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Abstract. We fabricated erbium, cerium, and their alloy oxide nanoparticles 

using the co-precipitation method. EDS analysis demonstrates the presence of oxygen, 

erbium, and cerium elements. FTIR and XRD analyses confirm the formation of 

Er₂O₃, CeO₂, and their alloy nanoparticles. XRD analysis revealed that the lattice 

parameters of CeO₂ nanoparticles increase with the addition of Er₂O₃. The 

photoluminescence spectrum, measured with a 532 nm green laser at room 

temperature, exhibited both green (540–570 nm) and red (650–700 nm) luminescence. 

The photoluminescence properties of Er₂O₃ nanoparticles originate from relaxation 

and emission corresponding to the ⁴S₃/₂→⁴I₁₅/₂ and ⁴F₉/₂→⁴I₁₅/₂ transitions, while the 

emission bands of CeO₂ nanoparticles arise from oxygen vacancies forming F-centers 

and Ce³⁺-related defects such as vacancies and interstitial atoms. The 

photoluminescence spectrum of Er:Ce:O alloy nanoparticles exhibit two intense bands 

in the region from 547 nm to 560 nm, with maxima at 2.266 eV and 2.214 eV, 

associated with f–f internal transitions ⁴F₉/₂→⁴I₁₅/₂ and ⁴S₃/₂→⁴I₁₅/₂ in the Er³⁺ ion, 

indicating the incorporation of Er³⁺ ions into the crystal lattice as substitutional ions 

Key words: rare earth, co-precipitation method, internal transitions, room 

temperature, surface defects. 
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1. INTRODUCTION 

In view of their unique properties, rare earth metals have found wide 

application in many sectors of modern high-tech industry-metallurgy [1], ceramics 

[2], electronics [3], optics [4], medicine [5], and many others. Rare earth-based 

nanoparticles (NPs) offer several advantages over other materials used in 

biomedical applications. Generally, rare earth-based NPs exhibit low toxicity, high 

thermal and chemical stability, excellent photostability, high luminescence 

quantum yield, and sharp emission bands [6], the latter contributing to greater 

selectivity in bioassays. 

For example, gadolinium (Gd) has been used in a chelated form as a contrast 

agent in magnetic resonance imaging (MRI) [7]; neodymium (Nd) is widely used in 
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super magnets for disk drives [8]; cerium (Ce), a key component of autocatalysts, has 

a broad range of functions and, although not yet widely applied in biomedicine, holds 

significant promise [9]. Trivalent erbium ions (Er³⁺) are used in glass coloring, fiber 

optic amplifiers, and medical and dental lasers [10]. More broadly, rare earth 

elements are integral to the manufacture of flat-panel televisions and indispensable 

for the development and deployment of renewable energy technologies [11]. 

Due to their high reactivity with atmospheric oxygen, rare earth metals most 

commonly exist in the form of oxides, which are their most stable compounds. 

Among them, erbium oxide exhibits excellent electrical, optical, and 

photoluminescence properties [12, 13]. In particular, the emission of Er³⁺ ions at 

1.53 μm has attracted attention for its suitability in optical data transmission 

applications [14]. 

Nanocrystalline CeO₂ is also promising for a variety of applications, 

including catalysis [15] and biomedical [16] fields. This is largely attributed to 

changes in its electronic structure and the formation of oxygen vacancies caused by 

the increased proportion of surface atoms, leading to altered oxygen non-

stoichiometry [17]. 

In diagnostics and photodynamic therapy (PDT), lanthanide-based materials 

represent a modern approach to cancer imaging and treatment. The PDT 

mechanism relies on an up-conversion process, which involves the absorption of 

multiple low-energy photons. Studies on down- and up-conversion emissions from 

Er₂O₃, CeO₂, Y₂O₃, and their alloys are of growing interest due to their potential in 

theranostics, photonics, and bioimaging [18–21]. 

Therefore, there is a strong motivation to explore Ce:Er³⁺ oxide nanoparticles 

in pursuit of highly efficient luminescent materials. In this paper, the structure and 

photoluminescence properties of Er₂O₃, CeO₂, and their alloy nanoparticles are 

investigated. 

