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Abstract

Zinc-tin-oxide-based ceramics have been extensively investigated especially regarding
the synthesis of zinc stannate (Zn,SnO,), a spinel structure ternary compound with a
wide range of possible applications. Among all of those, the best-known use of this
material is in the combustion gas and moisture sensors. This chapter presents the research
results review on the structure, morphology, and properties of mechanochemically syn-
thesized Zn,SnO, ceramics with large open porosity, as well as the results obtained during
its solid-state processing optimization. Also shown is the review of the results obtained in
the study of the influence of addition of the small amounts of bismuth oxide (Bi;O3) on the
obtained Zn,SnO, structure, microstructure, and electrical properties, as it provides the
condition for the liquid phase sintering and creates a new dynamics in the zinc-tin-oxide
reaction sintering process.

Keywords: ZnO-SnO, ceramics, spinels, zinc stannate, mechanical activation, sintering

1. Introduction

Zinc stannate is a non-toxic transparent n-type semiconducting oxide material whose electrical
conductivity is sensitive to the changes of oxygen stoichiometry and environmental atmo-
sphere, so it is mostly known for its gas-sensing (detection of combustion gases, CO, H,, NO,
NO,, and moisture) applications [1-3]. However, the unique electrical and optical properties of
the zinc stannate, which has been manufactured so far in different forms (thin and thick films,
polycrystalline powders, composite and porous sintered ceramics) [4-7], makes it a suitable
material for the various other applications as well (as functional coatings, flat panel displays,
thin film solar cells, windows coatings, transparent conducting electrodes, as anode material in
Li-ion batteries, as various photoelectrical devices, in photocatalysis) [8-20]. Zinc stannate is a
spinel compound with a general formula Zn,SnO, and a band gap of 3.6 eV. The spinel
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Zn,5Sn0Oy in the bulk form is stable in the inverse spinel structure, with a face-centered cubic
unit cell (space group Fd3m), where Zn** occupy the 8a sites, and both Zn** and Sn*" cations
occupy the 16d sites, while O is placed in the 32e sites. Its unit cell parameter has a value of
a=28.6574 A (JCPDS PDF 24-1470). The spinel-type structures can have big cation disorders in
the crystal lattice and certain nonstoichiometry. Nevertheless, the disorders in spinels are not
conventional so there is no change in the symmetry. The most general spinel formula is AB,O,,
where A is two valent or four valent metal ions, and B are two valent or tree valent metal ions.
To this day, there have been synthesized over 200 different types of spinel oxide compounds.
Some spinel compounds are known to have the characteristic sensor and catalytic properties,
like Zn,SnO,, and exhibit complex disordering phenomena related to the redistribution of
cations over (B) and [A] sublattices in their structure. The partly inverse spinels like Zn,SnO4
have four valent ions on octahedral positions [A] and two valent ions in some ration distrib-
uted over tetrahedral (B) and octahedral coordination [A]. The zinc stannate compound may
then be presented as (Zn*")[Sn*"Zn**]O, to emphasize the site occupancy at the atomic level.

The previous solid-state synthesis investigations established that complete Zn,SnO, formation
needs prolonged mechanical activation of the starting reaction precursors (ZnO and SnO,
powders) and considerable high temperature of sintering (in the range from 1000 to 1280°C).
The solid-state chemical reaction between the ZnO and SnO; starts relatively slow at 1000°C
while the monophase polycrystalline zinc stannate is formed at 1280°C.

2. Mechanochemical activation and consolidation of ZnO-SnO, powder
system

Finding optimal conditions of mechanochemical activation is the first and foremost important
processing step for obtaining the right texture, particle size distribution and chemical reactivity
of the starting powders in the solid-state synthesis of the polycrystalline Zn,SnO, ceramics and
the achievement of the wide range of its applications [21]. The mechanochemical activation
consists of several processes that are usually divided into four stages: the material destruction,
new surface formation, fine grinding and transformation to a completely different material
structure. The optimal powder processing is a way to lower the sintering temperature necessary
in the further steps of the ceramics production, which is very important fact from the stand point
of the cost-effectiveness. When the starting powders of zinc oxide and tin oxide in the 2:1 molar
ratio (ZnO:SnO, = 2:1) are mechanically activated in a planetary ball mill (Fritsch Pulverisette) in
time intervals 0-160 min (with 320 rpm, ball to powder mass ratio of 40:1, in zirconium grinding
media of a 500 ml vial and 10 mm diameter balls) the two stages of the grinding process occurs
(Figure 1). The investigated samples were marked further in the text as ZSO-00, ZSO-10, ZSO-40,
Z50-80, and ZSO-160, and these marks are related to the not-activated, 10, 40, 80, and 160 min
activated 2Zn0O-5n0O, powder mixtures, respectively. The first stage, up to 10 min of mechanical
activation, is the increase in the powders specific surface area (Sggy, calculated by BET method
from the linear part of N, adsorption isotherms [21-23]) which is related to the breaking of the
powder particles and formation of the new surfaces (Figure 2a and b). The second stage brings
the cold-welding and chemical reaction between the starting precursors (ZnO and SnO, powders),
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Figure 1. The specific surface area vs. the time of mechanical activation for the ZnO-5nO, powder system.

