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Abstract 

Lanthanide ions  (La3+, Nd3+, Sm3+, Eu3+, Gd3+, and Yb3+)- doped TiO2 nanoparticles were 

successfully synthesized by sol-gel method to enhance the photocatalytic activity of the 

developed materials. The structural features of TiO2 and lanthanide ions–doped TiO2 fired at 

550ºC were investigated by XRD, UV-diffuse reflectance, and nitrogen adsorption 

measurements. The effect of lanthanide ions-doped TiO2 on the photoactivity was evaluated 

by the degradation of direct blue dye (DB 53) as a probe reaction. Our findings indicated that 

XRD data verified the formation of typical characteristic anatase reflections without any 

separate dopant-related peaks in all the prepared lanthanide ion-doped TiO2 nanoparticles. 

The particle size of lanthanide ions-doped TiO2 nanoparticles was smaller than pure TiO2 

indicating the improvement of its surface morphology. The results indicated that Gd3+-TiO2 

has the lowest bandgap and particle size and the highest surface area and pore volume (Vp) as 

well. The photocatalytic behavior of lanthanide ions-doped TiO2 was tested for oxidation of 

DB 53 in the presence of UV light at λ = 365 nm. It was found that Gd3+-TiO2 is the most 

effective catalyst in the photocatalytic activity studies. That might be due to its special 

characteristics of particle size, surface texture and bandgap properties. Our results should 

provide a significant contribution to the understanding of the chemistry of lanthanide ion-

doped TiO2 systems. Details of the synthesis procedure and results of the characterization 

studies of the produced lanthanide ions-TiO2 are presented in this paper.  

Introduction 

During the recent decades, the photocatalytic application using semiconductors 

has been received much attention to solve the environmental problems [1-4]. TiO2 

has turned out to be the semiconductor with the highest photocatalytic activity, being 

non-toxic, stable in aqueous solution and relatively inexpensive [5]. The 

photocatalytic property of TiO2 is due to its wide bandgap and long lifetime of photo 

generated holes and electrons. The high degree of recombination of the photo 

generated electrons and holes are a major limiting factor controlling its 
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photocatalytic efficiency and impeding the practical application of these techniques 

in the degradation of contaminants in water and air. Thus, a major challenge in 

heterogeneous photocatalysis is the need to increase the charge separation efficiency 

of the photocatalysts [6].  

Although TiO2 is the most widely used photocatalyst, attention has been paid to 

metal ions-doped titania and testing their efficiency to replace pure TiO2 and 

enhance the photocatalytic conversions. In order to decrease the bandgap of parent 

titania photocatalyst (Eg = 3.2 ev), slow down the recombination rate of the e-/h+ 

pairs and enhance interfacial charge-transfer efficiency, the properties of TiO2 have 

been modified by selective surface treatments such as surface chelation, surface 

derivatization, platinization, and by selective metal ions doping TiO2 [7]. Coupled 

semiconductor photocatalysts exhibited a very high photocatalytic activity for both 

gas and liquid phase reactions. Researchers had much interest in coupling two 

semiconductor particles with different bandgap widths such as TiO2-CdS, TiO2-

WO3, TiO2-SnO2 [8], TiO2 –MoO3 [9] TiO2-SiO2 [10] and TiO2–Fe2O3 [11,12].  

Lanthanide ions are known for their ability to form complexes with various 

Lewis bases e.g. acids, amines, aldehydes, alcohols, thiols, …..etc) in the interaction 

of these functional groups with the ƒ-orbitals of the lanthanides. Particularly,  RE-

modified TiO2 nanoparticles become of current importance for maximizing the 

efficiency of photocatalytic reactions, increase the stability of anatase phase and 

prevent the segregation of TiO2 [13-16]. Thus, incorporation of lanthanide ions into 

a TiO2 matrix could provide a means to concentrate on the organic pollutant at the 

semiconductor surface and consequently enhance the photoactivity of titania [16-

19]. It was reported in literature that the optimum level of RE-doping is 1-2% to 

hinder the crystal growth of titania during calcination [15]. Although doping of 

lanthanide ions into TiO2 attracted some attentions [20-25], such works are little so 

far.  

