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Abstract

Titanium dioxide has attracted much attention since a long time ago due to its versatility
as advanced material. However, its performance as semiconductor devices is very much
dependent on the predominant crystalline phase and defect concentrations, which can be
adjusted through the synthesis methods, thermal treatments and doping processes. In this
work, an accurate structural characterization of titanium dioxide was used by X-ray
diffractometry supported by rietveld refinement and thermal analysis. The insertion of 5
mol% of zirconium silicate was able to stabilize anatase up to 900�C, permitting the
oxygen vacancies to be significantly eliminated. It was demonstrated also that the changes
in the isotropic thermal parameters for oxygen are related to reconstructive transformation
necessary to promote the anatase-to-rutile phase transition. Independently of doping
process, the crystallization process of anatase phase as a function of temperature increas-
ing occurs exclusively due the reduction of lattice microstrain up to 600�C. However,
above 650�C, that crystallization process becomes dependent of the increasing in crystallite
size. The anatase crystallite growth event was only possible when the titanium dioxide
was doped with zirconium silicate. Otherwise, the rutile phase amount starts to rise
continually. Thus, there are optimistic expectations for that new composition to be a new
semiconductor matrix for additional doping processes.

Keywords: sol-gel method, isovalent doping, phase transition, XRD, rietveld refine-
ment
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1. Introduction

The titanium dioxide TiO2 is a semiconductor ceramic material widely applied for polluted

water remediation and self-cleaning surfaces. The main basis of titanium dioxide powder and

thin film performance is the electron excitation from valance band to conducting one, which

can be carried out by lighting the material surface with radiation energy greater than its band

gap. Thus, the larger the number of electron-hole pairs, the greater the rate of degradation of

organic compounds by oxy-reduction [1–5].

There are somemechanism details to be considered after the initiation of lighting process and the

final mineralization of organic compounds, which can be changed as a function of the organic

molecule type and its semi-decomposed by-products, organics concentration and pH of solution,

distance between the radiation source and the semiconductor material, radiation intensity and

losses in the optical path, as well as some characteristics of the powder or thin film morphol-

ogies. But, the characteristic of the titanium dioxide semiconductor is the most important factor

to be considered, including the morphology, composition and crystalline structure [6–9].

First of all, the importance of solid morphology is an intuitive aspect due to the basis of

heterogeneous catalysis, and the several papers on the literature relating to the synthesis of

titanium dioxide nanoparticles provide a good idea of the importance of a large specific area

for powders. Innovative semiconductor arrangements like p-n junction, titanium dioxide

glass-ceramic, ion-sodium battery based on anatase titanium dioxide ceramic matrix are also

investigated in order to provide new applications concerning novel structures and morphol-

ogies degrees, making the titanium dioxide much more investigated [10–12].

In sequence, at first sight, the composition aspect seems not be applicable because high purity

titanium dioxide should have stoichiometry defined as TiO2. However, the fact is titanium

dioxide is an intrinsic N-type semiconductor due to oxygen vacancies generated during the heat

treatment, mainly for samples with high amount of anatase phase. Nevertheless, the non-doped

n-type anatase titanium dioxide powder or thin films are usually applied as photocatalyst

materials in advanced oxidation process for organic compounds. The justification is based on

the yield of long-lived extrinsic photoholes, which is able to promote the water oxidation [13, 14].

The non-stoichiometry characteristic of titanium dioxide is very similar to the zinc oxide, so that

many investigations consider the addition of extrinsic dopants in order to change semiconductor

predominant behaviour. But, when the concentration of cation dopants becomes higher or when

anion dopants are inserted in oxygen site, the crystalline structure starts to play an important

role. In general, metallic cations with different oxidation states than tetravalent titanium are

investigated and the energy bandgap and other photonic aspects are availed [15–17]. But,

tetravalent titanium vacancies can be also formed through alternative procedures in order to

generate some interesting properties, like high p-type conductivity and better photocatalytic

performance [18].

Several works repot related the insertion of heterovalent metallic cations in titanium dioxide lead

to the decreasing in the temperature of anatase-to-rutile phase transition and also to more

amounts of rutile phase if the powder samples are heat treated up to 600�C [19–22]. Most of the
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doping approaches aim to shift the absorption edge to lower frequencies than ultraviolet range

in order to utilize the titanium dioxide in solar photocatalysis. The nitrogen insertion by

replacing lattice oxygen in anatase phase of titanium dioxide has also this central objective.