Figure 2. SEM micrographs of ZnO-SnO, powder mixtures activated, (a) 0, (b) 10, (c) 40, and (d) 80 min.
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a formation of a new phase and a decrease in the Sggy (Figure 2c and d). The first sign of the
spinel zinc stannate formation was noticed after 40 min of mechanical activation (results
obtained by X-ray diffraction, XRD [21]). By increasing the activation time the intensities of
the XRD peaks of the starting phases ZnO and SnO, become lower while XRD peaks of the
spinel Zn,SnO, phase dominates. After 160 min of mechanical activation, the Zn,SnO,
becomes a major phase in the system. Together with the progression of the mechanochemical
reaction and formation of the zinc stannate spinel a secondary agglomeration occurs as well,
which contributes mostly to a continuous decrease of Sggr during the second stage of the
grinding process (Figure 2c and d). The microstructure of the starting ZnO and SnO, powder
mixture characterizes in the homogeneously distributed particles of two kinds, the smaller
ones with a spherical shape that belongs to ZnO and the longer ones with a polygonal shape,
which belongs to the SnO,. After 10 min of activation, there is a noticeable decrease in a
number of the spherical particles because ZnO is more than six times softer material than
SnO, (microhardness of ZnO and SnO, is 1.5 and 10 GPa, respectively) so firstly the drastic
changes induced by mechanical activation addresses the ZnO (Figure 2).

The shape of the adsorption isotherms (example shown in Figure 3a) of all the investigated
samples (different mechanically activated powder mixtures) confirms mono-multi layered
adsorption on the clear and stable powder surfaces with a morphology that suffered fragmen-
tation and aggregation during the mechanical activation and is characterized by macropores or
even limited number of the micropores [21]. According to the IUPAC classification, these
adsorption—-desorption isotherms belong to the aggregated particles that form slit-shaped
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Figure 3. The nitrogen adsorption—desorption isotherm (a), the pore size distribution (b), and the pore volume distribu-
tion by Dubinin Radushevich line method (c), for the 10 min activated ZnO-SnO, powder mixture.
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pores [22-24]. Isotherms have a reversible part (as physical adsorption is namely reverse) at
the low relative pressures, when desorption is happening along the same isotherm path as
adsorption, and hysteresis loops at higher relative pressures which happen because the
desorption is harder when in very porous adsorbents, like in this material system, the conden-
sation occurs inside fine pores and capillaries at lower than equilibrium pressure. The N,
isotherm analysis (pore size distribution by Dollimore-Heal Poresizes [25] and Dubinin-
Radushkevich Line [26] methods, an example shown in Figure 3b and c) gave the textural
properties of the investigated different activated powder mixtures, and have shown that pores
with the biggest total bulk volume were found in the powder mixture activated for 10 min,
while lower total porosity (volume) was determined for the 40 min of activation, and the
lowest for the other activation times (80 and 160 min) that had a smaller amount of the big
pores (mesopores), like ZSO-40. The average mesopore diameters varied in the range from
22 nm (ZSO-10) to 79 nm (ZSO-80). The increase of the activation time, from 80 to 160 min, did
not bring further texture-porosity evolution [21].

