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Preparation and study of structural properties of zinc-
doped barium stannate
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In the present work, we report the results of the influence of the Zn ions that partly substitute the Ba ions in the barium
stannate (Bai1-xZnySnOs, where x = 0 - 0.5), on the structural properties. With the view to obtain a porous and finer structure,
thus providing a high specific surface, these materials were obtained through the precursor method of combustion (co-
precipitation in a colloidal environment, and combustion), followed by heat treatments. The phase composition and
morphology were studied through XRD and SEM techniques. The pure sample, as well as that with the substitution x < 0.1,
are single phased after 40 minutes sintering at 1000 °C. For substitutions with x > 0.1 secondary phases appear, but the
structure becomes finer and the area of specific surface increases for x = 0.2, remaining then constant with the increasing
doping with zinc ions up to x = 0.5. The sample with the substitution x = 0.2-0.5 is characterized by a very fine structure
(=300 nm) and an effective porosity (21%). These materials obtained through this new method are quite promising for the

realization of quality humidity or gas sensors.
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1. Introduction

In the recent years, barium stannates received much
attention do to their applications in humidity and gas
sensors [1-3]. For a perovskite (ceramic) sensor, the
microstructure and specific resistance of the sensor
element are two key parameters on which its performance
depends.

Generally, BaSnO; powders were prepared by solid-
state reaction of BaCO; and SnOj; at high temperature
above 1300 °C. These powders contain impurities and are
coarse grained [4]. The variation wet chemical syntheses,
such as hydrothermal method [5], sol-gel method [4] and
polymerized complex method [6,7] were recently reported
for the preparation of the fine BaSnO; powders.

S. Upadhyay et al [8] reported the preparation of
barium stannate doped nickel ions (BaSn;Ni,O; for x =
0-0.2) have been synthesized by solid state reaction
method. There are few works focused on the utilization of
zinc ions as dopants for the barium stannate.

In this work we meant to realize new materials with
perovskite type structure (ABO;) with big chances to be
used in the realization of gas or humidity sensors. In the
case of barium stannate, the preference of the substitute
ions to the A and B sites in the perovskite structure can
modify the structural and micro structural properties,
namely the properties of sensitivity to humidity or to
certain gases [9,10].

We chose the barium stannate for the following
reasons:

- The barium stannate prepared through the precursor
combustion method has a marked porosity;

- It has a fine granulation, as compared to that
obtained through other classical preparation methods,
which ensures a high specific surface;

- The Ba®" ions ensure a high resistivity in dry
condition.

Barium stannate is a cubic perovskite oxide
compound which behaves as n-type semiconductor with a
wide band gap of 3.4 eV and is stable at high temperature
(up to 1000 °C) [11]. Various methods of synthesis of the
barium stannate have been reported [7,12-15].

The present work reports the results of the influence
of Zn*" ions which partially substitute the Ba*" ion in the
barium stannate (Ba;.xZn,SnO;, where x = 0; 0.1; 0.2 and
0.5), on the structural properties. The Zn*" ion was chosen
as a substitute due to its ion radius very different from that
of the Ba*" ion which it replaces in the lattice to a small
extent, up to x = 0.1 [16], while for bigger substitutions,
the generation of secondary phases is expected, which
improves the grain size and effective porosity. The method
used to obtain these materials is the precursor method of
combustion followed by heat treatments [17,18]. This
method has some advantages because it improves the
compositional homogeneity of the powders and, as a
result, the microstructural homogeneity of the fired
product - resulting perovskite powder is fine-grained and
with porous structure [19].

2. Experimental
Zinc-doped barium stannates having the general

formula Ba;Zn,SnO;, where x=0-0.5 (BaSnO; (BZS-0),
BagoZng ;SnO; (BZS-1), BagsZng,SnO; (BZS-2) and
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BaysZnsSnO; (BZS-3) were prepared by
method followed by heat treatments. Fig.1 shows the flow-
diagram of the sample preparation process.
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Fig. 1 Flow diagram for the fabrication process
of Ba;.,Zn,Sn0O; (x = 0-0.5) fine powders by
combustion method.

We used metal nitrates or chlorides as starting
materials (starting from barium and zinc nitrates and
stannous chloride as raw materials). Polyvinyl alcohol was
added to make a colloidal solution. Molar ratio of metal to
polyvinyl alcohol was 1:1. NH4,OH solution (25%
concentration) was dropped to adjust the pH value at about
8. The combustion reaction converts the dried gel in a
loose powder with nanogranular structure. The combustion
obtained powders were heat treated for 6 hours at the
temperature of 600 °C to finish the reaction and to make
the carbon traces vanish. This procedure is more efficient
than the conventional solid state reaction (physical mixture
of oxides) for the preparation of ceramic powders, because
it improves the compositional homogeneity of the powders

combustion

and, as a result, the microstructural homogeneity of the
fired product [19].

