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Abstract In this study undoped and Cr, Sb or Mo doped

TiO2 were synthesized by polymeric precursor method and

characterized by X-ray diffraction, UV–VIS spectroscopy,

infrared spectroscopy and thermogravimetry (TG). The TG

curves showed a continuous mass loss assigned to the

hydroxyl elimination and Cr6? reduction. Doped TiO2

samples showed a higher mass loss assigned to water and

gas elimination at lower temperatures. In these doped

materials a decrease in the anatase–rutile phase transition

temperature was observed. After calcination at 1,000 �C,

rutile was obtained as a single phase material without the

presence of Cr6?.
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Introduction

Several methods have been reported for the successful

determination and quantification of Cr6?, a toxic pollutant

and attributed some carcinogenic activity. Some of them

rely on spectroscopic techniques, while others depend on

mass-sensitive devices and electrochemical detection [1].

The oxidation state and localization of the chromium ions

in the host matrix have been investigated by means of X-ray

absorption near-edge (XANES), extended X-ray absorption

fine structure (EXAFS), optical absorption and electron spin

resonance (ESR) spectroscopies. The local environment of

the chromium cations in the host matrix, as well as their

oxidation state also determine the optical properties of the

pigments [2]. Depending on the host lattice and synthesis

conditions a variety of oxidation states were observed for

chromium, antimony and molybdenum [3].

As a consequence of doping the physical properties of

the TiO2 solid solutions are modified including the phase

transition temperature of the anatase–rutile phase [4].

Previous studies [5] showed that the oxidation of Cr3? to

Cr6? progressively decreases with temperature and stops at

1,200 �C. At the same time the reddish lilac color ascribed

to the Cr6? species also vanished. It is important to remark

that after calcinations at 1,300 �C, at which temperature the

violet color was developed, no traces of Cr6? were noticed.

In this work undoped and Cr, Sb or Mo doped TiO2

samples were synthesized using the polymeric precursor

method [6–9]. The redox reactions were followed by using

thermogravimetry and UV–VIS spectroscopy. The samples

were also characterized by X-ray diffraction (XRD) and

infrared spectroscopy. Chromium was used as chromo-

phore and antimony or molybdenum were used as counter

ions. UV–VIS peaks, ascribed to diverse oxidation states of

chromium, antimony and molybdenum were noticed.
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Experimental

Undoped and Cr, Sb or Mo doped TiO2 samples were

synthesized using the Pechini polymeric precursor method.

Initially titanium citrate was prepared using citric acid

(Cargill) and titanium isopropoxide (Hulls) according to

[7–9]. After the synthesis of the titanium citrate adequate

amounts of chromium (III), molybdenum (VI) or antimony

(III) precursors were added to the solution in order to

obtain the samples with the following stoichiometries:

TiO2, Ti0.94Cr0.06O2, Ti0.89Cr0.06Sb0.05O2 and Ti0.90Cr0.06-

Mo0.04O2. A 3:1 citric acid:metal molar ratio was used.

Chromium (III) acetate hydroxide (Alfa Aesar), antimony

(III) oxide (Merck) were used as chromium and antimony

precursors. For molybdenum doping, molybdenum citrate

synthesized from molybdic acid—Dinâmica, was utilized.

The final solution was then mixed with ethylene glycol

and heated to promote the esterification reactions in the

solution. The chelated metal ions remained homogenously

distributed throughout the polymeric network. Then, the

samples were calcined at 300 �C for 1 h leading to the

formation of the powder precursors. These precursors were

de-agglomerated in a mortar, passing through a 100 mesh

sieve and milled in an attritor mill, for 4 h in alcohol.

These powder precursors were submitted to a second heat

treatment at about 300–350 �C for 12 h. A third heat

treatment was carried out at and at 600–1,000 �C for 2 h in

an oxygen atmosphere. More details of the experimental

part can be found in [6–9].

The powder precursors were examined by thermo-

gravimetry as well the samples after the second heat

treatments. The TG curves were recorder using a SDT

2960, TA Instruments analyzer. An O2 atmosphere was

used with a flow rate of 110 mL min-1. The samples were

heated at 10 �C min-1 heating rates up to 1,000 �C. About

10 mg of sample were weighted in alumina crucibles.

The X-ray diffraction patterns have been obtained in a

Siemens D-5000 diffractometer using a monochromatic

CuKa target. The crystalline phases (anatase and rutile)

were evaluated in a semi-quantitative way according to

Spurr Myers Equation (1) [10].

%rutile ¼ 1

1þ 0:8Ianatase

Irutilo

� 100 ð1Þ

where: Ianatase and Irutile are the intensities of the (101) and

(110) peaks of anatase and rutile phases, respectively.

