Journal of Alloys and Compounds 506 (2010) 293-296

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jallcom

Journal of

ALLOYS
AND COMPOUNDS

Enhanced thermoelectric properties of Nb-doped SrTiO5; polycrystalline ceramic

by titanate nanotube addition

Ning Wang*, Hongcai He, Xiao Li, Li Han, Chunqiu Zhang

State Key Lab of Electronic Thin Films & Integrated Devices, University of Electronic Science and Technology of China, Chengdu 610054, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 23 April 2010

Received in revised form 22 June 2010
Accepted 30 June 2010

Available online 7 July 2010

Keywords:
Ceramics

Oxide materials
Thermoelectric
Strontium titanate

The effects of titanate nanotube (TNT) addition on the thermoelectric properties of Nb-doped SrTiO3
polycrystalline ceramic are discussed. Nb-doped SrTiO; ceramic composite with TNT addition was fab-
ricated by the pressure-less sintering method in an Ar atmosphere. TNT addition significantly enhanced
the ratio of the electrical conductivity to thermal conductivity. Meanwhile, the Seebeck coefficient was
almost independent of TNT addition, thus, enhancing the dimensionless thermoelectric figure of merit
(ZT-value). The sample with TNT addition (2 vol%) gave the maximum ZT-value of 0.14 at 900 K. The
reason for the enhanced thermoelectric properties by TNT addition was also investigated.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In order to improve the performances of thermoelectric mate-
rials, thermal conductivity should be decreased, and electrical
conductivity should be increased: the two requirements can
go together by using some types of nanocomposites. Thermo-
electric bulk materials with nanostructured constituents have
been proposed to be promising materials with high thermo-
electric performances [1]. Recently, a variety of thermoelectric
bulk nanocomposite materials with higher thermoelectric prop-
erties than bulk materials have been prepared. Zhang et al.
prepared AgySb,_,Te;_, thermoelectric materials with nanos-
tructured Ag,Te embedded in the AgSbTe, matrix by in situ
precipitation method, and the maximum dimensionless thermo-
electric figure of merit (ZT-value) of 1.53 was obtained at 500 K
[2]. Sun et al. fabricated Zn4Sbs/Big5Sb; 5Te nanocomposite with
Zn4Sbs nanoparticles using a method of vacuum melting and ball
milling, followed by a vacuum hot-pressing, and the maximum
ZT-value reached 0.60 at 300K [3]. Ahn et al. prepared PbTe/CdTe
thermoelectric bulk alloys with CdTe nanocrystals by melt tech-
nique, and the obtained maximum ZT-value was 1.2 at 723K [4].
Fan et al. fabricated Big 4Sb; gTes nanocomposites through mixing
nanostructured Big 4Sby gTes particles with micronsized particles,
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and a maximum ZT-value of 1.8 at 316 K was obtained [5]. Xie
et al. prepared Big5,Sbq 43Tes bulk materials with nanostructure
by combining melt spinning technique with spark plasma sin-
tering, and the maximum ZT-value reached 1.56 at 300K [6]. Li
et al. fabricated skutterudites InyCeyCo4Sby, with in situ forming
nanostructured InSb phase by a melt-quench-anneal-spark plasma
sintering method, and the maximum ZT-value of 1.43 was obtained
at800K[7].Lanetal. prepared bulk nanograined bismuth antimony
telluride by a ball milling and hot-press method, and the maximum
ZT-value reached 1.4 at 373K [8].

Very recently, we prepared Nb-doped SrTiO3 composites with
nanostructured yttria stabilized zirconia addition and mesoporous
silica addition by the pressure-less sintering method [9,10]. We
found they could obviously enhance the electrical conductivity by
promoting densification, and then enhanced the ZT-value, which
strongly triggered our interest to further investigate other effective
nanosized additions to enhance the thermoelectric properties of
Nb-doped SrTiOs.

Herein, we used titanate nanotube (TNT) as the nanosized addi-
tion, and investigated its effects on the thermoelectric properties
of Nb-doped SrTiO3 ceramic.

