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Ceramic powders of pure barium stannate (BaSnOs) were synthesized using two wet chemical methods: con-
trolled precipitation and polymeric precursor (Pechini). The obtained ceramic powders were characterized
using IR spectroscopy, DTA-TGA, XRD and SEM. Using the precipitation and Pechini methods, single phase
BaSnOs; powders were achieved at temperatures of 1250 °C and 1000 °C respectively—substantially lower than
the temperatures required for conventional synthesis (>1350 °C). Leading from these results, the physicochem-
ical mechanisms that lead to BaSnO; formation in the processes of synthesis employed in this work are proposed.
This constitutes important information both for determining the advantages and disadvantages of each method
and for controlling the characteristics of the powder end product.

© 2015 Published by Elsevier B.V.

1. Introduction

Studies of phase equilibria in the BaO-SnO, system indicate the ex-
istence of two stable phases, BaSnO3 and Ba,Sn0O4 [1] and of another
composition phase, Ba;Sn,0; identified at 1400 °C by Appendino and
Romanda [2]. BaSnOs is the most important compound and crystallizes
as a perovskite-type, cubic system with a lattice constant value of a
4.1163 A [3]. There is often difficulty in obtaining pure BaSnO; because
of the formation during synthesis of the Ba,SnO, intermediate.

Ba,Sn0,4 presents a tetragonal K,NiF4-type crystal structure, cen-
tered in the body, which indicates that BaSnOs is accommodated non-
stoichiometrically in the structure, arranged in alternating layers of
perovskite BaSnOs and rock salt BaO along the c-direction [4]. Forma-
tion of Ba,Sn0O4 occurs at ~1200 °C when the precursors BaCO5 and
SnO, are used. Ba3Sn,0, meanwhile crystallizes in the tetragonal
system and structurally comprises perovskite double blocks of BaSnO3
and rock salt BaO along the c-direction [2]; it forms at the higher
temperature of ~1400 °C when the same precursors BaCO3 and SnO,
are used.

Barium stannate, BaSnOs, belongs to the family of alkaline earth
stannates (MSnO;, where M = Ca, Sr, Ba) considered n-type semicon-
ductors. BaSnOs specifically has a band gap value of 3.1 eV [5], well
suited to its use as a gas sensor [6]. Studies by Borse et al. [7] and
Yuan et al. [8] suggest significant potential for barium stannate systems
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in photocatalytic applications. Such compounds have been used as a
protective coating or catalyst support as a result of their chemical and
thermal stability (very high melting point of around 2060 °C [1]).
BaSnOs, because of its dielectric properties, has been used to prepare
capacitors [9], while Ba(Ti,Sn)O5 solid solutions can be considered as
model systems for Pb-free perovskites that show diffuse ferroelectric
phase transitions [10].

BaSnO3 ceramic powders are usually obtained by a solid state reac-
tion between BaCO3; and SnO, at 1000-1400 °C [11,12]. Other tech-
niques that have been used include hydrothermal [13,14], considering
the effect of different solvents [15], sol-gel [16], self-heat-sustained
(SHS) route [17], modified combustion [18], and reverse micelle method
[19].

Wet chemical synthesis methods constitute an area of substantial
research interest specifically because their use offers good control over
the physical and chemical characteristics of the solid particles obtained
[20]. This ensures that the raw material produced is suited to current
technological requirements and guarantees reproducibility in the pro-
cess and in the characteristics of the end product [21-23]. Synthesis of
mixed oxides such as barium stannate brings its difficulties. A common
method is to mix barium and tin at the molecular level. This is done
using the processes of hydrolysis and condensation of the salts and/or
alkoxides of barium and tin. The problem lies in controlling the different
rates of hydrolysis and condensation of the tin and barium precursors,
i.e. the Sn—OH and Ba-OH functional groups that tend to lead to the for-
mation of clusters, for example of (Sn—-0-Sn),, causing a heterogeneous
spatial arrangement of barium and tin. To get around this, researchers
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Fig. 1. DTA-TGA curves corresponding to solid samples of the SnCl,-Ba(CH5C00),-H,0-
NH4OH system, synthesized by the controlled precipitation (a) and Pechini (b) methods,
heat treated from room temperature to 1300 °C at a rate of 3 °C/min.

have been working on a strategy to force the reaction between Sn* ™"
complexes and Ba?* chemical species, to form BaSnOs directly in
solution.