The second most important step in the ceramics processing is the consolidation of a mechani-
cally activated power mixture by pressing. The microstructure of the sintered pellets (i.e.
thermally treated consolidated powder mixtures) extremely depends on the quality of the
green body (pressed mechanically activated powder mixture before the sintering process). It
is very crucial to the whole technology of the ceramics production to establish the mathemat-
ical-physical correlation between the pressure of the compaction (consolidation), and the main
macroscopic features of the investigated material (density or porosity), that is, to determine the
compressibility of the investigated powders (dependence of the green body density vs. the
compaction pressure). These compressibility investigations have actually a very practical
nature, that is, to determine the pressing pressure needed for each of the investigated powder
mixtures to obtain a specifically desired density. Different mechanochemically activated ZnO-
SnO, powders were pressed under 49-392 MPa into 10 mm pellets. The green body density
(green density) was determined for each of the samples by measuring the weight and dimen-
sions of the obtained pellets with an error not bigger than 1% [27]. Figure 4 shows the influ-
ence of the consolidation pressure vs. relative green density for differently activated powders
from the ZnO-SnO, system.

The green densities of the nonactivated ZnO-SnO, powder mixture obtained under several
applied pressures are significantly lower compared to the green densities of the 10, 40, 80 and
160 min activated ZnO-SnO, powder mixtures. The highest densities are obtained for the lowest
activation time (10 min). Because the green densities of the 80 and 160 min activated powder
mixtures have really close values, for clarity, the relative green densities of the 160 min activated
powder mixture were left out in Figure 4. All dependency curves in Figure 4 have the same
shape, while their relationships point out to the general rule that the longtime of mechanical
activation and the same applied compaction pressure results in a green density decrease. This is
probably a consequence of the formation of a larger number of harder agglomerates (Figure 2)
with prolonged activation and is actually a typical compressibility behavior of the powder
materials. In other words, longer mechanical activation demands higher pressure force to obtain
the green body with approximately same density. For the 80 min (and 160 min) activated ZnO-
SnO, powder system, it is necessary to apply four times higher pressure than for 10 min
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Figure 4. The pressing pressure vs. green density for the ZnO-SnO, system [27].

activated powder mixture to have the green body with the same density. It is easy to spot on the
so-called, “the same density line” in Figure 4, that shows the values of the pressure that have to
be applied in order to obtain the green body that has the same density (60% of the theoretical
density), no matter how activated ZnO-5nO, powder mixture is.

3. Mechanism and kinetics of sintering, and the porosity of consolidated
Zn0O-5Sn0O, system

In order to investigate the influence of the mechanical activation on ZnO-SnO, systems densi-
fication, the green bodies of the different activated ZnO-SnO, powder mixtures were prepared
by uniaxial pressing with different pressures (250, 50, 150, 200, 200 MPa was applied for ZSO-
00, ZSO-10, ZSO-40, ZSO-80, and ZSO-160, respectively) in accordance with the findings in
Figure 4, so the starting sintering density would be the same (3.769 g/cm?) [27, 28] for all the
investigated samples. Non-isothermal sintering kinetics was determined by monitoring the
relative shrinkage of the green body by sensitive dilatometer, in the air up to 1200°C, with
three different heating rates (5°C/min in Figure 5a, 10°C/min in Figure 5b, and 20°C/min in
Figure 5c¢). All the results are shown in Figure 5.

The dilatometric results point to 800°C as the temperature when the densification process
starts in ZSO-40, ZSO-80, and ZSO-160 samples. The dilatometric behavior of ZSO-00 and
Z50-10 is somehow different. The initial expansion in the ZSO-00 and ZSO-10 samples starts
around 1000°C and continues in shrinkage. It is very important to determine the origin of this
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Figure 5. The dilatometric curves of differently activated ZnO-SnO, samples obtained by non-isothermal sintering in air,
at different heating rates: (a) 5°C/min, (b) 10°C/min, and (c) 20°C/min, and up to 1200°C [28-30]. The inset table shows the
minimum and maximum temperatures where the expansion and the shrinkage start, respectively, for the ZSO-00 and
ZS0-10 samples.

deviation and its impact on the process of densification and further evolution of the material
microstructure. This expansion cannot be explained just by the simple differences in the molar
volumes of the samples because the theoretical density of zinc stannate spinel (6.42 g/cm®) is very
close to the theoretical density of the equimolar mixture of ZnO and SnO, (6.24 g/cm’). Several
mechanisms are described in the literature to explain phenomena like this, that is, the expansion
of the powders during the solid-state reactions. In the oxide systems as ZnO-5nQO,, it is explained
by to the separation of the particles when the reaction product is formed. The chemical reaction
starts at 1026°C (when the heating speed is 5°C/min), 1044°C (when the heating speed is 10°C/min)
and 1060°C (when the heating speed is 20°C/min) in the ZSO-00 sample, and at 916°C (heating
speed, 5°C/min), 945°C (heating speed, 10°C/min) and 957°C (heating speed, 20°C/min) for the
7Z50-10 sample (Inset Table in Figure 5). During the chemical reaction, the product, zinc
stannate, causes the expansion of the ZSO-00 and ZSO-10 samples because the starting powder
grains are being separated in the way that is illustrated in Figure 6.