However, there are strong suspicions that the desired surface electronic enhancement was

followed by a considerable lattice surface distortion [23, 24].

The most of the doped titanium dioxide structures present different effects for anatase and

rutile polymorphism due to the not well-controlled sample preparation as well as overlapping

of several different effects. The oxygen vacancies seem to occur in association with most

dopant insertion, and their concentrations are very sensitive to heat treatments. In addition to

the lattice distortions and the changes in cation gap states caused by doping process, the

oxygen vacancies also act as hole-trapping sites [25–27].

Even for that high-ordered single-crystal rutile sample, the trivalent titanium acting as trap site

in (110) surface was found [28]. Any of those events seems to be significantly responsible for

the enhancing or damaging of the titanium dioxide photocatalyst performance. Thus, well-

characterized structural model systems are required to understand other changes in the mate-

rial bulk or surface [29].

The exclusive structural aspects deserve special attention in order to understand a little more

about the interfacial charge transfer in complex surface structure of the titanium dioxide

photocatalyst, because the free energy on the single crystal surface is affected by its crystallo-

graphic orientation [30]. Different crystallographic planes were investigated separately in single

crystal samples, and an interesting hypothesis was proposed concerning the surface atoms

alignment. A reasonable experiment set including the etching of high aligned (001) facet proved

that the more aligned the oxygen and titanium atoms on the surface, the greater are the chances

of recombination of the electron-hole pairs [27].

The mechanisms of chemical reaction as a function of crystalline phase are also investigated.

The single crystalline rutile (110) and anatase (101) samples submitted to the oxygen and

water adsorptions at low temperatures, during the reheating up to room temperature, can be

very useful to understand several aspects of photocatalysis mechanisms. Both rutile (110) and

anatase (101) surfaces experience the reaction between oxygen and water molecules in order to

form terminal hydroxyl groups on the phase surfaces. While the hydroxyl groups formed on

the rutile (110) surface are highly bridged, on the anatase (101) surface the hydroxyl groups

remain isolated and stable even after annealing above 130�C. The water molecules desorbs

readily at room temperature from anatase (101) surfaces, whereas the oxygen ones remain

undissociated and adsorbed in the vicinity of extrinsic P-type defects, and those differences

have important consequences for photocatalysis application [31].

It is well understood that the anatase-to-rutile phase transition in polycrystalline titanium

dioxide powder samples is strongly dependent on the anatase phase characteristics, mainly

the impurity amount and the extrinsic dopant type. But, some structural surface aspects for

non-doped and high purity powder samples are also indicative signals, such as the nucleation

of the rutile phase by anatase (112) surface. A different intermediate metastable phase dissim-

ilar to the prior anatase or the final rutile phases was observed, which showed to be sensitive to

the compressive strain and the phase anisotropy [32, 33].
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The photonic behaviour is strongly influenced by predominant phase characteristics, but some

results attributed to the partial anatase-to-rutile phase transition through the controlled heat

treatment leading to an enhancement in the photocatalytic performance. However, this

hypothesis is controversial, because there are serious evidences that the anatase-to-rutile phase

transition can start only the previous ordering in anatase phase. Thus, the relationship

between well-crystallized anatase structure and photocatalytic activity can aid to understand

some aspects not yet clarified about this material [34, 35].

The irreversible anatase-to-rutile phase transition occurring in temperatures above 600�C is a

well-known fact for any experienced researcher working with titanium dioxide samples. It is

also easy to verify that increasing the rutile phase amount is proportional to the temperature of

heat treatment beyond 600�C. The anatase phase in titanium dioxide powder samples can be

obtained even at room temperatures if no high amounts of organics are present in precursor

materials, such as that provided by conventional sol-gel method. No structural differences

seem to occur between the fresh hydrolysed samples and the heat treated one until 150�C,

because the anatase phase nuclei is a water-driven process in order to form oxy-hydroxide

titanium, which is relatively stable up to 150�C [36–38].

