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Cerium oxide nanoparticles were biosynthesized using alcoholic extract of Aloe vera at different concentrations. 

The nanoparticles were characterized by X-ray diffraction, Raman spectroscopy, photoluminescence, UV-vis 

spectroscopy, FTIR spectroscopy and high-resolution transmission electron microscopy (HRTEM). The average 

crystallite sizes estimated using the Scherrer equation were 6.56, 8.00, 9.82, 8.75, 7.93, and 6.70 nm for Aloe 

vera extract masses of 10, 20, 30, 40, and 50 g in 100 mL of alcohol, respectively. The average particle size 

measured by HRTEM for CeO₂ nanoparticles synthesized with 30 g of extract was 5.87 nm. The increase in 

extract concentration was associated with a reduction in the estimated optical band gap, despite quantum 

confinement. 

1. Introduction 

Due to their simplicity, environmental friendliness, and rapidity, green synthesis methods are gaining increasing 

popularity in the scientific community, employing plants, microorganisms, and related biological resources. From 

plants, leaves, roots, fruits, and stems can be used, whose phytoconstituents act as stabilizing, reducing, and 

coating agents (Charbgoo et al., 2017). These constituents effectively control nanoparticle growth because they 

contain bioactive compounds that coat them, preventing agglomeration. Aloe vera exhibits a significant 

presence of phenolic compounds (Maan et al., 2018), which are rich in OH groups that donate electrons 

contributing to the reducing activity of the organic material (Ahmad et al., 2024). Cerium is the first element in 

the lanthanide series on the periodic table and is the most abundant among them (Iqbal et al., 2021). It has one 

electron in the 4f orbital in its ground state configuration (Xe 4f¹ 5d¹ 6s²) (Reed et al., 2014). The 4f orbitals of 

rare-earth metals are well shielded by 5p and 4d electrons, which gives them interesting catalytic properties 

(Bouzigues et al., 2011). Unlike most rare-earth metals, cerium can exist in +3 and +4 oxidation states (Dahle 

et al., 2015). When combined with oxygen, it forms cerium oxide (CeO₂), a semiconductor that in bulk form 

exhibits a band gap of 3.19 eV (Miri et al., 2019), a Bohr radius between 7 and 9 nm (Pisal et al., 2019), and 

can exist as CeO₂(Ce4+) and Ce₂O₃(Ce3+), adopting a face-centered cubic (fcc) structure with a lattice parameter 

of 0.51 nm (Reed et al., 2014). At the nanoscale, cerium oxide exhibits an increase in Ce³⁺ concentration as 

particle size decreases, generating oxygen vacancies (Tsunekawa et al., 1999). 

From this perspective, CeO₂ nanoparticles were biosynthesized and characterized using alcoholic extracts of 

fresh Aloe vera leaves at different concentrations. 

2. Materials and Methods 

2.1 Materials and Reagents 

Ce(NO₃)₃·6H₂O from Sigma-Aldrich (99%), commercially available 96° alcohol, Whatman No. 2 filter paper, and 

fresh Aloe vera leaves, collected from the inner garden of the Universidad Nacional de Trujillo, Peru, were used. 
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2.2 Preparation of Alcoholic Aloe vera Pulp Extract 

Fresh Aloe vera leaves were thoroughly washed with water to clean the surface and were cut transversely in 

half, the spines were removed. They were then soaked in 4 L of water for three days, replacing the water on the 

second day. Subsequently, different mass of pulp (10, 20, 30, 40, and 50 g) was placed in flasks with 100 mL 

of 96° alcohol at room temperature for 24 h. Then, the mixture was filtered using Whatman No. 2 filter paper. 

2.3 Synthesis of Cerium Oxide Nanoparticles 

A mass of 1.0965 g (0.05 mol/L) of Ce(NO₃)₃·6H₂O was dissolved in 50 mL of the alcoholic extract of fresh Aloe 

vera leaves at room temperature under stirring in a flask for 15 min. The solution was then refluxed at 150 °C 

for 6 h under continuous stirring. After cooling, the solution was centrifuged for 15 min at 4000rpm. The 

supernatant was evaporated on a hot plate at 180 °C for 1 h. The remaining material was thermally treated in 

an open crucible in a muffle furnace at 350 °C for 1 h. The final product was ground using an agate mortar and 

stored for characterization. 

