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Abstract: Titanium dioxide semiconductor material has been extensively investigated for several purposes and 

several dopants has been inserted aiming new photonic properties. Several properties of titanium dioxide 

powders depend on the crystalline structure of anatase phase and some modifiers can be provide better or 

another characteristics. Some aspects of structural rearrangements inanatase phase can be satisfactorily 

evaluated by X-ray diffraction and Rietveld refinement in order to elucidate defect elimination and the basis 

ofthe anatase-to-rutile phase transition. By monitoring the lattice parameters along the temperature of thermal 

treatment, it is possible to understand the consequences of the dopant insertion and aid to propose new 

modification in the future.In this work, it was investigated the structural effects caused in anatase structure and 

in anatase-to-rutile phase transition by the simultaneous modification with 2 mol% of silicon and 4 mol% of 

zirconium homovalent modifiers. It was observed an effective stabilization of the anatase phase up to 

temperature as high as 900 °C besides the continuous increase of tetragonality. 
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I. INTRODUCTION 

Titanium dioxide TiO2 is a semiconductor material extensively investigated for several purposes, but 

the synthesis procedures can lead to different crystalline phases, named anatase and rutile. The bared titanium 

dioxide powder possesses an expected anatase-to-rutile phase transition close to 600 ºC since there are no 

significant organic residue originated from precursor reagents, which can lead to local overheating during the 

calcination step, besides the accentuated particle sintering [1-3].Besides that, the anatase phase nucleation is a 

water-driven process and the cross-linked oxy-hydroxidetitanium is essential to get the tetragonal phase with 

space group I41AmdZ. Thus, the Sol-Gel method based on acid hydrolysis seems to be the most applicable 

route to synthesize crystallized TiO2anatase single phase by thermal treatmentclose to 250 ºC [4-7]. 

X-ray diffraction study aided by the Rietveld refinement is able to elucidate the main structural changes 

in crystalline TiO2samples. In general, some significant changes start to occur only when the annealing 

temperature exceeds 550 ºC and no more structural rearrangements can be seen above 800 ºC. The most 

accepted mechanism for anatase-to-rutile phase transition considers the structural consequences of the prior 

dehydroxylation process occurred during of thermal treatment at 250 ºC. The hydroxyl group removal leads to 

formation of cross-linked nuclei with high amounts of oxygen vacancies in anatase phase, but the necessary 

energy for the oxygen reincorporation requires the breaking of titanium-oxygen bonds. However, theenergy 

barrier of the anatase-to-rutile phase transition is similar to titanium-oxygen bond energy and both destroy-

rebuildingprocessesleads to occurrence of the anatase-to-rutile phase transition besides the anatase phase 

crystallization. Because that, the oxygen supply during these events plays important rule in order to favor the 

crystallization of anatase phase [8-11]. 

The insertion of several dopants has been investigated in order to enhance the TiO2photonic 

propertiesin nanoparticles and thin films, but the samples are thermally treated at low temperatures onlyaiming 

to avoid the rutile formation [12-17]. However, the structural understanding for rutile ordering preference during 

the destroy-rebuilt process above 600 ºC remains still to be found.The first clue to elucidate it is observed for 

titanium dioxide samples modified with homovalent cations, like the silicon IV [18-20]and zirconium IV ones 

[21-23].Taking in account the hexacoordinated ionic radii for the tetravalent titanium, silicon and zirconium 

cations, it is possible to observe the ionic size mismatch is able to avoid the crystal symmetry gain involved into 
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anatase-to-rutile phase formation and anatase phase can be stabilized at higher temperatures than 600 ºC. 

Nevertheless, the anatase crystallization is also avoided, which leads to lower crystalline powder samples. 

By considering the silicon cation is smaller than titanium one, while the zirconium cation is bigger than 

the same titanium cation, all of them as hexacoordinated tetravalent cations in oxide structures, the average 

cation size mismatch can be reduced by simultaneous insertion of silicon and zirconium as dopant in titanium 

dioxide sample. The first attempt to perform that approach was made by Reidyet al. [24], but the published 

results did not contribute to the correct understanding of the anatase phase stabilizationin titanium dioxide 

samples. By ionic radii simple calculations based on literature data [25], it was possible to found a weighted 

average value between hexacoordinated silicon (40 pm) and zirconium (72 pm) tetravalent cations close to 

titanium one (61 pm) and the Si
+4

 : Zr
+4

 molar ratio was very close to 1 : 2. As consequence, the simultaneous 

insertion of Si
+4

 : 2 Zr
+4

 cations can insert a appropriate local disorder in order to avoid the rutile crystal lattice 

in both silicon an zircon doped sites, but not to lead to long range distortions due the opposite local distortion 

effect of each individual dopant. 

In this work, silicon-zirconium(1 : 2) doped TiO2 powder sample was obtained through the Sol-Gel 

method and compared to non-doped TiO2one,obtained in the same conditions. The dried gels were characterized 

by thermal analysis and the thermally treated samples from 500 to 900 ºC for 2 hours were characterization by 

X-ray diffraction techniques followed by Rietveld refinement in order to elucidate several aspects involving the 

anatase-to-rutile phase transition. 

