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Abstract Alkaline earth stannates have recently become

important materials in ceramic technology due to its

application as humidity sensor. In this work, alkaline earth

stannates doped with Fe3? were synthesized by the poly-

meric precursor method, with calcination at 300 �C/7 h and

between 400 and 1100 �C/4 h. The powder precursors were

characterized by TG/DTA after partial elimination of car-

bon. Characterization after the second calcination step was

done by X-ray diffraction, infrared spectroscopy, and UV–

vis spectroscopy. Results confirmed the formation of the

SrSnO3:Fe with orthorhombic perovskite structure, besides

SrCO3 as secondary phase. Crystallization occurred at

600 �C, being much lower than the crystallization tem-

perature of perovskites synthesized by solid state reaction.

The analysis of TG curves indicated that the phase crys-

tallization was preceded by two thermal decomposition

steps. Carbonate elimination occurred at two different

temperatures, around 800 �C and above 1000 �C.
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Introduction

Perovskite structures have a simple crystalline structure,

which includes different symmetries, as cubic, tetragonal

or orthorhombic ones, besides distorted cells [1]. Because

of their varied structure and composition, perovskite

materials have attracted interest in many applied and fun-

damental areas of solid state chemistry, physics, advanced

materials, and catalysis [2]. Alkaline earth stannates have

recently become important materials in ceramic technology

due to its use as humidity sensor [3]. The interest in SrSnO3

compounds is related to its hability for Fe doping, forma-

tion of vacancies, besides oxidation or reduction of Fe3?

contribute to the stabilization of the perovskite phase [2, 4,

5]. This chemical behavior is reflected in the electronic

structure of the solid compound band gaps characteristic of

semiconductor [2].

According to Kim et al. [4] and Roh et al. [5], the dif-

ference in the oxidation state of Fe ions, Sn4? and Sr2?

leads to an electroneutrality mismatch that is compensated

by oxygen vacancies. When a higher amount of Fe ions

replace Sn4? in SrSnO3, a higher amount of Fe3? is oxi-

dized to Fe4?, leading to a lower amount of oxygen

vacancies. This material has been previously synthesized

using the solid state reaction, with a temperature treatment

above 1000 �C/24 h [6].

In this work, Fe3? doped strontium stannate (SrSnO3)

was synthesized by the polymeric precursor method. The

polymeric precursor method, derived from the Pechini one,

is characterized by the formation of a high amount of

organic material favoring the formation of carbonates,

especially when alkaline earth elements are present. As a

consequence, the elimination of this organic material is an

important factor which can change the short and long-range

order [3]. The use of thermal analysis is very important in
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the understanding of this process, in order to decrease the

amount of carbonates in the final material, as they are

difficult to eliminate after formation. Elimination of the

organic material was evaluated by thermal analysis (TG/

DTA) and infrared spectroscopy. X-ray diffraction was

used to evaluate the crystallization, while UV–vis spec-

troscopy permitted to evaluate the Fe3? transitions.

Experimental

In this work, SrSnO3 and Sr1-xFexSn1-xFexO3 (x = 0.025,

0.05, and 0.10) were synthesized by the polymeric pre-

cursor method using the methodology described in the

literature [7]. The reagents used in the synthesis were: tin

chloride di-hydrate (99.9%—J. T. Backer), strontium
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a bFig. 1 a TG and b DTA curves

of the powder precursors after

heat treatment at 300 �C for 7 h

in oxygen atmosphere

Table 1 Temperature and mass loss values determined by the TG curves of the precursors SrSnO3 and Sr1-xFexSn1-xFexO3 (x = 0.025, 0.05,

and 0.10)

Sample First step Second step Third step Fourth step Fifth step

SrSnO3

Temp range/�C 27–202 257–555 632–786 823–976 1016–1200

Mass loss /% 5.3 20.4 5.5 0.2 0.9

x = 0.025

Temp range/�C 31–193 287–576 656–764 785–991 1010–1200

Mass loss/% 8.0 23.0 3.7 2.7 3.0

x = 0.05

Temp range/�C 31–211 300–592 631–784 793–987 1003–1200

Mass loss/% 8.4 23.2 4.8 2.6 3.1

x = 0.10

Temp range/�C 31–229 317–597 649–791 806–1005 1022–1200

Mass loss/% 7.6 15.6 5.5 1.2 9.3
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a bFig. 2 a UV–vis spectra of for

Sr0.90Fe0.10Sn0.90Fe0.10O3 after

calcination at different

temperatures; b deconvolution

of the UV–vis spectrum of the

sample calcined at 600 �C, after

spectral subtraction
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nitrate (99.0%—Vetec), iron nitrate nona-hydrate (P.A.—

Vetec), ammonium hydroxide (P.A.—Vetec), nitric acid

(65.0%—Dinâmica), citric acid (99.5%—Cargil), ethylene

glycol (99.0—Avocado).