Investigating of the effect of the addition of lanthanide ions (1 wt%) doped TiO2 

is a crucial task for collecting more information about lanthanide ions-TiO2 systems 

and its impact on the catalytic activity for the photodegradation of DB 53. The 

primary deriving force in this work is to prepare lanthanide ions-doped TiO2 by sol-

gel method and study its impact on the structure, bandgap, surface texture of TiO2 

nanoparticles. Moreover, the removal of one of the organic pollutants (namely 

Direct Blue 53 dye) was investigated as a pattern of organic pollutant to evaluate the 

relative photocatalytic activity of the prepared photocatalyst samples.  
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Experimental 

Materials:  

Titanium isopropoxide, Ytterbium (III) nitrate tetrahydrate, Neodymium nitrate 

hexahydrate, Samarium nitrate hexahydrate, Europium acetate tetrahydrate, 

Gadolinium (III) oxide and Lanthanum nitrate hexahydrate were used as precursors 

in the sol-gel preparations. Distilled water was used and all other chemicals were 

analytical grade. Direct Blue 53 (DB53), (molecular formula = C34H24N6Na4O14S4, 

molecular weight = 960.81), Scheme 1, was used. 

The parent TiO2 and lanthanide ions-doped TiO2 nanoparticles were prepared by 

sol-gel technique. The sol corresponds to the overall molar ratio of Ti(C4H9O4) : 

C2H5OH : H2O : HNO3 = 1 : 20: 4: 0.001. Ti(C4H9O4) was first dissolved in ethanol 

medium to form titania sol; the lanthanide salts were dissolved into stoichiometric 

amount of water and nitric acid and then added drop wise into the titania sol through 

stirring for 30 minutes at room temperature. The prepared sol was left to stand for 

the formation of gel and dried at 120ºC. Finally, the obtained gel was calcined at 

550°C for 5 hrs to keep the lanthanide ions-TiO2 in the anatase phase that has high 

photoactive sites. The atomic ratio of Ti4+: lanthanide ions was kept as 99: 1 for all 

lanthanide ions -doped nanoparticles which still maintained a single anatase 

modification even at high temperature ≤ 900°C [14].  
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Methods:  

X-ray powder diffraction (XRD) patterns were taken at room temperature using a 

model Bruker axs, D8 Advance. Average crystallize size (D) of the obtained 

powders were calculated by x-ray line broadening technique performed on the 

direction of lattice using computer software based on the so-called Hall-equation-

Scherer’s formula D = 0.89λ/βcosθ [26], where D is the crystallite size, λ represents 

the x-ray wavelength, θ is the Bragg’s angle and β is the pure full width of the 

fraction line at half of the maximum capacity. The surface texture characteristics 

Scheme 1. Structure of Direct Blue 53 dye 
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obtained from nitrogen adsorption isotherms were measured at –196ºC using a 

conventional volumetric apparatus. The specific surface area was obtained using the 

BET method. The samples were thermally degassed at 300ºC prior to the adsorption 

measurements. The micropore volume and the external surface area were obtained 

from the t-plot. Bandgap (Eg) of the samples were determined by using JASCO (V 

570) software based on the so-called direct transition formula αhγ = constant ( hγ – 

Eg)n [27], where α is extinction coefficient [cm-1]; γ is wavenumber [cm-1]; h is the 

blank constant.   

The photodegradation experiments were carried out by dissolving pure DB53 

dye in nanopure water at the desired concentration (dye conc. = 100 ppm, pH ≈ 7; 

unless otherwise stated). The catalyst loading was 0.075 g/300 ml (unless otherwise 

stated) and appropriate quantities of the suspensions were then transferred to the 

cells used for irradiation experiments. Typically, the mixture (catalyst + dye) was 

stirred continuously for 30 min in dark prior to illumination with UV Lamp to 

ensure attaining complete adsorption and to monitor the change in dye concentration 

due to adsorption. The cell was exposed to the UV lamp (150 W) for 60 min at 25 

°C. In the continuous recirculation mode experiments, aliquots (5 ml) were retrieved 

from the reservoir at certain time intervals and analyzed after filtering through 

millipore filter (0.2 mm). The concentration of the unreacted DB 53 dye was 

analyzed with UV JASCO (V 570). The removal % of DB 53 dye was measured by 

applying the following equation. 

  100
)(

x
C

CC



 = %Removal   

Where Co and C are the initial concentration of DB 53 and its remaining 

concentration in solution after reaction.  

