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Abstract. Cerium dioxide (CeO₂)–based nanomaterials are attracting 
increasing scientific interest due to their exceptional redox properties, 
oxygen storage capability, structural stability, and multifunctional catalytic 
behaviour. Doping CeO₂ with rare-earth oxides such as La₂O₃ and Dy₂O₃ 
enables targeted modification of its crystal structure, ionic conductivity, 
defect chemistry, and surface reactivity. The purpose of the paper is to 
summarize contemporary research on CeO₂–Dy₂O₃–La₂O₃ nanomaterials, 
focusing on their phase equilibria, defect formation, morphology-dependent 
catalytic activity, and photocatalytic performance. Particular attention is 
given to the fluorite-type lattice stability, dopant solubility limits (xₘₐₓ), 
temperature-dependent phase relations, and the role of dysprosium in 
modulating oxygen-vacancy concentrations. Photocatalytic experiments on 
Ce₀.₈₅La₀.₁₀Dy₀.₀₅O₂, synthesized at 800–1000 °C, demonstrate enhanced 
degradation efficiency of organic dyes under solar irradiation compared 
to undoped CeO₂. The analysis highlights the strong influence of dopant 
ionic radius, surface defect density, and nanostructure morphology on 
catalytic and photocatalytic performance. The reviewed results indicate 
that multicomponent CeO₂-based systems offer a promising platform for 
advanced catalysis, environmental remediation, energy-conversion devices, 
and functional ceramic materials.
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1. Introduction
The rapid development of contemporary materials science is driven by the 

demand for advanced materials whose properties surpass those of existing 
analogues. Cerium dioxide (CeO₂) has attracted exceptional attention due 
to its remarkable physical, chemical, and catalytic characteristics [1–14]. 
CeO₂ crystallizes in a cubic fluorite-type structure and functions as an n-type 
semiconductor with a band gap of approximately 3.02 eV, characterized by 
partially filled 4f orbitals. 

The fluorite lattice enables efficient oxygen storage and release, which is 
fundamental to many technological applications [3].

Because of these features, CeO₂ is used in a wide range of fields, 
including hydrogenation processes [4], pharmaceutical technologies [5–6], 
removal of heavy metals [7], development of antimicrobial agents [9], 
electrolytes for solid-oxide fuel cells [6; 7], catalytic treatment of industrial 
gases [10–11], and solid-state lighting technologies [12]. 

A recent bibliometric evaluation [11] demonstrates a steady growth in 
global research interest in CeO₂-based materials (Fig. 1). In recent years, 
CeO₂ has emerged as a promising competitor to the widely used TiO₂ 
photocatalyst [11,13]. It is well established that catalytic activity depends 
not only on intrinsic physicochemical properties, but also on the exposure 
of specific crystallographic surfaces [11]. 

Compared with TiO₂, CeO₂ offers superior structural stability and unique 
redox behavior due to the 4f-electron configuration, which facilitates rapid 
oxygen exchange and the formation of abundant oxygen vacancies – key 
active sites for catalytic reactions [14].

2. Doping of Cerium Oxide with Rare-Earth elements
Enhancing the functional properties of cerium dioxide is commonly 

achieved through doping with rare-earth oxides. However, the dopant 
concentration must be carefully controlled to preserve the cubic fluorite 
structure. Phase-equilibrium studies in multicomponent systems based on 
CeO₂ provide accurate information on the concentration and temperature 
limits of the single-phase fluorite region [15–37].

For the binary systems CeO₂–La₂O₃ and CeO₂–Dy₂O₃, a broad and 
thermally stable homogeneous region exists between approximately 
600 and 1500 °C (Fig. 2) [15; 34].
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The functional behavior of nanomaterials based on CeO₂ doped with 
lanthanum or dysprosium is closely linked to the high oxygen diffusion 
coefficient and the ability of cerium – both pure and doped – to undergo 
reversible oxygen exchange with the surrounding atmosphere. Dysprosium 

Figure 1 – a, b) number and citation trends of publications 
on CeO₂ photocatalysis, electrocatalysis, and photoelectrocatalysis 

from 2006 to 2024. c) bibliometric network visualization 
of CeO₂-related research topics
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oxide is widely used in high-performance Nd–Fe–B permanent magnets to 
improve their thermal stability.