Another option is to break down double salts of the cations of inter-
est, such as oxalates, citrates and/or catecholates [24]. The primary aim
of this method is to produce a complex in which tin and barium ions
are arranged within it, their links and positions so close together that,
on breaking down the complex, barium stannate [20] is formed.
The breakdown of such complexes is not simple however. Stable inter-
mediates such as BaCO3 can be formed in the process [25,26]. It is there-
fore, very important, study both complex formation of Ba-Sn as its
decomposition.

Contemplating the double salt strategy, Koferstein et al. [27] modi-
fied obtaining the precursor [Ba(HOC;H40H),4][Sn(OC;H40)3] for better
reproducibility. To do this they used SnCly, which, through a process of
precipitation was obtained (SnO,-nH;0). This compound was then
used together with Ba(OH),.8H,0, to form a slurry in 1,2-ethanediol,
atroom temperature and in an argon atmosphere. On heating the slurry
to 120-130 °C for 8 h, cooling and diluting with propan-2-ol, the barium
tin 1,2-ethanediolate complex precursor was obtained. This was then
calcined at 820 °C in static air, giving a very fine BaSnOs with only traces
of BaCOs.

Gallagher and Johnson [28] used BaCO3, BaC,04 and SnO, to prepare
BaSn(C,04),-0.5H,0 and Ba,Sn(C,04)4- 6H,0 calcined at 800 °Cin air to
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Fig. 2. IR spectra corresponding to solid samples of the SnCl,-Ba(CH3C00),-H,0-NH,0H
system, controlled precipitation method, heat treated at different temperatures.

obtain BaSnOs from the first compound. The study showed that this ox-
alate compound was decomposed producing BaCO3 and SnO,. These
reacted cleanly and rapidly between 600 and 700 °C to produce
BaSnO; without the formation of intermediate phases such as Ba;SnOj.

Pfaff [29] used BaCl, and SnCl, as barium and tin precursors and
caused them to react with H,0,, NH; and H,0 to obtain the peroxide
BaSn0,(0;)-3H,0. This compound calcined at 900 °C to yield high purity
BaSnOs that featured a large specific surface area and small particle sizes.

Buscaglia et al. [30] meanwhile synthesized the hexahydroxo
stannate compound BaSn(OH), using SnCl, and BaCl, as precursors.
These chlorides were dissolved initially in a diluted (0.1 M) aqueous
HCl solution that was subsequently poured, with vigorous stirring, into
a polypropylene vessel containing a solution of NaOH held at 100 °C in
a heat bath. An airstream of purified nitrogen was circulated within
the vessel to prevent the formation of carbonates. The BaSn(OH)g was
thermally treated at different temperatures. At between 400 and
700 °C the major crystalline phase was found to be cubic perovskite
BaSnOs, with trace amounts of BaCOs. At 1300 °C the mixed oxide was
the only crystalline phase present in the solid.

In this article, two synthesis methods used to obtain BaSnOs are de-
scribed. In each method, the aim was to be able to exercise control over
the process and therefore its reproducibility, in order to guarantee the
properties and characteristics desired in the final powder. The ceramic
powders obtained were characterized using infrared spectroscopy
(IR), X-ray diffraction (XRD) and scanning electron microscopy (SEM).
The results of the characterization, together with the study of the forma-
tion and evolution of intermediate precursors, allowed a scheme to be
structured that gives an idea of the mechanisms involved that lead to
the formation of the mixed oxide in each case.

