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Improvement of Thermoelectric Performance for Sb-Doped
SnO, Ceramics Material by Addition of Cu as Sintering Additive
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The thermoelectric properties, such as the Seebeck coefficient value, S,
electrical conductivity, o, and thermal conductivity, x, of Sb- and Cu-doped
SnO,, that is, (Sn;_,,Cu,Sb,)O04, were investigated in detail. The addition of a
small amount of CuO significantly improved the relative density of the SnO,
ceramics. However, the relative density slightly decreased with the excessive
addition of CuO (more than x = 0.03). The addition of SbyO5 should cause an
increase in the number of charge carriers, resulting in an increased o value,
and the addition of both CuO and Sby,O5 caused an increase in ¢ and |S| at
high temperature. The improvement of the sintering performance caused the
enhancement of the thermoelectric performance. As the temperature region
measured in this study (293-1073 K), the maximum ZT value was 0.29 at
1073 K for (Sn0.985Cu0.005Sb0_01)02.
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INTRODUCTION

The thermoelectric phenomenon is valuable for
the conversion of waste heat to electrical energy.
Moreover, the thermoelectric conversion has high
durability because there are no moving parts.
However, the conventional thermoelectric materials
have a low conversion efficiency. Therefore, the
application of thermoelectric conversion is limited.
The performance of the thermoelectric materials is
estimated by the figure of merit, Z, which is
expressed by the following equation:

Z =8%/x, (1)

where S is the Seebeck coefficient, ¢ is the electrical
conductivity, and « is the thermal conductivity.
Metal oxides should be advantageous for high-
temperature thermoelectric applications because of
their high thermal stability and excellent oxidation
resistance. Therefore, oxides have recently been
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considered as candidates for thermoelectric mate-
rial.’ The thermoelectric properties of several oxi-
des, such as Zn0,%® NaCo,04,"? Li-doped NiO,*
SrTi03,112 and Ca3Co040,,'® have been studied in
detail.

Tin oxide, SnO,, is known as an electroconductive
oxide, and is used as one of the base materials of
chemical sensors. It is known that the carrier
mobility of SnO, as an oxide is high. Moreover, it is
reported that the carrier concentration of SnO,
increases by the addition of SbyOs5. Titanium oxide,
TiO,, can dissolve in SnOs. In order to decrease the
thermal conductivity, we have used TiO, and stud-
ied the (Sn;,,TiSb,)Oq system.'* Yanagiya et al.*®
have reported on the thermoelectric performance of
the (Sn; , ,Zn,Sb,)O,y system, although there were
no data about the thermal conductivity and the
figure of merit. However, the performance of the
(Sny-,,Ti,Sb,)O4 system was insufficient as a ther-
moelectric material. In general, SnO, ceramics have
a porous structure. The thermoelectric performance
of the SnOy system could be improved with a dense
structure because the value of the electrical con-
ductivity should be significantly improved. It is
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Fig. 1. XRD patterns of (Sny_,,Cu,Sb,)0,. (A) y = 0.01;
(B) y = 0.02; (a), x = 0.0025; (b), x = 0.005; (c), x = 0.0075; (d),

x =0.01; (e), x=0.03; (f), x = 0.05.
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Fig. 2. The relative density of (Sny_,Cu,Sb,)0,.

reported that the addition of CuO improves the
sintering property of SnO,'® Therefore, in this
study, we investigated the addition of both Cu and
Sb to SnOs, i.e., the (Sn;_,,Cu,Sb,)O04 system.

EXPERIMENTAL

Samples of (Sn;_,,Cu,Sb,)O5 ceramics were pre-
pared from the fine powders of SnO,, CuO, and
Sby0s5. Properly weighed powders were mixed in a
nylon-line ball mill for 24 h, and then pressed into
pellets at a pressure of 50 MPa at room tempera-
ture. The pellets were heated at 1300°C for 10 h in
air.