а b
Figure 2. Phase equilibria:(a) the CeO₂–La₂O₃ system [15], 

(b) the CeO₂–Dy₂O₃ system [34]

Several comprehensive reviews on doped ceria [38–44] highlight the 
exceptional versatility of CeO₂-based materials and their potential impact 
across catalysis, optics, energy conversion, and environmental remediation. 
These works span fundamental structure–property relationships, synthesis 
and characterization techniques, theoretical modeling, and emerging 
catalytic mechanisms.

3. Morphology-dependent catalytic behavior of doped Cerium oxide
The catalytic applications of nanomaterials based on cerium oxide 

doped with lanthanum and dysprosium have been examined in detail in 
[40]. Nanoparticles of these materials are frequently employed either as 
active catalytic components or as supports across a variety of reactions. 
Their catalytic performance is strongly morphology-dependent: particle 
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shape, exposed facets, and defect structures influence reaction pathways 
and activity.

The study discusses how the morphology of doped CeO₂ affects catalytic 
oxidation of carbon monoxide, reduction of nitrogen oxides, and various 
reforming reactions. The surface structure of dysprosium oxide – when 
incorporated as a dopant – plays an important role in determining catalytic 
activity and selectivity due to its influence on surface geometry, defect 
density, and the energy required to form oxygen vacancies.

The authors propose a strategy for fine-tuning catalytic performance by 
controlling nanoparticle shape without altering the chemical composition. 
Doped CeO₂ also functions effectively as an electrolyte because the fluorite-
type lattice can sustain a high concentration of mobile oxygen vacancies. 
For this reason, determining the maximum dopant concentration (xₘₐₓ) that 
can be incorporated into the fluorite lattice while maintaining single-phase 
homogeneity is essential.

Maximum solubility limits of Rare-Earth dopants in CeO₂. Figure 3 
illustrates the relationship between ionic radius and dopant coordination 
for various rare-earth elements. The red guidelines indicate the 
approximate upper and lower boundaries of xₘₐₓ reported for each dopant.  
The xₘₐₓ value is defined as the composition midpoint between the highest 
dopant concentration still forming a single-phase fluorite structure and the 
composition at which a secondary phase first appears [45].

The data show substantial variation in xₘₐₓ, particularly for dopants of 
intermediate ionic radius. Elevated xₘₐₓ values reported in some studies 
are attributed to high-temperature synthesis (T ≥ 1600 °C), which may not 
reflect equilibrium solubility at lower temperatures. Above ~1500 °C, phase 
separation can occur, leading to partial decomposition of the solid solution 
into individual oxides

4. Influence of Dy on ionic conductivity in Ce-based electrolytes
The effect of dysprosium incorporation into CeO₂-based electrolytes was 

investigated in [46]. The results show that Dy³⁺ increases ionic conductivity 
and decreases activation energy compared to the widely used samarium-
doped ceria composition Ce₀.₈Sm₀.₂O₂-δ (SDC) over the temperature range 
300–800 °C.
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At 2 mol% Dy₂O₃ (composition Ce₀.₈Sm₀.₁₈Dy₀.₀₂O₂-δ), the highest ionic 
conductivity was obtained. Dysprosium strongly affects grain-boundary 
conductivity, while its influence on bulk conductivity is less pronounced. 
X-ray diffraction confirms that all samples remain single-phase fluorite 
structures. Thermal expansion behavior is linear, and Dy³⁺ addition does 
not significantly modify the thermal expansion coefficient, which remains 
in the range (12.62–13.05) × 10⁻⁶ K⁻¹.