2. Experimental
2.1. Preparation of ceramic powders

2.1.1. Controlled precipitation method

Two aqueous solutions of 0.1 M HNOs (Carlo Erba 99%) were pre-
pared independently. The tin precursor, SnCl,-2H,0 (Mallinckrodt
99.6%) was dissolved in one of the solutions and the barium precursor,
Ba(CH5COO0), (J.T. Baker) in the other. Each solution was stirred
constantly at 300 rpm at 50 °C until there were no suspended precur-
sor particles, nor sediment, to be observed. The solutions were then
allowed to cool to room temperature. Ammonium hydroxide (NH4OH-
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Fig. 3. Deconvolution of IR spectra in the region between 400 and 1000 cm ™~ corresponding to SnCl,-Ba(CH3C00),-H,0-NH40H system solids, controlled precipitation method, heat

treated at (a) 100, (b) 500, (c) 800, (d) 1000 and (e) 1250 °C.

Mallincrodt 28%) was then added to each solution at a rate of 0.034 mL/s, 744) with a glass electrode. The specific conductivity was measured
using a dispenser (Metrohm Dosimat 685). Variations in the pH of the with a conductivity meter (Toledo model MC126). As NH4,OH was
system were recorded for each solution using a pH meter (Metrohm being added, the pH and specific conductivity were simultaneously
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Fig. 4. IR spectra corresponding to solid samples of the SnCl,-Ba(CH3C00),-H,0-NH40H
system, Pechini method, heat treated at different temperatures.

recorded for the tin and barium systems to plot the data obtained as a
function of the volume of NH40H precipitant added, obtaining potentio-
metric and conductimetric titration curves for each system. These curves
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were used to determine the most suitable pH value that would lead to
each solution yielding its respective precipitate. The suspensions obtain-
ed were allowed to age for 24 h and then mixed using an Ultraturrax T50.
The attempt was made to remove the solvent from the system by vacuum
filtering using a Buchi B-169 pump. Too much of the precipitate was lost,
however, so it was decided to heat the system to 80 °C in order to volatil-
ize the liquid phase present. The dried solid was macerated in an agate
mortar. The powder obtained was then chemically attacked with 0.1 M
hydrochloric acid to remove the barium carbonate formed in the samples
[31]. Thereafter, the dried solid was ground in an agate mortar and heat
treated at a range of temperatures. The powder obtained at the end of
this process was the powder characterized.

2.1.2. Polymeric precursor method (Pechini)

In the Pechini method, ethyleneglycol (Mallinckrodt) and citric acid
(Merck) were initially mixed at 70 °C to obtain a 4:1 ratio. At room tem-
perature SnCl,-2H,0 and Ba(CH3COO), were added to this ethylene
glycol/citric acid solution in quantities determined by the stoichiometry
of the mixed oxide desired. Care was taken to ensure that the obtained
solution was completely transparent, indicating a uniform mix of the
different reagents and favoring citrate formation. NH4OH was then
added to the obtained mixture to bring it to a 9 pH, basic solution, ensur-
ing that no precipitates were formed in the system. Following the addi-
tion of the ammonium hydroxide, the system was heat treated at 140 °C

b
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Fig. 5. Deconvolution of IR spectra in the region between 400 and 1000 cm™', corresponding to solids of the SnCl,-Ba(CH3C00),-H,0-NH,4OH system, Pechini method, heat treated at

(a) 350, (b) 500, (c) 900 and (d) 1000 °C.
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under continuous stirring to promote polyesterification reactions and
the consequent resin formation. The obtained resin was pre-calcined
at 350 °C for 2 h to obtain a very fine black solid, with high carbon
content. This pre-calcined material was subjected to heat treatments
at different temperatures to obtain the BaSnOs.

2.2. Analytical methods

The powders obtained at the end of the synthesis processes were
characterized using IR, XRD and SEM (JEOL 5910LV SEM). Thermo
Nicolet IR200 equipment was used to obtain the IR spectra and the
sample to be analyzed was formed by mixing the synthesized solid
with KBr, to obtain the tablet. The X-ray diffractograms were obtain-
ed using X TEL-X-OMETER TEL. 580 equipment with a Cu source
(A = 1.54 A) and an operating voltage of 30 kV.

3. Results and discussion
3.1. Thermal behavior

To determine the effect of heat treatment on the synthesized parti-
cles, thermal analyses were used to look specifically at the effect of
temperature on the different stages of transformation of the materials
on the way to obtaining the end product desired, analyzing variations
in the two chemical methods used.

