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Abstract :

The spark plasma sintering (SPS) behaviour of pure SnO; has been studied. Two different
SnO: powders have been studied: a commercial 50-200 nm one and 4-6 nm
nanoparticles obtained by precipitation. It has demonstrated that it is not possible to keep
pure SnO> above 1223 K by SPS. Indeed, at 1248 K, SnO appears whereas at higher

temperatures, samples are composed by SnO» and metal Sn. Three different cycles have been
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developed that allow achieving high densities (> 94 %). The study of the grain size shows that
when the density increases the grain size increases to reach 60-70 nm for the high density
samples. Therefore, SPS can be successfully used to produce dense nanostructured SnO-
ceramics without any sintering agent. Nanostructuring is very efficient to lower thermal
conductivity as values as low as 6.59 and 3.99 W.m™'. K" at 373 and 1000 K respectively, are
measured in SPS nanostructured ceramics. Moreover, the transport properties of the dense

ceramics are the best reported for undoped SnO,.

Keywords : Tin oxide ; Spark Plasma Sintering ; Thermoelectric ; Nanostructuring ; Thermal

conductivity



1. INTRODUCTION

SnO; exhibits a rutile-type structure (space group : P42/ mnm, a = b =4.7382 Aand c=3.1871
A, theoretical density = 6.994, PDF card 41-1445) [1]. It is an n-type semiconductor with a
wide band gap of 3.6 eV [2]. It combines high electrical conductivity with high optical
transparency in the visible range of the electromagnetic spectrum [3]. Therefore, it is used for
numerous applications such as transparent conducting oxide [4, 5], solid state gas sensor [3, 6-
8], electrode [9], catalyst material [10], photoluminescence [11], varistor [12, 13],

thermoelectric material [14-16] or for photovoltaic devices [17].

It is well known that achieving high density SnO> ceramics by conventional sintering is not
possible due to non-densifying mechanisms such as the transformation of SnO2 into SnO and
vaporization of tin monoxide which occurs at a high rate above 1373 K or surface diffusion
and evaporation-condensation [18, 19]. Therefore, to overcome such a difficulty, one route
has been to add sintering agents into SnO2, such as CoO, Co304, MnO, CuO, ZnO, Sb,0s3, ...
[18, 20-24]. However, the sintering agent can also affect properties and especially transport
properties that are very sensitive to small amounts of dopants in that kind of oxides [23, 25].
Another route was to use high pressure. For instance, Park et al. [26] have obtained more than
97 % dense undoped SnO: ceramics by hot isostatic pressing carried out under 150 MPa at
1673 K for 12 hours. However, such high temperature and long treatments leads also to grain

growth and are not therefore a suitable solution for nanostructuring.

Spark Plasma Sintering (SPS) is now a well-known technique to sinter, in a few minutes,
dense ceramic bodies of oxide materials at low temperature [27-35]. Therefore, SPS appears

as a suitable technique to avoid or limit grain growth during sintering [28].



Few controversial reports have been published on spark plasma sintering of undoped SnOx.
Park et al. [36] obtained dense ceramics (relative density > 95 %) from commercial and
home-made SnO; nanopowders at 1323 K under 37.5 MPa during 5 minutes under vacuum
whereas at 1273 K in the same conditions, the relative density is only circa 72 %. Li et al.
[37] have studied various sintering parameters on commercial SnO> powders. At 1323 K
under 37 MPa during 5 minutes under vacuum, they similarly found a relative density above
95 %. However, in the same conditions but at 1273 K, they already had a 95 % dense
ceramic. They also reported that increasing the pressure (up to 40 MPa), or the heating rate
(up to 200 K.min) leads to higher relative densities and that 3 minutes are enough to reach
the plateau of highly dense materials.

Vo et al. [16] have reported a very different SPS cycle to sinter undoped SnO> ceramics with
relative density higher than 95 %. The sintering temperature is lower 1223 K and the pressure
higher, 90 MPa during 5 minutes under an argon atmosphere. Moreover, they add first a dwell
at 773 K during 2 minutes to reach the pressure. However, as their aim is to study
thermoelectric properties of tantalum-doped SnO; ceramics, they do not explain the reasons

for such a cycle.

Therefore, as the final aim of this article is to reach nanostructured dense SnO> without
sintering agent, the influence of spark plasma sintering cycle parameters on the density of
undoped SnO; ceramics will be first investigated. Then, grain size evolution will also be

characterized as well as electrical and thermal conductivities of ceramics.