Results and Discussions  

Evaluation and characterization of synthesized material 

The crystalline phase of each parent TiO2 and lanthanide ions-doped TiO2 

nanoparticles prepared by sol-gel was determined by powder XRD and the phase 

changes are shown in Fig. 1. In parent titania and all lanthanide ions -doped TiO2 

photocatalysts, the figure presents a group of lines at 2θ values of 25.2, 37.5, 47.7, 

53.3, 54.7 and 62º which are attributed to anatase phase [PDF # 71-1169]. No 

diffraction peaks of lanthanide oxides in the patterns of lanthanide ions-TiO2 doped 

samples were observed. This is probably due to the low lanthanide ions doping 

content (ca.1%) and the data may also  imply  that,  the  lanthanide  oxides  are  well 
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nanoparticles  2TiO-and RE 2Fig.1. XRD patterns of parent TiO 

dispersed within the TiO2 phase. The XRD data revealed that all the studied 

lanthanide ions inhibit the phase transformation from anatase to rutile during 

calcinations even at high temperatures (ca. 550ºC) while in other works, the anatase 

phase started to convert into rutile before 500ºC [28]. The crystallite size, calculated 

from Scherrer equation (D) of pure TiO2 and lanthanide ions-doped  TiO2  is  listed  

in  Table 1.  The  X-ray diffraction peak of crystal plane (101) at 2θ = 25.2º was 
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selected to determine the D value. The crystallite size value is ranging from 20.3 to 

29.5 nm; the lanthanide ion-doped TiO2 is lower carystallite size than TiO2. This 

reduction in crystallite size is proposed due to segregation of the dopant cations at 

the grain boundary which inhibits the grain growth by restricting direct contact of 

grains [15]. The ionic radii of Ti4+ is much smaller than those of lanthanide ions (r 

for Ti4+ = 0.68 Å, whereas r for La3+, Nd3+, Sm3+, Eu3+, Gd3+ and Yb3+ = 1.032, 

0.983, 0.958, 0.947, 0.938 and 0.868 Å, respectively [29]. From forgoing data Ti4+ 

may substitute for lanthanide oxides in the lattice of rare earth oxides to form 

tetrahedral Ti sites. The interaction between the different tetrahedral Ti atoms or 

between the tetrahedral Ti and octahedral Ti inhibits the phase transformation to 

rutile [17]. 

 
 

Table   1:  Effect of type of lanthanides ions on Crystallite size, band gab and 

photoactivity of lanthanides oxides- doped TiO2 

 

Sample 
Crystallite size, 

nm 

Bandgap 

eV 
Photoactivity, % 

2TiO 29.5 3.5 86 

2TiO-La 22.1 3.35 89.9 

2TiO-Nd 22.6 3.48 86.4 

2TiO-Sm 21.9 3.45 87.3 

2TiO-Eu 23.4 3.34 90 

2TiO-Gd 20.3 3.27 91.5 

2TiO-Yb 28.9 3.36 89.8 

The bandgap plays a critical role in deciding the photocatalytic activity of 

photocatalysts for the reason that it participates in determining the e-/h+ 

recombination rate. It was estimated by the diffuse reflectance absorption spectrum 

and summarized in Table 1. It was clearly  seen that,  doping  with  lanthanides  ions 

has  a great advantage specifically in the decrease in bandgap of TiO2, which has a 

pronounced effect of the semiconduction properties of the prepared nanoparticles. It 

has been established that anatase crystallites of this size exhibit bulk physical 

properties when the particle diameters are larger than 5 nm [30,31]. The obtained 

nitrogen adsorption-desorption isotherms for the parent TiO2 and that of lanthanide 

ions-doped TiO2 samples are typical of type II of Brunauer’s classification with a 

small hystresis loop, the isotherm of Gd-TiO2, as an example, is shown in Fig 2. The 
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hystresis loop indicates that, the samples have porosity. The surface area, texture 

parameters calculated from the t-plot were estimated by the low-temperature 

nitrogen adsorption at relative pressures (P/P0) in the range of 0.05–0.9 and are 

given in Table 2. An increase in the adsorption capacity of the TiO2 was observed 

after introducing lanthanide ions. The surface area of Gd3+-TiO2 was changed from 

223 to 390 m2/g (≈ 75% increase of surface area compared to the parent TiO2). It is 

worth to mention that, the SBET values of the prepared photocatalysts are relatively 

higher than that of other analogues samples as mentioned in literature [32], Table 2. 