The crystal phases in the samples were examined
by a powder x-ray diffraction (XRD) study. The
electrical measurements were carried out using the
samples cut from the sintered pellets as parallele-
piped bars of ca. 4 mm 3 mm 15 mm in size. The
electrical conductivities and the Seebeck coefficients
were measured using an ULVAC ZEM-1 instrument
in a helium atmosphere. The electrical conductivi-
ties were measured by a DC four-probe technique
and the Seebeck coefficients were simultaneously
measured with temperature gradients of 5-30 K
over the samples. The thermal conductivities were
evaluated from the thermal diffusivity D, the heat
capacity C,, and the experimental density d, using
the following relationship:

x = DCpd 2)

The thermal diffusivities were measured by a
laser flash method using an ULVAC TC-7000
instrument in vacuum. The heat capacitances were
also measured by the laser flash method using an
ULVAC TC-7000 instrument in a vacuum using the
measured absorbed duty, the density of the sample,
and the change in temperature. The figure of merit
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10 um

Fig. 3. SEM images of (Sn;_,,Cu,Sb,)0,. (a—f) y = 0.01; (g-) y = 0.02; (a, g) x = 0.0025; (b, h) x = 0.005; (c, i) x = 0.0075; (d, j) x = 0.01;
(e, k) x=0.03; (f, I) x = 0.05.

was calculated from the above-mentioned values. RESULTS AND DISCUSSION
Microstructure observations were carried out using
The XRD measurements were performed on the

a digital scanning electron microscope (SEM). The (Sny_.,Cu,Sh,)0, sample. The XRD patterns of the

rmegﬁzgi)}?ilrsg}?i,ni ;g;f:;ﬁfﬁgg samples was deter- samples indicated that the crystal structures of all
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Fig. 4. Arrhenius plots of electrical conductivity of (Sny_,,Cu,Sb,)

O». (a) y = 0.01; (b) y = 0.02. ® x =0, O x = 0.0025, V x = 0.005,
A x=0.0075, 0 x = 0.01, & x = 0.03, W x = 0.05.
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Fig. 5. Seebeck coefficients of (Sny_,,Cu,Sb,)O, as a function of
temperature. (a) y = 0.01; (b) y = 0.02. ® x = 0, O x = 0.0025,
Vx=0.005, A x=0.0075, 0 x = 0.01, { x=0.03, W x = 0.05.

the samples were assigned to the SnO, phase
(Fig. 1). These experimental results could mean that
both SbyOs and CuO had dissolved in the SnOg
phase. However, the peaks related to the generated
impurity phase might not be detected because the
amounts of the added additives were low. Therefore,
there was the possibility that a small part of the
additives segregate at the grain boundary.

Figure 2 shows the relative density of the sample
of (Sn;,,Cu,Sbh,)O,, from which it was confirmed
that the addition of CuO drastically improved the
relative density of the SnO, ceramics, although the
addition of Sb slightly suppressed the sintering
performance. Because the added CuO must affect
the surface energy of the SnO, grains, at least part
of the added CuO should exist at the grain bound-
ary. It is known that Sby0O5 dissolves in SbyO3 at
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ca. 900°C with outgassing. The boiling point of
Sby05 is 1425°C. Therefore, the suppression of the
relative density should be caused by the gaseous
product and/or the disappearance of SbyOs during
the heating process. Moreover, the relative density
slightly decreased with the excessive addition of
CuO (more than x = 0.01).

The SEM images of the samples are shown in
Fig. 3. The SEM images also indicated that
the addition of CuO is effective for improving of the
sintering performance of the SnO, matrix. In the
case of the samples of y = 0.01, the grain size
increased with the increasing amount of added CuO
up to x = 0.0075. The samples of x 2 0.01 had many
voids between the grains. The generation of the
voids should be the reason for the slight decrease in
the relative density in the range of the excessive
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Fig. 6. Power Factor of (Sny_,,Cu,Sb,)O, as a function of tempera-
ture. (a) y=0.01; (b) y=0.02. ® x=0, O x=0.0025, V x = 0.005,
A x=0.0075,0 x=0.01, ® x=0.03, ® x=0.05.

addition of CuO. On the other hand, in the case of
y = 0.02, the grain size decreased with the increas-
ing amount of added CuO up to x = 0.0075. The
gaseous product derived from Sb,Os and/or the
disappearance of SbyO5 during the heating process
may be the reason for the decrease in the grain size.