The reaction sintering is a process during which the chemical reaction and the densification
happen simultaneously. The temperature of the reaction sintering beginning is obviously
lower for the longer mechanically activated ZnO-SnO, powder mixtures and higher when
higher heating speeds were used during the thermal treatment. Some believe that the most
important fact for the reaction sintering process is a defect degree of the formed microstructure
during the chemical reaction. For the systems where the chemical reaction does not induce the
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Figure 6. The schematic illustration of the solid-state reaction in the ZnO-SnO, system.

huge microstructure changes, obtaining higher densities and controlled grain growth does not
depend on the fact whether the chemical reaction begins before or after the densification
process. However, if the volume change during the reaction sintering is large, the densification
should occur before the reaction if the high density and controlled grain growth are desired.
The results obtained for ZSO-00 and ZSO-10 samples imply that the reaction between the ZnO
and SnO, and formation of the Zn,SnO, spinel in these samples begins before the process of
sintering and it is accompanied by a very large expansion of the samples. In samples activated
for 40 min and more, the shrinkage is dominant. The XRD results confirmed that in these
samples zinc stannate spinel is a major phase so the process of densification prevails. The slope
of the dilatometer curves of ZSO-40, ZSO-80, and ZSO-160 samples point to the possibility of
the spinel phase formation in the shape of the agglomerates that progress by the increased
activation time because the agglomeration inhibits the densification. The calculated green and
sintered densities were 3.74 and 4.14 g/cm3 (ZS0O-40), 3.78 and 4.12 g/cm3 (ZSO-80) and 3.79
and 3.86 g/cm® (ZSO-160), respectively. The densification is the highest for the sample acti-
vated for 40 min and the lowest for the longest activated sample (ZSO-160). The densities of all
the samples increase during sintering but the highest value is obtained for the ZSO-40 sample.
Hence, the relative shrinkage during sintering is primarily dependent on a distribution of the
starting particles, their consolidation, and activity. The densities of all the sintered samples are
lower than 70% of the theoretical density of zinc stannate. It is obvious that this structure is
difficult to sinter. The porosity present in starting powder mixtures is preserved in the sintered
samples as well. The starting powders are mainly made of the agglomerates, which are the
reason why the packing of the particles during consolidation step is not ideal, and then it is so
difficult to reach the high densification degree during sintering. This, together with the forma-
tion of the agglomerated spinel, is the main reason for the slow sintering process in this
system. The moving force of the reaction sintering is the low free energy of the system as a
result of the spinel phase formation through the diffusion mechanisms. The additional force is
the high surface free energy induced by the process of mechanical activation of the starting
powders, but only after the system gains the chemical balance.
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The isothermal sintering was performed at 900 to 1200 °C (Figure 7a) for different time intervals
(30-120 min) (Figure 7b). The relative densities were determined and used to calculate the
obtained ceramics porosities (Table 1). The isothermal sintering is usually analyzed by investigat-
ing the shrinkage degree, which is described by the so-called Lanel parameter. This parameter
connects the after sintering Ils and starting porosity Ilo, that is, the green p, sintered ps, and
theoretical pr density of the investigated material: L = 1-(Ils/ I'lp) = (ps — po)/(pt — po)- The joint
structural characteristic of all the sintered samples is a large open porosity, ~40% and inhomoge-
neity which is a consequence of the powders “history” (the presence of the agglomerates and
aggregates) (Figure 2), porosity in the starting powder mixtures and the solid-state reaction with
the spinel formation (Figure 6). The formal sintering kinetic analysis by Lanel parameter (Figure 8)
confirmed that mechanical activation of the starting powder mixtures influences the sinterability,
but having all the results in mind, longer activation than 40 min is not necessary because the
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Figure 7. The change of the relative density vs. a) Temperature of the isothermal sintering and b) time of the mechanical
activation, of the ZnO-5nO, system.