2.4 Characterization 

Biosynthesized CeO₂ nanoparticles were characterized by X-ray diffraction (XRD; Rigaku, MiniFlex 600, 

working at 40kV and 15mA), the range 2θ (20-80°) was scanned at rate of 2°/min and step 0.02°, UV–vis 

spectroscopy (Perkin Elmer, Lambda 750), Raman spectroscopy (WITec, Alpha 300R, equipped with a laser of 

532 nm), photoluminescence spectroscopy (Perkin Elmer, LS 55, with an excitation wavelength of 290nm), 

transmission electron microscopy (TEM; Talos F200i), and FTIR spectroscopy (Perkin Elmer, Spectrum Two). 

3. Results and Discussion 

To evaluate the reproducibility of the synthesis of CeO₂ nanoparticles, duplicates of the samples were made 

using 10 and 20 g of Aloe vera, obtaining consistent results in both cases. The XRD patterns (Figure 1a) 

exhibited diffraction peaks corresponding to the fcc structure of CeO₂ (Card N° 9009008) with space group 

𝐹𝑚3̅𝑚 (Wang and Feng, 2003). From the most intense peak corresponding to the (111) plane, the average 

crystallite size (D) was estimated using the Equation 1 (Iqbal et al., 2021), where λ is the X-ray wavelength 

(1.5406 Å for CuKα radiation), k is the Scherrer constant (0.89 for spherical particles), β is the full width at half 

maximum, and θ is the Bragg angle. The interplanar spacing was determined using Equation 2 (Maqbool et al., 

2016), and the lattice parameter was calculated using Equation 3 (Gunasekaran et al., 2019). The unit cell 

volume was obtained from the corresponding relation V=a3. The dislocation density (δ) was also calculated 

using Equation 4, and the crystalline strain (ε) was determined from Equation 5 (Valle-Rivera et al., 2025). The 

results are summarized in Table 1.  

Raman spectroscopy was employed to study the vibrational modes, of biosynthesized CeO₂ nanoparticles, at 

room temperature in the range of 400–1100 cm⁻¹ (Figure 1b). A first-order Raman band (F₂g) was observed at 

459.7 cm⁻¹, attributed to the symmetric stretching of eight oxygen atoms surrounding Ce⁴⁺ ions (O–Ce–O), 

characteristic of the cubic fluorite structure (Dutta et al., 2016). Two weak Raman peaks around 600 and 1050 

cm⁻¹ were also detected and attributed to second-order Raman scattering associated with the phonon mode 

ωTO(X) + LA(X). Their presence has been related to Ce³⁺ ions and oxygen vacancies in CeO₂ (Vasudevan et 

al., 2023), which may arise from particle size reduction (Schilling et al., 2017). The average nanoparticle size 

(DR) was also estimated from Raman line broadening using Equation 6 (Arumugam et al., 2015). 

𝐷 =
𝑘𝜆

𝛽 𝑐𝑜𝑠𝜃
                                                         (1) 

𝑑 =
𝜆

2 𝑠𝑒𝑛𝜃
                                                          (2) 

𝑎 = 𝑑  √ℎ2 + 𝑘2 + 𝑙2                                        (3) 

𝛿 =
1

𝐷2                                                        (4) 

𝜀 =
𝛽

4𝑡𝑎𝑛𝜃
                                                 (5) 

Γ(𝑐𝑚−1) = 10 +
137.4

𝐷𝑅
                          (6) 