Carbon elimination was carried out by calcination of

the precursor in O2 atmosphere at 300 �C for 7 h, after

milling of the precursors in an attritor mill for 4 h in

alcoholic medium. The thermal characterization of the

precursor was performed by thermogravimetry (TG) and

differential thermal analysis (DTA), using a DTG-60

Shimadzu thermal analyzer. Samples of about 10 mg

were heated at 10 �C min-1 up to 1200 �C in air

atmosphere with a flow rate of 50 mL min-1, inside

alumina pans.

Table 2 Spectral deconvolution results of the undoped SrSnO3

Sample 400 �C 500 �C 600 �C 700 �C 800 �C 1100 �C Assignment

Band (cm-1) 20,601 – – – – – –

28,852 – – – – – –

34,822 32,173 35,038 35,459 36,121 – LMCT

39,002 38,390 38,605 38,839 38,943 37,958 LMCT

43,733 45,169 43,007 43,370 42,607 44,929 LMCT

48,912 51,830 49,153 48,966 48,993 51,519 –

Table 3 Spectral deconvolution results of the Sr0.90Fe0.10Sn0.90Fe0.10O3

Sample 400 �C 500 �C 600 �C 700 �C 800 �C 1100 �C Assignment

Band (cm-1) – – 12,500 – – 12,298 4T1g (G)

18,709 – 18,060 18,745 18,769 – 4T2g (G)

21,717 20,870 23,863 23,222 23,723 20,520 4A1g, 4Eg

29,214 29,023 28,910 27,875 29,000 26,696 4T2g (D)

32,876 32,040 32,240 32,659 33,278 32,624 4T1g (P)
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Fig. 3 IR spectra of

the samples after heat

treatment between 400 and

800 �C. a SrSnO3;

b Sr0.90Fe0.05Sn0.90Fe0.05O3;

c Sr0.90Fe0.10Sn0.90Fe0.10O3
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After thermal treatment at 400, 500, 600, 700, 800, and

1100 �C for 4 h, the material was characterized using

X-ray diffraction (XRD), infrared spectroscopy (IR), and

UV–visible spectroscopy (UV–vis). The XRD patterns

were obtained using a D-5000 Siemens diffractometer,

employing Cu (Ka) radiation, using continuous scanning

mode in the 2h range of 15�–85�, with a 0.02� step and a

step time of 1.0 s. The IR analyses were performed using

an IRPrestige-21 Shimadzu spectrophotometer, in the

range from 4,000 to 400 cm-1, using KBr pellets. UV–vis

spectra were obtained, using an UV-2550 Shimadzu spec-

trophotometer, in the 190–900 nm range.

Results and discussion

Figure 1 shows the TG and DTA curves of the precursors

and results are presented in Table 1. Five thermal decom-

position steps were observed in the TG curves. In the first

step, water and gases adsorbed on the powder surfaces

were eliminated, with endothermic transitions in the DTA

curves. The second step was assigned to the combustion of

the organic material between 300 and 600 �C with exo-

thermic peaks in the DTA curve. The mass losses associ-

ated to the endothermic peaks above 710 �C (third step)

were assigned to the carbonate decomposition. In the

present work the fourth step was assigned to the

elimination of hydroxyls. Another mass loss was observed

(fifth step) only for doped samples above 1000 �C, with

the last endothermic peak at about 1080 �C for

Sr0.90Fe0.10Sn0.90Fe0.10O3. This mass loss may be assigned

to Fe3? reduction to Fe2?, leading to the formation of

oxygen vacancies or to decomposition of residual

carbonates.

The UV–vis spectra were analyzed (Fig. 2; Tables 2, 3)

in order to evaluate the iron oxidation state in doped per-

ovskites. The sample SrSnO3 exhibits an absorption band

in the violet region, probably assigned to a ligand–metal

charge transfer (LMCT) O2- $ Sn4? analogue to

the well-known O2- $ Ti4? (LMCT) in rutile (Table 2)

[8, 9].

Superposition among charge transfer and crystal field

(CF) bands leads to difficulties in interpretation of the

spectra. It was tried to overcome this drawback using the

methodology proposed by Dondi et al. [8]. Elimination of

the LMCT band was done by subtracting the contribution

of the undoped SrSnO3 from the visible spectrum and de-

convolving the expected CF peaks (Fig. 2b; Table 3).

Broad bands were obtained which were assigned to Fe3?

which belongs to d5 configuration. When its electronic

configuration has five unpaired electrons only spin-for-

bidden transitions from its ground state, 6A1g (S),

occurs. Bands are expected at about 12,500–14,000 cm-1

6A1g ? 4T1g (4G), 15,500–18,000 cm-1 6A1g ? 4T2g
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(4G), 20,000–24,000 cm-1 6A1g ? 4A1g
4Eg (G), 25,000–

29,000 cm-1 6A1g ? 4T2g (4D), and 30,000–33,000 cm-1

6A1g ? 4T1g (P) [10–12]. For the Sr0.90Fe0.10Sn0.90-

Fe0.10O3 only absorption bands assigned to Fe3? were

observed, even after calcination at 1100 �C. These results

indicated that mass loss above 1000 �C was not assigned to

Fe3? reduction.

