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The present investigation deals with the sol-gel synthesis and properties of samarium doped TiO2 nanopowders 
and the impact of Sm3+ on the structural and thermal properties of the obtained samples was established. By XRD 
was found that the heat treated up to 300 °C gels exhibit a predominantly amorphous phase and its amount gradually 
decreases with increasing the temperature (above 400 °C). The first TiO2 (anatase) crystals were detected at about 400 
°C and the average crystallite size of the samples heat treated at 400 °C is about 25–30 nm. By DTA was established 
that the organics decomposition is accompanied by strong weight loss occurring in the temperature range 240–350 °C. 
The completeness of the hydrolysis – condensation reactions was verified by IR and UV-Vis analyses.
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INTRODUCTION

It is well known that TiO2, especially its anatase 
phase, has been recognized as the preferable one 
for photocatalytic degradation of organic pollutants 
and other environmental applications due to its high 
photosensitivity, strong oxidizing power, nontoxic 
nature, and chemical stability [1–3]. Titanium di-
oxide is also a promising wide-gap (3.2 eV) semi-
conductor which appears to be suitable host for the 
introducing of different ions such as noble metals, 
transition metals, lanthanide cations, as well as ani-
ons of non-metal elements, which usually could be 
introduced by oxides, salts, sulfides, halcogenides 
or more complex compounds [1–5]. Among the dif-
ferent dopants, the rare earth (RE) impurities have 
been recognized as most effective to achieve effi-
cient emission in the visible range [1, 2]. Recently, 
lanthanides have been widely investigated due to 
their electronic, optical and chemical characteristics 
arising from their 4f electrons. It has been shown 
that the doping only with a few rare earth ions (Nd3+, 

Eu3+, La3+, Er3+ and Sm3+) lead to a significant im-
pact on the TiO2 properties [6–12]. To best of our 
knowledge, the synthesis, characterization and op-
tical properties of sol-gel derived Sm doped TiO2 
have not been studied in details. Up to now, for the 
preparation of Sm doped TiO2 composites, mainly 
two methods (sol-gel and hydrothermal) have been 
applied [13–16]. It is proved that the sol-gel method 
is an excellent technique to prepare both oxides thin 
films and powders and it allows syntheses in a wide 
range of compositions using a variety of precursors. 
On the other hand, by sol-gel technique can be ob-
tained materials with high TiO2 content which usu-
ally need high temperatures for synthesis. Powders 
can be easily characterized applying different tech-
niques but not all of them are applicable to films. 
The information obtained for the powders could be 
helpful to determine the experimental conditions for 
the sol-gel synthesis of the films as well as for the 
prediction of their thermal behavior and properties. 

Our team has gained experience in the study 
of sol-gel synthesis, characterization and proper-
ties of pure and modified nanosized TiO2 powders 
[17–21]. In our previous papers, many problems 
regarding the influence of precursors during the 
synthesis, phase formation upon heating of the 
gels, thermal stability and properties of the ob-E-mail: albenadb@svr.igic.bas.bg
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tained powdered products were studied but there 
are still unclarified points. The present study con-
tinues our investigations for obtaining of pure and 
modified TiO2 nanopowders applying the sol-gel 
technique. 

The rare earth doped TiO2 thin films obtained by 
sol-gel method exhibited good anticorrosion prop-
erties [22, 23]. Our investigations on Sm doped 
TiO2 films are still in course and they showed in-
creased corrosion resistance. Due to the existing re-
strictions for structural characterization of the films 
and in order to achieve better understanding of the 
relationship “composition – structure – property – 
application”, powders with the same Sm/TiO2 com-
positions have been prepared. In the present work 
the attention is paid to the phase and structural char-
acterization as well as thermal properties of sol-gel 
derived Sm modified TiO2 nanopowders. 

EXPERIMENTAL

Samples preparation

Ti(IV) butoxide (TBT, Merck), Samarium oxide 
(Sm2O3) (Janssen Chimica, Belgium 99,9%), isopro-
panol (i-PrOH, >99.5%, Merck) have been used as 
main precursors for the obtaining of titaniа powders. 
The acetylacetonate (acac, Sigma-Aldrich) was used 
as a chelating agent to form stable complexes with 
TBT. The experimental conditions for obtaining the 
initial solutions for powders and films are identical 
and they consisted of several steps. The first solu-
tion was prepared by mixing of TBT, i-PrOH and 
AcAc at vigorous stirring while keeping the molar 
ratio TBT/C3H7OH/AcAc = 1:30:1. The resulting 
solution was transparent with orange color which 
is typical for the formed chelate complex. The other 
solution was obtained by Sm2O3 dissolved in 1.5 ml 
HNO3 and isopropanol. Finally, both solutions were 
mixed at vigorous stirring. During the experimen-
tal procedure no additional water was added. The 
sol-gel hydrolysis reaction was accomplished only 
in presence of air moisture. The pH of as-prepared 
solutions was measured to be between 4 and 5. The 
ageing of the gels was performed in air for several 
days in order to allow further hydrolysis. Aiming to 
verify the phase transformations, all gels were sub-
jected to stepwise heating in air from 200 to 700 °C 
for one hour exposure time for each temperature. 
The heat treatment regime has been selected on the 
basis of our previous investigations. Three differ-
ent samarium concentrations have been selected for 
modification of TiO2 in the synthesized samples – 
0.5, 1 and 2 mol%. The investigated samples were 
denoted as follow: TBT/0.5%Sm, TBT/1%Sm and 
TBT/2%Sm.