Fig. 1(a) shows the DTA-TGA curves corresponding to the con-
trolled precipitation powders. The TGA curve initially shows a
small weight loss at around 100 °C of ~2%, which may be due to the
volatilization of water contained in the sample. This corresponds to
the endothermic peak observed at this temperature in the DTA
curve. A large weight loss of ~15% is evident between 1000 and
1240 °C and associated with an exothermic peak in the DTA curve
at around 1100 °C. This physicochemical event may correspond to
the complete formation of the mixed oxide (BaSnOs). Additionally,
in the DTA curve, an exothermic peak is observed at ~300 °C and a
doublet of very intense peaks between 800 and 1000 °C, possibly
associated with the complete decomposition of the barium and tin
precursors and the formation of their respective oxides. It could
also be associated to the formation of BaO-SnO, binary system
compounds and their decomposition.

The curves in Fig. 1(b) correspond to the results of thermal anal-
ysis carried out on the Pechini powders. The TGA curve shows a
weight loss of approximately 55% in the range between 350 and
550 °C. In this same temperature region in the DTA curve, several
exothermic peaks are observed that could be associated with the for-
mation and decomposition of Sn-Ba organic compounds and to the
formation of BaO-SnO-, binary system compounds. Finally, the DTA
curve shows a broad exothermic peak between 1000 and 1100 °C,
associated with a very small weight loss, which may indicate the
complete formation of BaSnOs.

Fig. 1 illustrates the major differences that occur during thermal
treatment of the solids obtained in this work using the two synthesis
methods—controlled precipitation (Fig. 1(a)) and Pechini (Fig. 1(b))—
that led to the formation of BaSnOs.

3.2. Phase evolution during thermal decomposition of Ba and Sn precursors

3.2.1. IR spectroscopy

In order to get information on the evolution of the functional groups
during crystallization of the ceramic powder, the dry powders from
each synthesis method were characterized using IR spectroscopy.
Fig. 2 shows IR spectra corresponding to samples obtained by the con-
trolled precipitation method, heat treated at 100, 500, 800, 1000 and
1250 °C. The results indicate the presence in the solid of hydroxyls,
bands around 3445 cm ™! showing the presence of absorbed water in
the samples, and NO3, a band located at 1361-1395 cm ™' [32]. The

most evident band is that located at ~630 cm™", corresponding to a vi-
brational mode of the Sn-0 group of the Sn03~ (2) [33], and that might
be used to demonstrate the existence of BaSnOs. The band at 1422 cm ™!
is associated with BaCO3 [32,34], so that its intensity decreased at high
temperatures. This band appeared in most of the spectra indicating
that the BaCO3 was found in the samples as an unwanted additional
phase, which required to be removed.

Deconvolution of IR spectrum bands located between 400 and
1000 cm™! (Fig. 2) was carried out in order to use the information on
order-disorder phenomena that can occur locally in a solid [35]. Such
processes should be important for the formation of the different Ba-
Sn intermediate compounds that should lead to obtaining BaSnOs, as in-
dicated in Fig. 1(a). This area of the spectrum was analyzed because it
contains the major bands associated with the Sn-0, Sn-C, Ba-0, C-0
and Sn-0-Ba functional groups [32-35].

The Fig. 3 spectra demonstrate ongoing re-organization of Ba>* and
Sn** ions on interacting primarily with 0>~, CO32 and OH™ anions on
moving forward the reactions that lead to the formation of the corre-
sponding organic and inorganic compounds. The displacement and
the appearance-disappearance of the bands is clearly seen, especial-
ly between 100 and 500 °C. Assuming that the band located at
~630 cm ™! is characteristic of BaSnOs, it can be concluded that the
mixed oxide begins to become apparent in the sample composition
from 800 °C.

