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This study investigates the synthesis, characterisation and photocatalytic performance of TiO2 nanoparticles without doping and after doping 

with samarium and neodymium. Two synthesis methods, hydrothermal and sol-gel were employed, using titanium tetraisopropoxide 

(TTIP) as precursor. The TiO2 nanoparticles obtained were in anatase form using the TTIP precursor. The characterisation techniques, 

including X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR) and UV-Vis 

spectroscopy, provided insight into particle size, morphology, crystalline structure and photocatalytic properties. The photocatalytic 

efficacy was assessed by methylene blue degradation under visible light irradiation. The study reveals distinct doping effects, where Sm 

and Nd shift TiO2 absorption edge to the UV region. SEM analysis showed uniform particle distribution with varied morphology 

depending on synthesis method and the dopants added. XRD data confirmed lattice incorporation of dopants without phase separation. 

FTIR spectra showed functional groups consistent with rare earth metal-doped TiO2. Particle sizes, calculated by Scherrer’s equation, 

were generally under 50 nm, with sol-gel and hydrothermal methods affecting crystallinity and agglomeration. This research also 

underscores the effects of doping for altering the photocatalytic mechanisms and opens avenues for further study into TiO2-based 

photocatalysts in environmental and industrial applications. 
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INTRODUCTION 

 Titanium dioxide (TiO2) is a stable, non-toxic, low-cost, 

corrosion resistant and a photocatalytic compound. Owing to 

this, TiO2 finds applications in distinct areas like photovoltaic 

cells, gas sensors, cosmetics, water purification, etc. [1,2]. More-

over, it also demonstrates significant optical features that 

amplify its functional significance [3]. Various synthesis appr-

oaches have been established to produce TiO2 at the nanoscale, 

with hydrothermal and sol-gel processes being the most often 

utilized due to their simplicity and good regulation of particle 

properties [2]. Both methods offer control over the particle 

size, morphology and crystallinity of TiO2, which are the essen-

tial factors for its applications in areas like solar cells, sensors 

and photocatalysis. The hydrothermal and sol-gel processes 

are both very efficient for synthesizing TiO2 nanoparticles, with 

the selection of methodology being contingent upon the inten-
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ded use and the requisite physico-chemical characteristics. 

Each approach provides distinct benefits regarding particle 

size regulation, crystallinity and shape; however, they also 

exhibit particular constraints, rendering method selection a 

crucial element in customizing TiO2 nanomaterials [4,5]. More-

over, the hydrothermal results in highly crystalline structure 

and controlled morphology, while sol-gel is preferred for 

producing films or coating materials. 

 TiO2 nanoparticles exhibit significant absorbance of UV 

spectrum from solar radiation, in contrast to visible light.  

To address this deficiency, researchers are endeavoring to create 

an improved variant of TiO2 nanoparticles for application as 

a photocatalyst under visible light [6-9]. There are several 

ways being reported in the literature for enhancing the 

photoactivity of TiO2; one among them is doping with either 

the metals or the non-metals [10-12]. Some findings have 

even reported that TiO2 particles doped with transition metals 
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show better performance towards the absorbance of the visible 

light [13-18]. 

 In the present work, the hydrothermal and sol-gel methods 

were employed to synthesize TiO2 nanoparticles. Analytical 

techniques including FTIR, SEM, XRD and UV-Vis spectro-

scopy, were employed to comprehensively characterize and 

compare the nanoparticles obtained from each method in terms 

of their structural, morphological and optical properties. Further-

more, the photocatalytic efficacy of TiO2 was improved by 

doping it with rare-earth metals, specifically samarium (Sm) 

and neodymium (Nd), and the resulting changes in material 

properties were examined [19]. 

EXPERIMENTAL 

 All chemicals employed in this study were of analytical 

grade and were used as received without any further purifica-

tion. Glacial acetic acid (99.85% purity) was procured from 

RFCL Ltd., India, while titanium tetraisopropoxide (TTIP, 

97% purity), neodymium oxide and samarium oxide was 

obtained from Sigma-Aldrich, USA. Sodium hydroxide pellets 

were sourced from Thermo-Fisher Scientific India Pvt. Ltd., 

India. 