The reactions for BaSnO; can be schematized as
follows:

Ba(NO;),+ 2NH,O0H— Ba(OH), + 2NH,NO; (1)
SnCl, + 2NH,OH — Sn(OH), + 2NH,CIT )
C,H;0H + 5NH,NO; — 2CO,T +12H,0T + 8N, T + Q (3)
Ba(OH), + Sn(OH), — BaO + SnO + 2H,0T  (4)
BaO + SnO + O — BaSnO; (5)

The obtained powders were mixed in a ball mill and
biaxial pressed in a disc shape in a stainless steel die under
a pressure of about 3x10” N/m”. The pressed pellets (17
mm diameter, ~1.8 mm thickness) were sintered in air, at
1000 °C for 40 minutes and slowly cooled in the furnace.
The weight and dimensions of the pellets were measured
at room temperature, to determine the bulk density d and
effective porosity pe (for open pores) using the
Archimedes’s principle [9,20].

The phase composition was identified by X-ray
diffraction (XRD) using a diffractometer type DRON-3
and the CoK,, radiation (A = 1.7889 A). The values of the
lattice parameter for all samples were obtained by the least
square fitting of the XRD data using the
“Crystalographica” software. The X-ray density,
d,=M/Na® [21] (where M is the molecular weight, N is
Avogadro’s number and a is the lattice constant) was used
to evaluate the porosity p=1-d/dy. The morphology was
examined using a VEGA-TESCAN scanning electron
microscope. The average grain size Dy, was determined by
the linear intercept technique from SEM micrograph on
fracture surface [22]. The specific surface area was
calculated from the equation Agp= s/v-d=6/ Dyd [23, 24],
where S and v are the particle surface and volume
respectively, Dy, is the average grain size, d is the bulk
density and 6 is the shape factor. It is assumed that all the
particles have the same size and shape.

3. Results and discussion

Fig. 2 (a and b) presents the X rays diffractographs of
the BZS-0 (BaSnOs3) and BZS-3 (BaysZnysSn0O;) with the
Miller indices which indicate the perovskite type structure,
and with the secondary phases that appear. Only the BZS-
0 (Fig. 2a) and BZS-1 samples were single-phased. The
BZS-2 and BZS-3 samples (Fig. 2b) show several
secondary phases. The presence of the secondary phases at
the BZS-2 and BZS-3 samples suggests that the limit of
Zn*" jons solubility in the barium stannate lattice is x <
0.1. It is well known that the degree of host cation
substitution by other foreign ions depends on the substitute
cation radius [25]. The limitation of the zinc solubility in
the barium stannate lattice is the result of the large
difference between the ionic radius of Ba*" (1.56A) and
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Zn*" (0.88A) ions respectively (Table 1). Upadhyay et al
[16] also found out that the barium substitution in the
barium stannate by ions with much smaller radius is
generally restricted to x =0.1.

Table 1. Characteristics of each ion in (BaZn)SnO3; perovskite

Ion |Oxidation |Electronegativity | Atomic |lonic
state weight |radius

Kg) |(A)
Ba 2+ 1.0 0.137 1.56
Zn 2+ 1.65 0.065 0.88
Sn 4+ 1.7 0.118 0.69
0) -2 3.44 0.016 1.32

At the BZS-2 sample (x = 0.2), secondary phases like
BaO, Ba;Sn,0;, ZnSnO3, SnO appear. At the BZS-3 (x =
0.5) sample (Fig. 2b), one can notice the presence of
bigger amount of secondary phases: ZnSnO;, Ba;Sn,0-,
Zn,Sn0y4 BaO, SnO,, ZnO,, etc.

The modification of the lattice parameter for the
substituted samples can be accounted for by the presence
of the Zn*" ions on the substitution positions from the
entire lattice of the barium stannate host. When a cation
with the radius different from that of the host cation is
introduced in a perovskite-type lattice, the difference
between the host atoms and the substitutes creates a
distortion in the perovskite-type lattice, which can affect
the size of the elementary cell [8, 16]. The lattice constants
for a high doping level, like in the case of BZS-2 and
BZS-3 samples have very close values, which suggests
that secondary phases with zinc in excess were formed,
and the determined values for the lattice parameters are

those of the crystalline core which contains a small
amount of zinc.

The X-ray density is found to decrease with the
increase of dopant concentration. This might be due to the
replacement of heavier Ba-ions (At. Wt. of Ba=0.137 Kg)
by lighter Zn-ions (At. wt. of Zn = 0.065 Kg).
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Fig. 2 X-ray diffraction pattern of the prepared BaSnO;
(@) and Bag 5Zng5Sn0; (b) sintered at 1000 °C for 40
minutes.

Table 2 presents the structural parameters of the
samples treated at 1000 °C for 40 minutes. One can see
that the lattice parameter slightly decreases with increasing
zinc concentration. Megrav [27] reported the lattice
parameter for BaSnO; as a = b = ¢ = 4.119 A, which
agrees well with the value obtained for our sample.

