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Pure Sn0, has proven very difficult to densify. This poor densification can be useful for the fabrication
of Sn0, with a porous microstructure, which is used in electronic devices such as gas sensors. Most
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electronic devices based on Sn0, have a porous microstructure, with a porosity of > 40%. In pure SnO,,

a high sintering temperature of approximately 1300°C is required to obtain > 40% porosity. In an at-
tempt to reduce the required sintering temperature, the present study investigated the low-tempera-
ture sinterability of a current system. With the addition of TiO,, the compositions of the samples were
Sn,Ti,0,-Co0(0.3wt%)-CuO(2wt%) in the range of x < 0.04. Compared to the samples without added
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TiO,, densification was shown to be improved when the samples were sintered at 950°C. The dominant
mass transport mechanism appears to be grain-boundary diffusion during heat treatment at 950°C.
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1. Introduction

Pure SnO, is an N-type semiconductor (E, ~3.6eV) with a
tetragonal structure of rutile phase. The chemical bonding na-
ture of SnO, is covalent rather than ionic. During sintering, the
non-densifying mechanism for mass transport, such as surface
diffusion and evaporation-condensation, is dominant, which
makes it very difficult to densify pure SnO,. However, this poor
densification can be useful for the fabrication of SnO, with a
porous microstructure. Porous SnO, is often used in electronic
devices, such as gas sensors, electrocatalytic electrodes, elec-
tro-optical devices, and photovoltaic cells [1-4]. Meanwhile,
dense SnO, ceramics is applicable to other electronic devices
like varistors [1].

Research has shown that the addition of various oxides, such
as CoO, CuO, MnO, ZnO, and Nb,O;, to SnO, leads to high
density [4-7]. In the case of CoO-doped SnO,, 99% of the theo-
retical density was obtained during sintering at 1400°C [7]. In
this system, grain boundary diffusion is activated by vacancies
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near to the grain boundary. Here, vacancies were created by the
difference in valence between Sn** and Co" as a solid solution.
In the case of CuO-doped SnO,, shrinkage was initiated at
about 1000°C, and high density of 98% of theoretical density
was achieved at 1400°C [6]. This system is known as the acti-
vated sintering system wherein grain boundary diffusion oper-
ates at a low temperature. Further, when doped with TiO,, SnO,
forms an isostructural solid solution with TiO,. Because of this,
SnO, and TiO, have the same structure as a rutile. In this sys-
tem, shrinkage also started at about 1000°C during sintering. In
this case, operating mass transport mechanism is the grain
boundary diffusion as well [2].

Most electronic devices based on SnO, have a porous micro-
structure with a porosity of > 40%, which is very desirable for
gas sensor applications [1]. However, for the vast majority of
applications involving porous materials, it is desirable to have
high mechanical strength paired with high porosity. In the case
of pure SnO,, it is necessary to use a high sintering temperature
of ~1300°C to obtain a porosity of > 40% [1, 4]. As mentioned
previously, the above three systems have the same mass trans-
port path as the grain boundary diffusion at low sintering tem-
peratures. It is well known that the activation energy required
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in volume diffusion is higher than that required in grain
boundary diffusion. This means that temperature sensitivity is
higher in grain boundary diffusion than it is in volume diffu-
sion. Therefore, the present study investigated the sintering be-
havior and dielectric properties of SnO, ceramic with a porous
microstructure while considering temperature sensitivity at a
low temperature of 950°C. Sample compositions were chosen
as Sn0,-Co0O(0.3wt %)-CuO(1wt%) with varying contents of
TiO,. These compositions were intended to take advantage of
the synergistic effect of the grain boundary diffusion. The TiO,
contents were controlled according to the desired microstruc-
ture design. As a result, porous microstructures with porosity
of ~40% were obtained. The main advantages of this approach
are its simplicity, low cost, and its ability to achieve a controlled
microstructure by TiO, content.

