J Mater Sci (2009) 44:2520-2524
DOI 10.1007/s10853-009-3326-x

Influence of ZnO addition on the sintering properties of SnO,

electrodes

Jie Liu - Wei Ning

Received: 23 October 2008 / Accepted: 6 February 2009 / Published online: 5 March 2009

© Springer Science+Business Media, LLC 2009

Abstract The effect of ZnO doping in SnO, was investi-
gated for electrodes. Zinc oxide in different concentration,
0.5-5 wt%, was added to tin dioxide powder prepared by a
coprecipitation method. The products were characterized by
powder X-ray diffraction, transmission electron microscopy,
and by section scanning electron microscopy. The resistivity
of those electrodes was measured with KEITHLEY236 high-
resistance instrument. It was found that ZnO was expected to
increase the electrical conductivity of SnO, ceramic. How-
ever, the range of solid solution of ZnO into SnO; lattice was
found to be limited as it rapidly segregated to form secondary
phases. Concentrations as high as 5 wt% of ZnO lead to the
formation of a ZnSnOj; phase whose presence yielded a
non-linear electrical response that hinders the donor effect of
zinc oxide.

Introduction

Much interest has focused on obtaining dense SnO, ceramics
for applications such as varistors [1], photochemical devices
[2], and components requiring high chemical corrosion
resistance. However, tin dioxide electrodes used in the
electric glass-melting furnace [3] have been barely men-
tioned. Tin dioxide is a semiconductor (n-type) with wide
band gap. It shows poor sinterability and sintering aids have
been used to promote densification. Several authors have
studied the effect of different oxides such as CoO [4, 5], CuO
[6], MnO; [5], Bi,O3 [7], Sb,O3 [8], In,O5 [9], and Nb,Os
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[10] in SnO; sintering. In recent years, SnO, dense ceramics
can be obtained by the introduction of densifying agents,
such as ZnO [3], which promote the densification of SnO,
almost to 92% of the theoretical value and improve the
electrical conductivity of SnO,. But few reports describe the
effect of sintering atmospheres or the role of ZnO on SnO,
sintering. Foschini et al. [3] studied the sintering of tin oxide
using zinc oxide as a densification aid and found that ZnO
acts as a densifying agent for SnO, through the oxygen
vacancy formation mechanism. Quadir and Readey [11]
observed that sintering SnO, in a hydrogen atmosphere
caused the compact to expand, decreasing its apparent den-
sity, and that the behavior of exaggerated particle growth was
non-isotropic. They found that the expansion process was
caused by agglomerate grain growth due to evaporation
condensation at temperatures above 1,200 °C, which is
given by the Eq. 1:

1
SHOZ(S) — SnO + 502 (l)

Perazolli et al. [12, 13] studied the influence of the
atmosphere on SnO, plus ZnO sintering, verifying that Zn
promotes densification due the formation of oxygen
vacancies in the structure, which is expressed by the Eq. 2:

Zn0™Zny, + Vi + 0y, 2)

The present study involved an investigation of influence
of ZnO addition on the sintering properties of SnO,
electrodes. The fracture surface of sintered samples was
analyzed by scanning electron microscopy (SEM), while the
grain boundary precipitates formed at the grain boundaries in
compositions with 10 wt% ZnO were analyzed by EDS. The
predominant densification mechanism is suggested here, as
is the probable formation of a ZnSnOj; phase at the grain
boundaries.
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Experimental procedure

The nanosized ZnO-doped SnO, powders were prepared
using the coprecipitation method. SnCl - SH,O and ZnCl,
(analytic reagent grade, or A.R.) were used as the starting
materials, and NH; - H,O was used as the coprecipitant
without further purification. The formation of SnO, and
ZnO are a two-stage process:

SnCly 4+ 4NH3 - H,O — Sn(OH), + 4NH4Cl,
Sn(OH); — SnO, + 2H,0,

ZnCl; + 2NH3 - H,O — Zn(OH), + 2NH4Cl,
Zn(OH), — ZnO + H;0.