Sample I, = 1-po/pt (%) Ils = 1-ps/pt (%) Sample I, = 1-po/pt (%) IIs = 1-ps/pt (%)
Tsinter. =900 °C Tsinrer. = 1100 °C

ZS0-00 48.6 453 Z50-00 48.6 38.6

Z50-10 41.9 46.4 Z50-10 43.1 37.7

Z50-40 45.3 444 ZS0-40 447 411

ZS0-80 45.8 442 ZS0-80 46.1 42.8

Z50-160 46.4 46.1 ZS0-160 46.4 46.6
Tsinrer. = 1000 °C Tsinter. = 1200 °C

ZS0-00 46.9 45.3 ZS0-00 484 31.3

ZS0-10 43.8 41.7 ZS0O-10 42.8 30.8

Z50-40 453 43.5 ZS0-40 45.3 39.7

Z50-80 45.6 43.5 ZS0-80 46.4 40.3

Z50-160 45.6 45.1 Z50-160 46.6 47.2

Table 1. Porosity (%) for the green and isothermally sintered ZnO-SnO, samples.
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Figure 8. The Lanel parameter vs. time of sintering for the ZnO-SnO, samples activated 40, 80, and 160 min and sintered
at 900°C for 2 hours.

effects of longer mechanical activation have a very little impact on the sinterability improvement.
The mechanical activation longer than 40 min, on the other hand, is needed for more efficient zinc
stannate synthesis.

The behavior of the differently activated samples of ZnO-5SnO, system during the heat treat-
ment was complemented with differential thermal analysis (DTA). From the shape of the
exothermal peak of the nonactivated ZnO-SnO, powder mixture, it is obvious that starting
from 400°C, the serious of exothermic, poorly separated changes (processes) occur. These
processes lead to the formation of zinc stannate phase, which is confirmed by the XRD analysis
[29, 30]. The exothermal effect in ZSO-10 is a consequence of the two processes: formation of
the zinc stannate at lower temperatures and spinel crystal growth at higher temperatures.

The XRD analysis confirms the existence of the spinel peaks in ZSO-40, ZSO-80, and ZSO-160
samples, so the exothermal effect in these samples is only a result of the spinel growth during the
thermal treatment [30]. With the higher activation times used in the preparation of the starting
powder mixtures, the temperature of the exothermal peak is lowering (ZSO-00: 1135, ZSO-10:
1031, ZSO-40: 941, ZSO-80: 892, and ZSO-160: 849°C). The specific reaction enthalpy values were
1.69 (ZSO-10), 3.10 kJ/g (ZSO-40), and for the ZSO-80 and ZSO-160 samples, had the same value
of 3.69 kJ/g, so the conclusion could be that the good condition for mechanochemical synthesis of
the zinc stannate spinel is obtained already with 80 min of mechanical activation. The obtained
results imply also the possibility of zinc stannate solid-state synthesis already at 900°C, which is
a much lower temperature of Zn,SnO, synthesis than previously found (1280°C) [31].

4. Morphology, optical and acoustic characterization of sintered ZnO-SnO,
system

The influence of mechanical activation on the morphology, optical and thermal properties of
the solid-state synthesized Zn,SnO, was investigated by the scanning electron microscopy,
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room temperature far infrared and photoacoustic spectroscopy [28, 32-34]. The reflectivity of
near normal incidence light in the range between 100 and 1400 cm ™' as a function of the wave
number showed the existence of eight ionic oscillators for all the investigated samples. The
intensity of the reflectivity peaks was the highest for the sample activated for 10 min and
gradually decreased with longer mechanical activation (40, 80 and 160 min, respectively). As
confirmed by microstructural analysis longer times of activation lead to the increase of poros-
ity and defects (Figure 2). The specificity of the obtained results is the two extra oscillators
from the six that are expected to show for the known Wyckoff sites for zinc stannate structure
and calculated by nuclear site group analysis, which is obviously the result of mechanical
activation and sintering [32, 33]. It is known that the mechanical activation is responsible for
the formation of the defects and after sintering a structure that contains pores, aggregates and
intergranular material besides crystalline grains [32] (Figure 9a—d). As shown previously, the
activation of 10 min brings the significant refinement in the crystallite size of the initial oxides,
while the beginning of the spinel zinc stannate phase formation starts after 40 min of activation
[21, 30]. The agglomeration and high porosity is a feature of all the mechanically activated
samples, and it increases with the longer activation times and remains also after the sintering
process (Figure 9). The ceramic materials with a large open porosity like zinc stannate
obtained by the reaction sintering processing described in this review paper are convenient
for the application in the humidity sensors. Atmospheric water can be absorbed on the grain
surfaces inside pores or condensed in the small channels and pores [28]. Humidity sensor has
to have features like high sensitivity, reversibility, fast response, the broad range of moisture
selectivity, chemical, and thermal stability, which depends on the microstructure formed