Samples characterization

XRD patterns on powdered samples were reg-
istered at room temperature with a Bruker D8 
Advance diffractometer using CuKα radiation. The 
thermal behavior of the gels dried at room tempera-
ture was determined by differential thermal analysis 
(LABSYSТМ EVO apparatus) with Pt-Pt/Rh ther-
mocouple at a heating rate of 10 K/min in air flow, 
using Al2O3 as a reference material. The accuracy 
of the temperature maintenance was determined as  
±5 °C. Gases evolved (EGA) during the thermal 
treatments were analyzed by mass spectrometry 
(MS) with a Pfeiffer OmniStarTM mass spectrom-
eter. Mass spectra recorded for samples show the 
m/z = 14, 15, 18 and 44 signals, being ascribed to 
CH2, CH3, H2O and CO2, respectively. The IR spec-
tra were registered in the range 1600–400 cm–1 us-
ing the KBr pellet technique on a Nicolet-320 FTIR 
spectrometer with 64 scans and a resolution of  
±1 cm–1. The specific surface area of samples heat 
treated at 500 °C was measured using BET analysis 
(Quantachrome Instruments NOVA 1200e (USA) 
apparatus). The optical absorption spectra of the 
powdered samples in the wavelength range 200–
800 nm were recorded at room temperature using 
a UV-Vis diffused reflectance spectrophotometer 
“Evolution 300” using a magnesium oxide reflec-
tance standard as the baseline fort wavelengths in 
the range of 200–1000 nm. The absorption edge 
and the optical band gap were determined follow-
ing Dharma et al. instructions [24]. The band gap 
energies (Eg) of the samples were calculated by 
the Planck’s equation: Eg = hc/λ, where Eg is the 
band gap energy (eV), h is the Planck’s constant 
(eV s), c is the light velocity (m/s), and λ is the 
wavelength (nm).

RESULTS AND DISCUSSION

Phase transformations and thermal stability

All prepared gels were transparent with bright or-
ange color. The XRD patterns of gels and heat treat-
ed samples in the temperature range 200–700 °C are 
shown in Fig. 1. The analysis of the results showed that 
the X-ray diffraction patterns of sample TBT/1%Sm 
are identical to those of sample TBT/2%Sm and only 
the latter were presented. Samarium phases were not 
registered by X-ray diffraction analysis. As it is seen 
in both samples (TBT/0.5%Sm and TBT/2%Sm) the 
amorphous phase is dominant up to 300 °C. The first 
crystals of TiO2 (anatase) (ICDD 78-2486) are reg-
istered at 400 °C which is the main crystalline phase 
up to 700 °C. From Fig. 1 it could be seen that the 
increasing of calcination temperature led to an in-
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crease of the peak intensity of anatase. The main 
diffraction peak becomes narrow which indicated 
enhanced crystallinity. At 400 °C the average crys-
tallite size (calculated using Sherrer’s equation) of 
TiO2 (anatase) in all samples is about 25–30 nm 
(Fig. 1). At higher temperature (500 °C) faster crys-
tal growth occurs which is proved by the increased 
particles size (60 nm). The preliminary investiga-
tions on the phase formation of the sol-gel derived 
Sm doped TiO2 thin films with the same composi-
tion did not show any differences in comparison 
with the as-prepared powders.

Our results concerning the influence of calcina-
tion temperature on the phase formation of inves-
tigated samples are in good agreement with those 
obtained in the literature [13, 25, 26]. It is worth 
noting that the phase transition TiO2 (anatase) → 
TiO2 (rutile) was not registered even at 700 °C 
and it could be suggested that the presence of sa-
marium hindered the crystallization of TiO2 (ru-
tile). The specific surface areas (SBET) of samples 
TBT/0.5%Sm and TBT/2%Sm were measured and 
they are 21 and 81 m2/g, respectively. For compari-
son, the specific surface area of pure Ti(IV) n-bu-
toxide is 21 m2/g. This higher value of the specific 
surface area for the sample TBT/2%Sm could pre-
dict potential good environmental applications.

