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Abstract

The sintering behaviour of CuO-doped SnO2 ceramics was studied. Additive-free SnO2 materials do not densify after heat
treatment to 1400�C, whereas materials doped with 0.5±0.75 wt.% CuO densify to 98% of theoretical. Copper oxides (CuO/Cu2O)

experience reduction and re-oxidation phenomena. There is no evidence of high vaporisation of SnO2, nor of liquid formation
at low temperature (<1000�C) in the CuO±SnO2 system. This suggests that CuO acts by grain-boundary mechanisms. # 2000
Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Tin dioxide (SnO2) is a semiconductor (n-type) with
wide band gap, which exhibits interesting properties for
many applications, such as gas sensors, electrodes for
glass melting furnaces, electrochromic devices, crystal
displays, photodetectors, solar cells, protective coatings,
and various electrical devices. Unfortunately, additive-
free SnO2 exhibits poor sinterability, seemingly because
of the dominance of non-densifying mechanisms for
mass transport, such as surface di�usion and evapora-
tion±condensation,1ÿ3 which only promote pore coar-
sening and grain growth. Even though the use of very
®ne SnO2 powders compacted under very high pressure4

or the use of hot isostatic pressing5 o�er solutions for
preparing highly-densi®ed SnO2 ceramics, the best
strategy is to employ sintering additives. Various oxides
have been studied as sintering aids to densify SnO2, for
example ZnO,3 Sb2O3,

6 V2O5,
7 Nb2O5,

8 CoO and
MnO,2,9 Li2O,10 or CuO.11ÿ13 CuO is particularly e�ec-
tive, because low concentrations (� 1 mol%) of CuO
are enough to yield nearly-full densi®cation of SnO2-
based ceramics. The role of CuO was twice. At high
temperatures, it was considered to promote liquid phase
sintering,11 whereas at low temperatures it was con-
sidered to act through surface di�usion mechanisms.12

The present work brings complementary results on the
sintering behaviour of CuO-doped SnO2 ceramics.

2. Experimental procedure

Mechanical mixing rarely ensures mixture homo-
geneity, in particular when one has to add a minute
amount of additives to a major constituent. It is the
reason why we used a precursor-plus-powder route,
where the SnO2 powders were impregnated with a CuO-
containing aqueous solution. The SnO2 powders (Gold-
schmidt) were 99.98% pure, with BET surface area of
�3.7 m2 gÿ1 and mean grain size of �0.7 mm. The CuO
precursor was 99.5% pure Cu(NO3)2,3H2O (Strem
Chemicals). The formation of CuO is a two-stage pro-
cess:14

Cu(NO3)2 + 2NaOH! Cu(OH)2 + 2Na+ + 2NO3
ÿ

Cu(OH)2! CuO + H2O
Cu(II) hydroxide precipitates by addition of sodium

hydroxide, then unstable Cu(OH)2 dehydrates toward
insoluble CuO.
The SnO2-based materials were doped with various

quantities of CuO: 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 2.25,
3.0, and 7.5 wt.%. Suitable quantities of SnO2 and
Cu(NO3)2,3H2O were mixed in a beaker with a mini-
mum amount of water (approximately 200 ml for 20 g
of powders). After dissolution of copper nitrate, the
sodium hydroxide was added. After precipitation of
CuO, there was a succession of stirring and washing
stages with demineralised water to eliminate the soluble
nitrate and sodium ions. An organic binder (poly-
ethylene glycol, PEG) was added to the CuO-doped
SnO2 powders and the mixture was ultrasonically
mixed, then dried at 110�C and deagglomerated. Pellets
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(13 mm in diameter and 1.8 mm in thickness) were
compacted by uniaxial pressing under a pressure of 200
MPa. The green density of pressed pellets was �65% of
theoretical. The PEG pyrolysis and subsequent sintering
treatments were carried out in normal atmosphere.
Complementary experiments were carried out on

materials with high CuO contents (20, 40, 50, 60, 70,
and 80 wt.%), prepared by direct mixing of SnO2 and
CuO powders.
Characterisation tests were done using X-ray di�rac-

tion (XRD), DTA-TG experiments, dilatometry, and
scanning electron microscopy (SEM) equipped with X-
ray microanalysis.