The continuous increase in temperature of heat treatment triggers several sequential decom-

position stages in fresh hydrolysed gels, concerning the elimination of several residual com-

pounds, such as the adsorbed water, hydroxyl groups and organic by-products. Unless the

organic by-product types are able to form carbonaceous solid compounds, above the 250�C,

the anatase phase is already an impurity-free material. Nevertheless, the desidroxylation stage

is followed by the formation of cross-linked nuclei, which creates high amount of structural

defects, in special, the oxygen vacancies. Those defects only can be eliminated overcoming the

energy barrier of titanium-oxygen bonds, which leads to the structural destroy-rebuilding

processes. This mechanism is the basis of the reconstructive transformation observed in the

anatase-to-rutile phase transition [24, 32] and that is why the effective anatase phase crystalli-

zation only occurs when the rutile phase starts to form.

It was demonstrated earlier that the oxygen vacancies in titanium dioxide material configure

an N-type semiconductor, which seems to be a not good photocatalyst due to high electron-

hole combination occurring in oxygen vacancies. In addition, the formation of hydroxyl

radical in aqueous media is also dependent on positive holes. Consequently, several dopants

with lower oxidation states than titanium (IV) are investigated in order to make that material

a P-type semiconductor [23].

In parallel, the synthesis method also plays an important role on the anatase crystallization

and the sol-gel method is one of the most used to synthesize titanium dioxide powder and thin

film samples. That chemical route is able to synthesize well-crystallized titanium dioxide

samples with anatase single phase at very low temperature because the titanium dioxide

formation is a water-driven process that occurs even at room temperature and leads invariably

to anatase single phase. It is possible to use only volatile coadjutant reagents, such as the

metallic alkoxide precursors and acetic acid complexing agent, so that very little amount of

organic wastes gets retained when the fresh gels are dried at 100�C or almost nothing if dried

above 150�C. There is no chance for the existence of organic solid residues, even if metallic
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nitrates are used as dopant precursor reagents, which makes the sol-gel method the preferen-

tial choice in order to obtain nanoparticles of titanium dioxide in anatase single phase with

relative success [39].

In addition, the amounts of alcohol solvent and water as hydrolyzing agent are also important

on the particle growth stage, because the cross-linked bonds are affected directly by those

coadjutant reagents during the first stages of titanium oxy-hydroxide nuclei formation. It is

almost a consensus that the mean particle diameter reduces as a function of water content in

the jellifying process [40], due to the more separation of nuclei from each other. Nevertheless,

that means a more amount of terminal hydroxyl groups in anatase phase particle surface and,

consequently, a more amount of cross-linked bonds emerging during the drying stage.

The anatase thermal stability depends on the defect concentration, including the oxygen

vacancies. The oxygen vacancies concentration can be dependent on the amount of the cross-

linked bonds among the nanoparticles so that the titanium dioxide nanoparticles can present a

significant increase in oxygen vacancies when compared to the coarse particles. Thus, the

literature shows that the thermal treatment to crystallize the titanium dioxide nanoparticles is

preferentially carried out in temperatures below 500�C, which is still far from the energetic

barrier for anatase-to-rutile phase transition [41]. Less often, the nanoparticles can be carefully

thermal treated under step-by-step process by increasing the temperature from 250 to 600�C, at

most, if it is desirable to obtain anatase single phase [42], which is probably due to the lower

stability for anatase phase in nanoparticle form [43, 44].

On the other hand, homovalent cation doping seems to reduce also the oxygen vacancies,

which can also be associated with cross-linked metal-oxygen bonds in anatase phase. The

insertion of zirconium at 10 mol% in titanium dioxide powder samples avoids the full ana-

tase-to-rutile phase transition at higher temperatures than 600�C, leading to the calcined

material to present high amounts of anatase phase when calcined up to 750�C. By increasing

the zirconium content and calcining the material at same temperature, much more amounts of

anatase phase are observed in powder samples. However, an orthorhombic zirconium titanate

secondary phase starts to crystallize in addition to the remaining anatase phase when the

zirconium content is higher than 10 mol% [45].

By comparing the ionic radii for Ti (IV) and Zr (IV) hexacoordinate cations, it is possible to

infer that the zirconium cation is bigger (72 pm) than titanium one (61 pm) [46]. As conse-

quence, if the zirconium substitution in titanium site was successful, then a proportional

anatase lattice expansion must be observed as a function of zirconium content until at certain

concentration limit, at least [28, 45].