Infrared spectroscopy was carried out in a BOMEM MB

102-series equipment, using KBr pellets. The sample was

vigorously milled in a mortar yielding a very fine powder.

For the preparation of the infrared pellets about 100–

150 mg of the heat treated material was used blended with

a tiny amount of KBr, previously dried in an oven at

100 �C. Both materials are then vigorously milled again,

blended and later pressed, in order to obtain a thin and

transparent pellet.

The samples heat treated at 600–1,000 �C for 2 h in an

oxygen atmosphere were compacted in order to become

denser. Later their UV–VIS spectra were obtained using an

UV-2550 Shimadzu spectrophotometer, in the 190–900 nm

range.

Results and discussion

The thermogravimetric curves of undoped TiO2 precursor

(Fig. 1) presented two mass loss steps. The first one was

assigned to the release of physically adsorbed water and

gases adsorbed on the powder precursor surface [7, 8]. The

highest mass loss of the first step was related to the

undoped sample, possibly due to highly hygroscopic

character of TiO2. Previous studies indicate that the second

step is related to the combustion of the organic material

leading to the formation of CO2 and H2O [7, 8]. In the

present work, this step was assigned to the elimination of

hydroxyls and residual organic material. Only a small mass

loss was observed and no exothermic peak was present in

the DTA curve, indicating that a high amount of carbon

was eliminated during calcination in oxygen atmosphere.
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curves of the doped and

undoped TiO2 precursors (a)

and Ti0.94Cr0.06O2 (b)
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When chromium was added to TiO2, a smaller mass loss

was observed. Another mass loss step occurred above

580 �C. With the antimony addition the profile was similar

to the chromium doped samples. For molybdenum a dif-

ferent behavior was observed with a small mass gain in the

second step probably due to an oxidation process and a

higher mass loss in the third step (Table 1).

In order to explain the possible evolved products upon

TG runs they were characterized by infrared spectroscopy

(Fig. 2).

The infrared spectra after carbon elimination (Fig. 2a)

showed a band at 1,630 cm-1, assigned to the presence of

water [11] and a band around 1,100 cm-1 indicating the

presence of hydroxyls [12], which may be placed on the

powder surface. The amount of hydroxyls was higher in the

doped samples than in undoped TiO2. Very small bands

were observed between 1,430 and 1,480 cm-1, indicating

that only small amounts of carbonate were formed [12]. No

bands assigned to esters were observed. Water and

hydroxyls were eliminated with the temperature increase as

indicated by the infrared spectra after calcination at

1,000 �C (Fig. 2b). These results indicated that the con-

tinuous mass loss observed in the TG curves was due to the

elimination of H2O and OH groups, confirming that the

organic material was eliminated during calcination in

oxygen atmosphere.

The fundamental vibrations of TiO2 crystals appeared in

IR spectra as very intense broad bands, which were ascri-

bed to the stretching vibrations of Ti–O bonds (550–

653 cm-1) and Ti–O–Ti bonds (436–495 cm-1). The

absorption in the 700–1,000 cm-1 spectral range can be

assigned to surface vibrations [13]. In the present work

(Fig. 2a, b) two vibration bands assigned to metal-oxygen

vibrations were observed: a broad one between 500 and

750 cm-1 and another one around 400 cm-1 in agreement

with [12, 14]. These bands were already present after cal-

cination at 300 �C indicating that some short-range order

was already present.

In relation to the TiO2 structure, according to literature

data the anatase–rutile phase transition is strongly affected

by the presence of two- and/or trivalent dopant ions used as

chromophores. When these dopants are added to the

material, oxygen vacancies are formed, leading to a higher

diffusion in the TiO2 lattice, which is the main mechanism

leading to phase transition. When elements with oxidation

state higher than (IV) are added as counter ions the phase

transition reaction is inhibited due to the charge balance in

the lattice [15, 16].

In the present work the simultaneous addition of chro-

mophore and counter ions favours the anatase–rutile phase

transition (Fig. 3) in comparison to undoped and chro-

mium-doped titania. For antimony addition, almost 90% of

rutile was already obtained at 600 �C.

Chromium addition during the synthesis led to the for-

mation of oxygen vacancies as already showed in [15, 16].

Moreover the elimination of hydroxyls during heating

Table 1 Temperature and mass loss values determined by TG

Sample 1st step 2nd step 3rd step

Temperature

range (�C)

Mass variation

(%)

Temperature

range (�C)

Mass variation

(%)

Temperature

range (�C)

Mass variation

(%)

TiO2 25–300 -7.6 350–980 -1.0 – –

TiO2: Cr 40–300 -2.2 350–500 -0.2 580–980 -0.4

TiO2: Cr, Sb 28–350 -5.4 350–603 -0.4 673–850 -0.3

TiO2: Cr, Mo 40–350 -1.6 350–643 ?0.2 816–954 -1.0
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Fig. 2 Infrared spectra of TiO2: Cr, Sb or Mo pigments, heat treated

at *330 �C for 12 h (a) and 1,000 �C for 2 h (b)
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(Figs. 1, 2) can also lead to the formation of oxygen

vacancies as their elimination occurs with the formation of

water according to Eq. 2. As a consequence, the anatase–

rutile phase transition was favored.