2. MATERIALS AND METHODS



Two kinds of SnO2 powders have been used for this study. The first one is from Aldrich (=
99.9 % purity, = 325 mesh, 50-200 nm grain size) and is similar to the commercial powder
used by Park et al. [36], and the second one was nanopowder synthesized according to the
process described by Dujardin et al. [38] (figure 1). Briefly, it consists in precipitating SnO»
nanoparticles (4-6 nm) from the dropwise addition of a 1 M NaOH aqueous solution into a 2

M SnCls aqueous solution at 373 K under reflux.

Sintering was performed by Spark Plasma Sintering (Syntex 515 S). The synthesised powders
were placed in a 15 mm diameter graphite die (MERSEN - carbon grade 2333) in argon
atmosphere. Samples were separated from punches and die by graphite foils. Several
conditions have been tested, as detailed below. Note that for experiments with pressure higher
than 100 MPa, high strength composite graphite dies were used (TOYO TANSO - carbon

grade CX31V).

The obtained pellets were then polished to remove the graphite foils used during the SPS
process and cut with a diamond wire saw as bars perpendicular to the pressure axis for electric
properties measurements or thin 6 mm squares parallel to the pressure axis for thermal

diffusivity measurements to prevent any orientation effect.

Thermoelectric properties of the sintered samples were determined from simultaneous
measurement of resistivity and Seebeck coefficient in a ZEM-3 equipment (ULVAC
Technologies) and thermal conductivity. Seebeck coefficient and electrical conductivity have
been measured first from 323 to 1000 K. The thermal diffusivity was measured using the laser
flash diffusivity technique (Netzsch LFA 457) from 373 to 1000 K in vacuum after graphite

coating. The thermal diffusivity measurement of all specimens was carried out three times at



each temperature. The heat capacity of the materials was measured from 300 to 1000 K, with
a heating rate of 20 K.min! in platinum crucibles and in nitrogen atmosphere, using

differential scanning calorimetry (Netzsch STA 449 F3 Jupiter).

Apparent density of the samples was calculated from the weight and dimensions of the bars

cut from the pellets for ZEM-3 characterization and theoretical density [1].

Powder X-ray diffraction (XRD) patterns have been performed on a BRUKER D8 Advance
0/20 diffractometer equipped with a Linxeye energy-dispersive one-dimensional detector,
using Cu-Ka radiation and operating at 40 kV and 40 mA at room temperature. The scans
have been recorded from 20 to 70°(20) with a step of 0.02° and a counting time of 0.5 s per

step.

The scanning electron microscopy (SEM) observations have been performed using Tescan
Mira 3 field emission microscope coupled with an Energy Dispersive Spectrometer (EDS

Oxford INCA X-Act) without prior coating of the samples.

3. RESULTS AND DISCUSSION

As the first SnO> nanopowder used in this study is similar to the one used by Park et al. [36],
their SPS conditions were tried first, i.e. 1323 K under a pressure of 37.5 MPa during 5
minutes (heating and cooling rate of 100 K.min). At the end of the SPS cycle, small Sn
beads appear on the top of the graphite die (figure 2). The XRD pattern measured on the pellet

is shown in figure 3a) and also exhibits presence of metal Sn peaks. A cross section observed



by SEM shows that metal tin (data not shown) can be observed on the surface of the pellet as
well as in the core. The formation of metal tin is probably related to the reaction of SnO» with
graphite on the surface of the pellet. Moreover, it has already been noticed that graphite can
diffuse within ceramics [39, 40]. Indeed, replacing the graphite foil between the die and the
sample by boron nitride or alumina powder allows to reduce the Sn amount but it is still
possible to find some metal tin in the core of pellets. Moreover, similar results have been
obtained for higher pressure (100 MPa) and with the nanoparticles synthesized using Dujardin

et al.’s route [38].

The influence of temperature decrease has been studied with the nanoparticles synthesized
using Dujardin et al.’s route [38]. The applied pressure is 100 MPa and the temperature dwell
duration is 5 minutes with heating and cooling rate of 100 K.min"!. PXRD patterns (figure 3b)
show that at 1248 K, the peaks relative to Sn metal have disappeared. However, the phase is
not pure SnO2 as some peak corresponding to SnO can be observed. At 1223 K, only the
peaks related to SnO- are present (figure 3c). This is the temperature used by Vo et al. [16].
Moreover, PXRD patterns also shows that when temperatures decrease, the peaks intensity
decreases and the full-width half-maximum increases. According to SEM images (figure 4) no
secondary phase was observed, confirming the XRD results. Moreover, a small porosity can
be observed: this is consistent with a poor relative density of 76 %. On the contrary to the
results presented by Vo et al. [16], the addition of a dwell at 773 K during 2 minutes before
reaching 1223 K doesn’t allow to achieve relative density higher than 95 %, but leads to

unchanged density.