 

II. MATERIAL ANDMETHODS 
The synthesis of zirconium-silicon doped-TiO2 powder sample was prepared with 2 mol% of silicon IV 

and 4 mol% of zirconium IV, according nominal formula Si0.02Zr0.04Ti0.94O2 and compared with non-doped 

TiO2samplesobtained in the same conditions. Bothsample synthesis were carried out by the sol-gel method using 

metallic alkoxides with analytical grade purity in the presence of acetic acid as complexing agent. The molar 

ratio of acetic acid to metal cations was adjusted to 4:1 and the ethylic alcohol was used as solvent in order to 

adjust the total molar concentration to 1.0 mol L
-1

. After the homogenization of initial precursors, it was added 

10 % (V/V) of water acidified with HNO3at pH 3.0 in both solution, aiming the slow controlled formation of 

metallic oxy-hydroxide nuclei. Both batch samples were stirred for 1 hour and let to jellify during 24 hours at 

room temperature. 

The xerogel samples obtained in day after were dried at 100 ºC for 24 hours, milled in a porcelain 

mortar and analyzed bysimultaneous TG/DSCthermal analysis in TA instruments equipment, operating with 

synthetic air flow of 60 mL min
-1

 and heating rate of 10 º C min
-1

. Both dried gels were thermal treated at 

several temperatures from 500 to 900 ºC for 2 hours in a muffle type oven and characterized by X-ray 

diffractionat room temperature from 20 to 90 º (2-theta) degrees at 1º (2-theta)/min by using 

Brukerdiffractometer, model D2 Phaser equipped with a monochromatic nickel filtered Cu Kα radiation and 

LynxEye PSD detector. The collected diffraction patterns were lead to phase identification, according the 

JCPDS powder diffraction data bank [26] followed by structural model identification, according the ICSD 

structural data bank [27] in order to carry out theRietveldrefinement [28] by using DBWS program 

[29].Scanning Electron Microscopy was taken in a JSM-6380LV JEOL equipment, after gold sputtering. 

 

III. RESULTS AND DISCUSSION 
The thermal analyses of dried gels at 100 ºC are shown in Fig. 1. On the top side are plotted TG curves 

and on the bottom the DSC ones. Both samples present a continuous weight loss starting from room 

temperature, which is higher for Si-Zr doped xerogel sample (2.2 % of weight loss) and ends also in higher 

temperature (340 °C), unlike the non-doped sample, which presents weight loss of 0.4 % and ends at 240 °C. In 

DSC curves isobserved no energetic event below 100 ºC, which permits to infer that weight loss is associated to 

volatile compounds dragging from analysis flow gas. The different amounts of these remaining compounds 

between the samples can be due the sample porosity, which difficult the elimination residues through the 

volatilization. But, above 100 ºC, an exothermic broad peak (I) can be observed for both samples, which is 

associated to formation of cross-link Ti-O-Ti bonds by hydroxyl condensation. 
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No more weight losses were observed along the temperature increasing for both samples, which means 

there is no carbonaceous solid residues, which is expected to occur as weight loss around 400 ºC. Thus, the 

thermal treatment at any temperature above 350 ºC is able to eliminate ethanol (b.p. 77 ºC), ethylic acetate ester 

(b.p. 78 ºC), water (b.p. 100 ºC) or acetic acid (b.p. 120 ºC) residual compounds before the formation of cross-

link Ti-O-Ti bonds. 

 

 
Figure 1: Thermal analysis (TG/DSC) of xerogel samples dried at 100 °C for 2 hours. 

 

Taking in account the results of X-ray diffraction observed in Fig. 2, it is possible to interpret more 

accurately the weight gain region in thermal analysis. After the weight loss stage, is observed a weight gain for 

both samples, with differ in starting temperature, but not in weight gain amount. Both samples present 0.9 % in 

weight gain associated to oxygen incorporation until the final temperature of analysis at 1000 ºC. The no doped 

xerogel sample present an exothermic broad peak at 800 ºC (III), with a shoulder (II) starting from 600 ºC. The 

peak II is associated to the initiation of the oxygen incorporation into anatase phase, which overlaps the 

subsequent anatase-to-rutile phase transition. By the other hand, the Si-Zr doped xerogel presents well defined 

process, with the initiation of the oxygen incorporation at 550 ºC (II) and the anatase-to-rutile phase transition 

only at 900 ºC (III). 