2. EXPERIMENTAL PART 

2.1. SYNTHESIS OF THE NANOPARTICLES 

Er₂O₃, CeO₂, and their alloy nanoparticles (NPs) were synthesized by a co-

precipitation method. In a separate beaker, 7.5 mmol of erbium (III) chloride was 

dissolved in 10 mL of distilled water and 10 mL of 96% ethyl alcohol at room 

temperature. To the obtained solution, a 1.5-fold excess of 25% ammonium 

hydroxide was gradually added in small portions. The resulting amorphous 

precipitate was separated from the solution by centrifugation. Distilled water 

containing the precipitating ion was used as the washing liquid. The precipitate was 

then dried at 100–120 °C and subsequently calcined in an oven at 700 °C. 
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For the synthesis of CeO₂ NPs, 2.5 mmol of cerium (III) chloride was 

dissolved in 5 mL of distilled water and 10 mL of 96% ethyl alcohol at room 

temperature. 

For the preparation of composite NPs, 2 mmol of erbium (III) chloride and  

2 mmol of cerium (III) chloride were each dissolved in 10 mL of distilled water 

and 10 mL of 96% ethyl alcohol in two separate beakers at room temperature. The 

two solutions were then mixed, and a 1.5-fold excess of 25% ammonium hydroxide 

was gradually added in small portions. The reaction mixture was stirred under 

controlled temperature conditions. Upon completion of the reaction, the product 

was filtered and repeatedly washed with distilled water and ethanol, then dried at 

80 °C for 4 hours. The precursors were finally calcined in a furnace at 700 °C for  

5 hours. 

The same technological steps used for the synthesis of Er₂O₃ NPs were 

applied to all types of synthesized NPs. The major factors influencing the reaction 

were the concentrations of Er³⁺ and Ce³⁺ solutions, temperature, and duration of 

calcination, as presented in Fig. 1. 

 

Fig. 1 – The synthetized Er2O3, CeO2 and Er:Ce:O nanoparticles powders. 

2.2. CHARACTERIZATION METHOD 

The energy-dispersive spectroscopy (EDS) analysis of the samples was carried 

out using a JEOL JSM-6390LV scanning electron microscope, operating in both 

high-vacuum and low-vacuum modes, offering a resolution of up to 3 nm at 30 kV. 

The X-ray diffraction (XRD) analysis was performed using an Empyrean 

diffractometer (PA Nalytical, Netherlands) with CuKα radiation (λ = 1.5406 Å), 

located at the Regional Interdisciplinary Scientific-Educational Center for the 

Study of Advanced Materials (CaRISMA) at the Moldova State University (MSU). 

The system features a Theta-Theta goniometer with a 240 mm radius and a step 

size of 0.0001° (theta). Data was collected in the 2θ range from 20° to 80° with a 

0.02° step size and analyzed using Bruker EVA software. Fourier-transform 
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infrared spectroscopy (FTIR) spectra were recorded using a Bruker ALPHA 

Platinum-ATR spectrophotometer (Bruker Optik GmbH, Germany). The spectra 

were recorded in the 4000 cm⁻¹ to 400 cm⁻¹ range with a 4 cm⁻¹ resolution and an 

average of 24 scans per measurement to allow for detailed analysis of the 

functional groups and chemical bonds present in the samples. High-resolution 

photoluminescence (PL) spectra were investigated at room temperature. Low 

resolution emission spectra were registered with an MDR-23 single grating 

monochromator (LOMO, St Petersburg, Russia) and a Hamamatsu photomultiplier 

head H9319-02-12 in a photon counting mode.  

3. RESULTS AND DISCUSSIONS 

3.1. SEM-EDS ANALYSIS 

The elemental composition homogeneity in Er₂O₃, CeO₂, and Er:Ce:O 

nanoparticles was evaluated with SEM-EDS analysis. Figure 2 shows the high-

energy spectrum and corresponding elemental maps for the metal oxide 

nanoparticles. The peak intensity corresponds to the element’s relative abundance 

in the sample, while the width of each peak corresponds to the energy resolution of 

the EDS detector, typically 125–132 eV. As one can see in all nanoparticles based 

on Er and Ce metal oxides, oxygen predominates. The stoichiometric 

concentrations of cerium (Ce), erbium (Er) and oxygen (O) were strongly 

confirmed by their characteristic absorption peaks. These absorption intensities 

varied depending on the relative amounts of Er and Ce present in the alloyed 

nanoparticles, reflecting changes in elemental composition. 

