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We report herein for the first time a facile synthesis method to obtain SrTi12xFexO3 nanocubes by

means by a microwave-assisted hydrothermal (MAH) method at 140 uC. The effect of iron addition

on the structural and morphological properties of SrTiO3 was investigated. X-ray diffraction

measurements show that all STFO samples present a cubic perovskite structure. X-ray absorption

spectroscopy at Fe absorption K-edge measurements revealed that iron ions are in a mixed Fe2+/Fe3+

oxidation state and preferentially occupy the Ti4+-site. UV-visible spectra reveal a reduction in the

optical gap (Egap) of STFO samples as the amount of iron is increased. An analysis of the data

obtained by field emission scanning electron microscopy points out that the nanoparticles present a

cubic morphology independently of iron content. According to high-resolution transmission electron

microscopy results, these nanocubes are formed by a self-assembly process of small primary

nanocrystals.

1. Introduction

In recent years, strontium titanate ferrite SrTi12xFexO3 (STFO)

solid solution has attracted the attention of the scientific

community because STFO samples exhibit a p-type conducting

behavior at high temperatures and may thus be applied in

resistive gas sensor devices for oxygen and hydrocarbons.1–4

Very recently, it was demonstrated that STFO samples also

exhibit photocatalytic activity under visible radiation.5 Brixner

and co-workers6 were the first to report the synthesis of STFO

using a solid-state reaction (SSR) procedure which requires

temperatures around 1100 uC and sintering times between 10 and

14 h.6 This methodology has been commonly employed to

prepare STFO powders used to prepare thick and/or thin films to

be applied in gas sensors.2,3,7,8

An alternative way to decrease the grain size consists of

submitting samples prepared by the SSR procedure to a ball

milling. Hu and co-workers9 reported results obtained for

undoped SrTiO3 samples submitted to ball milling processing.

These authors obtained smaller nanoparticles of ca. 27 nm,

though the samples require a long period of milling of 120 h.

The ability to design and control crystallinity, structure and

morphology at the nanometer and micrometer scale is one of the

most fundamental challenges in condensed matter science,10–14

mainly due to the strong correlation between these factors, their

properties and widespread technological applications.15–22

Recently, we demonstrated that the photoluminescent property

of undoped SrTiO3 powders was significantly enhanced by a

reduction in particle size.23 Usually, the synthesis of oxide

compounds is conducted by a polymeric precursor method,24

sol–gel25 or conventional hydrothermal process.26 High tempera-

tures and/or long treatment times are required when using these

methods. Currently, modification of energy and time-consuming

processes are valuable for research in materials science, especially

for the synthesis of inorganic compounds,27 for which microwave

heating has been used in recent years to lower the time and

temperature of synthesis. The MAH method is considered as fast,

clean, simple and often energetically more efficient when

compared to the other above methods.27 In 1992, Komarneni’s

group reported the use of the MAH method to synthesize binary

oxide ceramic powders, such as KNbO3 and BaTiO3.28 Following

their research, the use of microwave radiation for the hydro-

thermal synthesis of oxide compounds increased rapidly over the

past several years.27,29–33 It has been also observed that microwave

radiation is a powerful tool to accelerate the formation of metal

oxide nanoparticles.34 For example, Godinho and co-workers

reported that the use of microwave irradiation during hydro-

thermal synthesis significantly decreases the treatment time

required to obtain CeO2:Gd nanorods.30

The MAH method combines effects of solvents, temperature

and pressure on ionic reaction equilibrium and provides a
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low-heating method to prepare different nano- or micro-sized

oxide ceramic samples with controllable particle size and

aggregation process.27,29–32,35–37 Moreover, MAH-mediated

synthesis also involves an acceleration of the kinetic process

leading to the formation of particles with uniform dimen-

sions.34,37,38 Due to these factors the MAH method has been

used in the synthesis of STFO solid solutions.

