materials on the electrochemical
performance of lithium—sulfur (Li—S) batteries.
Experimental results showed that these layered rare-
earth-based materials and their carbon composites, owing
to their polar surfaces and abundant active sites,
effectively suppress the polysulfide shuttle effect and
accelerate sulfur redox kinetics, thereby significantly
enhancing the rate performance and cycling stability of
Li-S batteries.

For supercapacitors, the relatively large ionic radius
and high charge storage capacity of rare-earth elements
are also beneficial for improving electrode performance.
The underlying mechanisms mainly include expansion of
the crystal lattice, stabilization of electrode structures,
formation of defect sites, and increases in specific surface
area. However, due to the relatively high cost of rare-
earth materials, their large-scale application in electrode
materials remains impractical. Therefore, future research
should focus on precisely elucidating the mechanisms of
rare-earth ions or compounds and optimizing their
utilization through trace-level doping or additive
strategies. Such approaches aim to enhance energy
density and power density while reducing device costs,
thereby further promoting the effective development and
utilization of rare-earth elements.

5 CONCLUSION

Kazakhstan possesses abundant rare earth resources;
however, they are currently exported mainly in the form
of raw materials or semi-finished products. The deve-
lopment of high value-added rare earth functional
materials is therefore of great importance for improving
resource utilization efficiency and establishing a
complete industrial chain. Recent advances in rare earth
nanomaterials for energy storage provide critical support
for the transformation of rare earth resources into high-
end energy materials and their eventual industrialization.
On this basis, this work systematically summarizes recent
progress in the synthesis methods, morphological control
strategies, and energy storage applications of rare earth
nanomaterials. The results indicate that synthesis routes
play a decisive role in regulating the morphology,
crystallinity, and defect structures of these materials,
thereby critically determining their hydrogen storage and
electrochemical energy storage performance. Vapor-
phase methods are well suited for the fabrication of rare
earth nanofilms with highly controllable and precise
structures, whereas solution-phase methods offer greater
advantages in composition tuning and scalable synthesis
of rare earth nanoparticles. In energy storage applica-
tions, rare earth nanomaterials exhibit lower hydrogen
absorption/desorption temperatures, faster kinetic beha-
vior, and superior electrochemical stability compared
with conventional transition-metal- and magnesium-
based materials. Moreover, in battery systems, they can
effectively enhance electrical conductivity and cycling
performance. Future research should focus on elucidating
structure—property relationships, developing low-cost
and controllable synthesis strategies, and ensuring long-
term structural stability, thereby promoting the
engineering application of rare earth nanomaterials in
hydrogen storage and electrochemical energy storage,
and supporting the industrialization of rare earth-based
energy materials in Kazakhstan.
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CHUPEK )KEP DJIEMEHTTEPIHIH HAHOMATEPHUAJIJIAPBI: TAUBIHJIAY SIICTEPI
KOHE DHEPI'UAHBI CAKTAYJA KOJIJAHY

Mouiip Oyeaxankpbisbl ', Sin Jo, B. T. Jlec6aes, Maguna OyelxaHKbI3bI

on-Papaou amvinoazel Kazax ynmmulK ynueepcumemi, Anmamot, Kazaxcman
* Bavinanvic ywin E-mail: auyelkhankyzy@gmail.com

Cupex kep 3JIEMEHTTEpPiHIH MaTepHaAaphl JIEKTPOH B! KaObIKIIa KYPhUIBIMBIHBIH €peKlIesirine 0aiiaHbICThl 0acka
MaTepHAIAPMEH CaJbICTRIPFaHa EPeKIe CYTeTiH cakray KacueTTepiH kepceremi. OmapiblH INIIHAE CHPEK XKep
9NIEMEHTTEPIHIH HAHOMAaTEepHAIIaPhl I3CTYPII CUPEK JKep dJIEMEHTTEPiHiH MaTepHaIapbIMEH CaTbICTBIPFaHAa )KOFaphI
MEHIIIKTi OeT ayAaHAapFa )KOHE PEaKTHBTI OSIICEH I OPBIHAAP CaHBIHA Me, OYJI TYPAKTHIPaK KOHE KOFapHI aICOPOIUSITBIK
npouectepre okeneni. CUpek >kep 3JIEMEHTTEpPiHIH HaHOMaTepHalIapblH AAiibIHAAY SAiCTepi MEH MOP(OIIOTHSIIBIK
OaKpLUIaybIHA KATHICTHI OYJT MaKasiaga KaTThl (pa3aiel, CYUBIK (a3alisl xoHe 0y (aszamsl omicTep CHAKTHI JaiibIHAAY 9icTepi
eHrizineni. by sxepne, HaHOMaTepuannap Mop(OJIOTHACKIHA OPTYPIIL OMICTEPAIH ocep €Tyl (paKTopiIapsl MEH OaKpLIay
CTpaTerHsIaphl TAJIKbUIAHA B, 3P SAICTIH apPTHIKIIBUIBIKTAPBI MEH KEMILLTIKTEp )KaHe SpTYPJIi eniep MeH aiiMaKTapaarbl
3epTTey urepineyminiri Tannanaapl. COHbIMEH Katap, CUPEK JKep JIEMEHTTEPiHIH HaHOMaTepUallAapblH KaTThl Ky#aeri
CyTeri cakrayja, SJIEeKTPOXHUMHUSUIBIK CyTeri cakTaya, CYHbIK CyTeri cakray/a, KaTaJUTHKAIIBIK JKaHy/ia )koHe Oacka Ja
cajanapja KoJiaHy KOPBIThIHIBUIAHAABI. Byl 3epTTeyae naiblHaay *KoJaapbl, MOPGhOIOTHSIBIK OaKbUIay )KOHE CyTeri
cakTay OHIMILTIN apachlHIArbl OaijlaHbIC, dCipece CHPEK JKep 3JISMEHTTEePIHIH HaHOMaTepHaijapra Oaca Haszap
aynapbuiaapl. OHJIa SHEPTUs cakTay/ia oJiapAbl MPAKTUKAIBIK KOJIaHY/IbIH KHBIHBIKTAPbl MEH NEePCIEKTHBAIAPhI aTall
otineni. Cupex xep 3JIeMEHTTEPIHIH MaTepraapblHa CyTEriH CaKTay MEXaHH3M/IEPi XKOHE KOJI )KETKI3IT'eH FhUTBIMU-
3epTTey HOTXenepi KenripinreH. COHBIMEH KaTap, CHPEK JXep 3JEMEHTTEepiHiH HaHOMaTepHalgapbl CajachlH
JaMBITYIBIH EPCIICKTHBAIAPHI YCHIHBUIFAH.