2. Experimental Procedure

SnO, (Samchun pure chemical Co., South Korea; purity:
99.0%), CoO (Sigma Aldrich Co., China: < 325 mesh), CuO (Ko-
jundo chemical Co., Japan; purity: 99.9%, 2 pm), and pure rutile
TiO, (Kojundo chemical Co., Japan; purity: 99.9%, rutile, 2 pm)
were obtained as raw materials. Mixed powders of SnO,-
Co0(0.3wt%)-CuO(1wt%)-TiO, were then prepared through
wet-milling for 24 h in a polyethylene bottle. Zirconia balls and an
ethyl alcohol were used as the milling media and the solvent, re-
spectively. After ball milling, the powders were dried at 90°C for
24 h. The dried powders were then crushed and sieved (500
mesh). Next, ~2 g of each powder was uniaxially pressed into pel-
lets under 0.5 MPa, after which the pellets were cold isostatically
pressed under 100 MPa for 3 min. The green pellets had a diame-
ter of ~13 mm and a thickness of 4 mm. The green compact pel-
lets were sintered at 950°C under air in a MoSi, resistance box
furnace. The heating and cooling rates were both ~5°C/min.

This heating at 950°C proceeded for 8 h. For the samples
used in the experiment described herein, the amounts of CoO
and CuO were kept at 0.3 and 1 wt%, respectively. The contents
of TiO, were varied up to 0.04 mol for the composition of
Sn, Ti,O,. The developed phases of the sintered body were an-
alyzed using standard X-ray diffraction with a diffractometer
(D/Max 2000, Rigaku Co., Japan). The sintered densities were
obtained by the Archimedes method using distilled water as
the immersion medium. Each data point for density was deter-
mined based on average measurements of three similar speci-
mens. The BET surface area and BJH pore size distribution
were measured with nitrogen adsorption isotherm at 77K using
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a specific surface area analyzer (3flex).

The fractured surfaces of the sintered samples were observed
through micrographs taken by scanning electron microscopy
(VEGA II LMU, TESCAN). The grain sizes were determined
from the SEM micrographs using the image analysis software
package (VEGA II, TESCAN). To measure capacitance, an Ag
electrode material (Ferro Co., USA) was pasted on the polished
surface, which was then baked at 400°C for 10 min. The capaci-
tance was measured at room temperature over a frequency range
between 10° and 10° Hz using a source meter (2400, Keithley).
The dielectric constant was calculated using the following equa-
tion g, = Cd/e A, where ¢, is the dielectric constant in vacuum, C
is the measured value of sample capacitance, and d and A are the
thickness and area of the current samples, respectively.

3. Results and Discussion
3.1. The solution effect of TiO, in Sn0,-CoO(0.3wt%)-

CuO(1wt%) samples
Fig. 1 shows the X-ray diffraction patterns of (Sn,Ti)O,-
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Fig. 1. X-ray diffraction patterns of Sn, ,Ti,0,-CoO(0.3wt%)-
CuO(1wt%) samples: (a) (i) x = 0, (i) x = 0.01, (iii) x = 0.02, and
(iv) x = 0.04; (b) detailed view of the region of 33 - 40°, sintered at
950°C for 8 h.

J Powder Mater 2024;31(2):146-151 147



Jae-Sang Lee, et al.

Co00(0.3wt%)-CuO(1wt%) samples with varying TiO, con-
tents. The specific compositions of the present samples are
Sn,  T1i,0,-CoO(0.3wt%)-CuO(1wt%), where x = 0, 0.01, 0.02,
and 0.04. The results only identified SnO,(rutile) and CuO
peaks. Therefore, the addition of TiO, into SnO, does not lead
to the emergence of any second phases, and the TiO, is dis-
solved into the SnO, matrix as (Sn,Ti)O,. The solid solution ef-
fect is shown in Fig. 1(b). The SnO,(rutile) peak is slightly
shifted to the left (low angle side). This is why the lattice pa-
rameters of SnO, unit cell change in response to the solution of
TiO,. Based on the result of Bueno’s work [2], the a and c lattice
parameters of the SnO, unit cell slightly decreased when the
TiO, was solved into the SnO, matrix. Moreover, CoO is con-
sidered to have been dissolved into the SnO, matrix, because
CoO-related secondary phase was not detected under X-ray
resolution. The present result is consistent with previously de-
scribed results [2, 6, 7]. Therefore, the current systems are con-
sidered to exist as a mixture of SnO, and CuO.

3.2. Densification

Pure SnO, is difficult to sinter, even at the high temperature of
1400°C [2]. However, in the case of the SnO,-CuO system,
shrinkage was produced even at a low temperature under 1000°C
[6, 8]. The present experiment was carried out at 950°C for 8 h.
Fig. 2 shows sintered densities for the SnO,-CoO(0.3wt%)-
CuO(1wt%) system with varying TiO, content. The sintered
density was improved with increasing TiO, content up to 0.04
mol. The X-ray results indicate that the present system consists
of the mixture of both SnO, and CuO.