Optical and Luminescent Properties of Dy-Doped CeO₂. 
Photoluminescence properties of CeO₂ doped with Dy³⁺ ions were examined 
in [47], demonstrating that Dy-doped CeO₂ is a promising candidate for 
display technologies and optical devices. In [48], pure and Dy₂O₃-doped 
CeO₂ nanoparticles were synthesized using a microwave-assisted method. 
The purpose of doping was to enhance chemical stability, optical absorption, 
and fluorescence intensity.

Figure 3. Graphical representation of xₘₐₓ values 
for various rare-earth dopants [45]
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X-ray diffraction confirmed the formation of composite structures 
containing Dy³⁺/Ce³⁺ in a cubic lattice with average crystallite sizes of 
16–22 nm. The results show a significant enhancement of fluorescence 
emission in Dy-doped samples compared with undoped CeO₂.

Magnetic properties of rare-earth-doped Ceria. The magnetic properties 
of CeO₂ doped with various rare-earth ions (Nd, Sm, Gd, Tb, Er, Dy) were 
investigated in [49]. Room-temperature ferromagnetism was observed in 
heat-treated CeO₂ samples doped with Nd and Sm, whereas samples doped 
with Gd, Tb, Er, or Dy exhibited paramagnetic behavior.

The origin of magnetism is attributed to oxygen vacancies and the 
fluorite-type crystal structure. The study also evaluates the impact of dopant 
concentration (1, 5, and 15%) on magnetic response for Gd, Tb, Er, and  
Dy additives.

5. Photocatalytic oxidation of organic pollutants using CeO₂-  
and Dy₂O₃-based materials

The rapid expansion of industrial activity has resulted in the increased 
release of toxic organic contaminants – including synthetic dyes – into 
natural water systems. Wastewater containing pollutants such as erythrosine, 
thymol blue, methyl orange, malachite green, and rhodamine B is of 
particular concern because these compounds exhibit low biodegradability 
and pose environmental and health risks [50].

Photocatalysis offers an effective route for degrading such pollutants by 
harnessing solar energy to drive oxidative decomposition reactions [51]. 
Solar-driven photocatalysis requires no additional chemicals or external 
energy inputs, making it a sustainable method for wastewater treatment. 
With growing demand for efficient removal of hazardous organic pollutants, 
the design of high-performance nanostructured photocatalysts has become 
a major focus in environmental materials research [52].

A wide range of nanostructures and nanocomposites has been explored 
for photocatalytic purification of dye-contaminated water [53]. However, 
there remains a strong need for new materials with higher efficiency and 
stability. Dysprosium oxide (Dy₂O₃) is of particular interest due to its 
exceptional thermal stability and low solubility [54; 55], as well as its 
promising optical and catalytic characteristics [56–60]. Dy₂O₃ possesses 
a wide band gap of approximately 4.8 eV [61], but its photocatalytic 
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properties can be improved by forming composites – for example with 
ZnO – to enhance light absorption and modify electronic structure [61].

Multiple synthetic methods have been reported for Dy₂O₃ nanostructures, 
including precipitation [55], thermal decomposition [63], combustion 
synthesis [56], and sol–gel processing [54], among others. 

6. Photocatalytic performance of Dy₂O₃–SiO₂  
and La₂O₃-Ag₃VO₄ nanocomposites

Table 1 summarizes the photocatalytic efficiency of different 
nanostructured systems for the degradation of several organic dyes under 
UV irradiation [52]. As shown, Dy₂O₃–SiO₂ nanocomposites fabricated via 
a sonochemical route exhibit competitive photocatalytic activity compared 
with widely studied oxide photocatalysts.

The photocatalytic activity of Dy₂O₃ nanoparticles was further evaluated 
for malachite green degradation under UV illumination [67]. The catalyst 
achieved 92.76% degradation within 120 minutes at an optimal mass 
loading of 5 mg, exhibiting excellent stability with only minimal loss of 
activity after four cycles. The degradation followed first-order kinetics with 
a rate constant kₐₚₚ = 2.04 × 10⁻² min⁻¹. Trapping experiments revealed 
that photogenerated holes (h⁺) play the dominant role in the degradation 
mechanism.