The SnO,-based materials were doped with various
quantities of ZnO: 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, and 5.0 wt%.
Accordingly, ZnCl, and SnCly - 5H,0 in above mass ratio
were dissolved in a minimum amount of deionized water for
the preparation of ZnO-doped SnO, powders. Then the
4 mol L™'NHj; - H,O solution was added, respectively, into
the above solutions to adjust the pH to about 7, and the white
amorphous precipitates were formed. The precipitates were
filtered and washed with deionized water until no ClI” were
found in the filtrates. Then, the wet powders were dried at
about 80 °Cin air to form the precursors of ZnO-doped SnO,
powders. Finally, the precursors were calcined at 600 °C in
air to prepare the nanosized powders.

Some powders were pressed into pellets by uniaxial
pressing followed by isostatic pressing at 210 MPa. No cal-
cination was performed prior to the pellet preparation. These
pellets were then sintered for 4 h in dynamic oxygen atmo-
sphere (flux 3 cm®/min, oxygen purity 95%) at optimized
maximum sintering temperatures, which were obtained from
dilatometry of the different compositions and are given in
Table 1. All heating rates were 5 °C/min; the samples were
slowly cooled to room temperature (cooling rate 5 °C/min).
The dilatometric analyses were performed with a Netzsch
402E unit, up to 1,500 °C, at a heating rate of 10 °C/min in
oxygen atmosphere. The linear shrinkage and linear shrink-
age rates were collected every 0.5 °C.

The tin dioxide electrodes were made by the nanosized
ZnO-doped SnO, powders under 25 KN pressure, and sin-
tered in air at 1,300 °C. Cross-sections of the electrodes were
mechanically ground and polished. Ground powders were
characterized by X-ray powder diffraction (XRD) in 20
range from 20° to 85° using Brucker Analytical X-ray dif-
fractometer equipped with graphite monochromatized CuK,,
radiation (1 = 1.5418 A). The microstructures of polished
electrodes were examined using a scanning electron micro-
scope (SEM; JSM-5600LV, Jeol) equipped with X-ray
spectrometer (EDS; Link IE300X, Oxford Instruments).

Table 1 Dilatometric results obtained during the sintering of SnO,—
ZnO samples at a constant heating rate

ZnO content (Wt%) Tsq (°C) Tnax (°C) G (um) o (%)
0.5 855 1,250 4.6 95.1
1.0 780 1,125 5.2 97.2
2.0 760 1,160 6.6 98.4
3.0 750 1,195 10.3 98.1
5.0 745 1,210 6.2 97.5

Tsq is the temperature at which densification begins; Ti,.x is the
temperature at which the shrinkage rate is at its maximum; G is the
mean grain size; and p is the relative density

Results and discussion

Figure 1 shows XRD patterns of some tin dioxide elec-
trodes considered in this study. Samples containing less
than 1 wt% ZnO did not exhibit the presence of any pre-
cipitate at the grain boundaries, indicating the formation of
solid solution between ZnO and SnO,. It can be observed
that grains and simple grain boundaries mainly consist of
SnO, while the grain boundaries are Zn enriched. It was
also found that the precipitates contain a high concentration
of dopants. From these results, we can confirm that Zn
segregates at the grain boundaries. It is suggested that the
addition of 5 wt% ZnO causes a ZnSnO; phase segregation
at the grain boundaries due to the substitution of Zn by Sn.

The influence of ZnO dopants on the sintering process of
the SnO, electrodes were investigated by dilatometric
analyses. It was observed that the ZnO addition affects the
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Fig. 1 XRD patterns of ZnO-doped SnO, samples with different
ZnO contents
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grain size and the final density of the sintered samples
(Table 1). The linear shrinkage rate (d(Al/ly)/dr) and
linear shrinkage (Al/ly) as a function of temperature for
different ZnO concentrations were presented in Fig. 2a and
b. The results shown in Fig. 2a and b indicated that the
ceramic powder obtained did not react chemically in the
temperature range and that the peaks occurring around
1,200 °C (Fig. 2a) were attributable to a stannic reduction,
according to Eq. 1. The weight loss occurring above
1,200 °C was due to the reduction of SnO, to SnO (Eq. 1).
The addition of ZnO led to the formation of oxygen
vacancies (Eq. 2) that competed with the O, formed,
inhibiting the formation of SnO, according to Eq. 1, and
the starting temperature of weight loss shifted from 1,200
to 1300 °C. A constant weight gain occurred due to the
absorption of O, up to 1,300 °C, after which the weight
loss up to 1,500 °C was less than 1% in mass, due to the
evaporation of SnO,. It was noted that the densification
temperature decreases with an increasing ZnO concentra-
tion due to a higher amount of O vacancies, according
to the equation 2. These vacancies facilitate material dif-
fusion during sintering. Figure 2b illustrates the linear
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Fig. 2 Dilatometric results obtained from ZnO-doped SnO, sintered