The SnO,-CuO system was proven to be an activated sinter-
ing system at low temperature [6]. Activated sintering features
improved grain boundary diffusion at a low temperature, at
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Fig. 2. Sintered densities of Sn, ,T1,0,-CoO(0.3wt%)-CuO(1wt%)
samples with TiO, content, sintered at 950°C for 8 h.
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which volume (lattice) diffusion is not operable. In this system,
CuO serves as an activator to improve the grain boundary dif-
fusion. Therefore, in the case of the current system as well, the
improved grain boundary diffusion is considered to be respon-
sible for the enhanced densification at the low temperature, be-
cause pure SnO, has a non-densifying mechanism—involving
evaporation-condensation and surface diffusion—even at high
temperatures of >1400°C [2]. CoO is also an effective additive
to improve the densification of SnO,. In CoO-doped SnO, ma-
trix, a solid solution is formed by substituting Sn*" ions for Co**
or Co™ ions [1, 7]. According to the defect chemistry, oxygen
vacancies near the grain boundary are created by the above
substitution, thus leading to enhanced densification of SnO,
through the grain boundary diffusion. From the X-ray data,
CoO-related secondary phase was not found, thus indicating
that CoO appears to have dissolved into the SnO, matrix. It is
therefore believed that the CoO solution affected the enhanced
densification of SnO, matrix. Further, SnO, and TiO, have the
same structure as the rutile phase along with the same cation
valence of +4. The chemical bonding nature of SnO, is more
covalent than that of TiO,. Therefore, when TiO, is dissolved
into SnO,, isostructural solid solution is formed and oxygen
vacancy is not created. However, Sn interstitials and Sn vacan-
cies can be formed near the grain boundaries due to the substi-
tuted Sn*". Based on these relationships, the grain boundary
diffusion can be enhanced by the solid solution process at a low
temperature, as suggested by Bueno et al [2].

As described above, the three systems of SnO,-CuO, SnO,-
Co0, and SnO,-TiO, have the same densification mechanism
as the grain boundary diffusion at a low temperature. Grain
boundary diffusion is well known to have higher temperature
sensitivity than lattice diffusion. Therefore, in the context of the
three systems considered herein, densification can be synergis-
tically produced at a low temperature. In the present systems,
the three additives of CuO, CoO, and TiO, were seen to have a
synergistic effect on the densification for SnO, at a low tem-
perature of 950°C, using the temperature sensitivity for the
grain boundary diffusion. As seen in Fig. 2, the densities im-
proved with increasing TiO, content.

3.3. Microstructure

For application to a gas sensor based on SnO,, it is desirable
to have a porous structure that has porosity of more than 40%
[2]. Based on the theoretical density (p = 6.94 g/cm”’) of the
SnO,-CuO sample calculated using the mixture rule, the cur-
rent samples have ~ 40% porosity, as can be seen in Fig. 2. Fig.
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Fig. 3. Brunauer-Emmett-Teller (BET) surface areas of Sn, ,Ti,0,-
Co00(0.3wt%)-CuO(1wt%) samples with TiO, content, sintered at
950°C for 8 h.
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Fig. 4. Nitrogen adsorption isotherm of Sn, ,Ti,O,-CoO(0.3wt%)-
CuO(1wt%) samples with TiO, content, sintered at 950°C for 8 h.

3 shows the BET surface areas of samples with varying TiO,
content. In general, the BET surface area decreased with in-
creasing TiO, content. This is considered to be the reason why
the sample density increased with increasing TiO, content. Fig.
4 shows a nitrogen adsorption isotherm plot of the samples.
The adsorption curves exhibited an abrupt increment at the
high pressure range (> 0.9 P/P,) for all samples, indicating the
formation of a porous structure in all samples. These results are
consistent with those reported for a porous nanocrystalline of
SnO, by Y. Zong et al [9].