 Hydrothermal method: In this case, TiO2 colloidal 

solution was prepared by mixing 1 M of TTIP (15.26 mL of 

TTIP in 50 mL of distilled water) with 4 M of acetic acid 

(11.466 mL of acetic acid in 50 mL of distilled water) follo-

wed by the addition of 10 mL of distilled water and then the 

whole solution was stirred vigorously for 1 h. After an aging 

period of 24 h [20], 25 mL of this solution was transferred to 

stainless steel autoclave and placed in the oven at 180 ºC for 

12 h. Autoclave was then allowed to cool down to the room 

temperature. The solution was taken out from the autoclave 

for drying at 100 ºC in oven. Dried solid thus obtained was 

finally crushed to the powder form.  

 Sol-gel method: The remaining precursor solution prep-

ared for the hydrothermal method was used for the sol-gel 

method. After an aging period of 24 h, the solution was kept 

in the oven at 70 ºC to obtain colloidal solution. Afterwards, 

the solution was dried at 100 ºC and the crystals were crushed 

to fine powder. Finally, TiO2 nanoparticles were annealed at 

600 ºC for a period of 6 h.  

Doping with neodymium and samarium 

 Neodymium doped TiO2: In brief, TTIP (6.97 g) disso-

lved in 20 mL of distilled water was mixed with Nd2O3  

(0.0833 g dissolved in 20 mL of distilled water) solution at a 

concentration corresponding to the recommended doping range 

of 1-10% [21], corresponding to the recommended dopant 

concentration range of 1-10% followed by the addition of 4 M 

acetic acid solution and finally the resulting mixture was vig-

orously stirred for 1 h to ensure the homogeneous dispersion. 

This solution (25 mL) after going through the aging process 

of 24 h was transferred to the stainless-steel autoclave and 

placed in an oven at 180 ºC for 12 h. The solution was dried 

at 100 ºC to obtain TiO2 crystals, which was crushed into fine 

powder with mortar and pestle. The doped nanoparticles thus 

formed were stored in the airtight container for further use. 

 Samarium doped TiO2 nanoparticles: A solution was 

prepared by mixing TTIP (3.022 mL) in 10 mL distilled 

water. Separately, 0.035 g of Sm2O3 was dissolved in 10 mL 

distilled water solution and then both the solutions were 

mixed together. To this mixture, 4 M acetic acid solution was 

added and then the final liquid solution was stirred vigorously 

for 1 h and kept aside for aging for 24 h. Finally, 25 mL of 

this solution was transferred to the stainless-steel autoclave 

and placed in the oven at 180 ºC for 12 h. The solution was 

further dried at 100 ºC to obtain TiO2 nanoparticles and then 

crushed into fine powder prior to their storage.  

 Photocatalytic study: The photocatalytic performance 

of the synthesized nanoparticles was evaluated via the degra-

dation of methylene blue (MB) dye in aqueous solution [22]. 

For this purpose, 0.05 g of TiO2 nanopowder was dispersed 

in 50 mL of 20 ppm MB solution and used for the photo-

catalytic degradation study. The solution was kept under visible 

light and stirred continuously till the dye was degraded comp-

letely. The absorption spectrum of the clear solution was studied 

via UV-Vis spectrophotometer. 

RESULTS AND DISCUSSION 

 XRD studies: The X-ray powder diffraction patterns of the 

samples were recorded using CuK ( = 1.5406 Å) radiation 

at room temperature in the range of 20 to 80º in the 2 scale. 

Fig. 1 depicts the XRD patterns of the samples prepared by TTIP 

using two different methods i.e. hydrothermal and sol-gel 

methods. The sample obtained after sol-gel method was, further, 

annealed to determine the effect of heat treatment on the sample. 