Figure 9. SEM micrographs of ZnO-SnO, ceramics prepared by mechanical activation for, (a) 10, (b) 40, (c) 80 and (d) 160
min and isothermal sintering at 1300°C for 2 hours.
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during the synthesis procedure. The thermal characterization of these materials is very impor-
tant. Photoacoustic spectroscopy was used to determine the thermal and transport properties
of 40, 80, and 160 min activated and non-isothermally sintered up to 1200°C samples (heating
rate of 5°C/min) [28] and the 10, 40, 80 and 160 min activated and isothermally sintered at
1300°C for 2 hours samples [34]. The experimental photoacoustic phase and amplitude spectra
were recorded as a function of the chopped frequency of the laser beam (red laser with power
of 25 mW, A = 632 nm) in a thermal-transmission detection configuration and analyzed by
theoretical Rosencwaig-Gersho thermal-piston model [35], which enable determination of the
materials thermal properties including thermal diffusivity, diffusion coefficient of the minority
free carriers and optical absorption coefficient.

The differences in thermal-electrical characteristics that were obtained again indicated that the
changes in the material are induced by the differences in the processing routes of the powders
before sintering. With the increase of the activation time and the formation of a single phase zinc
stannate the thermal diffusivity value increases. The thermal diffusivity of zinc stannate material
obtained by non-isothermal sintering route (0.21 x 1077,1.80 x 1077, and 10.06 x 107" m? s},
for the ZSO-40, ZSO-80, and ZSO-160 samples, respectively) are to our best knowledge the first
time ever measured values of this kind [28]. The photoacoustic analysis for differently activated
and isothermally sintered ceramic samples shown differences in photoacoustic spectra, espe-
cially specific are the results obtained for the ZSO-10 sample. The frequency dependence
photoacoustic phase has an explicit minimum for the samples prepared with higher activation
times [34]. In the amplitude diagrams, at critical frequencies where phase diagram has the
explicit minimum, a knee like a change of the curve rate occurs. It is obvious that at those
frequencies in the samples activated longer than 10 min, the significant changes in the material
properties appear. Those samples act as thermally thick at frequencies higher than the critical,
and thermally thin at the frequencies lower than critical. In the area of lower frequencies, the
dominant role in the generation of the photoacoustic signal has the thermal diffusivity and
optical absorption coefficient. In the frequency range when the samples are thermally thick, the
intensity and phase of the photoacoustic signal depend primarily upon the electrical transport
properties of the investigated samples. The increase in the thermal diffusivity value with the
increase of the activation time is confirmed in these samples as well which again points to the
fact that higher activation times are responsible for the formation of porous, defect and low-
density microstructure. This confirms, once more, that the grain growth of the spinel phase slows
down the densification process, and together with the agglomerates formed during the mechan-
ical activation, causes the appearance of a highly porous microstructure [34].

5. Liquid phase sintering of the ZnO-SnO, system

The effect of small amounts of bismuth oxide (Bi,O3) on the microstructure, optical, structural
and electrical properties of the spinel-type ZnO-5nO, (zinc-tin-oxide) ceramics was investi-
gated [36-39] to complement the above-shown research on the zinc-tin-oxide porous ceramics.
Two series of samples were made for this purpose. Samples of the first series were used as the
reference and were prepared by mechanical activation in different time intervals (10, 40, 80,
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and 160 min), pressing under 980 MPa in 10 mm diameter pellets, and isothermal sintering at
1300°C, for 2 hours. They were used for selecting the optimal conditions for the preparation of
Bi-doped ZnO-5nO, samples (the second series samples). The infrared spectra of the first series
samples were used also as the reference spectra to compare with infrared spectra’s of samples
of the second series. XRD analysis of the first series samples confirmed the presence of only
Zn,5SnOy spinel phase [36, 37]. The density measurements, however, show that the slightly
higher density was obtained for the starting powder mixture activated for 10 min (Table 2).
Comparing the obtained relative densities of the sintered samples at temperatures from 900 to
1200°C (Table 1, where the values were in the range from 52.8-69.2%), and the ones in Table 2,
it is easy to conclude that by increasing the sintering temperature the relative density of the
Zn0O-5Sn0O, ceramic material is increased. Because of the slightly higher densities obtain for
the 10 min activated sample; this parameter of synthesis (10 min of activation) was applied in
the preparation of the samples from the second series. Samples of the second series were then
prepared with the same starting powder mixtures, with the molar ratio of ZnO:SnO, = 2:1, but
with the addition of 0.5, 1.0 and 1.5 mol.% of Bi,O3 (samples marked as ZSO-0.5, ZSO-1, and
ZS0-1.5, respectively), mechanical activation for 10 min, pressing under 980 MPa and isother-
mal sintering at 1300°C for 2 hours. The highest relative density was obtained for the 1.0 mol.%
of BiO3 (~92%) (Figure 10a), while the increasing concentration of Bi,O; in the system
(1.5 mol.%) lead to the decrease of the relative density (~87) probably because of the further
grain growth and problematic packing of the bigger particles that are now more present in the
system (Figure 10b). These conclusions are confirmed by the scanning electron microscopy
measurements shown in Figure 10.

