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Abstract: Titanium dioxide powders constituted by anatase single phase are very useful to understand several 
properties of that semiconductor applied as photocatalyst material. In addition, the reconstructive 
transformation involved in the anatase-to-rutile phase transition is also dependent of compositional and 
structural characteristics, which is consequence of the xerogel precursors. In this work, it was provided some 
structural investigation and the thermal event associated to different compositions of titanium dioxide xerogel 
samples obtained by Sol-Gel method. It was prepared two different doped-sample sets, one with bared 
titanium dioxide matrix and other with 10 mol% of zirconium-silicon one, and both sample sets were 
submitted to doping with 2 mol% of cation pairs, taking in account the ionic radii and oxidation states. The 
small and pentavalent vanadium cation was combined with trivalent and bigger lanthanum and bismuth ones, 
in order to provide non strained unit cell making an average values for ionic radii and oxidation states, taking 
in account the tetravalent titanium cation. By thermal analysis, X-ray diffractometry, FTIR and Raman 
spectroscopies it was possible to demonstrate the insertion of bigger dopants as lanthanum and bismuth, as 
well as the smaller one as vanadium, which are usually dopants not supported in isolated forms were 
successfully incorporated to anatase phase when combined as expected in previous composition design stage. 
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1. INTRODUCTION 

Advanced ceramic materials are useful for 
uncountable purposes and the semiconductors are 
special type applied mainly as photonic devices. 
Titanium dioxide is one semiconductor materials 
easily excited under low energetic ultraviolet 
radiation, such as 3.2 eV (UV-A region), but other 
characteristics such as high resistance to lixiviation in 
a wide range of pH and absence of toxicity, make 
them the most promising heterogeneous photocatalyst 
applied to water treatment, in special those destined to 
human consumption [1-3]. 

The titanium dioxide possesses two stable 
phases in ordinary conditions, named anatase and 
rutile ones. During the semiconductor excitation by 
UV radiation, the generated electron-hole pairs are 
transferred toward aqueous medium, which is 
essential to generates the oxidative radical species in 
aqueous media and initiate the water treatment by 
advanced oxidation process. Several dopants have 
been investigated in recent years in order to improve 
several aspects of that photocatalyst semiconductor, 
but high amounts of structural defects in anatase 
phase acts as recombining centers, which harms the 
photocatalytic performance. Thus, the anatase phase 
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must be subjected to crystallization in temperatures 
below 600 ºC to avoid the anatase-to-rutile phase 
transition [4-9]. 

The use of chemical methods for the titanium 
dioxide synthesis has shown impressive ability to 
obtain bare and doped anatase single phase at low 
temperatures, such as 450 ºC for powder samples and 
250 ºC for thin films. Even so, the increasing in 
temperature in order to promote the defect 
eliminations above 600 ºC ends up leading to 
irreversible anatase-to-rutile phase transition, which 
lead us to investigate the stabilization of anatase 
phase at higher temperature than 600 ºC, as reported 
in previous work [10,11]. In those works, the 
stabilized titanium dioxide samples were submitted to 
crystallization until 900 ºC and no trace of rutile 
phase was observed. 

The isolated forms of those dopants does not 
present the same behavior, as related by others 
researchers [12-17]. The same design logic used to 
propose the anatase phase stabilization with 
zirconium-silicon dopant pair is now used to propose 
the additional dopant pair insertion. Different from 
tetravalent zirconium and silicon cations, similar to 
the titanium one, now we propose the insertion of 
equimolar amounts of trivalent and pentavalent 
cations but keeping the combination of bigger and 
smaller cations. Thus, in order to investigate the 
behavior of the stabilized anatase titanium dioxide 
phase when new other dopants are inserted in 
material, we carry out the preparation of 10 mol% 
zirconium-silicon doped-titanium dioxide powder by 
sol-gel method using as blank sample a non-doped 
sample prepared in the same conditions. Then, the 
dopant pairs of bismuth and vanadium and 
lanthanum- and vanadium were inserted at 2 mol% in 
both matrixes and the obtained precursors were 
characterized by thermal analysis, X-ray diffraction, 
FTIR and Raman spectroscopies. 

 

2. MATERIAL AND METHODS 

The material samples were synthesized 
through the sol-gel method following subsequent 
steps. Firstly, the titanium tetraisopropoxide IV (97 
%, Aldrich) was drop wised into acetic acid (R.G., 
Dinamica) to form a metallic acetate complex with 
stoichiometry MeL4 and stirred for 30 min. For 
zirconium-silicon stabilized titanium dioxide 
matrixes, tetraethyl orthosilicate (98 %, Aldrich) and 
zirconium propoxide (70 %, Aldrich) were drop wised 

in sequence, following 30 min more under stirring. 
Both solutions were diluted with ethylic alcohol 
(R.G., Dinamica) at 50 % in volume and 
homogenized for 30 min more for complete 
homogenization. 

