
Journal of Alloys and Compounds 463 (2008) 288–293

Thermoelectric properties of Sn1−x−yTiySbxO2 ceramics
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Abstract

Thermoelectric properties of Sn1−x−yTiy SbxO2 ceramics were investigated in detail. The addition of Sb into SnO2 matrix increased the electric
conductivity, σ. The increase in the σ value should be caused by the increase in the carrier concentration. The Seebeck coefficients of all the samples

were negative, which means that these samples have n-type conduction. The samples of this study have porous structure. The maximum Z value
of all the samples measured in this study was 2.4 × 10−5 K−1.
© 2007 Elsevier B.V. All rights reserved.
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. Introduction

Because power unit of thermoelectric generation produces
lectric power from temperature difference, we can convert
aste heat energy to electric energy by using thermoelectric
ower generation. Therefore, thermoelectric power generation
s one of the most promising power generations for envi-
onmental conservation. However, the conversion efficiency
f conventional thermoelectric power generation is insuffi-
ient in performance. The reason for this low efficiency is the
ow thermoelectric property of the conventional thermoelectric

aterials.
The thermoelectric property of material is estimated by the

alue of figure of merit, Z.

= S2σ

k
(1)

here S is Seebeck coefficient, σ is electrical conductivity, and
is thermal conductivity. The material having higher Z value

ossesses higher thermoelectric performance.
In general, a lot of metal oxides are stable in air at high tem-
erature, and are safe and inexpensive. Therefore, metal oxide
aterials must be one of the most promising material groups as
novel thermoelectric material. So far, some researchers have
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een studying the thermoelectric properties of oxide materials
1–10]. Ohtaki et al. proposed that metal oxide materials are a
romising group as novel thermoelectric material for the first
ime [1]. Tsubota et al. reported that the Z value of Zn1−xAlxO
s ca. 0.24 × 10−3 K−1 at 1000 ◦C [2,3]. This Z value is almost
s same as that of β-FeSi2, which is a candidate for new ther-
oelectric material as non-oxide material [4]. Terasaki et al.

eported that the Z value of NaxCoO2 is ca. 8.0 × 10−4 K−1 at
a. 900 K [5,6]. This Z value is as large as that of SiGe, which is a
onventional thermoelectric material [7]. After the report of the
igh Z value of NaxCoO2, some kinds of oxides are proposed as
ew candidate for thermoelectric material, such as SrTiO3 [8],
aMnO3 [9], Ca3Co4O9 [10] and so on. However, there is no
xide material which is applied in practical use until now. Espe-
ially, there is no report about n-type oxide materials which have
igh thermoelectric performance.

Tin oxide, SnO2, is a typical conductive oxide, which is used
s gas sensor [11], transparent electrode [12] and so on. The
onduction type of SnO2 is n-type. Moreover, it is known that
he doping of Sb2O5 in SnO2 can increase the electrical conduc-
ivity. The carrier mobility of SnO2 is known to be as large as
xide material. In the case of the material which has simple two
and structure, the Z value should increase with increasing the

value, which is called material factor.

= 8.952

(
T

300

)5/2(
m∗

m0

)3/2 (
μ

κph

)
(2)
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band structure, it is known that the S value depends on the value
of carrier density, n. All the samples added Sb2O5 should have
similar temperature dependences of the n values.
T. Tsubota et al. / Journal of Alloy

here T is absolute temperature, m* is effective mass of carrier,
0 is electron mass, μ is carrier mobility, and κph is lattice ther-
al conductivity. From the formula (2), high μ value is desired

o achieve high Z value.
The crystal structure of SnO2 is rutile structure. The crys-

al structure of TiO2 is also rutile structure at high temperature
egion. It is known that TiO2 can dissolve into SnO2.

Thermal conductivity, κ, of solid material is consist of

= κel + κph (3)

here κel is carrier thermal conductivity, and κph is lattice ther-
al conductivity. In general, the κph value decrease by the

ormation of solid solution. As shown in formulas (1) and (2),
mall κ value is desired to achieve high Z value.

In this study, we attempt that the doping of Sb2O5, which
hould increase the σ value, and the formation of solid solution
ith TiO2, which should decrease the κph value, in SnO2.

. Experimental

Fine powders of SnO2, Sb2O5, TiO2 powders were used as starting materials
or this study. Samples of Sn1−x−yTixSbyO2 were prepared by solid state reac-
ion. These powders were mixed in a nylon-lined ball mill for 24 h. The powder

ixture was pressed into a pellet and sintered at 1300 ◦C for 10 h in air. The heat-
ng and cooling rate was 200 ◦C h−1. The crystal phases in the prepared samples
ere determined from a powder X-ray diffraction (XRD) study using Cu Ka

adiation. The electrical conductivity and Seebeck coefficients were measured
imultaneously in He atmosphere up to 800 ◦C by ZEM-1 (ULVAC-RIKO, Inc.).
he thermal conductivity was determined from the thermal diffusivity and the
pecific heat capacity measured by the laser flash technique (ULVAC TC-7000).