The composition and percentage of pure and alloyed Er:Ce:O NPs are 

provided in the respective Table 1. 

Table 1 

The composition of Er2O3, CeO2 and Er:Ce:O alloys NPs 

Samples 
Atomic % 

Er O Ce 

Er2O3 34.79 65.21 – 

1.0 Er2O3 / 0.5 CeO2 30.61 51.45 17.94 

1.0 Er2O3 / 1.0 CeO2 13.71 72.44 13.84 

0.5 Er2O3 / 1.0 CeO2 8.66 77.29 14.05 

CeO2 – 52.55 47.45 

EDS analysis demonstrates the presence of oxygen, erbium, and cerium 

elements. 
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Fig. 2 – The EDS analysis and FTIR spectra of Er2O3, CeO2 and Er:Ce:O nanoparticles NPs. 

3.2. FTIR ANALYSIS 

The FTIR spectra of Er₂O₃, CeO₂, and Er:Ce:O nanoparticles are illustrated 

in Fig. 2. The fingerprint region of the core element Er shows absorption at 563 

cm⁻¹, corresponding to the Er-O-Er groups [22], confirming the presence of  

Er₂O₃ in the sample. Additionally, weak and broad absorption bands due  

to the asymmetric carbonate C–O stretching were observed in the range of  

1450–1600 cm⁻¹ and 1250–1450 cm⁻¹, with maxima at 1539 cm⁻¹ and 1416 cm⁻¹, 

respectively [23–25]. The vibrational broadband at 3424 cm⁻¹ and 2976 cm⁻¹ is 

attributed to OH stretching. The FTIR spectra of Er:Ce:O nanoparticles depend on 

the concentrations of Er³⁺ and Ce³⁺ ions in the alloy NPs. When the concentration 

of Er predominates, the position of the band remains unchanged, but its intensity 

decreases.  

The intense peak detected at 471 cm⁻¹ in CeO₂ is related to the vibrational mode 

of the F₂g symmetry in the cubic fluorite structure. Peaks observed at 667.37 cm⁻¹ 

correspond to the prominent stretching vibration of Ce-O [26, 27]. The signals at 

1457 cm⁻¹, 1500 cm⁻¹, and 1623 cm⁻¹ are associated with the bending vibration of 

C–H bands from the incorporated surfactant [28, 29]. The broad absorption band 

around 3430 cm⁻¹ corresponds to hydrated and physically adsorbed water in the 

sample [30]. In the case of Er:Ce:O NPs, when Ce predominates, the band  
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at 667.37 cm⁻¹ disappears, and only the band at 1457 cm⁻¹ remains, albeit with 

weaker intensity [31]. No new bands appear in the Er:Ce:O alloy NPs, even after 

doping with Er₂O₃. 

3.3. XRD ANALYSIS 

The X-ray diffraction analysis was performed with a Bruker diffractometer 

using grazing incidence of CuKα radiation. The θ–2θ XRD patterns for Er₂O₃, 

CeO₂, and Er:Ce:O alloy NPs are shown in Fig. 3. All samples reveal a crystalline 

structure. 

The XRD pattern of Er₂O₃ NPs shows an intense diffraction maximum at  

2θ = 29.4° and other less intense maxima corresponding to the diffraction pattern 

of erbium oxide with a cubic lattice and a lattice parameter of 10.49 Å. The main 

maximum diffraction corresponds to the reflection for the (222) plane of the cubic 

lattice, and the other maxima with less intense reflections correlate with the (440) 

and (622) planes. The peaks observed at the mentioned 2θ values match those 

given in International Centre for Diffraction Data (ICDD) card Nr. 00-008–0050 

for the Er₂O₃ structure [32]. The crystallite size, estimated to be using the Scherrer 

formula, was found to be above 52 nm. 

With the addition of cerium, the crystallite size decreases significantly to 22.45 nm 

for the 1.0 Er₂O₃ : 0.5 CeO₂ sample, and further to 19.87 nm for the 1.0 Er₂O₃ : 1.0 CeO₂ 

sample, as shown in Table 2. The XRD pattern of CeO₂ nanoparticles confirms the 

presence of a cubic fluorite structure with a preferred orientation along the (111) plane. 