Arrhenius plots of the electric conductivity values,
o, for the samples are shown in Fig. 4. As shown in
Fig. 4, the temperature dependence of the o value for
the sample with no added CuO had a metallic
behavior, that is, the ¢ value decreased with the
increasing temperature. On the other hand, the
samples with added CuO had a semiconductive
behavior, that is, the o value increased with the
increasing temperature. The high ¢ value of the
Sb-doped sample should be explained by the theory
of valence control. The reason for the metallic
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Fig. 7. Thermal conductivity of (Sn;_,,Cu,Sb,)O, at room temper-
ature (25°C).
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behavior of the sample with no added CuO could be a
degenerated semiconductor having a high charge
carrier concentration derived from Sb. The reason for
the semiconductive behavior of the sample with
added CuO could be suppression of the charge carrier
concentration explained by the theory of valence
control. That is, part of the added Cu dissolves into
the SnO, matrix, and then the generated electrons
derived from Sb were suppressed because the
valence number of Cu should be 2. The maximum o
values was achieved at x = 0.0075 for (Snggg .-
Cubeo_OI)Oz and atx=0.01 for (Snobgg_xcubeo'oz)Oz.
The x values for the maximum o values should be
related to the relative density explained in Figs. 2
and 3. It is presumed that the dense structure was at
least one of the reasons for the maximum o values.
Excess CuO addition caused a decrease in o. The Cu
atoms dissolved into SnO, should act as the carrier
scattering center. Moreover, the CuO-related phase
at the grain boundary should act as the carrier
scattering center. The decrease in o, therefore, would
be caused by the decrease in the carrier mobility. The
relative densities were a maximum at x = 0.03 as
shown in Fig. 2. The SEM images shown in Fig. 3
agree with the tendency of the relative density. That
is, the density of pores decreased with increasing the
x value up to x = 0.03, and then that increased with
increasing the x value more than x = 0.03. Wang et al.
reported the sintering property of the CuO-TayO5-
SnO, system.'” The relative density of the samples
increased when the amount of the added CuO was
low, whereas that of the samples decreased with the
excessive addition of CuO. The reason for the
improvement of the density should be the formation
of oxygen vacancies.'® Wang et al. considered that
the suppression of the density with the excessive
addition of CuO could be explained by the evapora-
tion of copper oxide because the melting point of
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Fig. 8. (a) Thermal conductivity of (Sny_,,Cu,Sb,)O, as a function
of temperature. (b) Lattice thermal conductivity of (Sny_,Cu,Sb,)O»
as a function of temperature. ® x=0. y=0.01; V x=0.005, y=0.01;
A x=0.0075, y=0.01; O x= 0.01, y = 0.01; W x = 0.01, y = 0.02.

Cu,0 (1236°C), which could be generated from CuO
at 1122°C, is lower than the sintering temperature
(1300°C). The maximum relative density appeared at
x = 0.25 in the study of Wang et al., whereas it
appeared at x = 0.01 in this study. The reason for the
difference in the x value for the maximum density
could be the difference in the third components, that
is, TasO5 or SbsO5. However, the mechanisms for the
improvement of the sintering and the suppression of
the sintering for the samples of this study should be
the same as those for the samples reported by Wang
et al.

The Seebeck coefficients of (Sn;_,,Cu,Sb,)Os are
shown in Fig. 5. The signs of the Seebeck coefficient
were negative for all samples, indicating that all the
samples were n-type conductors. As shown in Fig. 5,
the absolute values of the Seebeck coefficient, S|,
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for the samples increased with the increasing tem-
perature. All the samples doped with CuO had a
higher |S| value than the no-CuO-added samples.
However, the excessive addition of CuO [more than
0.01 (y = 0.01), more than 0.0075 (y = 0.02)] caused a
decrease in the | S| value. The maximum || values
were achieved at x = 0.01 in the case of (Snggg_,-
Cu,Sbg 91)05 and at x = 0.0075 in the case of (Sng gg_,-
Cu,Sbg 02)Os. These x values are similar to the
x values for the highest relative density and for
the maximum o values. Considering band theory,
the following equations can be derived,

c=neu (3)

