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Abstract This work reports on the synthesis of a SrTi1-x

FexO3 nanostructured compound (0.0 B x B 0.1) using a

modified polymeric precursor method. The effect of the

addition of iron on the thermal, structural and morpho-

logical properties of the nanoparticles was investigated by

FT-IR spectroscopy, X-ray diffraction, and field emission

scanning electron microscopy (FE-SEM). A thermogravi-

metric analysis indicated that the crystallization process

preceded by three decomposition steps. Differential ther-

mal analysis experiments showed that decomposition

occurred in a broad range of temperatures from 400 to

600 �C. It was observed that iron ions acted as catalysts,

promoting rapid organic decomposition and phase forma-

tion at a lower temperature than in SrTiO3. Moreover, the

addition of iron decreased the crystallite size and increased

the lattice parameter of the SrTi1-xFexO3 structure.
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Introduction

Perovskite structured compounds have been studied

extensively mainly due to their technological applications,

particularly ABO3 compounds (A = Sr, Ba, Pb, Ca and

B = Ti, Zr), which display interesting properties such as

photoluminescence [1–3], ferroelectricity [4] and piezo-

electricity [5]. These materials have therefore been

considered for application as capacitors, varistors, photo-

electrodes, ferroelectric memories, gas sensors, etc. With

regard to its application as a gas sensor, more recently,

highly iron-doped strontium titanate (SrTiO3) has been

applied successfully as an oxygen sensor for the control of

vehicle emissions [6, 7]. The addition of Fe2O3 to the

SrTiO3 network, forming SrTi1-xFexO3 (STF) solid solu-

tion, has also attracted the interest of researchers because

the substitution of titanium by iron atoms, which creates

different types of defects due to the difference in the

oxidation state of Ti4? and Fe3? [8], contributes to the

stabilization of the perovskite phase [9]. Furthermore,

the STF system shows a p-type conducting behavior at high

temperatures and oxygen partial pressure [10], which ren-

ders it a promising material for gas sensor applications.

The conventional method for preparing STF compounds

is based on the solid-state reaction of SrCO3, Fe2O3 and

TiO2 precursors [6–10]. It is well known that the solid-state

reaction requires high temperatures for the sintering pro-

cess and can produce ceramic powders with chemical

inhomogeneity and micrometric particles. It has been

observed that the decrease of micro to nanoparticles

enhances the property of STF samples [8]. In order to

decrease particle sizes to a nanoscale, microsized samples

have been subjected to ball milling, which may introduce

impurities into them. The synthesis of nanostructured

materials by a chemical route appears to be a good alter-

native to obtain nanostructured powder samples without

such inhomogeneities.

In this work, SrTi1-xFexO3 (STF) solid solution was

obtained by a modified polymeric precursor method. This

method offers the advantages of good stoichiometric con-

trol, easy reproducibility and nanosized particles [11]. The
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effect of the addition of iron on the thermal and structural

properties of SrTiO3 powders was investigated by ther-

mogravimetric analysis (TG), differential thermal analysis

(DTA), X-ray diffraction (XRD) measurements and Fourier

transform infrared (FT-IR) spectroscopy. In addition, the

morphology of the nanoparticles was examined under a

field emission scanning electron microscope (FE-SEM).

Experimental

Crystalline SrTi1-xFexO3 powders with x = 0.0, 0.05 and

0.10 were prepared by a modified Pechini method [12, 13].

The following reagents were used as precursor materials

during the synthesis: strontium carbonate (SrCO3—Merck,

99.9%), titanium (IV) isopropoxide (Ti[OCH(CH3)2]4—

Alfa Aesar, 97%), and iron (III) nitrate (Fe(NO3)3.9H2O—

Sigma, 98%).

First, the citric acid (CA) and iron nitrate were dissolved

in distilled water (at room temperature) under constant

agitation. After complete dissolution, the temperature of

the solution was raised to 80 �C and the SrCO3 was added

slowly to the aqueous solution until it became transparent.