Munirathnam et al. (2025) reported the green synthesis of Eu³⁺ (1–11 mol%) doped CeO₂ nanoparticles using 

an Aloe vera-mediated combustion method. They observed that increasing the dopant concentration reduced 

the crystallite size (from 23.50 to 17.08 nm), with an increase in dislocation density and crystal strain. This trend 

agrees with the results presented in Table 1, although the values obtained in that study were lower, which is 

attributed to the smaller crystallite sizes achieved in the present work. For syntheses performed with 10 and 20 

g of Aloe vera, an increase in crystallite size was observed; however, the size decreased for higher 

concentrations. This behavior can be explained by considering that the biomolecules present in the plant extract 

act as growth agents, promoting nucleation and subsequent crystallite development, leading to a larger final 

size similar to that reported by Umar et al. (2022). Alternatively, when these biomolecules function as stabilizers, 

they limit nucleation, generating a high density of small nuclei with little development (Thanh et al., 2014). The 
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obtained lattice parameter (~0.543 nm) is larger than that reported by Reed et al. (2014) (0.51 nm), but slightly 

smaller than the value reported by Pisal et al. (2019) (0.5468 nm), where the latter explains that large lattice 

parameters are associated with oxygen vacancies and the presence of Ce³⁺ on the surface of the nanoparticles, 

since Ce³⁺ has a larger ionic radius than Ce⁴⁺, which leads to an expansion of the lattice. 

 

 

Figure 1: (a) XRD patterns, (b) Raman spectra, (c) photoluminescence spectra, and (d) FTIR spectra of CeO₂ 
nanoparticles. 

Room-temperature photoluminescence spectra show similar features in the range of 325–550 nm. Figure 1c 

presents the spectrum for the 30 g sample, which consists of six emission bands: a UV band at 384 nm attributed 

to band-to-band recombination involving localized or free excitons; a violet emission at 409 nm (3.03 eV) 

originating from defect states between the Ce 4f level and the O 2p valence band; two strong blue emissions at 

424 nm (2.93 eV) and 439 nm (2.83 eV) related to abundant defects such as dislocations that facilitate rapid 

oxygen transport; a weak blue–green band at 487 nm (2.55 eV) associated with surface defects (Arumugam et 

al., 2015); and a green emission at 533 nm (2.33 eV) also attributed to surface defects (Maensiri et al., 2014). 

The low emission intensity may be due to a low density of oxygen vacancies between the Ce 4f level and the O 

2p valence band (Vasudevan, 2023). The FTIR spectra of the nanoparticles in the 500–4000 cm⁻¹ range are 

shown in Figure 1d. Ce-O stretching vibrations were observed around 471 cm⁻¹, confirming the formation of fcc 

CeO₂ nanoparticles (Ghanbary and Jafarnejad, 2017). The bands at 3525 and 1630 cm⁻¹ correspond to O-H 

stretching and bending vibrations of water molecules (Iqbal et al., 2021), which arise from the phenolic 

compounds present in the Aloe vera extract, indicating that the functional groups of the extract are attached to 

the surface of the nanoparticles. A band around 1504 cm⁻¹ is attributed to C=O stretching vibrations 

(Gunasekaran et al., 2019). CeO₂ is a direct band semiconductor. The relationship between the absorption 

coefficients α and the incident photon energy hν can be expressed by Equation 7 (Gunasekaran et al., 2019), 

where Eg denotes the band gap energy and A is a constant related to the band properties. For an allowed direct 

transition, n = 1/2. The optical band gap was estimated using the Tauc plot method. Figure 2a shows the UV-

Vis absorption spectra of the CeO₂ nanoparticles, which exhibit absorption peaks in the 300–400 nm range 

associated with the Ce⁴⁺ states and the yellow color of the nanoparticles (Dutta et al., 2016). These peaks 

correspond to the photoexcitation of electrons from the valence band to the conduction band, and the absorption 

edges below 400 nm are related to charge transfer from O₂ to Ce₂ states (Gunasekaran et al., 2019). While 

quantum confinement generally increases the band gap, very small CeO₂ nanoparticles exhibit higher 

concentrations of Ce³⁺ associated with oxygen vacancies (Thill et al., 2020), resulting in a redshift of the band 

gap (Choudhury and Choudhury, 2011). Both behaviors are observed in Figure 2b. 

𝛼ℎ𝜈 = 𝐴 (ℎ𝜈 − 𝐸𝑔)𝑛                                                                                                                                                                                (7) 

a) b) 

c) 
d) 
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HRTEM images (Figure 2c) of CeO₂ nanoparticles synthesized with 30 g of Aloe vera show predominantly 

irregular morphologies, with some spherical particles averaging 5.87 nm in size, similar to the crystallite size 

obtained from XRD patterns, confirming their single crystal nature, and a strong tendency to agglomerate 

(Munirathnam et al., 2023). The SAED pattern (Figure 2d) is consistent with the XRD results, confirming the 

cubic fluorite phase and the nanocrystalline nature of the particles. 