Another homovalent cation dopant investigated for anatase phase stabilization is the tetrava-

lent silicon [47]. Thermal analysis from fresh gel has shown that the presence of silicon dopant

can delay the anatase crystallization, which can be visualized by an exothermic peak, towards

higher temperatures than undoped titanium dioxide. The cell volume for several calcined

samples decreases continually as a function of silicon content, besides the crystallinity loss, as

visualized by the X-ray diffraction patterns followed by rietveld refinement. The calcined

samples in wide temperature range show an increase in temperature of anatase-to-rutile phase
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transition, but until a certain dopant concentration limit, signalled as 5 mol%. Different from

zirconium dopant, the silicon one does not seem to generate secondary phases, but only to

increase the atomic disordering in anatase phase [48]. Those results imply that the silicon

dioxide can have infinite solubility in anatase titanium dioxide phase.

Some researchers have believed that the silicon cation is so smaller that its perfect accommo-

dation in interstitial of titanium and oxygen sites of low dense anatase phase is possible. Thus,

the explanation for anatase stabilization is justified, because the high dense rutile phase does

not have enough interstitial space to accommodate hexacoordinate tetravalent silicon cations,

avoiding the phase transition. That consideration is reasonable but is not true, because the

ionic radii for hexacoordinate silicon (VI) is 40 pm [46], which means the titanium and silicon

cations should experience some repulsion with each other to lead a lattice expansion in anatase

phase, which is not observed in the literature.

Furthermore, an important ab-initio study taking into account the alternative silicon dopant

positions in anatase and rutile phases buries the idea of interstitial silicon in titanium dioxide

sample once and for all. The calculated results suggest that the interstitial tetravalent silicon

cation is energetically favourable neither for anatase phase nor for rutile one. Also, the calcu-

lated results are in concordance with lattice parameter contraction; thus, it is not a good idea to

continue with the consideration of interstitial tetravalent silicon cations in titanium dioxide

anatase phase as the cause for anatase stabilization. At least while the X-ray diffraction data

are showing the consistent anatase lattice contraction for silicon-doped titanium-doped pow-

der samples [29].

The stabilization of anatase phase caused by homovalent dopants seems to be related to the

increase in cross-linked metal-oxygen bond energies still in anatase phase. In addition, the

reported enhancement in photocatalytic performance for homovalent doping cannot be related

exclusively to the decrease in oxygen vacancies [28]. The effect in crystal surface can play an

important role in order to reduce the recombination of electron-hole pair, and the anatase

phase surface presenting oxygen and cations outer of the plane seems to be crucial to avoid

that auto-neutralizing phenomenon [10, 31].

The first attempt to use simultaneously silicon and zirconium dopants was published in 2006

[49] but did not contribute to the correct understanding of the anatase phase stabilization

in titanium dioxide samples. First, because the anatase phase stabilization occurring as a

function temperature increasing or even significant changes in anatase-to-rutile phase transi-

tion were not demonstrated, according the X-ray diffraction patterns available on that work.

Except at 700�C, all of the samples presented rutile phase and the authors chose to explain the

results by considering no dopant substitutions, but the effect of anatase interparticle secondary

phases.

In addition, considerable confusion can occur if the dopant concentrations were referred as

weight percent, due to the enormous difference in atomic weight among the metal constitu-

ents, and is not a good choice in order to permit the correct understanding of the progressive

doping effects. The results provided by simultaneous and equal weight doping elements for

silicon and zirconium at 5 wt% [51] correspond to 8.4 mol% for silicon and 2.6 mol% for
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zirconium, which means a Si/Zr molar ratio more than 3. Even so, no considerable differences

were observed comparing the isolated zirconium or silicon doping under the point of view of

anatase phase stabilization [47, 48, 50–52].

Other consideration about the mechanism of the anatase-to-rutile phase transition is no longer

valid, specially, the affirmation that the anatase phase starts to convert into rutile one at lower

temperatures through particle agglomeration in a kinetically controlled reaction. It was dem-

onstrated already that there is a thermodynamic stability for anatase phase at standard condi-

tions of temperature and pressure [29], which is determined probably by titanium-oxygen

bond energies [24]. The kinetic component starts to play an important role only after overcom-

ing the energetic barrier at very high temperatures, like above 900�C [28].