Samples of the first series ps/pr (%) Samples of the second series py (g/cms) po/pT (%)  ps (g/cms) ps/pr (%)

Z50-10 75.9 Z50 3.92 62.96 5.25 84.44
Z50-40 75.7 Z50-0.5 4.12 65.79 5.63 89.93
Z50-80 75.5 Z50-1.0 4.12 65.19 5.81 92.21
ZS0-160 75.3 Z50-1.5 4.22 66.51 5.49 86.58

Table 2. The sintered relative densities of the samples from the first series, and relative densities before and after the
sintering for the Bi;O3 doped ZnO-5nO, samples.

Figure 10. SEM micrographs of (a) 1 and (b) 1.5 mol.% Bi,O3 doped ZnO-SnO, ceramics.
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Addition of the small amounts of Bi,O5 to the ZnO-SnO, system creates conditions for the liquid
phase sintering and enhances the densification process. The obtained structure and morphology
was examined using XRD and SEM-EDS [36-39]. FTIR and impedance spectroscopy were used
to investigate the optical and electrical properties [38, 39]. Bi,O3 doping creates the conditions for
the liquid phase sintering. Bismuth oxide forms Bi,Sn,O; pyrochlore phase with SnO, and in the
presence of ZnO leads to the formation of Zn,SnO, spinel and Bi,O; liquid phase between 1000
and 1100°C, according to the following reaction [36]: BipSn,O; + 4ZnO — 2Zn,SnO; + BiyO5()).
This brings a new dynamic into the ZnO-5nO, sintering mechanism. The base system mixture
(2Zn0O-5n0,) grains are completely surrounded by the thin film of liquid Bi,O3z, which directly
influence the densification, grain growth and the solid-state reaction between the ZnO and SnO..
No XRD proof of Bi,O3; was found in the sintered samples, either because the amount of Bi,O;
was under the XRD detection limit, or such high temperature of sintering (1300°C) caused the
Bi,O; to evaporate (evaporation of Bi,O; starts at 825°C) [37]. The addition of Bi,O5 stimulates
the ion substitution between Sn*" and Zn*" which results in ZnO/SnO, solid solution formation
with rather limited regions of pure Zn,SnO, [36, 38] (Figure 11). Probably the diffusion-
evaporation mechanisms are responsible for the reaction between the ZnO and SnO, in this case
of this material sintered at such high temperatures, and not just the ordinary diffusion processes
that happen in the usual solid-state chemical reactions. A limited evaporation of ZnO is also
inevitable [37]. The ZnO evaporation opens up larger pores in places where the SnO, was not
available for the reaction due to the incomplete mixing. The zinc oxide condenses unreacted on
the walls of the cavities upon cooling. The residual SnO, appears to balance the evaporated ZnO.
As said previously, the Zn,SnO, has a cubic inverse spinel (AB,Oy,) structure so the A and B sites
can substitute for each other during sintering based on the following reaction: AB,O, — (AB)
BO,. Even though the valance of the Sn**is higher than of the Zn*" ion the substitution is mutual
[38] and according to the obtained results [36-39] the Bi-doping strongly promoted this substi-
tution and contribute to the Zn,SnO4-SnO, solid solution formation, along with the larger
regions of pure spinel Zn,SnO, (Figure 11) and smaller areas of residual SnO,. In Bi-doped
ZnO-SnO, system, the liquid phase assisted sintering mechanism is obviously responsible for
these dramatic microstructural changes and the deviation from the expected formation of single
phase cubic spinel Zn,SnO,. The enhancement of the densification process and higher bulk
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Figure 11. The ZSO-1 sample image taken with an optical microscope. The dark-gray area belongs to the pure Zn,SnO,
phase and it is surrounded by the “matrix” region composed of Zn,SnO,-5SnO; solid solution (noticeable recording points
6 and 7, marks the positions where the additional IR and EDS analysis were performed and shown elsewhere [36, 38]).
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relative densities are expected. The influence of the addition of Bi,O5 on the densification process
was investigated by monitoring the change in the relative density vs. the molar percentage of the
Bi,O; added, and it shows an increase in relative density of sintered samples (~ 92%) with the
addition of Bi,O3 up to 1.0 mol%, while further addition of 1, 5 mol% Bi,O3 leads to a decrease in
relative density (~ 87%) [37]. This is probably due to further grains growth and packaging
problem of much larger particles. The general conclusion is that the optimal amount of Bi,O;
under applied sintering conditions (1300°C, 2 hours) for achieving the best possible densification
is 1.0 mol%.