Photocatalytic Enhancement in La₂O₃/Ag₃VO₄ composites.  
The influence of lanthanum content on the photocatalytic activity  
of La₂O₃/Ag₃VO₄ composites is shown in Fig. 4 [68]. Under visible light 
irradiation (553 nm), the pure Ag₃VO₄ and P25 TiO₂ catalysts exhibit RhB 
degradation efficiencies of 51% and 23%, respectively, after 60 minutes. 
Upon the introduction of La³⁺, the photocatalytic activity is significantly 
enhanced across all compositions.

This improvement is attributed to the red-shift in light absorption: 
the absorption edge of the La₂O₃/Ag₃VO₄ composite shifts toward longer 
wavelengths, enabling more efficient utilization of visible light. Enhanced 
photon absorption correlates directly with increased photocatalytic 
degradation efficiency. As noted in [69], a substantial red-shift is indicative 
of improved light-harvesting capacity, which boosts photocatalytic activity.
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Table 1
Comparison of photocatalytic efficiency for the degradation 

of various pollutants between the Dy₂O₃–SiO₂ nanocomposite 
and other compounds under ultraviolet irradiation [52]

Material Pollutant Efficiency (%) & Time (min)
La₂Sn₂O₇ Erythrosine 84% in 120 min
TiO₂-P25 Methyl orange 90.5% in 180 min
TiO₂ Acid Red 14 88% in 150 min
CdS Eriochrome 42% in 60 min
ZnO–CdO Thymol blue 46% in 120 min
Dy₂O₃–SiO₂ Malachite green 71.08% in 120 min
Dy₂O₃–SiO₂ Methyl orange 71.43% in 120 min
Dy₂O₃–SiO₂ Erythrosine 92.99% in 120 min

Figure 4. Photocatalytic activity of La₂O₃/Ag₃VO₄ (0.5 g/L) 
at different La³⁺ contents [68]

7. Adsorption and photocatalytic behavior of CeO₂ nanoparticles  
and La–Dy–CeO₂ ternary oxides

Adsorption and photocatalytic behavior of CeO₂ nanoparticles.  
In [70], CeO₂ nanoparticles synthesized via a sol–gel method was evaluated 
for the removal of indigo carmine and methylene blue under visible light 
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irradiation. The highest color removal efficiency was observed for indigo 
carmine (≈ 90% at pH 2.5 after 180 minutes), demonstrating that CeO₂ 
nanoparticles are effective for degrading anionic dyes at room temperature.

Color removal efficiency was calculated using equation (1.1), adapted 
from [71]:

 (1.1)

where C₀ and C refer to the initial and changing concentrations of the 
dye solution, respectively. A₀ represents the initial absorbance, and A – at a 
predetermined time.

Heterogeneous photocatalytic degradation of organic dyes typically 
proceeds through five key steps [72–74]:

1) Mass transfer of dye molecules from solution to the catalyst surface.
2) Adsorption of dye molecules onto CeO₂.
3) Photoexcitation followed by oxidation–reduction reactions involving 

adsorbed species.
4) Desorption of degradation products from the catalyst surface.
5) Diffusion of products into the bulk solution.
Adsorption capacity plays a decisive role in determining the degradation 

rate [75]. For this reason, the authors of [70] investigated dye adsorption 
onto CeO₂ nanoparticles at varying pH levels to better understand the 
relationship between surface chemistry and photocatalytic performance.

Photocatalytic behavior of La–Dy–CeO₂ ternary oxides. A detailed study 
of photocatalytic performance in La–Dy–CeO₂ ternary oxides is presented 
in [1]. The authors synthesized Ce₀.₈₅La₀.₁₀Dy₀.₀₅O₂ using a sol–gel method 
followed by heat treatment at 800 °C and 1000 °C to investigate the impact 
of dopants and calcination temperature on photocatalytic activity.