2Ti� OH �!
heating

Ti� V��o þ Ti� Oþ H2Oþ 2e0 ð2Þ

In relation to antimony it was added to TiO2 as Sb3?,

increasing the amount of oxygen vacancies and conse-

quently, the anatase–rutile phase transition. This result may

be due to the oscillation in the oxidation state of the Sb ion.

During the calcinations the presence of Sb5? was indicated

in [17].

For molybdenum addition its reduction occurred during

calcination as indicated by UV–VIS results, which showed

the presence of Mo5?. Its oxidation to Mo6? probably

occurred at higher temperatures leading to small mass gain

between 350 and 643 �C can be seen in the TG curves.

Above 800 �C a remarkable mass loss occurred that may

due to MoO3 sublimation.

The UV–VIS spectra were analyzed (Fig. 4) in order to

evaluate the oxidation state of the cations. Chromium may

be present as Cr3?, Cr5? and Cr6?. For Cr3?, bands are

expected at about 15,600 cm-1 and 23,300 cm-1 due to

(4A2 ? 4T2) and (4A2 ? 4T1) transitions [18]. A weak

forbidden band at 13,500 cm-1 was also observed by Dondi

et al. [16] for TiO2 with rutile structure. For Cr5?, transi-

tions at 21,700 cm-1 occur while charge transfer transitions

are present for Cr6? between 27,000 and 28,000 cm-1 [1,

18–20]. In relation to molybdenum, Dondi et al. observed

that its addition increases the absorbance all along the

spectrum, presumably including Mo5? absorbance bands at

13,000–14,000 cm-1 and 19,000–23,000 cm-1. For anti-

mony, different oxidation states may be present attributed to

a change in the oxidation state, as Sb3? is oxidized to Sb5?.

For this cation, only charge transfer transitions are observed

above 20,000 cm-1.

In this work, for Ti0.94Cr0.06O2 (Fig. 4a) absorption

bands were observed for Cr6?, Cr5? and Cr3?. With the
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increase of temperature the intensity of Cr6? absorption

band decreased continuously and the profile of the

absorption bands changed. For antimony doped samples

the difference was the 4A2g ? 4T2g transition of Cr3? that

was not observed and a higher definition of the Cr3? for-

bidden band occurred. For molybdenum one band at about

13,300 cm-1 is superposed to Cr3? being assigned to

Mo5?. The intensity of this last band decreased when the

temperature increases to 1,000 �C indicating that mass loss

above 800 �C may be really assigned to the molybdenum

oxide sublimation. For samples containing the counter ions

the profile of the absorption band did not change mean-

ingfully with temperature increase. This was probably

related to the structural stability of these samples as rutile

was already the main phase after calcination at 600 �C. In

all samples the amount of Cr6? decreased with temperature

increase, so that Cr6? band at 27,000–28,000 disappeared

after calcination at 1,000 �C.

The Cr6? reduction may be related to the elimination

of hydroxyls, which leads to the formation of free elec-

trons in the structure. Cr6? may be reduced to Cr5? by a

single electron and to Cr3? by a three electron reduction.

For molybdenum (Fig. 4c), UV–vis spectra indicated that

its reduction occurred, with single electron. Thus, the

small mass gain observed in the TG curve may be due to

Mo5? oxidation. In relation to the antimony, as already

pointed out, Sb3? oxidation occurs leading to the forma-

tion of Sb5?. This reaction may also favor the Cr6?

reduction.

Conclusion

Pure and doped TiO2 was successfully obtained by the

polymeric precursor method with addition of chromium

and antimony or molybdenum as counter ions. The

decomposition of the powder precursor was evaluated by

thermogravimetry with the aid of infrared spectroscopy and

UV–VIS spectroscopy. The continuous mass loss above

300 �C was assigned to hydroxyl elimination and Cr6?

reduction as no exothermic peak was observed in the DTA

curves and bands assigned to carbon compounds were not

present in the IR spectra. Cr6? reduction was favored

instead of the oxidation of Sb3? and Mo5?. The anatase–

rutile phase transition was favored for Cr doped TiO2 and

moreover by the counter ion addition. As a consequence of

this higher stability a smaller difference in the profile of the

UV–VIS spectra was observed leading to a higher stability

of the pigment color.
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