The dopant precursors were added through the 
aqueous solutions, where the molar ratios between 
water and ceramic composition were 10 to 1. All of 
the dopant solutions were prepared in separate flasks 
by dissolving aliquots of ammonium metavanadate 
(R.G., Vetec) in water and 3 drops of ammonium 
hydroxide (R.G., Vetec). In sequence, the lanthanum 
oxide (R.G., Vetec) and basic bismuth subnitrate 
(R.G., Dinamica) were dissolved with nitric acid 
(R.G., Vetec) in separate flaks and finally added to 
different solutions, in order to result in six different 
compositions, as show in Table I. After stirring for 1 
hour more, each batch solution was let to during 24 
hours at room temperature, dried at 100 ºC for 24 h in 
oven, milled and dried again at 100 ºC for 24 h more. 

The thermal analysis was taken in TA 
Instruments equipment under synthetic air flow of 60 
mL min-1 and heating rate of 10 ºC min-1. The X-ray 
diffraction patterns were taken from at room 
temperature from 20 to 80 º (2-theta) degrees at 1º (2-
theta)/min by using Siemens equipment, model 
D5005, with K-alpha Cu radiation. The Raman 
spectra measurements were taken using spectrometer 
DU420_DD model, B&W Tek e Andor Technologies, 
with 532 nm line laser as excitation source. FTIR 
spectra were taken using Thermo Nicolet - 
photoacoustic detector, from 400 to 4000 cm-1. 

 

Table 1. Description and nominal compositions for 
investigated doped and stabilized titanium dioxide 
samples. 
Samples Nominal Composition 
Pure TiO2 sample - TP TiO2 
2 mol% bismuth-vanadium 
doped-TP sample - BVT (Bi,V)0,02Ti0,98O2 

2 mol% lanthanum-vanadium 
doped-TP sample - LVT (La,V)0,02Ti0,98O2 

10 mol% zirconium-silicon 
stabilized TiO2 sample - ZST (Zr,Si)0,1Ti0,9O2 

2 mol% bismuth-vanadium 
doped-ZST sample - BVZST (Bi,V)0,02(Zr,Si)0,1Ti0,88O2 

2 mol% lanthanum-vanadium 
doped-ZST sample - LVZST 

(La,V)0,02(Zr,Si)0,1Ti0,88O2 

 

3. RESULTS AND DISCUSSION 
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In Figure 1 is shown the aspects of xerogel 
sample as a function of stabilization and modification. 
The colors are function of contribution of typical 
aqueous complex colors of chromophore cations, such 
as vanadium and bismuth ones, which possess 

yellowish contribution xerogel samples. However, for 
zirconium stabilized samples, the color intensities are 
attenuated, which indicates that structural and 
chemical changes are occurring in the samples. 

 

 
Figure 1. Xerogel samples dried at room temperature for 24 hours, comparing no stabilized and zirconium-

silicon stabilized titanium dioxide samples. 
 

In Figure 2 is shown the thermal analyses for 
all of the xerogel samples. There are three main 
thermal events in all of the samples, designated as I, II 
and III in all of the DTG curves. The first one (I) is 
related to volatilization of residual compounds below 
100 ºC and present endothermic peak in DSC curves. 
No doped samples (TP and ZST) present lower 
weight losses (8-9%) for that event, as visualized in 
Fig. 2.a, which is probably due to lower stability for 
titanium, zirconium, and silicon carboxylates, 
different from doped samples visualized in Figs 2.b 
and 2.c., which present around 50 % more weight 
losses in that event (11-12 %) due the stable metallic 
hydrates for bismuth, lanthanum and vanadium 
cations. 

The second and third thermal events are start 
above 200 ºC and are related to hydroxyl group 
condensation in order to forming cross-linked metal-
oxygen bonds [18]. Is very probable the first 
condensation stage at lower temperature is related to 
formation of vicinal cross-link bonds in the same 
nucleus, while the second one is related to formation 
of cross-link bonds among the nuclei [19]. Those 
exothermic events are strongly influenced by doping 
process and vanadium hydroxyl groups seem to be 
less stable than other metal hydroxides [10]. 

However, the zirconium-silicon stabilized 
matrix promotes the attenuation of those differences, 
in similar mode to the verified behavior for non-
doped samples, once the zirconium hydrates are less 
stable than titanium ones [20]. DTG peaks for stages 
II and III appear attenuated and displaced 30 ºC to 
higher temperatures for doped and stabilized samples 

if compared to the same DTG peaks for doped only 
ones. Those results can be related to the existence of 
more interconnected anatase particles in stabilized 
samples, which hinder the dehydroxylation process 
along the temperature increasing. 

By observing the X-ray diffraction patterns for 
these samples in Figure 3, it is possible to see the 
stabilized samples with zirconium-silicon (dotted 
lines in XRD patterns) lead to low crystalline 
structures due the low intense peaks for all reflections 
planes, according the JCPDS file 71-11166 [21]. 
However, that low crystallinity for stabilized samples 
is less evident for LVSZT sample, when compared to 
LVT one, which permits to infer the lanthanum acts to 
order the anatase structure. 