On the other hand, Alfredsson and co-workers conducted a

theoretical and experimental study based on the CaTiO3

perovskite and showed that the crystal morphology can also be

varied by a suitable choice of dopant ions and their concentra-

tion.39 They showed that dopant introduction is a alternative

way to modify the relative energy of the different crystal faces,

and consequently, to control the crystal morphology.39

Herein, we describe the synthesis of STFO solid solution using

the MAH method, while studying the effect of iron content on

the structural and morphological properties of SrTiO3. X-ray

diffraction (XRD), X-ray absorption spectroscopy (XANES and

EXAFS regions), UV-visible absorption, field emission scanning

electron microscopy (FE-SEM), and high resolution transmis-

sion electron microscopy (HRTEM) techniques were employed.

2. Experimental

2.1. Materials synthesis

STFO (x = 0, 5, 10, 25 and 40% mol) solid solutions were

prepared according to the following methodology: first,

TiOSO4?yH2SO4?yH2O (99.9%) reagent was added into 50 mL

of deionized water at 60 uC under stirring and purged with N2

gas (12 cm3 min21). FeCl3 and SrCl2?2H2O (both 99.9%) were

dissolved in solution to obtain a 0.01 M solutions of each.

Appropriate amounts of these solutions were then mixed to

obtain a final solution with a molar ratio of Sr : (Ti + Fe) equal

to 1 : 1. Finally, 50 mL of 6 M KOH (85%) was added to the

solution under constant stirring and nitrogen flux. The KOH

acts as a mineralizer, favoring the co-precipitation of Sr, Ti and

Fe hydroxides which will form the precursor solution. All

reagents were obtained from Aldrich Company.

The final solution was then placed in a 110 mL Teflon

autoclave which was closed and inserted in the MAH system

operated at a frequency of 2.45 GHz with a maximum power of

800 W. The final solution was heated at 140 uC for 10 min at a

heating rate of 140 uC min21 without stirring and under a

constant pressure of 3 bar. After the synthesis, the autoclave was

cooled naturally to room temperature. The precipitated powders

were removed and washed with deionized water and isopropyl

alcohol several times until a neutral pH was attained. The

powder sample was then dried at 80 uC for 12 h.

2.2. Material characterization

XRD patterns were collected in a Rigaku diffractometer

(Rotaflex, RU200B), operating in Bragg configuration using

Cu-Ka radiation from 20 to 100u with a 0.02u step width and a

scanning rate of 5 s per point. The lattice parameter, a, was

calculated from the (110) peak using Bragg’s law.40

To evaluate the iron oxidation state and its site occupation in

the SrTiO3 lattice, X-ray absorption spectroscopy (XAS)

measurements were performed at the D04B-XAS1 beamline on

the Brazilian Synchrotron Light Laboratory (LNLS). The

experiments were carried out at the Fe K-edge (7112 eV) in a

transmission mode at room temperature using a Si(111) channel

cut monochromator. X-ray absorption near-edge structure

(XANES) spectra were collected for each sample between 7090

and 7190 eV using energy steps of 0.5 eV. For comparison

purposes, all spectra were background removed and normalized

using as unity the first EXAFS (extended X-ray absorption fine

structure) oscillation. To determine the Fe oxidation state from

Fe K-edge XANES spectra, the integration method proposed by

Olimov and co-workers was used.41

Fe K-edge EXAFS spectra were recorded between 7100 and

7900 eV with energy steps of 2 eV. EXAFS spectra were

processed using the Multiplatform Applications for XAFS code

(MAX).42 The theoretical EXAFS spectra of STFO (x = 0.25)

sample was calculated with the ab initio FEFF8.3 code43 with the

structural parameters determined by XRD.

UV-visible spectra of STFO samples were recorded using a

Cary 5G spectrometer in the total reflection mode by the

integration sphere, and the optical gap (Egap) was estimated

using the Wood and Tauc method.44

Morphological properties of the STFO samples were char-

acterized using FE-SEM (Zeiss Supra35) operating at 5 kV in

different magnification. The microanalysis by energy-dispersive

X-ray (EDX) spectroscopy was performed in a spectrometer

EDAX-AMETEC (model APPOLLO X). TEM and HRTEM

images were obtained on a JEOL (JEM, 2100 HT) microscope

operating at 200 kV.