Fig. 1 demonstrates clearly that anatase phase of the TiO2 nano-

particles was obtained which was confirmed from JCPDS card 

no. 21-1272 [23]. The strong peaks at 25º (2) for all the three 

samples of nanoparticles confirmed the anatase phase forma-

tion of nanoparticles. Another peak at 48º (2) and no spurious 

peaks in the diffraction pattern, further, supports the findings 

of the anatase structure of TiO2 particles [23-26]. Also, the 

peaks intensity revealed crystallinity of the nanoparticles and 

broadened peaks highlighted small sized crystals of the nano-

particles [23]. Further, anatase phase nanopowders had tetra-

gonal structure, which generally exhibits higher catalytic activity 

[27,28]. It was concluded that the hydrothermal method resul-

ted in the formation of larger particles than the sol-gel method. 

However, heat treatment of nanoparticles obtained from sol-

gel method resulted in the further growth of their size although 

the phase remained the same. In addition, the peak intensity of 

anatase phase was increased with the calcination temperature.  

 To improve the photocatalytic properties, hydrothermally 

synthesised TiO2 nanoparticles were doped with the rare earth 

metals (Sm and Nd). Fig. 2 exhibits XRD patterns of rare earth 

metals doped TiO2 nanoparticles that clearly depicts that no 

separate peaks were obtained after doping, which could be 

due to the fact that the doped metals were incorporated well 

in the lattice sites of TiO2. Further, peak intensity at 101 plane 

depicted slight decrease for the rare earth doped samples in 

comparison to the undoped sample. This decrease was attri-

buted to the presence of RE-O-Ti (RE = Sm or Nd) in the 

doped samples, which could have inhibited the growth of the 

crystal grains [29-31]. 



Vol. 38, No. 3 (2026)  Enhancing Undoped and Rare Earth-Doped TiO2 Photocatalytic Efficiency: Synthesis and Doping Insights 631 

 The size of the particles was calculated using Debye-

Scherrer’s equation presented below [23]: 

  
0.9

D
cos


=
 

 

where D = particle size (nm);  = FWHM (full width at half 

maximum);  = wavelength of X-ray (0.154 nm); and  = 

Bragg’s diffraction angle. Using Debye-Scherrer equation, 

particles size of all the synthesised undoped and doped TiO2 

nanoparticles was evaluated.  

 It was observed from Table-1 that the maximum size of 

the nanoparticles was quite less than 20 nm [10]. Further, the 

size of the nanoparticles formed by hydrothermal method is 

more than the sol-gel method. Upon heating the nanoparticles 

at 600 ºC prepared by the sol-gel method produced bigger 

particles of size 15.28 nm in contrast to 4.48 nm of nano-

particles without heat treatment which might be due to the 

sintering effect [13,25]. It is already reported [13,14,32] that 

doping with rare-earth metals such as Sm and Nd is expected 

to interfere with the crystal growth, leading to a slight reduc-

tion in nanoparticle size, which is found consistent with the 

present results.  

 SEM studies: The morphological structure of different 

nanoparticles of TiO2 prepared by various methods has been 

exhibited in Figs. 3 and 4. The overall morphology of the 

samples showed uniform thickness and good homogeneity 

with smooth interface having perfect regular shape. The round 

shaped particles structure further confirms the anatase form  

TABLE-1 

PARTICLE SIZE OF TiO2 NANOPARTICLES CALCULATED 

USING SCHERRER’s EQUATION FOR VARIOUS 

SYNTHETIC METHODS AND ITS DOPED SAMPLES 

Sample  2 FWHM 
Crystal 

size (nm) 

TiO2 (TTIP) hydrothermal 25.2920 0.78130 10.4 

TiO2 sol-gel 25.1720 1.82050 4.5 

TiO2 sol-gel annealed 25.3594 0.53318 15.3 

Sm-doped TiO2 25.3700 0.88100 9.3 

Nd-doped TiO2 25.3200 0.84200 9.7 

 
[26]. SEM analysis revealed that the particles were uniformly 

distributed with partial agglomeration, while no evidence of 

contamination was observed in the samples [18]. 