The agglomeration and high porosity present in the starting mixtures are also retained in the
sintered samples (porosity ~25%) (Table 2). The general microstructure of the sintered samples
of the second series is characterized by the denser sintered areas compared to the reference
sample (Figures 9 and 10). The “matrix” consists more of the non-stoichiometric zinc stannate,
Zn, ,Sn; , O, and represent some kind of a solid-solution, where dark-gray regions are closer
to the composition of pure Zn,SnO,, while smaller areas are composed of the residual SnO,
whose polygonal grains are like inserted into the spinal structure (Figure 10b) [36-38].

The Bi-addition to the ZnO-5nO, system reflected on its optical properties as well. Although,
the FTIR spectra [38] were similar to the previously obtained for Zn,SnO, spinel [30, 32, 33]
and were characterized by two extra oscillators (eight in total) attributed to the cation disorder
in the crystal lattice induced by preparation procedure, compared to the six predicted by
group theory analysis that belongs to the zinc stannate structure, it showed also the additional
three more peaks that belong to SnO, phase (wro) found at 244 and 288 cm ™', and the most
intensive bulk mode of SnO, at 613 cm ™', which position was shifted to higher frequency in
Z50-1 sample [36, 38].

The impedance spectroscopy measurements provided evidence of the intrinsic features of the
grain-boundary phenomenon in this kind of ceramic material and point to its possible appli-
cation in the nonohmic devices [39]. Impedance diagrams of SnO,-Zn,SnO, ceramics showed
Cole-Cole type behavior, where complex impedance data resulted in the semi-circles with the
high degree of overlapping which is consistent with the reported semiconductor properties of
this kind of ceramic material.

6. Summary

The optimal conditions for the best zinc stannate synthesis by reaction sintering of the
mechanically activated ZnO and SnO, powder mixtures in a high-energy planetary ball mill,
in the time intervals from 0 to 160 min, were obtained. The mechanochemical activation of
40 min and more creates the conditions for the beginning of the Zn,SnO, formation. The
pure stannate phase was obtained in the sample activated for 160 min and sintered at 1200 °C
and higher. A joint structural feature of all the polycrystalline sintered bulk samples is a large
open porosity. Formal analysis of the sintering kinetics using Lanel parameter confirmed that
mechanical activation affects the sinterability only for the activation less than 40 min, while
longer milling intervals have no more effect on the obtained Zn,SnO, large porosity. In the
materials characterization, it was shown that thermal diffusivity increases with the activation
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time and progression of the zinc stannate formation. SEM and FTIR results agree well in the
conclusion that longer times of mechanical activation lead to increased porosity and defects.
The FTIR spectra were numerically analyzed and oscillator parameters were calculated. Two
more oscillators were observed compared to six predicted by the group theory for the single
crystal Zn,SnQOy, as a result of the synthesis procedure. The obtained defect structure of the Bi-
doped ZnO-5nO, system is a direct consequence of the structural changes in all the hierarchy
levels induced by the liquid phase sintering mechanism, which strongly influences the optical
and electrical properties of the obtained material as well. By selecting the conditions and the
ways of the sample preparation during the process of mechanical activation and sintering, it is
possible to alter the microstructure, phase composition, optical and electrical properties of the
resulting zinc-tin-oxide ceramics to fit the best the desired applications.
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