Table 1: Structural parameters obtained from XRD patterns and estimated nanoparticle size from Raman 

spectra. 

Mass (g) 𝐷(nm) d (Å) 𝑎 (nm) 𝑉(Å3) 
𝛿 × 1015 

(lines/m2) 
ε 𝐷𝑅(𝑛𝑚) 

10 8.00 3.14 0.544 161 15.6 0.8843 7.29 

20 9.82 3.13 0.543 160 10.4 0.7057 9.91 

30 8.75 3.14 0.543 160 13.1 0.8075 9.76 

40 7.93 3.14 0.543 160 15.9 0.9579 10.11 

50 6.70 3.14 0.543 160 22.3 1.095 9.56 

  

Figure 2: (a) UV–Vis absorbance spectra, (b) Tauc plot, (c) TEM image (scale: 5 nm), and (d) selected area 

electron diffraction (SAED) pattern (scale: 2.00 1/nm) of CeO₂ nanoparticles. 

Charbgoo et al. (2017) stated that several green synthesis methods yielded CeO₂ nanoparticles smaller than 

10 nm, which agrees with the crystallite and nanoparticle size estimates obtained from equations (1) and (6) 

and confirmed by HRTEM. In this work, a redshift of the band gap was observed, despite quantum confinement, 

attributed to the presence of Ce³⁺ species (evidenced by Raman spectroscopy) and oxygen vacancies (identified 

by photoluminescence) (Munirathnam et al., 2025b). It has been systematically reported that the band gap tends 

to decrease in the presence of structural defects (Gunasekaran et al., 2019c) and heteroatomic dopants 

(Munirathnam et al., 2023b). Furthermore, Iqbal et al. (2021) synthesized CeO₂ nanoparticles using different 

plant extracts and observed, in all cases, a smaller bandwidth than expected. Similarly, Avila et al. (2024) 

reported a progressive decrease in bandwidth in ZnO nanoparticles obtained with Annona muricata extract, 

correlated with increasing extract concentration. Nadeem et al. (2020) proposed that low band energy potential 

in CeO₂ nanoparticles could be exploited in the design of sterile surfaces for hospital and laboratory 

environments, contributing to the mitigation of nosocomial infections. In this context, further investigation of the 

a) b) 

c)  d) 
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influence of plant extract concentration on the particle size and band gap of CeO₂ nanoparticles is suggested. 

Furthermore, it should be noted that the study analyzed here has a methodological limitation: the lack of an 

analytical technique to quantify the secondary metabolites present in the alcoholic extract of Aloe vera, whose 

characterization could provide crucial information for correlating the phytochemical composition with the 

electronic and structural properties of the nanoparticles. This work introduces an alcoholic extract that allows 

for obtaining secondary metabolites different from those in aqueous extracts and can influence the nucleation, 

growth, and properties of the nanoparticles. In addition, the concentration range evaluated (10 to 50 g of Aloe 

vera in 100 mL of 96° alcohol) allows for the observation of new or complementary trends. 

4. Conclusions 

Nanoparticles of CeO₂ have been synthesized using fresh Aloe vera leaf extract and X-ray diffraction and 

Raman spectroscopy confirmed that they crystallize in a face-centered cubic phase for all extract 

concentrations. No direct correlation between extract concentration and crystallite size was observed. Raman 

analysis also confirmed the presence of Ce³⁺ ions and oxygen vacancies, while FTIR spectroscopy revealed 

residual organic compounds from the extract on the nanoparticle surface. HRTEM analysis showed an average 

particle size of 5.87 nm for nanoparticles synthesized with 30 g of Aloe vera extract. An increase in extract 

concentration led to a decrease in the optical band gap, despite the presence of quantum confinement. Most 

previous studies used aqueous extracts of Aloe vera. The developed method is simple, cost-effective, and 

environmentally friendly. 
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