The incorporation of lanthanum and dysprosium into the CeO₂ lattice 
significantly alters the structural and optical properties of the material. 
Doping introduces lattice distortions and enhances the concentration of 
oxygen vacancies – defects that are essential active sites for photocatalytic 
reactions. Increasing the calcination temperature results in improved 
crystallinity but also affects surface area, defect density, and, consequently, 
photocatalytic performance. 

The degradation activity of the photocatalysts under sunlight is shown in 
Fig. 5. Undoped CeO₂ exhibits moderate photocatalytic efficiency. However, 
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the ternary oxide Ce₀.₈₅La₀.₁₀Dy₀.₀₅O₂ demonstrates substantially higher 
photocatalytic degradation rates for the model dye pollutant, especially 
after calcination at 800 °C.

Figure 5. Degradation activity of photocatalysts (60 mg): 
(a) sun; (b) undoped CeO2, 800 °C; (c) undoped CeO2, 1000 °C; 

(d) Ce0.85La0.10Dy0.05O2, 800 °C; (e) Ce0.85La0.10Dy0.05O2,1000 °C
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Two main factors contribute to this enhancement:
1. Increased oxygen vacancy concentration. Dopant ions La³⁺ and Dy³⁺ 

have larger ionic radii compared with Ce⁴⁺, leading to lattice expansion 
and the formation of additional oxygen vacancies for charge compensation. 
These vacancies act as electron traps that prevent rapid electron–hole 
recombination, thereby increasing photocatalytic efficiency.

2. Improved absorption of visible light. Doping causes slight band-gap 
modification and introduces localized defect states that enhance visible-light 
absorption. This makes the material more responsive to solar irradiation 
compared with undoped CeO₂, which primarily absorbs UV light.

The photocatalytic performance hierarchy reported in [1] corresponds 
to sunlight irradiation: Ce₀.₈₅La₀.₁₀Dy₀.₀₅O₂ (800 °C) > Ce₀.₈₅La₀.₁₀Dy₀.₀₅O₂ 
(1000 °C) > undoped CeO₂. This demonstrates that the ternary doped 
system offers synergistic advantages beyond what La-doped or Dy-doped 
CeO₂ can achieve individually. The combination of optimized dopant 
concentrations and moderate calcination temperature yields a material with 
high photocatalytic performance and stable structural properties.

Conclusions
The conducted analysis demonstrates that cerium dioxide is a highly 

functional material whose properties can be substantially modified 
through doping with rare-earth oxides. The incorporation of dysprosium 
and lanthanum oxides stabilizes the fluorite-type lattice, promotes the 
formation of additional oxygen vacancies, and enhances the overall 
functional performance of the material. It has been established that the 
solubility limits of rare-earth dopants in the CeO₂ lattice depend on their 
ionic radii and the thermal conditions of synthesis, which makes it possible 
to predict the structural behavior, stability of the solid solutions, and their 
high-temperature performance. This provides a foundation for the targeted 
design of materials with controllable physicochemical properties.

Particular attention has been given to the influence of nanoparticle 
morphology on their catalytic and photocatalytic activity. The results 
indicate that variations in surface structure, grain size, aggregation degree, 
and defect density lead to significant changes in functional behavior. 
Notably, the Ce₀.₈₅La₀.₁₀Dy₀.₀₅O₂ composition exhibits markedly improved 
photocatalytic efficiency in the degradation of organic dyes compared 
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with undoped CeO₂. This enhancement arises not only from the increased 
concentration of oxygen vacancies but also from improved adsorption of 
dye molecules, more efficient charge transport, and the enhanced formation 
of reactive radicals under irradiation.

Overall, the findings confirm that multicomponent CeO₂-based 
nanomaterials doped with Dy₂O₃ and La₂O₃ hold significant promise for 
use in modern catalytic systems, environmental remediation technologies, 
sensor devices, and energy-conversion applications. Their structural 
stability, tunable defect chemistry, and capacity to activate surface processes 
make them strong candidates for the development of advanced functional 
nanomaterials with a broad range of technological and ecological uses.
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