The most recent results obtained by our 
research group (not published yet) has shown that 
lanthanum-vanadium dopant pair is able to stabilizes 
the anatase phase up to 800 ºC with the same 
crystallinity of rutile ones. Thus, we can to affirm that 
dopant pair is a good inducer of anatase phase 
crystallization still at low temperature and even in a 
matrix stabilized with zirconium and silicon, known 
as crystallinity reducing [11].  

In Figure 4 are shown the Raman spectra for 
all of the xerogel samples. The Raman spectra 
obtained from green laser at 532 nm showed the 
stabilized matrixes generate broader bands than no 
stabilized ones, independent of dopant insertion, 
which can be related to different energetic level for 
electronic transitions. However, only TP sample 
possesses typical Raman spectra for anatase TiO2 
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crystalline sample, according the literature [22-24]. 
Nevertheless, the doped samples lead to less 
attenuation of the band intensities when the material 
is only stabilized with zirconium-silicon, but no 
doped. 

 

 
Figure 2. Thermal analysis for several dried samples 
at 100 ºC for 24 hours, comparing no stabilized and 

zirconium-silicon stabilized titanium dioxide samples: 
a) non doped, b) Bi-V dopes and c) La-V doped 

samples. 

 

The typical Raman spectrum for high 
crystalline anatase structure should present one A1g 
band localized close to 520 cm-1, two B1g bands 
localized close to 400 cm-1 and also at 520 cm-1 in 
overlapping with A1g band and finally, three Eg 
bands localized close to 150 cm-1, 200 cm-1 and 640 
cm-1, once the B2u vibrational mode is silent. In fact, 
those low crystallized and stabilized structures 

presents two first Eg bands displaced to higher 
wavenumbers, close to 200 and 300 cm-1, which show 
the stabilization process by insertion of zirconium and 
silicon dopant pair makes the M-O bonds energetic 
levels for the electronica transition. 

 

 

 
Figure 3. X-ray diffraction patterns for zirconium-
silicon stabilized and no stabilized titanium dioxide 
xerogel samples: a) no doped, b) Bi-V doped and c) 

La-V doped. 
 

Finally, the appearing of three bands at 900, 
1000, and 1150 cm-1 is related to metallic hydroxyl 
species bound directly to the anatase nuclei surface 

a) a) 

b) 

c) 

b) 

c) 
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[25]. These terminal hydroxyl groups is more evident 
for stabilized samples, but is reduced for lanthanum-
vanadium doped sample LVZST if compared to no 
stabilized correlate sample LVT. That result is 
coherent with X-ray results, once the more amounts of 
terminal groups on anatase nuclei surface causes a 
structural long range disordering. 

 
b) 

 
Figure 4. Raman spectra for zirconium-silicon 

stabilized and no stabilized titanium dioxide xerogel 
samples: a) no doped, b) Bi-V doped and c) La-V 

doped. 

 

In Figure 5 are shown the FTIR spectra and in 
Table 2 the collected band position for these samples. 

No substantial changes were verified among the 
samples concerning structure energies. Only the 
noticeable M-OH stretching vibration originated from 
metal hydroxide close to 3000 cm-1 is observed for 
LVZST sample, followed by the band IV at 1050 cm-1 
associated to freeze water molecule bonded on nuclei 
surface [22]. The positions of each band can be view 
in detail on Table 2. 

 

 

 
Figure 5. FTIR spectra for zirconium-silicon 

stabilized and no stabilized titanium dioxide xerogel 
samples: a) no doped, b) Bi-V doped and c) La-V 

doped. 

a) 

b) 

c) 

a) 

b) 

c) 
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Table 2. Main identified bands in FTIR spectra for zirconium-silicon stabilized and no stabilized titanium 
dioxide xerogel samples. 

Band Identification of bands 
Wavenumber (cm-1) 

Not stabilized ZS stabilized 
TP BVT LVT ZST BVZST LVZST 

I O-H stretching vibration 
(H-bridge from adsorbed water) 3260 3300 3220 3260 3300 3220 

II M-OH stretching vibration 
(metal hydroxide) 3020 3050 3000 3020 3050 3000 

III C=O stretching vibrations 1730 1650 1730 1650 1650 1740 
IV O-H deformation vibration 1520 1420 1420 1520 1420 1400 

V O-H deformation and C-O stretching 
vibration interaction 1180 1180 1180 1170 1180 1180 

VI Freeze water vibration 960 950 1040 1000 1030 1050 
VII Ti(Si,Zr)-OH stretching vibration 840 830 900 840 910 870 
VIII Metal-oxide skeletal vibration 660 660 650 660 660 660 

 

4. CONCLUSION 

In conclusion, it was observed the doping pair 
of zirconium and silicon changes the xerogel 
characteristics, mainly the terminal hydroxyl groups, 
which seems to be more abundant if compared to no 
stabilized samples. Consequently, cross-link bonds 
among the anatase nuclei are enhanced during leads to 
the structural long-range disordering. The bigger 
dopant cations like bismuth and lanthanum has 
compensatory effect on the lattice distortion and 
seems does not affect the crystallinity as much as the 
zirconium-silicon dopant pair seems to do. 
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