3. Results and discussion

All diffraction patterns of STFO samples shown in Fig. 1a were

indexed to a cubic perovskite structure of SrTiO3 with Pm3m

space group (Joint Committee on Powder Diffraction Standards

(JCPDS) file No. 35-0734), except for the x = 0.4 sample which

also shows diffraction peaks corresponding to the SrCO3 phase

(JCPDS file No. 05-0418). No diffraction peak related to iron

oxide phases were observed which indicates that iron ions were

homogeneously incorporated into the SrTiO3 lattice. Cu-Ka2

radiation diffraction was also observed in pure SrTiO3 owing to

the large crystallite size.

Fig. 1b shows that an increase in the iron content displaced the

diffraction peaks to lower 2h angles which indicates an increase

in the lattice parameter, a, as can be observed from the analysis

of the values reported in Table 1. This increase on the unit cell

parameter is expected due to the partial substitution of Ti4+ by

Fe2+ and/or Fe3+ ions (see below) which, according to Shannon

and co-workers,45 have ionic radii of = 0.605 Å (Ti4+), 0.78 Å

(Fe2+) and 0.645 Å (Fe3+), respectively. Some authors have

reported contrary behavior of lattice parameter as a function of

iron content.3,6,46,47 This effect can be explained by the

hydrothermal environment present an atmosphere with low

amount of oxygen, which favors formation of reduced STFO

samples.

The oxidation state of iron atoms was determined from the

XANES spectra analysis measured at the Fe K-edge. Fig. 2a and

b show the XANES spectra of iron-based reference compounds

and XANES spectra of STFO samples, respectively. The pre-

edge features presented on the XANES spectra of STFO samples

This journal is � The Royal Society of Chemistry 2012 CrystEngComm, 2012, 14, 4068–4073 | 4069
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Table 1 Lattice parameter (¡0.002 Å), oxidation state of iron (¡0.3),
and optical gap, determined for SrTi12xFexO3 samples synthesized by the
MAH method

Fe content, x
Lattice
parameter, a/Å

Fe oxidation
state

Optical gap,
Egap/eV

0.0 3.920 — 3.25
0.05 3.919 2.30 3.04
0.1 3.931 2.31 3.05
0.25 3.946 2.29 2.92
0.4 3.948 2.30 2.87

Fig. 1 (a) XRD patterns of SrTi12xFexO3 powder samples. (b) (110)

diffraction peak shift as a function of iron content.

Fig. 2 XANES spectra at the Fe-K edge: (a) iron oxide standards (FeO,

Fe2O3 and Fe3O4) used in the calibration procedure, (b) SrTi12xFexO3

samples and (c) Fe oxidation state in SrTi12xFexO3 samples determined

using the integration method.41

4070 | CrystEngComm, 2012, 14, 4068–4073 This journal is � The Royal Society of Chemistry 2012
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are characteristic of six-coordinate iron compounds.48

Furthermore, from these XANES spectra, the iron oxidation

state was determined using the integration method.41 Fig. 2c

gives a mean value of 2.3 for the oxidation state of iron ions

corresponding to a mixed valence of iron, i.e. Fe2+ and Fe3+ ions

with a predominance of Fe2+ ions in all STFO samples.

To verify if Fe atoms are located at Ti sites, the EXAFS

spectrum of the x = 0.25 sample was measured and compared to

calculated EXAFS spectra. EXAFS spectra were calculated by

supposing the substitution of either Sr or Ti by Fe atoms. Fig. 3a

shows the comparison of calculated and experimental EXAFS

spectra while the corresponding Fourier transform (FT) magni-

tudes are shown in Fig. 3b. The first FT peak corresponds to the

first Fe–O coordination shell while the other peaks are related to

further Fe-coordination shells.

As observed in Fig. 3a, the calculated EXAFS spectrum on the

case of Fe ions located at Ti-sites is quite similar to the

experimental EXAFS spectrum, whereas the EXAFS spectrum

of Fe ions at Sr-sites is very different. An analysis and a

comparison of FT curves also confirms that Fe ions are

preferentially located at Ti sites (Fig. 3b).

As the Ti4+ ions are partly substituted by Fe2+ and Fe3+ ions,

different types of defects are created,49 mainly oxygen vacancies

(VO
?? ), due to charge compensation.8 The unbalanced charges in

FeO6 octahedra may produce local polarization between two

adjacent octahedra in different charge configurations.