Only in 2016, another publication reporting the silicon-zirconium-doped titanium dioxide

sample was found [53]. There are several doped titanium dioxide nanoparticles calcined at

500�C only, but unexpectedly, the authors discuss about the anatase-to-rutile phase transition

as a function of dopant type for anatase single phase samples. In addition, a sample containing

only silicon and zirconium dopants was also not prepared so that it was not possible to

evaluate the effects of the simultaneous silicon and zirconium doping on titanium dioxide.

Despite that the authors affirm that the sample simultaneously doped with copper, silicon and

zirconium cations at 15 mol% in total concentration and equal parts showed a great improve-

ment in photocatalytic performance for the degradation of methyl orange.

No other articles about the simultaneous silicon- and zirconium-doped titanium dioxide sam-

ple were found in the literature. That way, the present work aims to provide an accurate

investigation about exclusive and simultaneous silicon and zirconium doping in titanium

dioxide powder samples obtained through the sol-gel method in order to demonstrate the

structural basis of anatase phase stabilization. It is very important to keep in mind that equal

parts of tetravalent silicon and zirconium cations represent the average ionic radii close to the

tetravalent titanium cation, considering all of those in hexacoordinate sites. It is also important

to know that zircon silicate ZrSiO4 possesses also anatase phase, which can be thermally stable

until very high temperatures [46, 54].

2. Materials and methods

In order to provide a consistent discussion about the influence of the zirconium-silicon simulta-

neous doping, the non-modified titanium dioxide samples were prepared in the same experi-

mental conditions used to obtaining the doped samples. It was used the true sol-gel method

involving only analytical grade reagents for the preparation of the powder samples. First,

titanium (IV) isopropoxide 97% (Sigma-Aldrich) was added drop wise in glacial acetic acid

99.7% (F. Maia) under stirring. The molar ratio between the acetic acid and total metallic cations

was adjusted to 4 for both samples. Due to the exothermic reaction, the homogenous mixture

was cooled to room temperature by maintaining stirring for 30 min before the next step. For

silicon-zirconium (Si-Zr)-doped titanium dioxide sample, tetraethyl orthosilicate 98% (Sigma-

Aldrich) and zirconium (IV) propoxide 70% (Sigma-Aldrich) are added in order to obtain 5 mol
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% of Si-Zr doping. Then, for both samples, the isopropyl alcohol R.G. (Qhemis) was added in

order to adjust the metal concentration to 0.1 molar.

After a homogenization stage through the stirring for 30 min, acidified water was added in

order to promote the acid hydrolysis. For that proposes, nitric acid solution with pH 3.5 was

previously prepared in order to represent a molar ratio between water and metallic cations

close to 5. Thus, both composition sols were stirred for 1 hour, capped and allowed to stand at

ambient conditions for 24 hours in order to complete the jellification. Both xerogels showed

transparent characteristics before the drying process carried out in drying oven at 100�C

overnight and ground process in porcelain mortar. Finally, both dry gel samples were divided

into several aliquots in order to perform the calcination step in wide range of temperature for 2

hours in a muffle type oven under static atmosphere. The expected compositions are TiO2 and

Si0.25Zr0.25Ti0.95O2, for pure and Si-Zr-doped titanium dioxide-calcined powder samples,

respectively.

Both dry gel compositions were characterized by simultaneous thermogravimetric and differ-

ential thermal analysis (TG/DTA) in order to verify basic differences between non-doped and

Silicon-zirconium-doped gel sample along the temperature of thermal treatment. For that char-

acterization, aliquots close to 100 mg were placed in alumina crucibles and compared with the

same amount of alpha-alumina powder as standard material. Sample and reference material

crucibles were submitted to heating rate of 10�C min�1 from room temperature up to 900�C

under synthetic air flux of 10 mL min�1 by using a Netszch—Thermische Analyse equipped

with TASC 414/2 controller and Pt 10 thermocouples.

The dry gel at 100�C and all of the calcined powder samples in a wide temperature set were

characterized by X-ray diffractometry by using D5005 Siemens equipment operating with K-

alpha nickel-filtered Cu radiation from 20 to 80� (2-theta) in step scan mode in order to collect

the diffraction signal in intervals of 0.02� (2-theta) during 1 s. The obtained diffraction patterns

were phase identified using the JCPDS data bank [54], and the anatase and rutile structural

models were taken from ICSD data bank [55]. The raw files were refined starting from the

chosen anatase and rutile structural models by rietveld method [56] performed with the last

upgraded DBWS software [57, 58] in order to include the size-strain calculation.