Altogether, introducing porosity into materials resulted in
decreased density, which degraded the mechanical strength of
the materials. For nearly all applications of porous materials, it
is desirable to have both high mechanical strength and high
porosity. The mechanical strength for porous materials de-
pends on many parameters, including the grain size, grain
bond area, pore size distribution, and porosity [10]. The pore
size distribution of the present samples is shown in Fig. 5. All
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Fig. 5. Adsorption pore size distributions of Sn, ,Ti,0,-CoO
(0.3wt%)-CuO(1wt%) samples with TiO, content, sintered at 950°C
for 8 h.

samples appear to have nearly constant pore size distributions.
Therefore, grain size and porosity can be considered to have
made main contributions to the mechanical strength of the
current samples. As can be seen in Fig. 2, porosity decreased
with increasing TiO, content. As shown in Fig. 6, the grain sizes
for the samples without and with TiO, were measured as 172
and 132 nm, respectively. Thus, grain size decreased in the
presence of TiO,. Fig. 6 shows the fractured surfaces of samples
with and without TiO,. It can be seen that both samples have a
porous structure. Therefore, the addition of TiO, appears to be
very useful for controlling the porosity and strength of this po-
rous body.

3.4. Dielectric constant

Dielectric constant is an important parameter for a gas sens-
ing material [1, 11-13]. Fig. 7 shows the relative dielectric con-
stants for the present samples with varying frequencies at room
temperature. The static dielectric constants of SnO, are 24.0
and 23.4 for directions parallel and perpendicular to the tetrag-
onal c-axis, respectively [14]. At the low frequency range below
1kHz, the dielectric constants of all samples were noticeably
improved compared to the static dielectric constant. By con-
trast, the dielectric constant of the samples decreased nearly to
the static dielectric constant at high frequencies > 1 kHz.

Based on the theory of dielectric polarization, there are two
polarization processes, including the rotation direction polar-
ization (RDP) process and the space charge polarization (SCP)
process [11, 12, 15, 16]. In the case of the RDP process, oxygen
vacancies play a role in enhancing the dielectric constant. The
oxygen vacancies can exist in the interior and grain boundary
of the present samples due to the addition of CoO. The oxygen
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Fig. 6. Scanning electron microscopy (SEM) images of fractured surfaces of Sn, ,Ti,O,-CoO(0.3wt%)-CuO(1wt%) samples, sintered at 950°C

for 8 h: (a) x =0and (b) x = 0.04.

vacancies can be ionized and then form single and/or double
ionized vacancies. Because of this, a large amount of dipole
moment can be produced by the combination between positive
oxygen vacancies and negative oxygen ions. These dipoles have
random directions and cannot be polarized without external
electric field. In the presence of external electric field, these di-
poles can be poled toward the direction of the external field, in-
ducing the RDP process. The SCP process can also contribute
to improving the dielectric constant. There are a lot of defects
at grain boundaries in the bulk. Upon the application of exter-
nal electric field, the space charge in the bulk will move toward
the grain boundaries, after which the charges can be trapped by
the many defects existing at the grain boundaries, thus induc-
ing a dipole moment. However, at the high frequency range of
> 1 kHz, the dielectric response of the RDP and SCP process
can break down. Therefore, the dielectric constant of the cur-
rent samples approached the static dielectric constant. This re-
sult is consistent with those obtained in previous investigations
[11, 12]. The above result suggests that the densification mech-
anism for the current samples is the grain boundary diffusion.

4., Conclusions

It is very difficult to densify pure SnO, with a non-densifying
mechanism, even at high temperatures >1400°C. This poor
densification property means that SnO, can be a useful founda-
tion in the fabrication of porous materials. Materials with a po-
rous microstructure with a porosity of >40% are mostly used
as electronic devices based on SnO,. In the case of pure SnO,, a
high sintering temperature of >1300°C is required to obtain a
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Fig. 7. Dielectric constants with various frequencies of Sn, ,Ti,O,-
Co00(0.3wt%)-CuO(1wt%) samples at room temperature, sintered
at 950°C for 8 h.

porosity of > 40%. Therefore, this investigation aimed to both
lower the required sintering temperature and enhance the den-
sification, while maintaining a porosity of ~40%. The sample
compositions were determined as SnO,-CoO(0.3wt%)-
CuO(1wt%) with varying TiO, contents. The composition ap-
peared to take on the synergistic effect of the grain boundary
diffusion during sintering, which is considered to be the reason
why the temperature sensitivity of the grain boundary diffusion
is higher than that of lattice diffusion. Following the heat-treat-
ment of 950°C for 8h, porous microstructures with a porosity
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of ~40% were ultimately achieved. This indicates that the syn-
ergistic effect of the solid solution and the activator for Sn,.
11,0, - CoO(0.3wt%)-CuO(1wt%) samples led to better densi-
fication at the low temperature of 950°C.
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