2. Experimental procedures

First, single-phase Nb-doped SrTiO3 (Sr(Tipg5Nbg 15)03, Nb-STO) powder was
prepared by a solid-state reaction of SrCOs, TiO3, and Nb,Os powders at 1400°C
for 4hin an Ar atmosphere. Second, homemade titanate nanotubes (TNT) (8-10 nm
of outer diameter and 3-5nm of inner diameter) prepared according to Ref. [11]
were homogenously mixed into Nb-doped SrTiO; powder by hand-milling for 1h.
Furthermore, composite pellets were prepared under a pressure of 20 MPa. Finally,
Nb-doped SrTiO3 ceramic samples without TNT and with TNT addition of 2 vol%
were fabricated by the pressure-less sintering method at 1500°C for 3h in an Ar
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Fig. 1. Temperature dependent electric transport properties of TNT/Nb-STO com-
posites: (a) electrical conductivity and (b) Seebeck coefficient.

atmosphere. During sintering process, the samples were kept in a graphite crucible.

The crystalline phases were determined by powder X-ray diffraction (XRD, RINT-
2100, Rigaku Corporation). The morphologies of the specimens were observed by a
scanning electron microscope (SEM, S-3000N, Hitachi Corporation). The thermo-
electric properties, including the Seebeck coefficient and electrical conductivity,
were measured at 300-900 K in an Ar atmosphere using an automatic thermoelectric
measuring apparatus (RZ-2001K, Ozawa Scientific Corporation). The thermal con-
ductivity (k) was calculated from the thermal diffusivity (), specific heat capacity
(Cp), and density (p) using the following equation, « = pCp 8. The thermal diffusivity
was measured by the common laser flash method (TC-9000 V, ULVAC-RIKO Corpora-
tion). The specific heat capacity was measured by a differential scanning calorimeter
system (DSC-2910, TA Instruments Corporation).

3. Results and discussion

Fig. 1 shows the temperature dependent electric transport
properties of TNT/Nb-STO composites, namely, electrical conduc-
tivity (o) and Seebeck coefficient (S). Significantly, TNT addition
increased the electrical conductivity (Fig. 1(a)). Meanwhile, See-
beck coefficient was subjected to a very small impact by TNT
addition (Fig. 1(b)).

Fig. 2 shows the temperature dependent measured thermal con-
ductivity of Nb-STO ceramics with and without TNT addition. On
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Fig. 2. Temperature dependent measured (solid line) and calculated (dotted line)
thermal conductivities of TNT/Nb-STO composites.

the surface, it seemed that the thermal conductivity was increased
by TNT addition. However, the relative density of these two sam-
ples drastically differed. Hence, the measured thermal conductivity
does not accurately reflect the effect of TNT addition. To exclude the
effect of porosity, the thermal conductivity of pure Nb-STO sample
with the same relative density to the TNT/Nb-STO composite was
calculated using Klemens’ equation [12]:

Ki_q_40
P 3 (1)
K2 _q1_4¢2
P 3 (2)

where k1 and k5 are the thermal conductivities of the samples with
different porosities (@1 and ¢), and kg is the thermal conductiv-
ity of the fully dense sample. Further, we can obtain the following
relationship:

k1 1-—4¢p1/3

Kk 1-4¢y/3 ®
According to Eq. (3), the thermal conductivity of pure Nb-STO sam-
ple with the same relative density to the TNT/Nb-STO composite,
88.5%, was obtained, shown by dotted lines in Fig. 2. It was found
that TNT addition could indeed reduce the thermal conductivity of
Nb-STO polycrystalline ceramics when the relative density was the
same.

The thermoelectric power factor S2o and dimensionless figure
of merit ZT of the composite are shown in Fig. 3. The power factor
was increased by more than eightfold as compared with the sam-
ple without TNT addition (Fig. 3(a)), which was mainly beneficial
from the significantly increased electrical conductivity. Owing to
the increase in the power factor was much more than the increase
in the thermal conductivity, the ZT-value was enhanced obviously
(Fig. 3(b)). The maximum ZT-value, 0.14, was obtained at 900 K.