3. Results and discussion

Figure 1(a) shows the TG/DTG/DTA curves for both dry gel samples, where it is possible to

observe higher weight losses for Si-Zr-doped titanium dioxide dry gel in all of the weight loss

stages from room temperature up to 460�C. The first weight loss is an endothermic event

associated to the volatilisation processes of residual alcohols and acetic acid, including proba-

ble ester and nitro compounds, which possess boiling temperatures up to 100�C. In addition to

the slight narrow endothermic peak observed for Si-Zr doped titanium dioxide dry gel, the

volatile compounds present in that sample were 1.7%, against 1. 3% for pure one, considering

the final temperature at 180�C for both curves, according to the DTA peaks.
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Residual organic compounds and free-water are desorbed from porous matrixes between 180

and 250�C, markedly a kinetic event, as can be verified by the absence of DTG or DTA peaks in

that region. That desorption event represented a weight loss of 0.7% for Si-Zr-doped titanium

dioxide dry gel, against 0.4% for the same event in pure titanium dioxide sample. Thus, the

total weight losses observed for Si-Zr-doped and pure titanium dioxide dry gels from 30 to

250�C increase for 2.4 and 1.7%, respectively.

The first exothermic event for both samples occurs between 250 and 460�C, which was associ-

ated to the cross-link bonding among the hydroxyl groups in nuclei surface through the

dehydroxylation process. The water losses associated to that event were close to 2.8% for Si-

Zr-doped titanium dioxide sample and 2.6% for pure one. It is also possible to notice that the

exothermic peaks (DTA) precede the water weight loss (DTG) in almost 20�C, which prove that

the water loss is slower than the dehydroxylation process.

Supposedly, this result is coherent with expected reduction of empty volume among the nuclei

due to the pore constriction associated to the cross-link bonding, which harms the water desorp-

tion. It is also possible to notice that the exothermic peak for Si-Zr-doped titanium dioxide

sample is considerably more intense than that observed for the pure one. Then, already during

the dehydroxylation process, an important energetic difference is observed for zircon silicate

titanium dioxide samples when compared to the pure one, which can justify possible changes in

photocatalysis performances due to the important role the hydroxyl groups in anatase surface

have in charge transference and electron-hole recombining processes.

Finally, the anatase crystallization process is observed after the last weight loss and the Si-Zr-

doped titanium dioxide samples present two evidenced exothermic events. According to

correlated work [59], the presence of silicon dioxide in titanium dioxide seems to favour the

crystallization process as a facilitator of the oxygen vacancy elimination. In fact, it is possible to

Figure 1. Thermogravimetric and differential thermal analysis for pure and silicon-zircon-doped titanium dioxide dry gel

samples: (a) entire TG/DTG/DTA curves and (b) amplification of TG curves between 390 and 900�C.
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visualize that the Si-Zr-doped titanium-doped sample has both events more exothermically

energetic than the pure one. But, other considerable differences are also observed concerning

the temperature of maximum energy. The Si-Zr-doped titanium sample possesses the first

crystallization stage starting below 400�C, already during the cross-link bonding, and ends at

550�C. For the pure titanium dioxide sample, there is only a shoulder at 650�C in DTA curve,

which is very difficult to view without the graphic software help.

Taking into account that the shoulder in pure titanium dioxide sample occurs above the typical

anatase-to-rutile phase transition, it is possible to infer that some amounts of rutile phase

probably is already present at that 650�C. Thus, the third exothermic event for pure-doped

titanium-doped sample is centred at 800�C, probably associated to the complete formation of

rutile phase. On the other hand, the Si-Zr-doped titanium dioxide sample presents the third

exothermic event probably above 900�C (not observed due the analysis ending). Nevertheless,

there is no evidence that the rutile phase is already present above 900�C, because the zircon

silicate has an increasingly stable anatase structure with increasing calcination time and tem-

perature. Thus, 5 mol% of Si-Zr may be sufficient to prevent the rutile phase transition in

titanium dioxide samples calcined until 900�C, at least.