Ethylene glycol (EG) was then added to this solution,

which was heated to 150 �C. The molar ratio of the cations

(Sr ? Fe) and citric acid (CA) was 4:1. The titanium cit-

rate solution was then prepared in a separate container. The

citrate was formed by dissolving citric acid (CA) and

titanium isopropoxide in distilled water at 70 �C. The

CA:Ti molar ratio was 4:1. After complete homogenization

of the CA in the citrate solution, the EG was added to the

solution at a mass ratio of 40:60. The Sr-Fe–Ti resin was

prepared by mixing strontium-iron and titanium solutions,

maintaining a molar ratio of 1:1 (Sr:Ti ? Fe). This pro-

cedure yielded a colorless resin. The temperature of the

solution was then raised to 150 �C to eliminate water,

causing the solution to become viscous. After that, the

solution was heat-treated at 300 �C for 8 h at a heating rate

of 10 �C min-1 to eliminate any remaining organic species.

The powders obtained by this process were called the

‘‘precursor’’. These precursor powders were calcined at

700 �C for 1 h (twice) in an electric furnace in an air

atmosphere.

Thermal studies of precursor powders were performed

by thermogravimetry (Netzsch, TG 209) and differential

thermal analysis (TA Instruments, DSC 2920). These

measurements were carried out from room temperature to

800 �C under a synthetic air atmosphere at a heating rate of

10 �C min-1, using the Al2O3 compound as reference. The

crystalline STF powders were characterized structurally by

X-ray diffraction (XRD) measurements in a 2h range from

20 to 80� with a step of 0.020�, at a scanning speed of

2�min-1, using a CuKa radiation (Rigaku, Rotaflex

RU200B). The infrared bands were studied in the 2000–

400 cm-1 range using a FT-IR spectrometer (PerkinElmer,

Spectrum GX). Lastly, a microstructural analysis was

carried out using a field emission scanning electron

microscope (FE-SEM, Zeiss SUPRA35) operating at

5.0 kV.

Results and discussion

Thermal analysis

Figure 1 shows the thermogravimetric curve (TG) and its

derivative (DTG) of the precursor powders containing

different iron contents. Figure 2 illustrates the DTA curves

of the same powders analyzed by TG technique. Note the

presence of four peaks in the DTG curves of all the sam-

ples, one at around 100 �C, which was attributed to the

elimination of water, and three peaks between 450 and

700 �C, ascribed to the decomposition of organic species

[14]. These peaks occurred at 500, 620 and 700 �C in the

SrTiO3 sample, at 460, 590 and 630 �C in the SrTi0.95-

Fe0.05O3 compound, and at 450, 520 and 580 �C in the

SrTi0.90Fe0.10O3 sample. Table 1 presents the mass loss

data resulting from the TG measurements. A dehydration-

related mass loss of 8–10% was observed between 25 and

250 �C, of 34–38% between 250 and 550 �C, and of
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29–13% between 550 and 720 �C. A considerable reduc-

tion in mass loss was observed between 550 and 720 �C in

response to the increase in iron content.

On the other hand, the DTA measurements (Fig. 2)

revealed a broad exothermic peak between 400 and 600 �C.

An analysis of the maximum temperature of this peak

(inset of Fig. 2), indicated that it decreased linearly as the

iron content increased, starting from about 518 �C

(x = 0.0) up to 487 �C (x = 0.10). This behavior was

probably due to the changes in the polymerization or

pyrolysis process, which can be influenced by the catalytic

effect caused by the incorporation iron into the SrTiO3

network. Iron undoubtedly acts as a catalyst, promoting

rapid organic decomposition at low temperatures. Souza

et al. [15] have reported similar findings in Sr1-xMgxTiO3

powders obtained by the polymeric precursor method. The

presence of two additional peaks at 630 and 600 �C in the

x = 0.05 and 0.10 samples, respectively, could be related

to the crystallization temperature of these compounds.