at a 10 °C/min heating rate up to 1,500 °C in dry air: a linear
shrinkage (%) and b linear shrinkage rate (min_l)
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shrinkage rate for different ZnO concentrations. From these
results, it can be verified that the limit to form a ZnO solid
solution in the SnO, matrix is 3 wt%. The initial sintering
temperature (7,q), the maxium sintering temperature
(Timax), the mean grain size (G), and the relative density (p)
are given in Table 1. The increase in zinc concentration has
strong influence on the sintering process of the system. For
the highly doped samples, there is a segregation at the grain
boundaries, which leads to a decrease in the grain size. This
effect is mainly due to the precipitation of a new enriched
ceramic phase, as discussed in the subsequent sections. The
bulk densities of the samples determined by Archimedes
method were evaluated as a function of ZnO content and
are related to the theoretical density of SnO; (Pieoretical =
6.95 g/lcm®). The highest values were obtained for the
compositions SnO, + 3 wt% ZnO (p > 98%). The final
densities after sintering are close to 95%, as shown in
Table 1. A dramatic decrease in grain size was also noted
for the heavily 5 wt% ZnO-doped samples. This indicates
that Zn in higher concentrations not only provides oxygen
vacancies to facilitate the densification, but also acts as a
grain growth inhibitor. This could result in a ZnSnO; phase
at the grain boundaries.

Figure 3 shows SEM images of some tin dioxide elec-
trodes considered in this study. The mean grain size was
obtained by the intercept method. The samples doped with
5 wt% ZnO presented a larger number of pores (intergran-
ulars and intragranulars) compared with the samples doped
with 2 wt% ZnO (intergranulars and intragranulars). And the
samples doped with 3 wt% ZnO presented some spheroidal
grains (intergranulars and intragranulars) compared with the
samples doped with 1 wt% ZnO (intergranulars and intra-
granulars). There are significant differences in the average
grain size with the addition of ZnO probably due to the
segregation of a ZnSnOj phase at the grain boundaries,
which might decrease the grain boundary mobility leading to
a decrease in the grain size.

An analysis was made of the composition of the grain
boundary inclusions using EDS coupled to a SEM micro-
graph. Figure 4a and b show a micrograph and an energy
dispersive spectrum of a sample containing 5 wt% ZnO. A
chemical analysis of the grains in these samples revealed a
ZnO-rich phase, as illustrated in Fig. 1 and this ZnO-rich
phase was identified as ZnSnOs.

Current—voltage measurements as function of ZnO con-
tent and sintering time were presented in Fig. 5a and b,
respectively. The addition of ZnO reduced the room tem-
perature resistivity from 1,000 kQ cm (pure undoped SnO,)
to 35 kQ cm (system SnO, + 3 wt% ZnO). It was con-
firmed that the sintering time also influences the resistivity,
for 2 h sintering time, the highest value was obtained
(Fig. 5b). In order to optimize these ceramics for technical
applications, attention should be paid to this fact. The
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Fig. 3 SEM micrographs of
fractured samples with ZnO
content of: a 1 wt%, b 2 wt%,
¢ 3 wth, and d 5 wt%

Fig. 4 SEM micrograph and
EDS spectrum of a sample
containing 5 wt% ZnO

previously discussed segregation of ZnO at the grain
boundaries is responsible for the increase in the electric
resistivity of the SnO,—ZnO system, which really improve
the resistivity of tin dioxide electrodes. But these results
prove that the optimized tin dioxide is still a semiconductor.

Conclusions

The addition of ZnO to SnO,, with the development of
7ZnSnQOs3, showed a dramatic effect on the microstruture. The

main mechanism for inhibiting grain growth was the pinning
of grain boundaries due to the presence of the ZnSnOs5 par-
ticles. Incorporation of a small amount of ZnO (1 wt% <
ZnO < 3 wt%) led to a marked increase in both the electrical
conductivity and the bulk density of the SnO, electrodes.
On the other hand, samples with higher ZnO content
(ZnO > 5 wt%) displayed the presence of a ZnSnOj3 phase
precipitated at the grain boundaries, which may act as a
barrier for grain mobility, inhibiting densification and grain
growth.
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