The IR spectra of the powders are presented in Fig. 3. One

band at 1630 cm-1 was observed indicating the presence of

water. Bands at 1547 and 1389 cm-1 were assigned to che-

lated esters. The intensity of these bands decreased when

heat treatment temperature increased. These results indi-

cated that the exothermic peaks between 300 and 590 �C

were due to the ester combustion. According to Nyquist and

Kagel [13], carbonate bands are located at 1320–1530,

1040–1100, and 800–900 cm-1, which were observed in all

samples in the present work, but with lower intensities at

higher temperatures, confirming the assignment of the third

mass loss step to carbonate elimination.

According to Perry et al. [14], four vibration modes are

present in perovskite infrared spectra: m1 is assigned to the

stretch vibration of Me–O bond; m2 is an optically inactive

mode of the stannate group (SnO3
2-), which becomes

active on account of distortions of the crystal lattice from

ideal cubic structure; m3 is assigned to a stretching and

bending mode of O–Sn–O; m4 is the only mode which

depends on the modifier cation. In this work, m1 and m2

modes were observed at 670–540 and 400 cm-1, respec-

tively. With temperature increase, the intensity of the band

at 540 cm-1 decreased while the intensity of the bands at

670 and 400 cm-1 increased. In the work published by

Karlsson et al. [15], one band at 680 cm-1 appeared when

a local structural distortion of the cubic structure occurred.

In the present work, this distortion is related to the incli-

nation among octahedra which is present when long-range

order takes place, being characteristic of well crystallized

stannate perovskites.

Iron doping made short range ordering more difficult.

For Sr0.90Fe0.05Sn0.90Fe0.05O3, the behavior at 600 �C was

similar to the undoped sample but a higher intensity of the

band at 540 cm-1 was observed at higher temperatures. For

Sr0.90Fe0.10Sn0.90Fe0.10O3 a high intensity of this band was

observed even after calcination at 600 �C, decreasing at

higher heat treatment temperatures.

XRD patterns (Fig. 4) showed the perovskite phase

formation above 600 �C for all samples.

All diffraction peaks were indexed as orthorhombic

perovskite according to the JCPDS file 77–1798 with space

group Pbnn. Peaks assigned to SrCO3 were also observed

at low temperatures (starred peaks) with smaller intensities

above 700 �C, confirming that the endothermic peak at

710 �C in DTA curve was due to carbonate decomposition

as already showed by infrared spectra. SnO2 precipitation

was not observed.

In spite of the intensity decrease, carbonates were still

observed after calcinations at 800 �C, as observed in

infrared spectra and XRD patterns. These results indicated

that the mass loss above 1000 �C was assigned to the

elimination of residual carbonate.

A low crystallinity was observed for Sr0.90Fe0.10Sn0.90-

Fe0.10O3 calcined at 600 �C, being smaller than the other

samples heat treated at the same temperature. At 700 �C all

samples showed a high crystallinity. Comparison to IR

spectra indicated that short and long-range ordering

occurred concomitantly. Comparing to literature data [1]

iron doping did not make crystallization as difficult as

neodymium did. For SrSnO3:Nd, crystallization only star-

ted after calcination at 700 �C and SnO precipitation

occurred indicating that Sn4? reduction took place [1].

Long-range order was evaluate using the full width at

half maximum (FWHM) for the (2 0 0) plane of the XRD

patterns while the relative crystallinity was evaluate using

the intensities of the same peaks (Table 4). Only a very

small increase in the long-range disorder was observed

with temperature. The relative crystallinity (%) had a dif-

ferent behavior with a higher crystallinity at higher tem-

peratures. Fe3? doping led to a higher crystallinity

indicating that long-range order was attained in spite of the

higher short range disorder showed in infrared spectra.

Conclusions

TG curves of the powder precursors indicated that the

thermal decomposition process proceeded with four ther-

mal decomposition steps. The first one was due to water

and gases desorption. The exothermic peaks between 300

and 600 �C were due to the ester combustion. The third

mass loss step was assigned to the carbonate decomposition

as well as the last endothermic peak at about 1080 �C. The

Fe3? doping led to higher short range disorder but made

Table 4 Evaluation of the crystallinity according to the XRD

patterns

Sample/�C FWHM/� Relative crystallinity/%

SrSnO3

600 0.20 13

700 0.22 37

800 0.23 50

Sr0.90Fe0.10Sn0.90Fe0.10O3

600 0.20 0

700 0.23 94

800 0.24 100
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long-range crystallization easier. This behavior was related

to the formation of defects in the structure.
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