Furthermore, the total pore volume of lanthanide oxides-TiO2 was twice that of 

TiO2. Since the TiO2 (anatase) structure is not affected by doping with lanthanide 

ions as revealed by XRD, the increase of surface area and mesopore volume was 

observed for the lanthanide ions-doped TiO2. 

Further data assessment reveals that, the values of SBET and St are generally close 

in most samples indicating the presence of mesopores. The values of external 

surface area (Sext) of the samples are very small which verifies the porous nature of 

these solids. The values of Smeso are high compared to that of Smicro implying that the 

main surface is mesoporous solid as represented by the isotherm. The surface texture 

data will be correlated with the catalytic activity as will be mentioned later on.  

 

 
 

 

 

 

 

 

 

 

 

 

Fig. 2. Nitrogen adsorption-desorption isotherms of Gd-TiO2 
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Table 2. Textural parameters* of the lanthanides doped TiO2 nanoparticles 

Sample 
BETS 

/g)2(m 
tS 

/g)2(m 

 (mic)S

/g)2(m 

 (meso)S

/g)2(m 

 (ext)S

/g)2(m 
pV 

/g)3(cm 
(mic)V 

/g)3(cm 

 mes)(V

/g)3(cm 

r 

(Å) 

2TiO 223 363 21 201 23 0.193 0.184 0.009 21.67 

2TiO-La 349 360 63 285 34 0.392 0.313 0.079 28.14 

2TiO-Nd 312 244 24 287 12 0.224 0.194 0.029 17.97 

2TiO-Sm 341 368 80 260 24.1 0.413 0.352 0.060 30.28 

2TiO-Eu 367 368 66 300 36 0.406 0.321 0.085 27.71 

2TiO-Gd 390 416 81 308 30 0.425 0.35 0.071 27.27 

2TiO-Yb 331 337 57 273 26 0.355 0.297 0.058 26.87 

a 2TiO 173         

a 2TiO-Eu 176         

*(SBET) BET-Surface area, (St) surface area derived from Vl-t plots,(Smic) surface area of 

micropores , (Smes) surface area of micropores, (Sext) external surface area 

(Vp) total pore volume, (Vmic) pore  volume of micropores, (Vmes) pore  volume of mesopores  

and (r-) mean pore radius. 

a- Data from reference [32]. 

Photocatalytic activity studies 

The photodegradation of DB53 dye was used as a probe reaction to test the 

photocatalytic activity of the prepared nanoparticles. Fig. 3 shows the effect of 

lanthanide oxides-doped titania nanoparticles on photocatalytic degradation of DB53 

dye after 30 min at 25°C using 100 ppm of the BD53 at pH 7.7 and 0.25 gm 

catalyst/1000 ml dye solution.  

 

 

 

 

 

 

 

 

 

 

Fig.3. Effect of lanthanide ion- doped TiO2 on the photoactivity 
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The data presents that the photocatalytic activities of the lanthanide ions-doped 

titania nanoparticles is higher than that of parent TiO2. Knowing that, the pure 

lanthanide oxides don’t have photocatalytic oxidation properties, such variation in 

activity must be due to the differences in interaction between lanthanide ions oxides 

and TiO2. That led to several modifications in physical properties such as bandgap, 

particle size and surface texture. The photocatalytic activity of titania generally 

increased with the addition of lanthanide ions promoters. From the foregoing data, it 

was clear that the photocatalytic activity of Gd-TiO2  was the optimum.  

In La3+, Nd3+, Sm3+, Eu3+, Gd3+ and Yb3+-TiO2 mixtures, as mentioned before, 

Ti4+ may replace the lanthanide oxides with a trivalent oxidation state and creates a 

charge imbalance. The charge imbalance must be satiated; therefore more hydroxide 

ions would be adsorbed on the surface for charge balance. These hydroxide ions on 

the surface can accept holes generated by UV illumination to form hydroxyl 

radicals, which oxidize adsorbed molecules and therefore decrease the e-/h+ 

recombination rate. Fig. 4 demonstrates the correlation between the photoactivity 

and the physical properties such as bandgap, surface area and pore volume.  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4. Effect of physical parameters of the materials on their photoactivity 
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It is clear that, the photocatalytic activity of Gd-TiO2 was the highest due to it 

has high surface area and pore volume and low bandgap. Fig. 4 showed the good 

correlation between the bandgap, surface area and pore volume with the 

photocatalytic activity where the activity was gradually increased with the decrease 

of bandgap and the increase of the surface area and pore volume.  