3. Results and discussion

3.1. XRD

The phase diagram CuO±SnO2 is imperfectly known,
but there is no record of any mixed copper/tin oxide.
Dolet et al.11 have so far found limited solubility of
CuO in the SnO2 lattice yet. The radii of Sn4+ and
Cu2+ are quite close (0.069 and 0.073 nm, respectively,
according to Shannon and Prewitt tables), which means
a small solubility of CuO in SnO2 is not expected to
change the cell parameters of the solid solution very
much. In fact, the sensitivity of XRD is insu�cient to
allow the detection of a low concentration of any Cu-
rich secondary phase or of a solid-solution with lattice
parameters very close to those of SnO2. In materials
with low CuO contents, therefore, XRD cannot be used
to discriminate between the two possible cases of (i)
copper segregated in Cu-containing secondary phases or
(ii) copper dissolved in a SnO2-based solid solution. We
found a=0.4738 nm and c=0.3187 nm for the starting
powders and the heat-treated powders as well, to be
compared with JCPDS data of a=0.47382 nm and
c=0.31871 nm (JCPDS, card No. 41-1445). The cell
(tetragonal, rutile-type structure) contains two tin atoms
and four oxygen atoms, which leads to theoretical den-
sity of 6.99 g cmÿ3, very close to the value of 6.97 � 0.08
g cmÿ3 we measured by pycnometry.
In high-CuO ([CuO] >7.5%) materials, however, the

precipitation of CuO is large enough to allow Bragg's
peaks of CuO to be visible besides those of SnO2.

3.2. Dilatometry

Fig. 1 shows dimension changes (�L/L) versus tem-
perature and Fig. 2 shows the corresponding shrinkage
rate (d[�L/L]/dt), for dilatometry experiments carried
out using a heating rate of 5�C minÿ1 from room
temperature to the maximum temperature of 1400�C,
then a cooling rate of 10�C minÿ1. Table 1 gives the
relative density versus CuO content of materials sintered

to 1400�C using the same heating and cooling rates than
those used for the dilatometry experiments.
As expected, CuO-free SnO2 does not exhibit any sig-

ni®cant densi®cation, even after sintering at the highest
temperature we explored (1400�C). Adding small

Fig. 1. Dilatometry results for CuO-doped SnO2 ceramics.

Fig. 2. Shrinking rate vs. temperature for CuO-doped SnO2 ceramics

(heating and cooling rates as in Fig. 1).

Fig. 3. DTA±TG curves for a 7.5%-CuO SnO2 material. Heating rate:

5�C minÿ1 from 20 to 125�C, 1�C minÿ1 from 125 to 275�C, and 5�C
minÿ1 from 275 to 1300�C.
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amounts of CuO dramatically increases densi®cation (�/
�0) and, therefore, the CuO-doped materials can be sin-
tered to high densities. The material with 0.25 wt.%
CuO reaches 96.5% of theoretical whereas the materials
with 0.5 or 0.75 wt.% culminate to 98%. High CuO
concentrations are less favourable yet.
Whatever the CuO contents, the shrinkage rate exhi-

bits a well-marked peak at about 1000�C (995�C for
0.25 wt.% CuO and 1020±1030�C for higher concentra-
tions in CuO). In CuO-rich materials, there is a supple-
mentary weak peak at about 1100�C.

3.3. DTA±TG

DTA±TG experiments (not represented here) con-
ducted on CuO-free SnO2 show that there is no weight
loss below� 1300�C and that the weight loss at 1400�C is
still at a low level of � 0.15%. These data contradict the
allegation of a vaporisation of SnO2 to give SnO at
�1100�C and, therefore, do not support the assumption
that vaporisation is the main cause of low densi®cation.
Fig. 3 shows the DTA±TG curve for a 7.5%-CuO

SnO2 material. The exothermic DTA peak and the
weight loss just below 200�C are due to the pyrolysis of
the PEG binder. The events at 1050 � 10�C (endother-
mic peak associated with weight loss) and at 1130 �
10�C (endothermic peak associated with weight gain)
are sensibly proportional to the CuO content. DTA±TG
experiments (not represented here) conducted on plain
CuO materials show similar e�ects, which demonstrates
that the peaks are related to CuO only, not to SnO2.
The binary diagram Cu2O±CuO15ÿ17 indicates that

CuO reduces to Cu2O at temperatures slightly superior
to 1000�C. Cu2O melts at � 1230�C. There is a eutectic
between Cu2O and CuO with melting temperature at �
1075�C for pO2=0.47 atm and � 1090�C for pO2=1
atm.11