S = ~(k/e)In(Ny/n) +Al, @

where 7 is the carrier concentration, e is the electric
charge of the carrier, u is the carrier mobility, & is
the Bolzmann constant, Nv is the density of state,
and 4 is typically a transport constant. From Eqgs. 3
and 4, the increase in the carrier concentration
should cause both an enhancement of ¢ and a
decrease in |S|. In this study, both values in-
creased in the case of 0 < x < 0.005 and 0 < y < 0.02.
Therefore, the enhancement of ¢ should be caused
not by the change in »n but by the change in u.
Moreover, the n value should decrease rather than
increase. The change in x could be explained by the
enhancement of the relative density. The decrease
in n could be related to the substitution of Cu for Sn
because the substitution should be presumed to
decrease the n value because Cu is monovalent or
divalent and Sn is quadrivalent. Therefore, we can
consider that the improvement in the sintering
performance should be the reason for the
enhancement of the ¢ value.
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The power factors, $°o, of the samples are shown
in Fig. 6. The $°c values of the sample with added
CuO were higher than those of the sample with no
added CuO. Especially, the $°c values of the sample
with added CuO increased with the increasing
temperature, and the $°%c value of SngogCugor
Sbg 010 reached ca. 7 x 10 *Wm 1 K2

Figure 7 shows the thermal conductivity values for
the samples at room temperature. The thermal con-
ductivity of the samples significantly increased with
the increasing amount of added CuO up to x = 0.01.
The reason for the change in the « value should be the
improvement of the relative density. In the case of
y=0.02, the thermal conductivity gradually increased
with the increasing x value. The x values for the
samples are very high for a thermoelectric material.
Figure 8a shows the temperature dependence of the
thermal conductivity. The thermal conductivity of the
samples decreased with the increasing temperature.
The carrier thermal conductivity was estimated from
the Wiedemann—Franz law,

Kel = LoT, (5)

where L is the Lorenz number. The experimental
results in this study indicated that the thermal con-
ductivity of the (Sn; . ,Cu,Sb,)O4 system consists of a
predominant proportion of the phonon thermal con-
ductivity, xpn, which is calculated by subtracting x
from the overall . The calculated «, values were
proportional to the inverse of the absolute tempera-
ture as shown in Fig. 8b. This result agrees with the
previously reported values.'®%°

Figure 9 shows the temperature dependence of the
figure of merit, Z7, calculated from the measured
values of g, S, and k. The ZT values of all the samples
increased with the increasing temperature. Although
the ZT values of the sample with no added CuO was
very low, the ZT values were significantly enhanced
by the addition of CuO in the high temperature
region. For the temperature region measured in this
study (293-1073 K), the maximum Z7 value was 0.29
at 1073 K for (Sn0_985Cu0_005Sb0,01)02. This value is
comparable the reported candidates of n-type oxide
thermoelectric materials.’ Although this ZT value
from this study is insufficient for practical use, the ZT'
value should be remarkable because the ZT value was
significantly improved by the addition of CuO.
Moreover, in the higher temperature region, the ZT'
value of the samples should increase because the ZT'
value of (Sn; . ,Cu,Sb,)O, increases with the
increasing temperature. The SnO, system should be
a candidate as a thermoelectric material.

CONCLUSIONS

The thermoelectric properties of (Sny_,,Cu,Sb,)O4
were investigated in detail. The addition of CuO

significantly improved the sintering performance of
the SnO, matrix. However, the excessive addition of
CuO was ineffective for improving the sintering of
SnO,. The doping of CuO improved the o value by
improving the relative density. In the high temper-
ature region, all samples doped with CuO had higher
S| values than the no-CuO-added samples. How-
ever, the excessive addition of CuO caused a decrease
in the 151 value. The $°¢ values were enhanced with
the addition of CuO. The thermal conductivity value
for the samples at room temperature increased with
the increasing addition of CuO. The thermal con-
ductivity values for the samples decreased with the
increasing temperature. The phonon thermal con-
ductivity was the main component of the thermal
conductivity for the (Sn; . ,Cu,Sb,)O4 system. In the
temperature region measured in this study, the
maximum Z7 value was 0.29 at 1073 K for
(Sng.985C10.0055b0.01)O2.
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