Fig. 4 shows the IR spectra corresponding to solid samples obtain-
ed by the Pechini method, calcined at 350 °C (pre-calcined) and then
heat treated at 800 to 1000 °C. The spectra show a band at 3440 cm ™!
that can be attributed to the vibrational mode of the tension in the
H-OH, while the band at 1630 cm ™! corresponds to the flexing
mode of the water. The band at 1430 cm ™! may be associated with
the vibration of residual organic C-H groups [32,34]. The band at
~630 cm ™! seen in the spectra corresponds to the Sn-0 [33]. This
band, considered to be characteristic of BaSnOs, is most evident in
the treatment at 1000 °C.

Again, the IR spectra (Fig. 4) between 400 and 1000 cm™! were
deconvolutioned. The Pechini method results are shown in Fig. 5. As ex-
pected, the processes of Ba>* and Sn** ion re-organization due to reac-
tions occurring within the solid, brought about by the heat treatment
undergone by the samples, were very different from those that occurred
within the solids obtained by controlled precipitation (Fig. 3), justifying
the DTA-TGA results (Fig. 1). For the calcination step, during the Pechini
process, the sample is very reactive such that at 900 °C, although the
characteristic BaSnO5 band at ~630 cm ™! cannot be seen, the presence
of this mixed oxide cannot be ruled out since a series of bands appear
between 600 and 683 cm™!, indicating that its structure is not yet
well ordered locally. In the spectrum of the solid treated at 1000 °C,
the band at ~630 cm™! is the most outstanding, stating that the
BaSnOs is an important in the solid phase.

3.2.2. XRD measurements

In Fig. 6, diffractograms corresponding to the controlled precipita-
tion samples indicate that at temperatures below 1000 °C, the samples
contain as the main crystalline phase cassiterite, SnO, (PDF 77-447),
and that by treating them at a higher temperature, specifically at
1250 °C, pure BaSnOs (PDF 15-780) was obtained. Moreover, at low
temperatures, the presence of romarchite, SnO, is evident, which was
transformed to SnO, as indicated by the diffraction pattern of the solid
treated at 500 °C. Additionally, it is interesting to note that while
the peaks associated with BaSnOs are not evident in the X-ray diffrac-
tion pattern of the sample treated at 800 °C, the deconvoluted IR spec-
trum of this sample (Fig. 3(c)) does indicate its presence (band at
~630 cm™1), so that the mixed oxide must either be at a low concentra-
tion or still in its amorphous state.

Fig. 7 shows the diffractograms corresponding to solids obtained
by the Pechini method, subjected to heat treatment at different temper-
atures for 2 h. A peak characteristic of BaCOs is observed in the
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Fig. 6. XRD diffractograms corresponding to solid samples of the Ba-Sn system, controlled
precipitation, dried at 100 °C and heat treated at 500, 800, 1100 and 1250 °C for 2 h.

precalcinated sample and BaSnOs (PDF 15-780) is the principal crystal-
line phase in the sample treated at 900 °C.

The diffractograms in Figs. 6 and 7 show that for the samples
synthesized by the Pechini method, BaSnOs is obtained at a lower
temperature (1000 °C) than for the controlled precipitation samples
(1250 °C).

3.2.3. Phase evolution in barium and tin precursors

To consider the process of decomposition of the BaSnO3 precursor
during the course of the wet chemical synthesis methods used, it
is necessary to indicate how the corresponding precursor would be
formed in each case.

3.2.3.1. Controlled precipitation method. Preparation of the intermediate
precursor of BaSn0s, using controlled precipitation, was carried out by
separately preparing two aqueous solutions containing the correspond-
ing precursors of barium and tin, individually and independently as
indicated in the description of the process.

In the case of the slurry containing tin chloride, the indicated
method favored the formation of abhurite (Sn30(OH),Cl,), hydrated
tin chloride SnCI(H,0),SnCl3(H,0), romarchite (SnO) and cassiterite
(Sn0,), as referenced by Ararat et al. [36]. In contrast, in the barium ac-
etate slurry, an aqueous solution acidified with 0.1 M HNOs, addition of
NH4OH should favor the presence in the system of barium nitrate
(Ba(NOs3),), since the exchange of the NO3 ligand for the CH300™ is
very efficient, Ba(NOs)OH, NH4,CH500, CH3COOH, NH4NO5 and undisso-
ciated Ba(CH5COO)j, as indicated by Fernandez et al. in their work [37].
After allowing these slurries to age, separately, for a day, and then
mixing them using a high-shear disperser (Ultraturrax T50), a precipi-
tate containing a heterogeneous mixture of fine particles was obtained,
such that the composition of each particle, with respect to the different
metal ions and anions present in it, differed from one another.