The results show that the photocatalytic activities of lanthanide ions doped 

titania nanoparticles increased with decreasing the bandgap. This is due to decrease 

energy to exit electron from conduction band to valance band. The high activity of 

Gd3+-TiO2 dopants may also be related to its half filled (t) electronic configuration.  
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The variation of pH value on the photoactivity (lanthanide oxides-doped TiO2) 

on the photodegradation of DB53 dye was extensively studied. Fig. 5 shows the 

effect of pH of dye solution on its photocatalytic oxidation over Gd-TiO2 after 30 

min of reaction using the previous stated reaction conditions. The findings show that 

the increase of the dye solution pH from 2 to 9 decreases the photocatalytic activity 

from 94.1 to 82.7, respectively. Such trend may be due to the fact that, DB53 dye 

has negative charge, whereas lanthanide ions-TiO2 has positive charge in acidic 

medium. Consequently, the increase in pH value tended to change the charge on 
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lanthanide ions-TiO2 to negative charge and in turn, the photoactivity decreased due 

to the repulsion between lanthanide oxides-TiO2 and anionic dye [33]. In addition, 

the increase of pH may increase the rate of e-/h+ recombination rate and thus 

decreases the catalytic activity. Therefore, the optimum pH value for the photo 

degradation of DB53 dye is ≈ 4 at which photocatalytic oxidation is being 

maximum.  

About 60 % of DB53 dye (100 ppm) was photodegraded on the surface of Gd-

TiO2 after 5 min as shown in Fig 6. The remained dye was completely oxidized 

within 40 min. Such data reveals the relative high activity of the prepared catalysts 

which enables the complete degradation of the pollutant in such short time. 

Regarding the loading catalyst, the results show that the increment of catalyst 

loading from 0.1 to 0.5 g/l increased the photoactivity from 75 to 100 % 

respectively, Fig. 7, and then the activity became steady above 0.3 g/l loading 

catalyst. With increasing the weight above 0.4 g/l, the activity decreased. These 

results are in good agreement with the data reported in literature [34,35]. The 

reasons for this decrease in degradation rate were aggregation of lanthanide oxides-

TiO2 particles at high concentration causing a decrease in the number of surface 

active sites and increase the opacity and light scattering of lanthanide oxides-TiO2 

particles at high  
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Fig. 7. Effect of photocatalyst weight on its photoactivity 
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concentration. This tends to decrease the passage of irradiation through the sample 

[36]. Therefore, the best catalyst loading is 0.3 g/l.  

The effect of the initial dye concentration on the photocatalytic oxidation of 

DB53 dye was also studied and the obtained data is given in Fig. 8. The results show 

that the increment of initial dye concentration from 100 to 250 ppm led to a decrease 

in the photocatalytic degradation of DB53 from ≈ 100 to 75.1 % respectively. The 

rate of degradation relates to the formation of hydroxyl radicals, which is the critical 

species in the degradation process. Hence an explanation to this behavior is that the 

higher the initial concentration, the higher adsorbed organic substances on the 

surface of lanthanide ions -TiO2. In the same time the intensity of light and 

illumination are constant, so the path length of photons entering the solution 

decreases and in low concentration, the reverse effect is observed and consequently 

the OH• radicals formed on the surface of lanthanide ions-TiO2 nanoparticles 

decrease. With decreasing the number of OH• radicals attacking the surface, the 

relative OH number attaching the compound decreases and thus the photo 

degradation efficiency decreases [35].  

Conclusions 

The sol–gel method is useful for the preparation of nanostructured lanthanide 

ions -TiO2 with high photocatalytic activity, high surface area and desirable pore 

structures. A series of Nd, Sm, Eu, Gd, Yb and La homogenously doped 

nanocrystalline TiO2 has been successfully synthesized by sol gel method. The type 

of dopant lanthanide ion showed significant effect on the texture structure, bandgap 

and particle size. These physical changes affected on the efficiency of the 

photodegradation of DB53 dye. The photoactivity is well correlated with the 

bandgap, surface area and pore volume. In addition, the differences in photoactivity 

are due to the change in the amount of surface hydroxyl groups resulting from the 

interaction between the rare earth oxides and TiO2. The Gd-TiO2 nanoparticles 

presented the highest photoactivity due to its high surface area, large pore volume, 

small particle size and small bandgap. 
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