Therefore, the influence of the SPS parameters (pressure, duration of the high temperature

dwell, heating/cooling rate), whereas the highest temperature remains constant (i.e. 1223 K)



has been studied to reach higher densities. Figure 5 shows the influence of the duration of the
high temperature dwell. It clearly appears that the density is not significantly improved even
for long SPS experiments of 30 minutes. The best relative density achieved is 79 % for a 10
minutes dwell. Figure 6 shows the influence of the applied pressure: Density increases as
pressure increases for low pressures (P < 100 MPa) but reach a plateau for higher values. The
best density achieved is 81 % at 150 MPa. Figure 7 shows the influence of the heating/cooling
rate: An optimum value clearly exists around 200 K.min! that allows reaching relative
densities as high as 87 %. This effect of high heating rate on sintering has now been largely

demonstrated [41, 42] but the reason for an optimum value remains unclear.

Individually, each optimized parameter does not allow to reach samples with relative densities
of 95 % or higher. Therefore, they have been combined (Table 1). By combining the most
influent heating/cooling rate and duration of the high temperature dwell, the following SPS
cycle (Cycle A: 1223 K-100 MPa-10 min-200K.min!) allows achieving 95 % relative
density. One of the main interests of this sintering cycle is that working at a limited pressure,
it is possible to use conventional graphite dies. Combining pressure and duration of the high
temperature dwell, the following SPS cycle (Cycle B: 1223 K-150 MPa-10 min-100K.min")
allows achieving 94 % density. However due to high pressure, a composite graphite die is
required. Finally, Figure 8 exhibits the three combined parameters (Cycle C: 1223 K-150
MPa-from 2 to 10 min-200K.min™). It clearly allows reaching high relative densities even for
time as short as 2 minutes. Finally, cycle A (1223 K-100 MPa-10 min-200K.min!) has been
used on the commercial powder and a density of 94 % has been achieved showing that these

results are not only related to the very small size of the synthesized powders.



As the aim is to reach nanostructured dense ceramics, the grain size of the different samples
has been studied by measuring the grain size on SEM micrographs (figure 9) and estimating
the size of coherent domain by applying the Scherrer formulae to the (101) peaks of the XRD
patterns (figure 10). Figure 9 clearly shows that the samples are composed by grains smaller
than 100 nm. Figure 10 shows that the value obtained from the Scherrer formulae is consistent
with the median grain size measured from SEM micrographs. Moreover, as the density
increases, the grain size increases. However, for the ceramics with the highest densities, the
grain size is around 60-70 nm. Therefore, the dense ceramics obtained by SPS are

nanostructured.

The Seebeck coefficient and electrical conductivity, from 330 to 1000 K, of the sample
sintered at 1223 K-150 MPa-5 min-200K.min! are displayed in figure 11 a). The Seebeck
coefficient shows a negative value which is consistent with the expected n-type conduction
[2]. It improves from -234 to -290 pV.K™! at 330 and 855 K, respectively. For higher
temperatures, the absolute value slightly reduces. This is 30 % higher than the -195 uV.K™!
value measured by Vo et al. [16] at room temperature. The electrical conductivity increases
on the whole temperature range which is characteristic of a semiconducting-like behaviour,
from 550 to 1005 S.m™!, at 330 and 1000 K, respectively. This is twice the value measured by
Vo et al. [16]. The sample presents an unusual interesting feature: indeed, usually in
semiconductors, when the electrical conductivity increases, the Seebeck coefficient decreases
[25, 30, 43]. Similar behaviour can be observed in other compounds such as Ca3Co4O9 or
delafossites [27, 44]. However, the origin of this behaviour in SnO; remains unknown.
Therefore, the power factor (PF = S?0) increases when temperature increases from 2.95 x
10° W.m 'K at 330 K to 7.75 x 10> W.m~'. K2 at 1000 K (figure 11 b) ). This value at