This co-precipitation process, despite the heterogeneous nature of
the precipitate, allowed a solid powder precursor to be obtained on
heating the system to 80 °C to volatilize the liquid phase present. This
dust would be comprised of fine particles, probably of the order of nano-
meters. Therefore, the solid sample used for the DTA-TGA curves in
Fig. 1(a) would contain primarily a mixture of compounds of the type
SH30(OH)2C12, Sncl(Hzo)zanI?,(Hzo), Sno, SHOZ, Ba(NO3)2, NH4N03
and BaCOs. This latter compound would be produced by the reaction
of the Ba>" with the CO, in the environment. Attempts were made to
remove it by subjecting the synthesized powder to the action of HCI.

Looking again at the curves in Fig. 1(a), the TGA curve initially shows
a weight loss of ~2% which should correspond to the release of water
from the sample, a process associated with the endothermic peak locat-
ed at ~100 °C indicated by the DTA curve. Another interesting physico-
chemical process that occurs in the solid is oxidation of the residual
romarchite, shown by a slight increase in the weight of the sample at
~400 °C and associated with the exothermic peaks located between
~320 and ~400 °C, the range within which the romarchite-cassiterite
transformation normally occurs [36-38].

Between ~500 and ~1000 °C, Fig. 1(a), a series of events occur that
are exothermic in nature, with those at ~900 and ~960 °C standing
out. These should correspond to physicochemical processes that gener-
ate in the sample a substantial weight loss of around 16%. Particularly
notable are those corresponding to the decomposition of the tin and
barium compounds mentioned previously, as well as processes with lit-
tle or no production of volatile compounds; among this latter group
must belong the formation and crystallization of BaSnOs, due to the
reaction of SnO, with the barium compounds present in the solid
(Ba(NOs), and BaCO; for example) through processes of interdiffusion
of the constituent ions. As indicated above, the solid powder precursor
obtained would mainly contain fine, sub-micron particles. This would
cause a reduction in the ion interdiffusion distances compared to the
solid state reaction route, leading to shorter reaction times and/or
decreased values in the temperature required for the reaction to
occur. This behavior of the system is shown in the DTA-TGA curves
and corroborated by IR spectroscopy (Figs. 2 and 3) and XRD (Fig. 6).
Finally, the broad exothermic peak centered at 1100 °C corresponds to
the complete formation and crystallization of BaSnOs. As indicated by
XRD results, BaSnO3 formation occurs without the presence of interme-
diate stages such as Ba,Sn0,.
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Fig. 7. XRD diffractograms corresponding to solid samples of the Ba-Sn system, Pechini method, treated at different temperatures.

3.2.3.2. Pechini method. In the first step, citric acid (CA) is dissolved in

ethyleneglycol (EG) at a temperature of 70 °C, promoting the following
reactions [20]:

I
lcm — COOH CH2 —#C — 0— CH2CH2— OH

HO— C — COOH

CH2 — COOH (EG)
(CA)

+ HO—CH2CH2 —OH %C5 yo— ¢ — COOH + H20

CH2 — COOH

THz — CooH (|:Hz —gC00H
i oll
HO— T —COQOH + HO—CH2CHz—OH -2C5 Ho— ¢ — C—O0CH2CH2—OH + H0  (2)

CH2 — COOH CH2 — COOH

as widely discussed by Kakihana [20].