 FTIR spectral studies: Fig. 5 shows the FTIR spectrum 

of undoped TiO2 nanoparticles, in which a broad absorption 

band observed in the range of 3440-3400 cm–1 corresponds to 

–OH stretching vibrations present in all samples [32-34]. The 

band at 2926 cm–1 is attributed to Ti–O stretching vibrations, 

while the strong absorption band around 700 cm–1 is charac-

teristic of Ti–O stretching and Ti–O–Ti bridging modes [35]. 

The peaks present in all the four samples near 1630 cm–1 

could be due to the bending vibrations of adsorbed H2O mole-

cules [32,36,37]. Furthermore, the peaks at 1412 cm–1, 1422 

cm–1, 1384 cm–1 present in TiO2 hydrothermal, TiO2 sol-gel 

and TiO2 sol-gel annealed samples, respectively, were due to 

Ti-O-Ti. The characteristic vibrations present between 600  

 

Fig. 1. XRD patterns of hydrothermal (a) sol-gel (b) and thermally treated TiO2 nanoparticles synthesised using TTIP 

 

 

Fig. 2. XRD patterns of Sm and Nd-doped TiO2 nanoparticles 
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Fig. 3. SEM images of TiO2 nanoparticles synthesised hydrothermally with TTIP precursor 

 

 

Fig. 4. SEM images of TiO2 nanoparticles synthesised by sol-gel method after annealing 

 

 

Fig. 5. FTIR spectra of hydrothermal (a), sol-gel (b) synthesised and thermal (c) treated undoped TiO2 nanoparticles 
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and 800 cm–1 are due to the inorganic Ti-O stretching [35]. 

The bands of Ti-O confirmed the formation of TiO2 nano-

particles. After the heat treatment of the sample, the water 

adsorption on sample surface decreased as depicted in the 

FTIR spectrum of the annealed sample. 

 Fig. 6 presents the FTIR spectra of the samples i.e. rare 

earth metals (Nd and Sm) doped TiO2. In all the samples, the 

vibration due to –OH stretching was present near 3400 cm–1 

[33,34]. The bending due to adsorption of water was observed 

at 1627 cm–1, 1637 cm–1 and 1627 cm–1, respectively, in the 

FTIR spectrum of the metal doped nanoparticles [36,37]. Small 

bands present at 1431 cm–1 and 1422 cm–1 indicated the Ti-O 

vibrations, stated elsewhere [35]. 

 UV-Vis spectral studies: The UV-Vis spectrum of nano-

particles prepared by hydrothermal and sol-gel methods are 

presented in Fig. 7. Anatase phase depicted absorption band 

near 350 nm, which originated primarily from the absorption 

and scattering of UV radiation by TiO2 nanoparticles [38,39]. 

There was an absorption band near 350 nm for the nano-

particles prepared hydrothermally indicative of anatase form 

of nanoparticles [25]. The absorption was comparatively low 

among the nanoparticles produced in the sol-gel method 

though it increased considerably after the heat treatment. 

After the heat treatment at 600 ºC, the absorption band was 

shifted towards the visible region and was present near 400 

nm. This suggests that the hydroxyl groups were removed after 

the heat treatment resulting in better performance in the UV 

and visible regions. 

 Fig. 8 indicates that upon doping with Nd and Sm, the 

absorption edge shifted toward the UV region, with the doped 

nanoparticles exhibiting absorption edges near 320 nm and 

300 nm, respectively. This shift suggests that doping with 

both rare-earth metals exerted a negative effect by moving 

the absorption edge further into the UV region.  