1000 K is similar to the one reported by Yanagiya et al. [15]. Temperature dependence of the



thermal conductivity (K) from 373 to 1000 K is shown in figure 11 c¢). The thermal
conductivity of the SnO sample decreases when temperature increases from 6.59 W.m'.K!
at 373 K to 3.99 W.m'.K'! at 1000 K. These values can be compared to those reported for
single crystals at room temperature that are 98 W.m™'.K™! when parallel to the c-axis and 55
W.m.K! when perpendicular to c-axis [45] or in polycrystalline samples with micrometer-
sized grains : between 25 to 40 W.m'.K'! at room temperature for grains from 2.5 to 8 um,
and around 10 W.m'.K' at 1000 K [46]. This clearly demonstrates the ability of
nanostructuring to significantly lower the thermal conductivity in oxides. Moreover, these
values are slightly lower than the one recently reported in nanostructured Al-doped ZnO [47].
Figure 11 d) exhibits the temperature dependence of the thermoelectric figure of merit ZT (=

PF/K): it increases when temperature increases and reach 0.02 at 1000 K.

4. CONCLUSION

The spark plasma sintering behaviour of pure SnO> has been studied. It has demonstrated that
it is not possible to work above 1223 K to sinter pure SnO; by SPS. Indeed, at 1248 K, SnO
appears whereas at higher temperatures samples are composed by SnO; and metal Sn. The
influence of each parameters (pressure, duration of the high temperature dwell and
heating/cooling rate) has been studied. Three different cycles have been developed that allow
achieving high relative densities (> 94 %): one of them allows to use conventional graphite
die (1223 K-100 MPa-10 min-200K.min"') whereas the two others request the use of a high
strength composite graphite die (1223 K-150 MPa-10 min-100K.min"! and 1223 K-150 MPa-
from 2 to 10 min-200K.min™").

The study of the grain size shows that when the density increases the grain size increases to

reach 60-70 nm for the high density samples. Therefore, SPS can be successfully used to
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produce dense nanostructured SnO> ceramics without any sintering agent. The transport
properties of the dense ceramics are the best reported for undoped SnO;. This is the first step
to allow studies of electrical properties of doped SnO> ceramics without the uncontrolled
influence of the sintering agents. Moreover, nanostructuring is very efficient to lower thermal
conductivity as values as low as 6.59 and 3.99 W.m™'.K! at 373 and 1000 K respectively, are

measured in SPS nanostructured ceramics.
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FIGURE CAPTION

Table 1: Sintering parameters of the three cycles achieving high relative density.

Figure 1: a) SEM image of the particles of the Aldrich SnO: precursor, b) TEM image of
the SnO:2 nanoparticles obtained according to the process described by Dujardin et al.

[38].

Figure 2: Image of Sn beads appearing on the top of the graphite die after the SPS cycle.

Figure 3: XRD pattern of the pellet sintered at a) 1323 K under a pressure of 37.5 MPa during
5 minutes (heating and cooling rate of 100K.min"!), b) 1248 K-100MPa-5min (heating and

cooling rate of 100K.min™!), ¢) 1223 K-100MPa-5min (heating and cooling rate of 100K.min-

l).

Figure 4: SEM image of the microstructure of the pellet sintered at 1223 K, under 100 MPa

during 5 minutes.

Figure 5: Relative density versus duration of the high temperature dwell of the SPS cycle

(1223 K-100 MPa-100K.min").

Figure 6: Relative density versus applied pressure during the SPS cycle (1223 K-5 min-

100K.min!).

Figure 7: Relative density versus heating/cooling rate (1223 K-100 MPa-5 min).
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Figure 8: Relative density versus duration of the high temperature dwell of the SPS cycle

(1223 K-150 MPa-200K.min™").

Figure 9: SEM micrograph of the sample sintered at 1223 K-150 MPa-2 min-200K.min"'.

Figure 10: Comparison of the grain size of the different samples obtained by SEM

measurements and from the Scherrer formulae.

Figure 11: Temperature dependence of a) the Seebeck coefficient and the electrical

conductivity, b) the power factor, c) the thermal conductivity, d) the figure of merit, of the

sample sintered with cycle A (1223K-150 MPa-5 min-200K.min).
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Cycle Maximum Applied Dwell Heating/Cooling Die Relative
Temperature Pressure Duration Rates Density
(K) (Mpa) (min) (K.min™) (%)
A 1223 100 10 200 Conventional Graphite 95
B 1223 150 10 100 Composite Graphite 94
C 1223 150 from 2 to 10 200 Composite Graphite from 94 to 96

Table 1
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20 nm

21



Figure 2
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