After cooling the CA-EG solution, the precursors of barium (barium
acetate) and tin (stannous chloride) are added and the mixture was

subjected to a heat treatment at 140 °C. This would particularly promote
the following reactions:

(a) Esterification of the citric acid with the ethyleneglycol [20,39]

Cl)H OH

HO2CCH2CCH2CO2H  + HOCH2CHzOH 140°C H(O2CCH2CCH2C02CH2CH2)iOH  + H20

COzH COzH

(b) Chelation of the barium acetate

L
OH

oo
o ! !
H(02CCH2CCH2CO2CH2CH2OH  + Ba(02CCHge 140°C5 lH(Oz\CCHzCCHzCOzCHzCHz)nOH: + cthcoH  (4)
i
COH | CO2Ba(02CCHs)
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(c) Chelation of the tin chloride

OH " oH Bl

o o ‘
H(O2CCH2CCH2C02CH2CH2)OH  + SnCl 140°C5 H(02(|)CH20CHzCOzCHzCHz)nOH '+ Hel
1
,
COH | COzsnCl ;

__________________

Other reactions that may occur during this heat treatment at 140 °C
would lead to the formation of barium-tin-ammonium citrate com-
plexes stabilized in EG, which would be formed on addition of NH,OH
to the original mixture (Ba and Sn-CA-EG precursors) to adjust the
working pH (a basic pH), barium-tin glycolates (BTG), for example
BHSH(C2H4OZ)3 . 4C2H602 . Hzo and [Ba(C2H602)4][Sn(C2H402)3] [25—27],
and barium-tin citrates (for example BaSn(CgHgO7)3-nH,0), complexes
whose formation is favored if reactions (1) and (2) do not fully carry
through, with the CA and EG remaining unreacted and/or by the evapora-
tion of EG.

The prolonged heating of the original mixture at 140 °C for 5 h would
promote the esterification reaction (Eq. (3)) and the formation of stable
Ba-Sn chelate complexes (Eqs. (4) and (5)) such as Ba-Sn-CA com-
plexes; as indicated by Kakihana [20], many of these Ba-Sn citrate com-
plexes may be soluble and stable in EG and water. The theoretical
calculations, meanwhile, of Tai and Lessing [40] indicate that the critical
composition of the EG/AC mixture in order to favor gelation is 60/40
(mole ratio). This calculation is based on the assumption that simplified
polyesterification between CA and EG occurs. This critical composition
differs considerably from that used in this work, EG/CA = 80/20 and
proposed in the original patent of Pechini [41], so that the esterification
of the CA, both free and complexed, would occur in the presence of EG;
an excess of EG would act as a solvent increasing the solubility of the
various metal salts in the early stages of the process.

During the 5 h of heat treatment at 140 °C to which the original mix-
ture is subjected, the progress of the reactions listed above is favored.
These would be accompanied by the evaporation of excess EG, promot-
ing esterification and as such a transparent polymeric resin would be
obtained, as was the case. Given the high thermal stability of the Ba-
Sn citrates at the working temperature (140 °C) [20], they ought to
remain frozen in a polymer network, maintaining the initial stoichiomet-
ric ratio of the barium and tin cations. This polymeric resin would be ex-
pected to contain randomly branched polymer molecules, throughout
which the cations are uniformly available as shown in Fig. 8, where “A”
and “B” represent the complexes indicated in reactions 4 and 5.

On calcining the polymeric resin at 350 °C for 2 h, a breakdown of the
polymer would be promoted and since Ba-Sn acetate complexes ought
to predominate in the resin, it is expected that these compounds ther-
mally decompose in a way that is analogous to other systems [42,43],
by way of the following reaction types:

Ba?* Ba? Ba?*
CH2 — COO~ CH2 — CO0O~ CH2 — COO~
Sn 4+ | Sn 4+ Sn 4+ |
COH—CO00- | = "H20 ——> ﬁfCOO' E— C—CO00-
CHz2 — COO~ CH — COOH CH2
? ¢ 3 3 3
Aconitate Itaconate
CH2C0 ~_ <|3Hz — C00~
o}
—> 2 ¢c—co” + S0z + | C—CO0- Ba?*

CH2 CH2

Itaconic anhydride Barium salt of itaconic acid

These reactions take place during the heat treatment undergone by
the resin—from room temperature to 350 °C and then maintaining
this temperature for 2 h. It is therefore expected that the pre-calcined
black-colored sample used for the DTA-TGA curves (Fig. 1(b)), may
contain mainly Ba-Sn itaconate, itaconic anhydride, amorphous oxide
of tin and barium salts of itaconic acid, since barium is more basic
than tin.