. Results and discussion

.1. Electrical property

.1.1. Electrical conductivity
The temperature dependence on the electrical con-

uctivities, σ, of Sn0.99−xTixSb0.01O2, Sn1.00−ySbyO2, and
n0.85Ti0.1Sb0.05O2 are shown in Figs. 1 and 2. The σ val-
es of Sn0.99Sb0.01O2 were similar to that of Sn0.95Sb0.05O2.
herefore, excessive addition of Sb2O5 is ineffective for the
nhancement of the σ value. As for Sn0.99−xTixSb0.01O2, the
value for all the samples increased with increasing temper-

ture up to ca. 300 ◦C. In this temperature region, the σ value
ecreased with increasing the amount of the addition of TiO2.
oreover, excessive addition of Sb2O5 was ineffective for the

nhancement of the σ value when TiO2 was added as shown
n the data of Sn0.85Ti0.1Sb0.05O2. Therefore, the existence of
iO2 must decrease the σ value. In the temperature region of
bove ca. 300 ◦C, the σ value for all the samples decreased with
ncreasing temperature, except for Sn0.89Ti0.1Sb0.01O2.

.1.2. Seebeck coefficient
The temperature dependence on the Seebeck coefficients,
, of Sn0.99−xTixSb0.01O2, and Sn1.00−ySbyO2 are shown in
igs. 3 and 4. All the S values were negative, which means that

hese samples have n-type conduction. The S value of SnO2 was
rom −120 to −150 �V K−1 at all the temperature measured in

F
S

ig. 1. Arrhenius plots of electrical conductivities of (Sn0.99−xTix)Sb0.01O2; x:
,0; �, 0.01; ©, 0.02; �,0.05; �,0.10.

his study. The absolute S value decreased with the addition of
b2O5 as shown in the data of Sn1−xSbxO2 (x = 0.01, 0.05). As
or (Sn0.99−xTix)Sb0.01O2, the S values for all the samples except
or Sn0.89Ti0.1Sb0.01O2 were ca. −40 �V K−1 at ca. 50 ◦C,
nd those values were ca. −80 �V K−1 at 800 ◦C. The abso-
ute S values for all the samples except for Sn0.89Ti0.1Sb0.01O2
ncreased with increasing temperature. The S value for the sam-
le of Sn0.89Ti0.1Sb0.01O2 was ca.−140 �V K−1 all temperature
egion. The slopes for the temperature dependence of the S value
or all the sample added Sb2O5 are almost same as shown in
igs. 3 and 4. In the case of the sample described by simple
ig. 2. Arrhenius plots of electrical conductivities of Sn1.00−ySbyO2; ♦,
n0.99Sb0.01O2; �, Sn0.95Sb0.05O2; �, Sn0.85Ti0.1Sb0.05O2.
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effective mass of charge carrier, T is absolute temperature, h is
ig. 3. Seebeck coefficients of (Sn0.99−xTix)Sb0.01O2 as a function of tempera-
ure; x: ♦, 0; �, 0.01; ©, 0.02; �, 0.05; �, 0.10.

.1.3. Electrical transport property
Using Kroger-Vink notation, we can describe the mechanism

f the doping with Sb2O5 in SnO2.

b2O5 → 2SbSn
• + 4OO

X + 2e− + 1
2 O2 (4)

he electrons which generate with the Sb2O5 solution in SnO2
ct as charge carriers. Therefore, the material has n-type con-
uction, and the σ value of SnO2 increases by Sb2O5 doping.
hen TiO2 dissolves into SnO2, the reaction mechanism is as

ollows,

iO → 2Ti X + 4O X (5)
2 Sn O

s shown in formula (5), no charge carrier generates with this
olid solution reaction.

ig. 4. Seebeck coefficients of Sn1.00−xSbxO2 as a function of temperature; ♦,
n0.99Sb0.01O2; �, Sn0.95Sb0.05O2.

P

w

F
S

ig. 5. Power Factor of (Sn0.99−xTix)Sb0.01O2 as a function of temperature; x:
, 0; �, 0.01; ©, 0.02; �, 0.05; �,0.10.

The electrical conductivity, σ, is consisted of

= neμ (6)

here n is carrier density, e is charge of carrier, μ is mobility.
The Seebeck coefficient, S, for the material which has simple

wo band structure is describe as follows,

= ±k

e

[
r + 2 ln

2(2πm∗kT )3/2

h3n

]
(7)

here k is Boltzmann constant, e is elementary charge, m* is
lanck’s constant, and n is carrier density.
The Ti atom in SnO2 matrix must act as the scattering center,

hich decreases the μ value. As shown in Fig. 1, the reduc-

ig. 6. Power Factor of Sn1.00−xSbxO2 as a function of temperature; ♦,
n0.99Sb0.01O2; �, Sn0.95Sb0.05O2.
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S
ues for these samples depended on temperature. All the samples
ig. 7. Powder X-ray diffraction patterns of (Sn1-xTix)Sb0.01O2, (a) x = 0, (b)
= 0.01, (c) x = 0.02, (d) x = 0.05, (e) x = 0.10.

