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Abstract

Addition of 0.5mol% of CoO into SnO2 promotes densi®cation of this oxide to 99% of the theoretical density during sintering.
TEM in this system reveals that after sintering at 1210�C a secondary phase of Co2SnO4 is precipitated at the SnO2 grain bound-
aries during cooling. This phase is formed by di�usion of Co ions from the bulk to the grain boundary during sintering leaving
needle-like defects at the grain bulk. The high resolution TEM micrograph of this system sintered at 1210�C and 1400�C showed an

amorphous grain boundary region low in cobalt, indicating that the Co2SnO4 phase is precipitated from this region. # 1999
Elsevier Science Limited and Techna S.r.l. All rights reserved

1. Introduction

SnO2 ceramics are n-type semiconductors that have
many uses such as gas sensors, electrodes for electric
glass melting furnaces, electrochromic devices, crystal
displays, photodetectors, solar cells and protective
coatings [1±3]. However the use of tin oxide ceramics is
limited by the low densi®cation during sintering due to
the dominance of non-densifying mechanisms for mass
transport such as surface di�usion or evaporation con-
densation [4]. These mechanisms promote grain coar-
sening of SnO2 leading to low densi®cation of this
ceramics [5].

Several processes and sintering aids have been used to
improve the densi®cation of SnO2 ceramics by forming
lattice solid solution or liquid phase. For example, the
addition of 2mol% of CuO promotes a signi®cative
densi®cation of SnO2 due to the formation of a non-
reactive liquid which is responsible for the rearrange-
ment during the initial stage of sintering and for the
formation of lattice defects in SnO2 promoting an
increase of di�usion through the SnO2 lattice [6]. Zuca
et al. [7] observed that SnO2 densi®es up to 94% of
theoretical density when 2mol% of Sb2O3 and 1mol%

of CuO are used as additives. Park et al. [8] have
obtained 97% of theoretical density of SnO2 (without
additives) by using hot isostatic pressing (150MPa) at
1400�C during 12 h. They considered that the control of
SnO2 evaporation is fundamental to obtain high density
in the polycrystalline SnO2 ceramic during sintering.

The bene®ts of CoO to the sintering of SnO2 was
recently reported in the literature [9]. Densities above
99% of the theoretical density were obtained during
sintering of CoO doped SnO2 ceramics. The absence of
experimental evidence for a eutectic liquid suggests that
the densi®cation observed for this system is not asso-
ciated with liquid-phase sintering. Thus the sintering of
CoO doped SnO2 (up to 2.0mol%) seems to be con-
trolled by solid state di�usion. CoO in solutions within
the SnO2 structures acts as an acceptor leading to crea-
tion of additional oxygen vacancies in the SnO2,
increasing the densi®cation rate of this oxide.

The segregation of MnO2 on the surface of SnO2

grains during sintering has been discussed by Gouvea et
al. [10]. CoO like MnO2 may segregate at the SnO2

grain boundaries and create a large oxygen vacancy
concentration there. The purpose of this study is to
characterize by TEM, the grain boundary interface of
CoO doped SnO2 aiming to identify the grain boundary
structure as well as possible secondary phase precipita-
tion after sintering of CoO doped SnO2.
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2. Experimental procedures

The characteristics of the oxides used in this study are
described in Table 1. A study using a X-ray ¯uorescence
(Model SRS 3000, Siemens, Karlsruhe, Germany) and
IC Plasma revealed that the SnO2 powder contains
minor amounts of Pb (0.01%), Fe (<0.01%), Ge
(<0.005%), and Cu (<0.005%) as major impurities.
Doping of SnO2 with 0.5mol% of CoO was performed
by mechanical mixing in isopropyl alcohol for 4 h, using
polypropylene jars with yttrium stabilized zirconia balls
to aid the mixing process. After drying, the powders
were granulated and the pellets were isostatically pres-
sed at 210MPa, to a green density of 3.96�0.09 g/cm3.
The samples were sintered in a dilatometer (Model 402E
NETZSCH Geratebau, Selb, Germany) to 1400�C using
a constant heating rate of 10�C/min.

The microstructure of sintered pellets was character-
ized by scanning electron microscopy (SEM) and by
transmission electron microscopy (TEM). For thin-foil
preparation, cylindrical specimens of 3mm diameter
were cut by an ultrasonic disc cutter. These cylinders
were then ground gently with a 600 grade silicon carbide
paper to about 200 mm and then dimpled by mechanical
polishing. These discs were then ion-mill thinned to a
thickness of less than 100 nm to allow electron beam
transmission. The thin foils thus prepared, were exam-
ined with a 200 keV TEM (Hitachi H-8000) equipped
with EDS facilities to determine elemental composition
of the specimens. High resolution electron microscopy
(HREM) was performed with a JEM 4000 EX micro-
scope operated at 400 keV. The high resolution electron
micrographs were recorded near optimum defocus at a
typical magni®cation of about 500,000. Secondary
phase was determined by the EDS stage attached to the
TEM and by electron di�raction. Sintering densities was
measured using the Archimedes method.