All Bragg maxima with the (111), (200), (220), (311), (222), (331), and (420) Miller 

indices are associated with the cubic lattice of pure CeO₂ and are in good agreement with 

ICDD card Nr. 89-8436 [33]. No detectable diffraction maxima are observed for any 

other crystalline phase in the XRD pattern. 

It was noticed that each maximum shifts to smaller angles, indicating that the 

lattice parameters of CeO₂ increase with the addition of Er₂O₃. Table 2 shows the values 

of the interplanar spacing (d), internal stress (ε), and crystallite size (D). The internal 

stress is induced by excess volume at grain boundaries. The value of lattice strain 

strongly depends on the crystallite size and increases with increasing crystallite size. 

Table 2 

The microstructural parameters of Er2O3, CeO2 and Er:Ce:O alloys NPs 

Samples d [Å]  D [nm] ε · 10–3 

Er2O3 3.0491 51.54 0.91 

1.0 Er2O3 : 0.5 CeO2 3.1008 22.45 8.52 

1.0 Er2O3 : 1.0 CeO2 3.1132 19.87 6.14 

0.5 Er2O3 : 1.0 CeO2 3.1215 36.29 34.00 

CeO2 3.1301 28.45 1.93 
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Fig. 3 – XRD and photoluminescence spectra of Er2O3, CeO2 and Er:Ce:O nanoparticles. 

3.4. PHOTOLUMINESCENCE SPECTRA 

The photoluminescence (PL) spectra were measured using a 532 nm green 

laser at room temperature and are presented in Fig. 3. The 532 nm green laser 

induced both green (540–570 nm) and red (650–700 nm) luminescence. The results 

indicate that the intensity of red luminescence significantly weakens for the CeO₂ 

NPs. The spectrum of the Er₂O₃ NPs revealed a broad band in the red region. The 

luminescence properties of materials are determined by their electronic structure, 

which is closely related to their crystal structure. 

The stronger multiple PL bands observed from 500 nm to 700 nm in all 

samples originated from the relaxation and emission from the 4S₃/₂ → 4I₁₅/₂ and 

4F₉/₂ → 4I₁₅/₂ transitions, respectively. As can be seen, the visible spectra consist of 

a series of sharp bands, which can be assigned to the intra-4f radiative transitions 

of Er3+ ions including 4S3/2 → 4 I15/2 (546 and 562 nm), and 4F9/2→ 4I15/2 (667 and 

670 nm), respectively. The PL bands of Er2O3 are sourced from the Er3+ ion 

emissions. The simplified excited levels diagram of Er³⁺ in Fig. 6a shows direct 

excitation of Er³⁺ from the ground state to the 2H₁₁/₂ state at the 532 nm pump 

wavelength. From the 2H₁₁/₂ state, Er³⁺ undergoes a radiative transition 4I₉/₂ → 

4I₁₁/₂, as well as multi-phonon relaxations to the lower-lying excited states 4S₃/₂ 

and 4F₉/₂. Electrons can be excited to different energy levels and emit photons 
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during relaxation.  The PL spectra of the Er₂O3 NPs showed good agreement in 

both band shapes and wavelength positions with the paper [34, 35]. The revealed 

experimental values of the energy are in good agreement with the theoretical values 

levels of Er₂O₃, presented by Wu et al. [36]. The PL emission bands of the CeO2 

NPs observed in the 500–600 nm range originate from relative oxygen vacancies in 

CeO₂ NPs, which can form so-called F-centers and Ce³⁺ defects such as vacancies 

and interstitial atoms. 

 

 

Fig. 4 – Schematic energy-level diagram of ground  

and excited levels of a Er3+ and simplified diagram  of Ce3+ ions. 

 
Furthermore, the relative oxygen vacancies can also be explained based on 

the charge transfer between carriers, with electrons transitioning from the  

Ce4f band to the O2p band of CeO₂ nanoparticles. The free cerium ion (Ce³⁺) has a 

4f-configuration of the ground state and a lower excited 5d-state with an energy of 

5.9 eV [37]. Analysis of the photoluminescent properties of CeO₂ suggests the 

presence of cerium ions in different valence states. The PL spectrum of CeO₂ NPs 

exhibits emission at 542 nm (2.287 eV), 548 nm (2.263 eV), 553 nm (2.242 eV), 

562 nm (2.206 eV), and a very weak band at 664 nm (1.867 eV) in the red region. 