Structural analysis

The FT-IR spectra of the crystalline STF powders and the

Fe2O3 (hematite) reference compound are presented in

Fig. 3. The position of the peaks is identified by a dashed

line. An analysis of the spectra showed the presence of a

band at 1630 cm-1 related to the COO stretching mode for

a unidentate complex [16]. On the other hand, although the

thermogravimetric measurements indicated a lower tem-

perature for carbonate elimination (see Fig. 1), the IR

spectrum still indicated the presence of characteristics

bands of CO3
-2 carbonate groups at 1460 and 860 cm-1,

even after heating to 700 �C [17]. The broad band at

595 cm-1 corresponds to Ti–O vibrations, while the band

at 480 cm-1 is associated with FeO6 octahedron vibration

[18, 19]. As it can be seen, the latter band became more

pronounced as the iron content increased.

Figure 4 shows the XRD patterns of crystalline

SrTi1-xFexO3 (x = 0.0, 0.05 and 0.10) powders calcined at

700 �C for 1 h. All the peaks were attributed to the

perovskite structure of SrTiO3 phase (JCPDS:35-0734). No

evidence of a secondary phase was found. The average

crystallite size was calculated from the full width at half
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Fig. 2 DTA curves of the SrTi1-xFexO3 amorphous precursors. The

inset shows the variation of the decomposition temperature of the

precursor with composition

Table 1 Thermal analysis data of precursor powders

X Dehydration/% Oxidation

decomposition/%

Decomposition of

residual CO2 and

phase formation/%

25–250 �C 250–550 �C 550–720 �C

0.0 8 34 29

0.05 8 38 21

0.10 10 38 13
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maximum (FWHM) of the X-ray diffraction lines, using

Scherrer’s equation [20]. The (110) diffraction peak was

used to determine the crystallite size and lattice parameters.

Table 2 shows the average crystallite size and the lattice

parameters for different iron compositions. Clearly, the

crystallite size decreased in response to the substitution of

Ti with Fe ions. This behavior can be explained by the role

of iron as a catalyst in organic decomposition and by the

fact that the crystallization process occurred at a lower

temperature than it did for SrTiO3 phase. During the

decomposition process, iron ions nucleate the phase while

simultaneously forming crystallites, but the diffusion pro-

cess did not occur due to the low temperature. As the iron

content increased, the nucleation rate increased, giving rise

to additional smaller crystallite sizes.

The lattice parameter was also found to increase along

with the increase in iron content. Vračar et al. [21] reported

a similar result for STF powders obtained by solid state

reaction in a reduced atmosphere. If one considers that

Ti4? is replaced by Fe3? ions, this behavior can be

attributed to a difference in the ionic radius of Ti4?

(0.605 Å) and Fe3? (0.645 Å). Preliminary results (not

shown here) of the oxidation state of iron determined by

the XANES (X-ray absorption near edge spectroscopy)

technique indicated that the iron ions were predominantly

in a Fe3? oxidation state.

Morphology

Figure 5 shows an image of crystalline STF powders with

different iron contents. No significant modification was

observed in the grain morphology due to the increase in

iron content. This figure shows a considerable agglomera-

tion of nanoparticles, independently of the sample’s com-

position. The formation of such agglomerates is probably

due to the excessive heat released during the burnout of

organic residues (exothermic reaction between 400 and

600 �C depicted in Fig. 1), which promotes partial sinter-

ing of the nanoparticles [22].

Conclusions

SrTi1-xFexO3 nanoparticles with x = 0.0, 0.05 and 0.01

were successfully synthesized for the first time by a mod-

ified polymeric precursor method. The organic decompo-

sition and crystalline phase formation were monitored

using the TG and DTA techniques. The analysis of TG

curves indicated that the phase formation was preceded by

three organic decomposition steps. The DTA curves, which

showed a broad peak located between 400 and 600 �C,

indicated the occurrence of organic decomposition. The

increase in iron content caused a decline in the maximum

temperature of the decomposition peak. In fact, iron ions

act as a catalyst, promoting more efficient organic

decomposition and phase formation at a lower temperature

than that required for nondoped SrTiO3. Furthermore, the

addition of iron was found to decrease the crystallite size

due to low organic decomposition, and to increase the

lattice parameter of the STF structure because iron ions

have a larger ionic radius than titanium. No evident mod-

ification was observed in the morphology of the nanopar-

ticles in response to the increase in iron content.
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