 Degradation studies: The photocatalytic property of the 

undoped and rare earth doped TiO2 nanoparticles was pre-

dicted through its ability towards degradation of methylene 

blue (MB) dye. The experiments were conducted with all the 

samples of nanoparticles which showed different time scale 

for the degradation of MB dye from its aqueous solution. Nd 

doped TiO2 showed similar performance towards the degra-

dation of the dye molecules as presented in Fig. 9. The dye 

was completely degraded after 12 min of addition of TiO2 

nanoparticles to the MB dye solution. The dye samples were 

taken at different time intervals and the initial dye solution 

was taken as reference sample. As a result, a progressive decre- 

 

 

Fig. 6. FTIR spectra of Sm and Nd-doped TiO2 nanoparticles 

 

 

Fig. 7. UV-Vis spectra of hydrothermal (a) and sol-gel (b) synthesised TiO2 nanoparticles with thermal treatment (c) 
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Fig. 9. UV-Vis spectra of methylene blue degradation using Nd-doped 

TiO2 nanoparticles at different interval of times 

 

ase in absorbance at around 668 nm, corresponding to MB dye 

degradation, was observed. This decline became more pro-

nounced with increasing irradiation time, ultimately indica-

ting near-complete degradation of the dye. The final solution 

did not appear clear or transparent, likely due to the formation 

of a colloidal suspension of TiO2 nanoparticles in water. 

 Similar behaviour was observed for the Sm-doped sample, 

as shown in Fig. 10, where TiO2 nanoparticles doped with Sm 

facilitated rapid degradation of methylene blue dye within 10 

min. A distinct decrease in absorbance near 670 nm was 

recorded, confirming the degradation of the dye molecules.  

 

 
Fig. 10. UV-Vis spectra of methylene blue degradation using Sm-doped 

TiO2 nanoparticles at different interval of times 

 The synthesised undoped TiO2 nanoparticles demons-
trated the exceptional photocatalytic efficiency, achieving 
complete degradation of methylene blue (MB) dye within 

approximately 12 min under visible light irradiation. This rapid 
degradation rate is notably superior to those reported in recent 
studies. For instance, a study on brookite-rutile TiO2 comp-
osites reported complete MB degradation after 3 h under UV 

light and 36 h under visible light [40]. Another investigation 
involving Ag-doped TiO2 achieved 80% MB degradation 
after 12 h of visible light exposure [41]. Contrary to expecta-
tions, doping TiO2 with samarium (Sm) and europium (Eu) 
resulted in reduced photocatalytic performance [42]. This 

decline can be attributed to several factors like (i) formation 
of recombination centers as the incorporation of Sm3+ and 
Nd3+ ions may introduce defect sites within the TiO2 lattice, 
acting as recombination centers for photo-generated electron-

hole pairs, thereby diminishing the availability of charge 
carriers essential for photocatalytic reactions; (ii) alteration of 
electronic structure when rare-earth doping created the loca-
lised energy states within the TiO2 band gap. While this modi-
fication has the potential to enhance visible light absorption, 

which may also facilitate non-radiative recombination pro-
cesses, adversely impacting the photocatalytic efficiency and 
finally (iii) impact of the crystallinity and surface area, where 
the doping process can affect the crystallinity and surface 

morphology of TiO2 nanoparticles. 

Conclusion 

 This study demonstrates that undoped TiO2 nanoparticles, 
synthesised via hydrothermal and sol-gel methods, exhibit 
rapid and efficient photocatalytic degradation of methylene 
blue dye under visible light irradiation, achieving complete 
degradation within approximately 12 min. When commer-
cially available TiO2 powder is used as the precursor, rutile-
phase TiO2 nanoparticles are typically obtained, as reported in 
previous studies, whereas the use of titanium tetraisopropo-
xide (TTIP) as the precursor preferentially leads to the forma-
tion of anatase-phase TiO2 nanoparticles. Furthermore, nano-
TiO2 was doped with samarium and neodymium to prepare 
three different compositions with the aim to test their photo-
catalytic ability in the visible region. However, doping with 
Nd and Sm with did not enhance as in some cases diminished 
the photocatalytic performance. The photocatalytic activities 
of Nd and Sm doped TiO2 nanoparticles show very small 
changes in MB dye degradation rates under solar irradiation. 
This suggests that the introduction of these rare-earth dopants 
may create recombination centers or alter the electronic 
structure in ways detrimental to the photocatalysis.  

 

Fig. 8. UV-Vis spectra of Nd and Sm-doped TiO2 nanoparticles, highlighting the shifts in absorption edge towards the UV region 
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