Fig. 1(b) shows the manner of the thermal decomposition of the pre-
cursor of BaSnOs, a solid compound that would contain the compounds
mentioned above. The DTA-TGA curves obtained for this precursor
show a substantial weight loss, with three major exothermic events in
the range between ~330 and ~540 °C. The exothermic peaks between
~420 and ~500 °C could be associated mainly to the complete decompo-
sition of the double Ba-Sn carboxylic salt (Ba-Sn itaconate) and the
combustion of itaconic anhydride in air. The exothermic peak at
~530 °C should provide information on the decomposition of the bari-
um salt of itaconic acid and the crystallization of the amorphous SnO,
that should exist in the sample, considering the proposed reactions.
Between ~750 and 900 °C, Fig. 1(b), a small, wide exothermic peak is
observed which should give information about the crystallization of
the BaSnOs, coinciding with that enunciated by Koferstein in his work
[26]. Finally, between ~950 and ~1200 °C there is a quite obvious
exothermic peak indicating the complete formation and crystallization
of BaSnOs.

The DTA-TGA curves in Fig. 1 differ according to the synthesis meth-
od used to obtain the BaSnOs. On one hand there would be the reaction
between particles of different composition which form a heterogeneous
physical mixture of materials in bulk, Fig. 1(a); on the other the

? : Polymer Network

ﬁA }B: [A] or [B] complex (See Ecs. 4 - 5)

Fig. 8. Diagram showing resin formation during the Pechini [20] process.
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Fig. 9. SEM photographs of powders of BaSnO3 synthesized by: (a) controlled precipita-
tion, at 1250 °C and (b) Pechini, at 1000 °C.

decomposition of double salts (Fig. 1(b)), mainly citrates as shown in
the proposed reactions. In cases where the physical mixture of the
bulk material is made up of coarser particles, these are not intimately
mixed. Reactions between these particles can be described using
geometrical rate laws and are slow, also requiring certain diffusion
paths. These characteristics of the synthesis process cause BaSn0O;
to form at high temperatures, in this case above 800 °C, the only
crystalline phase being at 1250 °C (see Figs. 3 and 6). Furthermore,
decomposition of the double salts (especially citrates) generates a
highly reactive intimate mixture of compounds of Ba®>* and Sn**
(Egs. (4) and (5)) that favors the formation of BaSnO5 as the main
crystalline phase at a relatively low temperature, ~1000 °C (see
Figs. 5 and 7).

3.2.4. Electron microscopy

Fig. 9 shows SEM micrographs of ceramic powders of BaSnOs heat
treated at 1250 °C, obtained by the controlled precipitation method
(Fig. 9(a)), and at 1000 °C, for those synthesized by the Pechini method
(Fig. 9(b)). The presence of agglomerates larger than 1 um, with polyhe-
dral shapes (controlled precipitation) and larger than 5 pm, with cubic
shapes (Pechini) can be observed.

4. Conclusions

Using the synthesis methods proposed in this paper, controlled pre-
cipitation and polymeric precursor (Pechini), BaSnO3; powders could be
prepared in a controlled, reproducible way. The XRD results showed
that solids obtained by controlled precipitation and Pechini were
found as the pure crystalline phase of BaSnOs of interest when treated
at 1250 and 1000 °C respectively.

In the IR spectra corresponding to these samples, meanwhile, a band
located between 618 and 630 cm ™! was evident, associated with a vi-
brational mode of the Sn-0 group in the SnO3~, which could be used
to demonstrate the existence of BaSnOs. The heat treatment to which
the samples were subjected favored the formation of agglomerates
with a size of <1 pm for those synthesized by controlled precipitation
and <5 um for those obtained by the Pechini method. In the article,
mechanisms are proposed that make it possible to explain how the
mixed oxide particles form, taking account of chemical reactions that
could occur as the process continued and that would be favored by
the heat treatment.
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