If the reduction reaction from CuO to Cu2O is com-
plete, one obtains:

m Cu2O� � � m CuO� � �M Cu2O� �=2M CuO� �

where M is molar weight.
This means the weight change of the whole sample is:

�m=m � m Cu2O� � ÿm CuO� �� �= m SnO2� � �m CuO� �� �

�m=m � ÿ0:1 y%CuO� �

where y% CuO is the percentage of CuO.
For the ®rst endothermic peak at � 1050�C, the DTA

results for 3 and 7.5% CuO materials are:

�m=m � ÿ0:30% when y% CuO � 3% and

�m=m � ÿ0:73% when y% CuO � 7:5%

The close agreement between the calculated and
experimental data indicates that the events at T �
1050�C (i.e. the TG weight loss and the DTA
endothermic peak) must be due to the reduction of
CuO to Cu2O. This agreement also confirms that the
synthesis route we used was effective to yield the copper
concentrations that were chosen.

The events at T � 1130�C, i.e. the small DTA endo-
thermic peak and the associated TG weight gain, lead to

Fig. 4. CuO-free ceramics sintered 2 h at 1400�C.

Fig. 5. 0.75%-CuO ceramics sintered 2 h at 1400�C.

Table 1

Relative densities (�/�0) of CuO-doped SnO2 ceramics heated to 1400�Ca

CuO content (wt.%) 0.0 0.25 0.5 0.75 1.0 1.25 1.5 2.25 3.0 7.5

�/�0 (%) (after treatment at 1400�C) 70 96 98 98 97 97 97 96 96 94

a Heating and cooling rates as in Fig. 1.
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suspect the role of a liquid phase11 and of sorption
phenomena, which can yield partial re-oxidation of
Cu2O. To check this, we carried out XRD data on
samples quenched from 1000, 1090, or 1140�C to room
temperature, using materials with high CuO contents
(20, 40, 50, 60, 70, and 80%). The results are that the
samples quenched from 1000�C contain CuO, those
quenched from 1090�C contain Cu2O, and those quen-
ched from 1140�C contain a mixture of CuO and Cu2O.
This con®rms that the ®rst event (at � 1050�C) is a
reduction of CuO to Cu2O whereas the second event (at
� 1130�C) is a partial re-oxidation of Cu2O to CuO.
The re-oxidation is partial only, which implies that the
weight gain is smaller than the weight loss associated
with the reduction. In the same temperature range, there
is partial melting of copper oxides.
Fig. 3 corresponds to on-heating DTA±TG experi-

ments. On-cooling DTA±TG experiments (not repre-
sented here) show one event only, a weight gain at �
1045�C. This indicates that there is an hysteresis, with
delay in solidi®cation and re-oxidation phenomena. The
re-oxidation of Cu2O to CuO is not complete, as shown

by XRD experiments which indicate the presence of
Cu2O residues in samples cooled to room temperature.

3.4. SEM

SEM observations were conducted on ceramics sin-
tered for 2 h at temperatures ranging from 925 to
1400�C. The samples were diamond polished (grits from
20 to 1 mm) and thermally etched for 1 h at 50 to 100�C
below the sintering temperature. Figs. 4±6 show some
examples of SEM photomicrographs. CuO-free SnO2

ceramics sintered at 1400�C (Fig. 4) are not densi®ed
but they have experienced noticeable grain growth, with
®nal grains much larger than initial powder particles.
This con®rms that only non-densifying mechanisms
operate, presumably surface di�usion because vapor-
isation does not seem to be marked. In contrast, the
CuO-containing ceramics are well densi®ed. The SnO2

grains are surrounded by an intergranular phase which
forms a thin layer in the low-CuO (e.g. 0.75 wt.%)
materials (Fig. 5) and a thick layer in the high-CuO (e.g.
7.5 wt.%) materials (Fig. 6). X-ray microanalyses (not
presented here) show that this intergranular phase is
copper rich, which means it corresponds to copper-
oxide residues. The on-cooling DTA experiments show
that the Cu-containing liquid phase solidi®es to Cu2O,
which oxidises to CuO at temperatures below 1035 �
10�C. This oxidation18 results in a volume increase of �
5%, which is expected to cause dilatometric stress. All
SEM observations con®rm, therefore, that the solubility
of copper in tin oxide is low. We observed, however,
that long-duration (15 h) treatments allow limited solu-
bility of CuO within SnO2 and, therefore, reduce the
quantity of intergranular, Cu-rich precipitates. These
results are in good agreement with those of Dolet et al.12