Fig. 4(a) shows the XRD pattern of the sample with TNT addi-
tion of 2 vol%. The TNT content was too low, thus only diffraction
peaks from STO could be detected. To verify whether TNT addi-
tion reacted with STO at high temperatures, we increased the TNT
content to 30vol% (Fig. 4(b)), and a new phase, rhombohedral
TigCs (a=b=0.6115nm, c=1.490 nm, JCPDS72-2496), was formed,
strongly suggesting that TNT addition also reacted with STO to form
titanium carbide in the sample with TNT content of 2 vol% even
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Fig. 3. Temperature dependent thermoelectric power factor S2o (a) and dimension-
less figure of merit ZT (b) of TNT/Nb-STO composites.
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Fig. 4. XRD patterns of TNT/Nb-STO composite with various TNT contents: (a)
2vol%; (b) 30vol%, and pure TNT powder obtained by sintering at 1500°C for 3h
in an Ar atmosphere (c).

though it was not detected in the XRD patterns. The carbon element
was from the graphite crucible.

Fig. 5 shows scanning electron micrographs (SEM) of Nb-STO
ceramics with and without TNT addition. It was found that TNT
addition promoted the grain growth of Nb-STO markedly. As with
SrTiO3 ceramic, generally, when the sintering temperature was
over than 1250°C, the volume diffusion was the main sinter-
ing mechanism [13]. Nb-STO composite with TNT addition was
Ti-rich and Ti excess could create Sr and O vacancies and there-
fore promoted volume diffusion. Grain growth of Nb-STO reduced
interface scattering of the electrons, enhanced carrier mobility
[10], and further increased the electrical conductivity. In addition,
the generated titanium carbide had very high electrical conduc-
tivity, >10*Scm~! at room temperature [14], which could also
contribute to the increased electrical conductivity. We found that
there were lots of pores distributed homogeneously in the Nb-
STO bulk ceramic (Fig. 5(b)). Even though the possible reason
for the formation of homogeneously distributed pores inner the
grain was not clear, these pores located homogeneously in the

Fig. 5. SEM micrographs of TNT/Nb-STO composites with various TNT contents: (a) 0 vol% and (b) 2 vol%.
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Nb-STO bulk ceramic could scatter phonons effectively, which
might be the main reason for the reduced thermal conductiv-
ity of TNT/Nb-STO composite with the same relative density to
pure Nb-STO ceramic, even though the generated titanium car-
bide had very high thermal conductivity, >15Wm~1K-1 at 50°C
[14].

For degenerate semiconductors for which a parabolic band
and energy-independent scattering approximation can be assumed
[15], the Seebeck coefficient (S) can be given by the following equa-
tion:

872K (w2
= Zenz " (ﬁ)

where kg, h, m", and n are Boltzmann constant, Planck constant, the
effective mass of the carriers, and the carrier concentration, respec-
tively. Eq. (4) indicated the Seebeck coefficient strongly depended
on carrier concentration. When the addition could not react with
Nb-STO, carrier concentration would not be affected [10], which
was the main reason for the independence of the Seebeck coeffi-
cient on TNT addition.

(4)

4. Conclusions

Titanate nanotube (TNT) addition significantly enhanced the ZT-
value of Nb-STO bulk ceramic, and the sample with TNT addition
(2 vol%) gave the maximum ZT-value of 0.14 at 900 K. The obviously
increased electrical conductivity produced the enhanced ZT-value,
even although the measured thermal conductivity increased.
Enhancement of the electrical conductivity was mainly caused by
promoted grain growth and newly generated titanium carbide with
higher electrical conductivity. Seebeck coefficient was almost inde-
pendent of TNT addition, which was mainly because that the carrier
concentration had not been affected by TNT addition.
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