ion of the μ value should result in the decrease in the σ

alue.
From the formula (5), we can presume that the addition of

iO2 in SnO2 dose not affect the carrier density of SnO2 matrix.
hat is, we can presume that the addition of TiO causes the
2

eduction of the μ value and does not affect the n value. As
hown in Figs. 1 and 3, the σ value decreased with increasing
he amount of the addition of TiO2, and the S value was almost

e
4
0

Fig. 9. SEM images of Sn1−x−yTiySbxO2, (a) SnO2, (b) Sn0.
ig. 8. Powder X-ray diffraction patterns of Sn1−x−yTiySbxO2, (a) Sn0.9Ti0.1O2,
b) Sn0.95Sb0.05O2.

ndependent of the amount of the addition of TiO2. Therefore,
his presumption agrees with the experimental results, except
or the sample of Sn0.89Ti0.1Sb0.01O2.

.1.4. Electrical thermoelectric property
The temperature dependence on the power factor, S2σ, of

n1−x−yTixSb0.01O2 are shown in Figs. 5 and 6. The S2σ val-
xcept for Sn0.89Ti0.1Sb0.01O2 had the maximum S2σ value at
00–500 ◦C. The highest S2σ value of all these samples was
.53 × 10−4 W m−1 K−2 at 500 ◦C. The reported S2σ value of

95Sb0.05O2, (c) Sn0.9Ti0.1O2, (d) Sn0.98Ti0.01Sb0.01O2.
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ig. 10. Thermal conductivity of (Sn0.99−xTix)Sb0.01O2 as a function of tem-
erature; x: ♦, 0; �, 0.01; �, 0.05; �, 0.10.

aMn0.96Ru0.03O3−� system was 1.85 × 10−4 W K−2 m−1 at
000 K [9]. The reported S2σ value of Ca3Co4O9 system was
.2 × 10−4 W K−2 m−1 at 700 ◦C [10]. The value for the sample
f this study is smaller than those of oxides.

.2. Crystal structure

The XRD patterns of are shown in Figs. 7 and 8. As shown
n Figs. 7 and 8, all the peaks appeared in these charts were
ssigned to SnO2 phase, and there is no peak assigned to TiO2
hase or Sb2O5 phase. Therefore, doped Sb2O5 and doped TiO2
ust dissolve into SnO2.

.3. Micro structure
SEM images for the samples of Sn1−x−yTiySbxO2 are shown
n Fig. 9. As shown in Fig. 9, all the samples have porous struc-
ure. All the samples consist of the grains which are 0.5–1 �m in
iameters. These results should means that both TiO2 and Sb2O5

ig. 11. Power factor of Sn1−xSbxO2 as a function of temperature; ♦,
n0.99Sb0.01O2; �, Sn0.95Sb0.05O2.

t
c

F
S

ig. 12. Figure of merit of (Sn0.99−xTix)Sb0.01O2 as a function of temperature;
: ♦, 0; �, 0.01; �, 0.05; �, 0.10.

annot act as sintering agent for SnO2. The degree of sintering
or the samples cannot explain the change of the σ value with
he doping of Sb2O5 or TiO2.

.4. Thermal conductivity

The temperature dependences of the thermal conductivity,
, of Sn1−x−yTiySbxO2 are shown in Figs. 10 and 11. The κ

alues decreased with increasing temperature. All the κ values
or the samples were ca. 3.5 W m−1 K−1 at room tempera-
ure, and these values at 800 ◦C were ca. 3–ca. 2 W m−1 K−1.
hese κ values are small, compared with normal ceramics.
he samples of this study have porous structure as shown

n Fig. 9. The reason for the small κ values must be this
tructure.
The thermal conductivity of solid material, κ, is consists of
he phonon thermal conductivity, κph, and the carrier thermal
onductivity, κel, as shown in formula (3). From Wiedemann-

ig. 13. Figure of merit of Sn1−xSbxO2 as a function of temperature ♦,
n0.99Sb0.01O2; �, Sn0.95Sb0.05O2.
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rantz law, the κel value is as follows,

el = σLT (8)

here L (=2.45 × 10−8 W � K−2) is Lorentz number, T is abso-
ute temperature. Because the σ values for the samples are 10−2

o 2 × 102 S cm−1 and the T value are 300–1073 K, the κel val-
es are much smaller than the κph values. Therefore, most part
f the κ value for the samples of this study is the κph value.

.5. Figure of merit

The temperature dependences of the figure of merit, Z, of
n1−x−yTixSbyO2 are shown in Figs. 12 and 13. The maxi-
um Z value of all the samples measured in this study was

.4 × 10−5 K−1. This Z value is insufficient for the practical
pplication. Therefore, we must perform other approaches for
he enhancement of the Z value for the material.

. Conclusions

The thermoelectric properties of Sn1−x−yTixSbyO2 were

easured in this study. The Seebeck coefficients of all the sam-

les were negative, which means that all the samples had n type
onduction. All the samples had porous structure. This structure
ust be the reason for the small thermal conductivities.
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