The thermal stability of gels aged at room tem-
perature was investigated by simultaneous thermo-

gravimetric (TG) and differential thermal analy-
sis (DTA). The DTA/TG curves are presented for 
both gels – TBT/0.5%Sm (Fig. 2a,b), TBT/2%Sm  
(Fig. 2c, d) and several stages could be marked on 
them. Probably, the higher amount of organic groups 
due to presence of solvent and chelating agent led 
to the stepwise release of the organics. The com-
mon feature is the presence of a weak endothermic 
effect near 75–80 °C which is the first decomposi-
tion step of the gels (Fig. 2a–d). This step could be 
assigned to the evaporation of physically adsorbed 
water and/or organic solvent (isopropanol). The av-
erage mass loss after dehydration is about 10% for 
sample TBT/0.5%Sm (Fig. 2a, b) and ~15% for the 
other sample TBT/2%Sm (Fig. 2c, d). The first exo-
thermic peaks in the TBT/0.5%Sm and TBT/2%Sm 
samples are at about 280 and 245 °C, respective-
ly (Fig. 2a–d) and they both are accompanied by 
the mass loss of ~10% that could be related to the 
combustion of alkoxide groups bonded to Ti-atom. 
Obviously, at lower samarium concentration, the 
exothermic effect is shifted to higher temperature 
(280 °C) in comparison to the other sample contain-
ing higher amount of Sm for which the exothermic 
peak is positioned at 245 °C. The next stronger exo-
thermic effects are at about 340 and 345 °C. Beаring 
in mind that the mass loss of this stage is ~10%, it 
could be assigned both to the combustion of residual 
organic groups as well as probably the beginning of 

Fig. 1. XRD patterns of the investigated compositions Тi/0.5%Sm and Ti/2%Sm heat treated in the temperature range 200–700 °C.
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the TiO2 (anatase) crystallization. As it is seen there 
is a difference in the thermal behavior of the inves-
tigated samples above 500 °C. The comparison of 
the DTA-TG curves of the samples showed that one 
exothermic effect at about 540 °C is observed in 
the TBT/0.5%Sm gel while in the other one, three 
consecutive exothermic effects were detected (at  
520 °C, 545°C and 570 °C). It is also obvious that 
in both cases a mass loss of about 10 % is observed. 
On the basis of these experimental facts it could be 
assumed that the effects in the range 520–540 °C 
could be related to the oxidation of residual carbon 
and release of CO2. The last exothermic effects at 
570 °C observed only in the sample TBT/2%Sm is 
very strong and it could be associated to the inten-
sive crystallization of anatase (Fig. 2c, d). The re-
sults obtained by DTA correspond well to the above 
pointed XRD data (Fig. 1) as well as to the results 
obtained by other authors for Sm doped powders 
[27].

IR and UV-Vis characterization

The IR spectroscopy was used mainly to evalu-
ate the rate and degree of hydrolysis and condensa-

tion processes in the prepared gels and heat treated 
samples. The IR spectra of investigated samples 
are presented in Fig. 3. The vibrational spectra of 
pure Ti(IV) butoxide as well as of 2-propanol were 
shown and discussed already elsewhere [28–31]. By 
analogy with our previous papers, the assignments 
of the vibrational bands of separate structural units 
are made on the basis of well-known spectral data 
for Ti(IV) n-butoxide, isopropanol and crystalline 
TiO2 (anatase). Looking at Figure 3, intensive bands 
are observed in the IR spectra of the gels and their 
intensities decreased with the increasing of tem-
perature. No differences could be seen regarding 
the position and intensity of the bands for the heat 
treated samples (TBT/0.5%Sm and TBT/2%Sm) 
in the range 200–500 °C. Generally, the bands lo-
cated between 1500–1300 cm–1 are assigned to the 
bending vibrations of CH3 and CH2 groups. The 
band at 1120 cm–1 is characteristic for the stretch-
ing vibrations of Ti-O-C, while those at 1190 and 
1020 cm–1 are assigned to the vibrations of terminal 
and bridging C-O bonds in butoxy ligands [28, 32–
34]. The absorption bands below 1000 cm–1 in the 
samples correspond to C-H, C-O and deformation 
Ti-O-C vibrations [32, 35]. In our previous inves-

Fig. 2. a–b, DTA/TG curves of the Ti/0.5% Sm; c–d, DTA/TG curves of the Ti/2% Sm.
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tigations [30, 31] it was found that the absorption 
region 1100–1020 cm–1 is very complex due to the 
overlapping of the vibrations of different structural 
units from the alkoxide and solvent. In spite of that, 
many authors [36–38] use these bands for the inter-
pretation of the degree of hydrolysis-condensation 
processes. The bands below 800 cm–1 correspond 
to the vibrations of TiO6 units [36, 37]. Bearing in 
mind that the typical Sm – O stretching vibrations 
are in the range 510–430 cm–1 [39] an overlapping 
between the inorganic structural polyhedral is sug-
gested. The obtained by us IR spectra of pure Ti(IV) 
butoxide [29–31] and Sm/TiO2 were compared and 
it was established that the Sm doping did not influ-
ence the short range order of the resulting products. 