Figure 1(b) shows the amplification of TG curves between 390 and 896�C in order to show the

weight gain for both samples starting to occur immediately after the final weight loss. Then, it

is acceptable that the hypothesis based on oxygen vacancies elimination starts after the ending

of cross-link bonding. Both titanium dioxide samples present significant weight gain due to the

oxygen incorporation. However, the pure titanium dioxide sample presents higher 0.5% more

oxygen incorporation than the Si-Zr-doped one. In addition, the weight gain for Si-Zr-doped

sample only becomes remarkable after 550�C.

One important relation between both the samples related to the anatase phase stabilization can

be established by considering that the oxygen incorporation is not finished at 900�C due to the

kinetic component. Thus, more weight gain can continue to occur until both samples reach a

similar weight gain values. If it is true, then the velocity constant for oxygen incorporation in

the Si-Zr-doped sample is lower because the same weight gain is reached for pure sample at

811�C, which represents 85�C lower than the Si-Zr-doped sample. An accurate investigation of

that dependence would be very interesting to clarify the energetic changes provided by

simultaneous silicon-zirconium doping process.

In Figure 2, X-ray diffraction patterns showing the phase evolution starting from 100�C for

24 hours to 900�C for 2 hours are shown. The pure titanium dioxide sample presents anatase

single phase up to 600�C, which means the rutile phase starts to form at 650�C, according to

DTA analysis evidence. On one hand, a continuous increase in temperature of calcination

leads to much more rutile phase in the samples until the formation of rutile single phase in

pure titanium dioxide powder samples above the 800�C (Figure 2(a)). On the other hand, the

Si-Zr-doped titanium dioxide samples present no evidence of rutile phase even at 900�C

(Figure 2(b)).

The angle degrees and the relative intensities for anatase phase peaks in all of the calcination

temperatures fit with those available on JCPDS card number 21-1272, whereas the rutile phase
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was perfectly identified with the angle degrees and the relative intensities available on JCPDS

card number 21-1276. Nevertheless, it is easy to observe a considerable peak enlargement for

Si-Zr-doped samples for all temperatures, if compared to the pure ones. However, neither the

angle degrees nor the relative intensities are changed for the anatase peaks in Si-Zr-doped

titanium dioxide samples along the temperature of calcination.

In order to understand the structural effects beyond the visual observation of the X-ray

diffraction patterns, a structural refinement was carried out for all of the samples. That proce-

dure starts choosing the structural models for anatase and rutile phase available on the ICSD

data bank. The best adequacy was obtained by setting the lattice parameters and atomic

positions according to card numbers 82084 and 53997, for anatase and rutile phase, respec-

tively. After more than 3000 cycles, the refinement factors reach the minimum permitted for

statistically expected values provided by method. More information about that methodology is

available on the specific literature [56–58, 60].

The lattice parameters of each phase are shown in Figure 3. It is possible to observe a consis-

tent variation for all of the refined parameters, making possible an appropriated discussion.

For anatase phase, both compositions, the lattice parameters present the same variation sam-

ples and, except for 100�C, the vector a and c values are slightly higher for pure titanium

dioxide samples, at least up to 600�C, where the anatase phase for pure titanium dioxide

sample becomes unstable (Figure 3(a)). By considering tetravalent silicon and zirconium

hexacoordinate dopant cations, with ionic radii of 40 pm and 72 pm, respectively, the average

radii are close to 56 pm. Therefore, the substituting cations constitute as smaller than hexa-

coordinate tetravalent titanium substituted one (61 pm). Thus, it is a coherent result that the

slight lattice contraction was observed for the Si-Zr doped samples.

Maybe it is not important to explain the basis of the anatase phase stabilization, but the inverse

effect that occurred at 100�C is in consequence of the higher amount hydroxyl groups in Si-Zr-

doped titanium dioxide dry gel, as was demonstrated in TG analysis. The importance of the

Rietveld analysis is established just above the 650�C and remarkable difference is observed among

the samples originated from both the compositions. In temperatures close to anatase-to-rutile

Figure 2. X-ray diffraction patterns showing the phase evolution for starting from 100�C for 24 hours up to 900�C for 2

hours: (a) pure and (b) Si-Zr titanium dioxide samples.
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phase transition, the both vectors a and c of anatase phase for pure titanium dioxide samples start

to reduce, marking the initial collapse of anatase phase, which will no longer be present at 800�C.

By observing the same variation for Si-Zr-doped samples, it is possible to observe that behaviour

is characteristic of anatase phase crystallization, but only for pure titanium dioxide sample and is

followed by the anatase to rutile phase transition.