It is worth noting that although both Er³⁺ and Ce³⁺ ions can be excited with the 

same 532 nm wavelength, their emission maxima appear at slightly different 

positions (547 nm for Er³⁺ and 542 nm for Ce³⁺). This shift originates from the 

different nature of the transitions: Er³⁺ emissions arise from intra-4f transitions, 

weakly affected by the crystal field, whereas Ce³⁺ emissions involve 4f–5d 

transitions that are strongly dependent on the host lattice and oxygen vacancy 

states. It’s well known that, in the cubic structure of CeO₂, the oxygen ions are not 

closely packed, which leads to the formation of many oxygen vacancies. CeO₂ 

contains some percentage of Ce³⁺, which is present at the grain boundaries. The 
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presence of Ce³⁺ acts as the hole trap, and oxygen vacancies act as the electron 

traps. The luminescence band at 664 nm appear due to of Ce⁴⁺ sublattice cation 

defects, such as vacancies or interstitial atoms [38].  

For Er:Ce:O nanoparticles, the emissive intensity at 2.266 eV and  

2.214 eV transitions-associated with Er³⁺ ions-varies with Er concentration. 

This suggests that the doping level of Er³⁺ can influence both the electronic 

structure and luminescent properties of the CeO₂ matrix. Understanding how 

oxygen non-stoichiometry changes with Er³⁺ doping can help control the 

properties of CeO₂ nanoparticles, thereby optimizing them for specific 

applications. 

3.5. ANTIMICROBIAL ACTIVITY 

The antimicrobial potentiality of the above mentioned Rae Earths NPs were 

determined by standard agar disc diffusion technique and minimal inhibitory 

concentration (MIC) in accordance with the Clinical and Laboratory Standards 

Institute (CLSI, 2015) against the tested microorganisms. The NPs were evaluated 

for photodynamic antimicrobial chemotherapy against S. aureus and E. coli. The 

concentrations of NPs were optimized for each of the microorganisms wherein 150 

mg of the of CeO2 or ErO2, or 1.0 Er2O3: 1.0 CeO2   NPs was applied for S. aureus 

and 100 mg was applied for E. coli. Log reductions (LR) were used for the 

quantification of viable microorganisms [39]. The LR = log (number of organisms 

per carrier before exposure) – log (number of organisms per carrier after exposure). 

The calculated log reductions for the CeO2, ErO2, and 1.0 Er2O3 : 1.0 CeO2   NPs 

are listed in Table 3. 

Table 3 

Antibacterial activity of nanoparticles 

Samples 
Log reduction 

S. aureus E. coli 

CeO2 NPs 8.70 7.35 

Er2O3 NPs 7.38 6.86 

1.0 Er2O3 : 1.0 CeO2 NPs 8.90 8.10 

This study demonstrates how Er³⁺ doping influences the structural and 

luminescent properties of CeO₂ nanoparticles. These effects are directly linked to 

their antimicrobial performance, as demonstrated by photodynamic antimi- 

crobial tests against S. aureus and E. coli. Notably, the 1.0 Er₂O₃ : 1.0 CeO₂ 

nanoparticles exhibited the highest antimicrobial activity, indicating that tuning 

the Er³⁺ content can optimize the nanoparticles for photodynamic antimicrobial 

applications. 

https://pmc.ncbi.nlm.nih.gov/articles/PMC7714981/#b0050
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4. CONCLUSIONS 

Er₂O3 NPs can be used as a dopant in the production of various optic fibers 

and laser material or can be dispersed in glass or plastic for display purposes. Also, 

CeO₂ NPs are promising for various applications, particularly in catalysis, 

photonics and biomedical fields, due to their unique electronic structure and the 

formation of oxygen vacancies. This investigation, into how the doping of Er³⁺ 

influences the overall non-stoichiometry of CeO₂ nanoparticles at excitation with 

532 nm green laser at room temperature, is essential for tailoring their properties 

for practical uses. 
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