The UV-Vis spectroscopy is used in order to 
obtain additional structural information for the in-
vestigated samples as well as to evaluate the com-
pleteness of hydrolysis – condensation processes. 
The spectra of gels (25 °C) {Ti(IV) n-butoxide, 
TBT/0.5%Sm and TBT/2%Sm} are presented in 
Fig. 4. The interpretation of the UV-Vis spectra is 
made on the basis of literature data as well as our 
previous results obtained in various systems con-
taining TiO2 [30, 31, 36, 37, 40–42]. Looking at 
the UV-Vis spectra of investigated samples sever-
al peaks could be distinguished. Bands at 250 and  

320 nm are observed in the spectrum of pure Ti(IV) 
n-butoxide gel, while those at 260, 340–350 and  
360 nm were detected for the samarium doped TiO2 
gels. A red shift of the absorption edge in the Sm 
doped TiO2 powders (431.98 nm – TBT/0.5%Sm 

Fig. 3. IR spectra of Ti/0.5%Sm, Ti/1% Sm and Ti/2%Sm gels and heat treated up to 500 °C samples.

Fig. 4. UV-Vis spectra of Ti/0.5%Sm, Ti/1% Sm and Ti/2%Sm 
gels and heated at 200 °C samples.
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and 439.26 nm – TBT/2%Sm) are clearly ob-
served in comparison to pure TiO2 gel (389.71 nm). 
The higher cut-off value (439.26 nm) of sample 
TBT/2%Sm is due to the increased absorption in 
the Vis region as a result of the higher concentra-
tion of samarium. The calculated values of band gap 
energy (Eg) of pure TBT and samarium doped gels 
(aged at room temperature) are 3.8, 2.9 and 2.8 eV, 
respectively (Table 1). By analogy with our previ-
ous investigations [29–31] the two maxima about 
250–260 nm and 320–350 nm could be related to 
the isolated TiO4 and polymerized TiO6 groups, re-
spectively. As it was already shown elsewhere [29, 
30, 37], during the hydrolysis – condensation pro-
cesses the coordination geometry is changed from 
TiO4 to TiO6 as a result of polymerized Ti species 
(Ti–O–Ti links between TiO6 units) [37]. The higher 
ratio between the bands intensity at 260 and 340 nm 
(350 nm) for sample TBT/1%Sm as compared to 
the other samples, is clear indication for the greater 
degree of hydrolysis and condensation processes in 
that sample. Obviously, the presence of samarium 
up to a certain concentration stimulated the higher 
polymerization degree of Ti atoms. The preliminary 
results exhibited a greater degree of hydrolysis – 
condensation processes for powders achieved by 
Ti(IV) butoxide instead of other Ti(IV) alkoxides 
as a precursor. Our findings correlates well to those 
made by Xu et al. [42] which found the existence 
of an optimum doping content of rare earth ion in 
TiO2 that improves its properties. The other band 
at 360 nm could be related to f-f transition of Sm3+ 
ions [43].

CONCLUSIONS

Transparent samarium doped titania gels are 
prepared from Ti(IV) butoxide with addition of 
isopropanol in presence only of air moisture. The 
mixed organic–inorganic amorphous structure is 
preserved in the samples up to 300 °C. In all com-
positions TiO2 (anatase) appeared at 400 °C and its 
average crystallite size is about 30 nm. By DTA was 
revealed that at presence of samarium the combus-

tion of organics occurred at higher temperatures 
(about 340 °C) as compared to pure Ti(IV) butoxide 
gel (~ 260 °C). The UV-Vis results showed that Sm 
modified TiO2 gels exhibited a red shifting of the 
cut-off in comparison to the pure Ti(IV) butoxide 
gel. The higher polymerization degree of Ti atoms 
is achieved for a doping with 1% samarium. The 
performed analyses (XRD, DTA, IR and UV-Vis) 
and obtained results allow us to suppose that the 
sol-gel derived Sm doped TiO2 thin films will pos-
sess similar structural, thermal and optical behavior 
with the synthesized powders. Additionally, the ac-
cumulated knowledge on the characterization of the 
powders will help us for better understanding the 
peculiarities of the thin films properties. 
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