Tyitin ce30ep: cupex sicep s1eMeHMMEPIHIY HAHOMAMEPUANIOapsl, HAHOMAMepUuarodap, O0atblHoay adicmepi; cymezin
cakmay; memaii 2uopuoi.
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HAHOMATEPHAJIBI PEJKO3EMEJIBHBIX 9JIEMEHTOB: METO/1bI IIOJIYYEHUA
W MPUMEHEHMUE JJIS1 XPAHEHUWS DQHEPT N

Mouizip Oyeaxankbisbl, SIn Jio, B. T. Jlec6aes, Maguna OyeaxaHKbI3bI
Kazaxcxuit nayuonanvuulii ynusepcumem um. anv-Papaou, Anmamet, Kazaxcman
* E-mail ona konmaxmos: auyelkhankyzy@gmail.com

PenkosemensHple MaTepHaibl 00Ialal0T YHUKAIBHBIMH CBOHCTBAMH XPaHEHHs BOJOPOJA IO CPAaBHEHHIO C APYTUMHU
MaTepuajaMH Ojaromaps CBOEH 0CO00H CTPyKType OSIeKTPOHHBIX obomouek. Cpean HHX peIKOo3eMeTbHBIE
HaHOMAaTepHaIbl HMMEIOT OOJBIIYI0 YHENbHYIO IUIOIIAAb IIOBEPXHOCTH M OojblIee KOJIHYECTBO AaKTHUBHBIX
PEaKIMOHHOCTIOCOOHBIX LIEHTPOB MO CPABHEHHIO C TPaJULMOHHBIMU PEIKO3eMEIbHBIMI MaTepHAJIaMH, YTO TIPUBOAUT K
Oonee cTaOmimbHBIM U A(QeKTUBHBIM mponeccaM ajncopOouuu. Uro Kacaercsi METOAOB TOJYYEHUS M KOHTPOJIS
MOP(OJIOTHH PeKO3eMENbHBIX HAHOMATEPHAJIOB, B IAHHOW CTaThe PacCMaTPUBAIOTCS TAKME METOJbI MOJYYEHHS, KaK
TBepAoGa3HbIH, KuAKO(Da3HbIH 1 mapoda3Heiid. O0cyxnaroTcs GakTopbl, BIUAIONINE Ha MOP(OJIOrHI0 HAHOMATEpHAaJIOB,
U CTpaTeruy KOHTPOJIS Pa3INuHbIX METO/IOB, aHAJM3UPYIOTCS [IPEUMYILECTBA U HEJJOCTATKH Ka)KI0TO METO/a, a TaKKe
Mporpecc HCCICIOBaHUN B pa3HBIX CcTpaHaXx u peruoHax. OJHOBpPEMEHHO 0000IIa0TCs 00JacTH MPUMEHEHUS
PEIOKO3eMENIbHBIX HAHOMATEPUAJIOB B TBEPJOTEIFHOM XPaHESHUH BOJOPOJA, SISKTPOXUMUYECKOM XPaHEHUH BOJOPO.a,
KUAKOCTHOM XpaHCHHWH BOAOPOAA, KATAIUTHYECKOM TOPEHHM W JPYrux obnactsax. B naHHOM HccieIoBaHUM
paccMaTpHBaeTCs B3aHMOCBSA3b MEXKIy METOJAMH MONTyYEeHHS, KOHTPOJIEM MOP(HOIIOTHU U XapaKTepPUCTUKAMH XPaHCHHS
BOJOPOJa, C OCOOBIM aKIICHTOM Ha HAaHOMAaTepHaibl Ha OCHOBE DPEAKO3EMENBHBIX IJIEMEHTOB. [lomuepKuBaroTCs
npoOieMbl M MEPCIeKTUBBl MX MPAKTHYSCKOrO0 NPHMEHEHHS B CHCTEMaxX XpaHEHHs dHepruu. B cratbe 0000mICHBI
MEXaHM3MBl XPAaHEHHsS BOAOPOJA C HCIIOIb30BAHMEM PEIKO3EMEIIBHBIX JJIEMEHTOB W JOCTUTHYTBIC DPE3yJIbTaThl
HCCHeﬂOBaHHﬁ. Taxxe MpCACTAaBJICHBI MCPCIEKTHUBLI Pa3BUTUA O6J'IaCTI/I HaHOMAaTEpHajlOB Ha OCHOBE PCAKO3CMEIIbHBIX
3JIEMEHTOB.

Kniouesvie cnosa: nanomamepuansvi peoko3eMeNbHbIX IAEMEHMO8, HAHOMAMEPUALbL, MemMOObl NOLYUEHUs, XPAHEHUE
6000p00a; Memaiiocuopuo.

88



	RARE EARTH NANOMATERIALS: PREPARATION METHODS  AND ENERGY STORAGE APPLICATIONS