The XRD patterns for no doped driedxerogel thermally treated at several temperatures are shown in 

Fig. 2.a. Below 700 ºC there is no evidence of rutile phase and the diffraction peaks correspond to the (101), 

(004), (200), (105), (211), (204) and (106) main crystal planes, according to the JCPDS file 71-11166 

[26].Theanatase-to-rutile phase transition can be verified for no doped samples thermally treated above 700 ºC 

through the emergence of peaks at 27.4, 36.1 and 54.3 º(2-theta) degrees, correspondent to (110), (101), and 

(214) crystal planes, according JCPDS file 73-1232 [26]. These rutile referred peaks increase in intensity as a 

function of temperature of thermal treatment, reaching rutile single phase at 900 ºC. By the other hand, the Zr-Si 

doped samples remain with anatase single phase along the entire temperature range, presenting the same peaks 

set observed for no-doped sample at lower temperatures. 

In order to carry out theRietveld refinement, the structural models were collected from ICSD data bank, 

where the anatase phase is associated to space group I41AmdZ, according card number 82084, and rutile one, to 

space group P42/mnm, according card number 53997 [27]. The refinement was performed through the pseudo-

Voight function for all of the samples and the results are shown in Fig 3. 
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a)  

b)  

Figure 2: X-ray diffraction patterns for titanium dioxide powder samples thermally treated from 500 to 900 ºC 

for 2 hours: a) nodoped-TiO2and b) Si0.02Zr0.04Ti0.94O2 samples. 

 

The lattice parameters are presented in Fig.3.a, where is possible to observe the same variation profile 

for these parameters, which implicates the cell volume (Fig. 3.b) follow the same tendency along the 

temperature of thermal treatment. However, the tetragonality (c/a ratio) shown presented in Fig 3.b, shows a 

slight and continuous increasing for the Si-Zr doped-TiO2 sample up to 900 ºC, while a final decreasing occurs 

for nodoped sample after 700 ºC, which is close to its complete vanishing from this temperature.The atomic 

coordinate for oxygen in I41AmdZ anatase structure tends to decreasing along the temperature of thermal 

treatment, firstly due the oxygen incorporation, after due the cell expansion together the rutile phase formation 

(Fig. 3.c).After the complete oxygen bond rebuilt above 800 ºC the residual anatase phase suffer an strong cell 

contraction before due its complete vanishing, while the Si-Zr doped-TiO2 sample remains with anatase single 

phase for entire process of thermal treatment. 

The FWHM values for anatase phase are shown on the bottom of Fig. 3.c and are associated to 

simultaneous increase in crystallite size ordecreasing in lattice microstrain. The FWHM values decrease 

pronouncedly for Si-Zr doped-TiO2 sample, as consequence of anatasecrystallization process. For no doped-

TiO2sample, the FWHM value oscillates along the temperature of thermal treatment up to 800 ºC, while the 

FWHM value for rutile phase starts with slightly lower value at 700 ºC, remain practically invariable at 800 ºC 

and decreases only at 900 ºC, due the high crystallized rutile phase. 
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The silicon-zirconium dopant pair seems to be able to avoid the anatase phase transition due the 

delaying in the suppression of lattice microstrain, as expected as consequence of local ionic radii mismatch 

among titanium and the dopant pair and the crystallization process probably occurs as consequent of crystallite 

size increasing. That hypothesis is coherent with the no variation for FWHM values at high 2-theta angle, which 

is associated to lattice microstrain, while no is observed significant reduction for FWHM values at low 2-theta 

angle, associated to crystallite size. 

SEM for some powder samples are shown in Fig. 4. Some agglomeration and significant porosity were 

evident in both powder samples at 500 ºC and 900 ºC. In addition, both samples thermally treated at 900 ºC 

present more sintered particles in spite of no particle growth. Thus, the dopant pair seems does not change the 

typical powder morphology of the titanium dioxide. 

a)  b)  c)  

Figure 3: Refined data for refined anatase phase along the temperature of thermal treatment: a) lattice 

parameters, b) cell volume and tetragonality(c/a), c) atomic coordinate of oxygen atom and full width at half 

height (FWHM) plus correspondent values for rutile phase above 700 ºC. 
 

a) b)  

 

c) d)  

Figure 4: SEM images forno doped-TiO2 powder samples thermally treated at: a) 500 and b) 900 ºC, Si-Zr 

doped samples  ones thermally treated at: c) 500 and d) 900 ºC for 2 hours. 
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IV. CONCLUSION 
In this study, we have successfully demonstrated the use of Rietveld method in order to elucidate some 

aspects of the anatase-to-rutile phase transition and as the silicon-zirconium dopant pair acts as anatase phase 

stabilizer. The oxygen incorporation associated to anatase defects elimination and consequent structural destroy-

rebuilt process were verified for both compositions, but a consequent formation of rutile phase was only 

observed for no doped-TiO2 one. The proposition the pair of homovalentmodifiers like the silicon and zirconium 

tetravalent cations, was demonstrated can potential anatase phase stabilizer for Sol-Gel prepared powder 

samples, even after thermal treatment at higher temperature such 900 ºC. The performed X-ray diffraction 

measurement and data suggests the occurrence of intrinsic changes even at low temperatures caused by doping 

process leads to continuous increasing in the tetragonality of anatase phase and its stabilization at high 

temperature of thermal treatment. 
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