3. Results and discussion

Fig. 1 shows the microstructures of the undoped
SnO2 and of the SnO2 with a 0.5mol% CoO addition
sintered at 1400�C and observed in the SEM. As evident
in these microstructures, the sintering of the undoped
SnO2 sample lead to grain coarsening without densi®-
cation. The addition of 0.5mol% of CoO to the SnO2

lead to densi®cation during sintering to higher than
99% of theoretical density.

To verify this drastic modi®cation of the sintered
SnO2 structure, a high resolution transmission electron
microscopy study was conducted in these samples con-
sidering two sintering temperatures, 1210�C and 1400�C
(Fig. 2). An amorphous-like phase is observed in both
micrograph at the grain boundary, indicating either a
liquid phase or a region with a high defect density,
probably with oxygen vacancies. The presence of a
liquid phase is considered less probable since micro-
analysis of this region did not identify any Co. Thus this
region may have a high concentration of oxygen vacan-
cies due to segregation of Co+2 substituting Sn+4 ions.
As observed in the micrograph of Fig. 2a there are
many defects within the bulk of the SnO2 grains prob-
ably related to defect cluster formation. These defects
can be better identi®ed in the micrograph of Fig. 3
where a large concentration of needle like defects are
observed within the grain bulk of CoO doped SnO2

sintered at 1210�C. These kind of defects appears to be

Table 1

Chemical and physical characteristics of oxides

Oxide Surface area (m2/g) Mean particle size (mm) Purity

SnO2
a 9.2 0.09 >99.9

CoOb 3.6 0.29 >99.0

a E. Merck, Darmstadt, Germany.
b Aldrich Chemical Co., Milwaukee, WI.

Fig. 1. SEM micrograph of SnO2 pellet sintered at 1400�C during 1 h:

(a) undoped; and (b) 0.5mol% CoO doped.

254 J.A. Varela et al./Ceramics International 25 (1999) 253±256



absent when the ceramic is sintered at 1400�C, where
because of the low stability of these defects they di�use
to the grain boundary forming the amorphous phase
and precipitating into the new phase as observed in
Fig. 4. This new phase shown in Fig. 4 precipitated
adjacent to the triple point was analysed by EDS
revealing the presence of Sn and Co atoms. Composi-
tional analysis based on EDS data yielded an approx-
imate atomic ratio of 2 to 1 for Co and Sn atoms
present in the phase. Convergent beam electron di�rac-
tion (CBED) patterns taken along various crystal-
lographic orientations of the phase indicated a cubic
point group, m3m for the crystal. The dimension of the
unit cell was estimated from careful measurements of
the diameter of the ring de®ned by the ®rst order Laue
zone present in the CBED patterns, and for this phase a
cell parameter a=8.70(2) AÊ was determined from the
<001>, <110> and <111> zone axis patterns. In
this context a convergent beam microdi�raction pattern
exhibiting di�raction spots belonging to zero and ®rst
order Laue zones and taken along [001] zone axis of the
phase is shown in Fig. 5. Analysis of this pattern invol-
ving projection of the di�raction spots of the ®rst order
Laue zone on the zero order Laue zone yielded a
<001> projected pattern of a body centered cubic cell.
This clearly indicates that the reciprocal lattice of the
phases is body-centered and that the Bravais lattice is in
consequence face-centered. Extinction conditions of
di�raction derived from the superimposed pattern indi-
cate diamond glide along <111> of the unit cell.
Introduction of this diamond glide into the m3m point
group of the face-centered cubic cell suggests the space
group of the phase to be Fd3m. The chemical and crys-
tal data thus determined upon comparison with those
reported [9] for crystalline materials unambiguously
establish the identity of the phase as Co2SnO4.Fig. 2. High resolution TEM micrograph of 0.5mol% CoO doped

SnO2 sintered during 1 h at: (a) 1210�C; and (b) 1400�C.

Fig. 3. TEM micrograph of 0.5mol% CoO doped SnO2 sintered at

1210�C during 1 h.

Fig. 4. TEM micrograph of 0.5mol% CoO doped SnO2 sintered at

1400�C during 1 h.
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The observations of the TEM micrographs con®rm
that no liquid is formed during sintering and suggest
that the new phase is formed by di�usion of Co related
defects to the grain boundary creating instability for
solid state precipitation. The results of this study are
consistent with the observations by Cerri et al. [9] that
the densi®cation of CoO doped SnO2 is promoted by
enhanced solid state di�usion from oxygen vacancy
creation near to the grain boundaries of the SnO2

grains. They also reported as identi®ed by X-ray dif-
fraction the precipitation of Co2SnO4 phase after sin-
tering of 8mol% CoO doped SnO2. However, this
phase was not observed by high temperature X-ray dif-
fraction up to 1150�C indicating that this phase is pre-
cipitated during cooling. Because of the X-ray
di�raction detection limit the Co2SnO4 phase was not
observed after sintering of 2mol% CoO doped SnO2 in
their study.

4. Conclusions

High resolution TEM micrographs showed that an
amorphous-like phase, probably with a high oxygen
vacancy content and low in cobalt is formed near

the grain boundaries of 0.5mol% CoO doped SnO2

sintered to >99%. TEM microscopy also revealed the
solid state precipitation of a secondary phase near the
triple points in the grain boundary regions identi®ed by
EDS and by electron di�raction to be Co2SnO4.
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