By observing the variation of anatase cell volume in Figure 3(b) it is possible to notice an

impressive variation similarity with the variation of vector a (Figure 3(a)), for both samples. It

is possible to observe the tetragonality changes between the pure and the Si-Zr-doped titanium

dioxide samples in the same way, but only displaced to higher temperature for Si-Zr-doped

one. Thus, those results corroborate the previous DTA differences and the tetragonality of

anatase single phase in the Si-Zr-doped titanium dioxide sample calcined at 900�C is very

close to the well-crystallized anatase single phase observed in the pure titanium dioxide

sample calcined at 600�C.

The reliable crystallization process was investigated through the size-strain calculation according

to the methodology well-established [60] and using tungsten carbide as standard material in

order to evaluate the instrumental contributions. It was noticed that the crystallite size stays in

low values until the beginning of anatase-to-rutile phase formation and the peak narrowing is

originated from the reduction of the lattice microstrain practically (Figure 4(a)). Thus, the crys-

tallite coalescence occurs as a consequence of the destroying-rebuilt oxygen-metallic cation

bonds process starting at 650�C, regardless of anatase-to rutile phase transition. Beyond that

reconstructive transformation, above 700�C, the crystallite sizes considerably increase despite of

Figure 3. Refined lattice parameters for anatase phase as a function of calcination temperature for: (a) vectors values and

(b) calculated unit cell volume and tetragonality (c/a).
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some variation on lattice microstrain. In Figure 4(b), it is possible to observe that the anatase

structure starts with spacious oxygen site through the negative values for isotropic thermal

parameters. As the atomic scattering is associated to a specific site volume, it is probable that

the hydroxyl groups push oxygen atoms away from each other. The isotropic parameters become

higher after the dehydroxylation process and that results are coherent with cell volume variation

and thermal analysis results. However, for pure titanium dioxide samples, the atoms experience

a new localized spacing in the temperature close to the anatase-to-rutile phase transition, differ-

ent from Si-Zr-doped ones. That event indicates the reconstructive transformation occurs

through the destroying-rebuilt bonds, because the variation of the isotropic thermal parameters

presents noticeable inflection during that process.

4. Conclusions

The accurate structural characterization was carried out by X-ray diffractometry and rietveld

refinement in titanium dioxide sample synthesized through sol-gel method and calcined in

wide temperature range in order to evaluate the effects on the thermal stabilization of the

zirconium silicate doping at 5 mol%. The discussion of structural variations in both pure and

Si-Zr-doped sample compositions was supported by corresponding thermal analysis taken

from dry gels and consistent correlations were found.

The silicon and zircon dopants lead to more retention of residues coming from jellying process

and also the fresh anatase formed is more hydrolyzed. All of the exothermic events associated

to the phase crystallization in both samples are displaced to higher temperatures if compared

to the pure titanium dioxide sample. Thus, the final crystallization associated to oxygen

vacancies elimination as a function of oxygen incorporation occurs above 900�C.

Figure 4. Calculated data through the refined lattice parameters and peak profiles: (a) crystallite size and lattice

microstrain and (b) isotropic thermal parameters.
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By observing the X-ray diffraction patterns, it was possible to prove that the Si-Zr dopants at

concentration of 5 mol% are able to prevent the rutile phase transition in titanium dioxide

samples calcined up to 900�C. But, the rietveld analysis was very important to found the

structural basis for that behaviour and the known reconstructive transformation was proved

for the anatase-to-rutile phase transition. It was possible to show that the isotropic thermal

parameters for oxygen and titanium atoms are considerably affected just during the anatase

phase collapse and rutile one rising.

The crystallite coalescence responsible for anatase crystallization does not occur in pure tita-

nium dioxide samples, and the X-ray diffraction peaks narrowing observed for calcined sam-

ples in several publications is consequence only of the microstrain reduction. Thus, the pure

titanium dioxide samples cannot be crystallized as anatase phase without the parallel rutile

phase conversion, different from the Si-Zr-doped titanium dioxide sample. Consequently,

well-crystallized anatase single phase at 900�C can be obtained by doping the titanium dioxide

samples with 5 mol% of Si-Zr. That composition can become a new semiconductor matrix for

the investigation of new dopants in order to improve further the photocatalysis performance

or maybe, other possible applications.
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