Table 2. Structural data for barium stannate sintered at 1000 °C for 40 minutes.

Sample Lattice X-ray Porosity Bulk Effective Average Specific
symbol | constant (nm) density p% density porosity per | grain size surface area
d, (g/em’) d (g/em’) (%) Dy, (um) Ay (m?/g)
BZS0 0.41176 7.229 65.05 2.526 10.105 1.15 2.06
BZS1 0.40914 7.195 64.44 2.558 14.828 1.13 2.08
BZS2 0.40877 7.040 64.12 2.526 21.658 0.34 6.98
BZS3 0.40875 6.516 61.02 2.540 21.619 0.32 7.38

The porosity p of all the samples is high, between
61% and 65% due to the preparation method (by solid-
state reaction technique, instead of chemical route
method).

The effective porosity per is diminished at the sample
without zinc substitutions (10.1%) and higher in the case
of the zinc substitutions (14.8% - 21.6%).

The SEM micrographs (Fig. 3 a, b and c) on the
fracture surfaces of the samples revealed that the
microstructure is affected by the amount of Zn*" ions that
substitute the Ba*" ions in the barium stannate (BaSnOs).
Generally, all the samples are characterized by a fine
granulation. The average grain sizes ranges between 0.32

pm (Fig. 3c) and ~1.1 pum (Fig. 3a). The barium stannate
particles being small, a tendency towards agglomerations
can be observed. One can also remark the change of the
grain shape from faceted to rounded crystallites and pore
coarsening when increasing the Zn®* ions concentration.
Large pores, above 1 um in diameter, distributed along the
grain agglomerations can be observed. In the case when
these materials are used to produce humidity or gas
sensors, pores are necessary for rapid sensor response,
because the water or gas adsorption rate is controlled by
the diffusion rate of water vapors or gas. These structures
indicate that the investigated barium stannates can easily
exhibit adsorption and condensation of water vapors.
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Furthermore, the porous structure is an advantage in
discouraging fracture due to thermal shock.

In Table 2 one can see that the Zn>" ion concentration
strongly influences the structural parameters. The average
grain size of the specimens decreases and the specific
surface area increases with increasing concentration of Zn
jons. The largest specific surface area of 6.98 m%/g and
7.38 m*/g were found for the BZS-2 respectively BZS-3
samples, with the average grain size of about 300 nm and
porosity of 21.6 % (Fig. 3c¢).

Fig. 3 SEM micrographs of Bag¢Znq;Sn0; (a),
Bag gZNng ,Sn0;3 (b) and BaysZnysSn03 () samples.

In the oxide porous compounds, such as the barium
stannate in our case, the gas molecules or water vapor will
react not only with the grains from the material surface,
but also with the material grains from inside the sensor
element. At the same time, a larger specific surface belike
implies a larger active surface exposed to the gas, as well
as a higher sensitivity to gases and water vapor. The small
area of the specific surface of the pure barium (BZS-0) can
be the result of the higher concentration of the closed
pores to the detriment of the open pores.

The observed modifications in the particle size and
the area of specific surface suggest that the partial
incorporation of the Zn*" ions in the stannate crystals, and
in consequence, the apparition of the secondary phases,
inhibit the crystal increase and favor the increase of the
specific surface area.

The substitution with x =0.2-0.5 results in radical
microstructure changes (Fig. 3 b and c), consisting in the
following:

- A significant diminution of the crystallites size, from
about 1p to about 300 nm;

- The formation of grain chains around large pores
and of inter-connected pores in shape of capillary tubes
between the grains chains;

- Absence of the grain agglomerations. It is possible
that the presence of the foreign phases inhibits the growth
and agglomeration process.

4. Conclusions

The most important conclusions are as follows:

Zinc-doped barium stannate having the general
formula Ba,,Zn,SnO;, where x=0-0.5 were prepared by
combustion method.

By the substitution of the Zn®* ions in the barium
stannate up x = 0.1, an increase of the effective porosity is
obtained, while the crystalline structure remain relatively
the same.

The lattice parameters for a high doping level, like in
the case of the samples with x=0.2 and x=0.5, have very
close values, which suggests the formation of secondary
phases with zinc excess, and the determined values of the
lattice parameters belong to the crystalline core that
contains a smaller amount of zinc.

By increasing the substitution degree up to x = 0.5,
the samples porosity remain at a high level; the crystal size
quickly diminishes and the specific surface area increases.

The barium stannates with zinc substitutes with x =
0.2-0.5 prepared through the combustion method and
treated in air for 40 minutes at 1000 °C, present a marked
effective porosity, which remains constant on this entire
doping interval, having the value of about 21.6%, specific
surface area of ~7 m%/g and an average grain size almost
constant around the value of 300 nm.
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