Optical absorbance measurements of STFO (x = 0.0, 0.1 and

0.4) samples are shown in Fig. 4 as a function of iron content

(the optical absorbance spectra of all STFO samples are

illustrated in Fig. 1S, ESI{). An increase in the iron content

causes an absorbance shift to lower energy which suggests the

presence of a localized state inside the band gap.50 The reduction

on the optical gap (Egap) with increasing x shown in Table 1 can

be attributed to lattice defects and oxygen vacancies formed due

to the substitution of Ti4+ by Fe2+ and Fe3+ ions.

Fig. 5 shows FE-SEM images of STFO samples and EDX

spectrum of the x = 0.25 sample. An analysis of the images

depicted in Fig. 5 clearly shows that the morphology of the

samples is based on a cube shape. For the undoped sample (x =

0.0), FE-SEM images display poorly formed microcubes as a

result of initial state of nanocube self-assembly. Moreover, an

analysis of the results presented in Fig. 5b–e show that with an

increase in the iron content, the formation of well defined cube

nanoparticles occurs, with a reduction in particles size from ca.

1.5 mm (x = 0.0) to 90 nm (x = 0.4). The EDX spectrum depicted

in Fig. 5f confirms Sr, Ti, Fe and O elements in the x = 0.25

sample. Similar results were observed for the other samples.

Fig. 6 shows TEM and HRTEM images of the x = 0.4 sample.

The TEM image of Fig. 6a reveals that the nanocubes are formed

by the aggregation of small nanocrystals of ca. 5 nm of diameter.

An analysis of HRTEM images of region A shown in Fig. 6a

indicates that the nanocrystal interplanar distance is ca. 0.28 nm

which corresponds to the (110) crystallographic plane (Fig. 6c).23

Fig. 6b shows a TEM image of two nanocubes in the initial

formation step while the HRTEM image (Fig. 6d) of region B in

Fig. 6b shows a parallelism of the lattice fringes which also

shows an interplanar distance related to the (110) crystal-

lographic planes of a SrTiO3 perovskite cubic structure.23 The

alignment along the same crystallographic direction indicates

that the nanocubes have a mesocrystalline nature.51–54 The lower

Fig. 3 Experimental and calculated EXAFS (a) and Fourier transform

magnitude of the k3-weighted EXAFS spectra (b) of Sr0.75Fe0.25TiO3 and

SrTi0.75Fe0.25O3.

Fig. 4 Absorbance spectra of SrTi12xFexO3 (x = 0.0, 0.1 and 0.4)

samples. The inset shows the optical gap (Egap) as a function of iron

content.
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contrast between the crystallites (see Fig. 6b and d) suggest the

presence of nanopores which separate the primary particles.

According to Calderone and co-workers,14 aggregates formed by

small nanocrystals with nanopores could be originated from an

oriented attachment crystal growth mechanism initiated by a

self-assembly process.52

According to the work of Alfredsson and co-workers,39 the

morphology of CaTiO3 varied significantly in the presence of

divalent dopant ions such as Fe2+, Mg2+ and Ni2+. Although in

our samples the predominant oxidation state of iron was 2+, FE-

SEM and TEM results showed that the morphology of the

nanoparticles was not significantly affected by the substitution of

titanium by iron atoms. We attribute this fact to the faster

kinetics of crystal growth of the MAH method27 compared to the

flux grown single crystals method used by Alfredsson and co-

workers to obtain CaTiO3.

4. Conclusions

In summary, we have successfully synthesized STFO nanocubes

using the MAH method at a relatively lower temperature and a

shorter synthesis time. To the best of our knowledge, this is the

first time that the STFO solid solution was obtained by using this

methodology. XAS at the Fe K-edge measurements revealed that

iron ions present a mixed Fe2+/Fe3+ oxidation state and occupy

Ti4+-sites. XRD patterns and UV-visible spectra show that the

addition of iron increases the lattice parameter, a, and reduces

the optical gap of STFO samples. An analysis of FE-SEM and

HRTEM images point out that, independently of iron content,

the nanoparticles have a cube-like morphology and are formed

by a self-assembly of small primary nanocrystals. These STFO

nanocubes can be used to prepare thick films by tape casting or

suspension methodology.
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