Quantitative image analysis was conducted using
Scion Image19 software. Ten SEM images taken at ran-
dom location on the polished surface of each specimen
were captured as 256�176 digital-image computer ®les.
The magni®cation was chosen so as to display 30±40
grains in every image, a number that allows acceptable
sampling con®dence. After the grain-boundary contrast
had been reinforced by using a paint-tool software,
images were segmented by applying a grey-level thresh-
old to create binary images. The procedures of grain
counting and area estimates were then carried out. The
particles, observed on a two-dimensional plane, were
randomly cut during polishing, so that their apparent
size was lower than the actual one. Assuming a spher-
oidal shape, the 2D diameter has to be multiplied by �
1.27 to give the 3D diameter.
Based on image analysis data, Fig. 7 shows the trajec-

tory of grain size versus densi®cation.22 One can distin-
guish (i) a ®rst stage of fast densi®cation rate with no
grain growth, until more than 90% of theoretical density,
and (ii) a second stage of low densi®cation rate but fast

Fig. 6. 7.5%-CuO ceramics sintered 2 h at 1275�C.

Fig 7. Grain size vs. densi®cation for CuO-free and CuO-containing

ceramics, sintered for 2 h at temperatures as indicated.
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grain growth. The very fast grain growth experienced by
the 7.5%-CuO material leads to pore entrapment in
intragranular location, which hinders full densi®cation.
The critical point22 is at about 92% density and 1.5 mm
grain size. The best results were found for the 0.75%-
CuO material, which exhibits slower grain growth and
can, therefore, reach higher densi®cation.

Fig. 8 shows the in¯uence of soaking time on densi®-
cation for materials sintered at 1025�C. Densi®cation
develops very fast at early times, then tends toward a
plateau. The respective roles of time and temperature in
0.75%-CuO materials were illustrated by noting that
similar densities were obtained after 2 h at 1400�C (Fig.
7) or 32 h at 1025�C (Fig. 8).
The densi®cation and grain growth kinetics were stu-

died in the 0.75%-CuO material sintered at 1025�C.
Figs. 9 and 10 show the graphs of ln(d�/dt) vs. ln(G)
and ln(G) vs. t, respectively, � being relative density, G
average grain size, and t time. For densi®cation, the
slope has a value of ÿ3.44 (regression coe�cient of
0.99989), which is in the usual range between the values
of 3 (volume-di�usion mechanisms) and 4 (grain-
boundary mechanisms) expected for intermediate-stage
sintering.20,21 For grain growth, the slope has a value of
+0.246 (regression coe�cient of 0.99893).
If we write

G � t1=n

we ®nd 1=n � 0:246, hence n � 4.
If grain growth is grain-boundary controlled, this

value of ``n'' suggests a mechanism of di�usion through
continuous, Cu-rich, second phase.22

4. Conclusions

Additive-free tin-oxide ceramics do not densify, even
after sintering at high temperatures (1400�C). However,
DTA±TG experiments do not support a common
assumption that this behaviour is caused by vaporisa-
tion or decomposition of SnO2.
Copper oxide is a very e�ective sintering aid. When

using a precursor-plus-powder route, which insures a
good dispersion of additive, the optimum content of
CuO is close to 0.75 wt.%. This allows high densi®ca-
tion (�98% of theoretical density) with moderate grain
growth.
The sintering process mainly develops in solid state,

as shown by the fact that shrinkage begins at tempera-
tures inferior to 800�C, that is well below the melting
temperature of the eutectic between CuO and Cu2O
(�1090�C). There is no evidence of a liquid at low tem-
perature (�940�C), as suggested by Bonnet et al.13,23

On-heating DTA±TG experiments show that CuO
reduces to Cu2O (at �1050�C), then Cu2O partially re-
oxidises to CuO (at �1130�C). On cooling, there is an
hysteresis and Cu2O residues still exist at room
temperature.
Microstructure observations show that the grain

boundaries in CuO-containing SnO2 ceramics are enri-
ched with copper, which suggests that the role of CuO
as sintering aid mainly involves grain-boundary
mechanisms.

Fig. 8. Densi®cation vs. sintering time for CuO-doped ceramics sin-

tered at 1025�C.

Fig. 9. ln(d�/dt) vs. ln(G) for a 0.75%-CuO ceramic sintered at

1025�C.

Fig. 10. ln (grain size) vs. soaking time for a 0.75%-CuO ceramic

sintered at 1025�C.
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