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The n-type oxides (Sr0:9Gd0:1)TiO3 (SGTO) have been successfully prepared via a sol–gel process followed by solid-state sintering.
The effects of sintering temperature on the thermoelectric (TE) properties of the SGTO samples have been investigated. The
Seebeck coefficient showed no obvious difference, while the electrical conductivity increased with increasing sintering temperature,
benefiting from an enhancement of densification. The maximum power factor (PF) value, � 20:5μW=K2cm at 370K in the metallic
region, was observed for the sample sintered at 1748K. As a result, the peak figure of merit (ZT) values for the samples sintered at
higher than 1673K were in the range of 0.28–0.30. All the results indicate that such synthetic method provides a simple and
effective way to prepare TE oxides.
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Over the past two decades, thermoelectric (TE) materials,
based on the Seebeck effect and Peltier effect, have received
much attention because of their potential applications in
power generating and solid-state cooling devices.1–4

Generally, a TE device or module contains both p-type
and n-type materials, and the efficiency of TE materials is
characterized by a dimensionless figure of merit, defined as
ZT ¼ S2�T=κ, where S is the Seebeck coefficient, � is the
electrical conductivity, T is the absolute temperature and κ is
the total thermal conductivity. It is clear that a high power
factor (PF ¼ S2�) and a low κ are required to achieve a large
ZT. SrTiO3 (STO), composed of non-toxic, naturally
abundant, light and cheap elements, is a widely studied
transitional metal oxide with a cubic perovskite structure.5–12

The � of STO can be easily controlled by doping of rare earth
ions,6–10 Nb,11 Ta12,13 or by introducing oxygen vacancies.14

Furthermore, donor-doped STO exhibits a high S even in a
heavily carrier doped state due to its large effective mass.11

As a result, the PF is quite large (13–15 μW/K2cm at 1000K
Ref. 11), and one of the highest ZT, �0.37 at 1045K,10

among the n-type perovskite oxides has been achieved in
donor-doped STO bulks. Hence, the donor-doped STO is
considered as a promising candidate for an n-type TE oxide

in high temperature range on the basis of their advantages
over heavy metallic alloys in chemical and thermal stability.5

The conventional solid-state reaction (SSR) method
has been widely used in preparing the electron-doped STO
polycrystalline sintered body.6–10 However, this method
requires intermediate heat treatments in air at high tempera-
tures for several times and relatively long reaction time due to
the low cation diffusion coefficients in oxides,6–10 which
gives rise to large crystallite size. It is well-known that a high
sample density is essential to enhance the ZT of oxide, be-
cause the porosity can significantly degrade the electrical
conductivity of the bulk due to the strong charge carrier
scattering at pore sites.15 However, the particles with large
size in bulk green bodies are harmful to densification.16 More
importantly, a high-temperature-processed oxide gives rise to
large grain size, which is not effective to enhance the phonon
scattering at grain boundaries to suppress the thermal con-
ductivity.17 Hence, it is a great necessity to exploit an easy
and a more generic approach to prepare and improve the TE
performance of STO-based oxides.

In order to overcome the above problems, several alter-
natives based on wet chemical routes have been used to
prepare donor-doped STO,18,19 which are beneficial to yield
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homogeneous products within a short time. The small pow-
der size can cause a promoting driven force for sintering and
densification, and decrease the sintering temperature.16

Meanwhile, homogeneous powders composed of fine parti-
cles will be highly suitable for subsequent sintering
process.20 Thus, the wet chemical route is energy and time-
saving, as compared to the conventional SSR. The substitu-
tion of trivalent Gd3þ for divalent Sr2þ not only increases the
carrier concentration,21 but also suppresses the thermal con-
ductivity by increasing the lattice distortions (or point
defects, e.g., V 00

Sr, Gd
�
Sr) due to its difference in mass and

ionic radius between the dopant and the host atom.22 En-
couraged by these results, we used the Gd3þ ion to substitute
for Sr2þ ion, and attempted to optimize the TE performance
of STO-based oxides.

In this study, (Sr0:9Gd0:1)TiO3 (SGTO) powder was
synthesized by a sol–gel method. Sr(NO3)2(99.5%), Gd
(NO3)3 � 6H2O (99.99%), citric acid monohydrated (99.5%)
were dissolved in the de-ionized water. Tetrabutyl titanate
(99%), alcohol and ethylene glycol were blended in the
1:20:1 molar ratio. Subsequently, the mixture was slowly
dropped into the above solution with continuous stirring at
343K, until a viscous sol was formed (Sr:Gd:Ti in the desired
ratios, and the total metal cations:citric acid molar
ratio ¼ 1 : 3). The resultant sol was aged at 343–375K for
one day, and then dried at 453K for 6 h to promote further
polymerization. After removing excess solvents, a deep
brown and porous gel (xerogel) was formed. The SGTO
powder was obtained by calcining the gel at 1223K for 6 h
in air.

The as-prepared SGTO powder was pressed into disc-
shaped pellets, and then treated by cold isostatic pressing
(CIP) at a pressure of 200MPa with a dwell time of 3 min.
These discs were sintered subsequently at different tem-
peratures for 2 h in a flow of Ar gas with 5 Vol.% H2, without
intermediate grinding. In this study, the samples were sin-
tered at 1648, 1673, 1698, 1748 and 1773K, respectively.
The obtained samples were cut into rectangular bars for
measurements of TE properties.

The phase identifications of the samples were investigated
by X-ray diffraction (XRD, Philips X'pert) using a CuKα
radiation. The morphology of the as-prepared powder was
examined using field emission scanning electron microscopy
(FESEM, Sirion 200 FEI). The � and S for the samples were
measured simultaneously using a ZEM-3 equipment (Ulvac
Riko, Inc.) in helium atmosphere. Thermal diffusivity D and
specific capacity Cp were measured by a laser-flash method
(Netzsch, LFA 457) and differential scanning calorimetry
(Netzsch DSC 404F3), respectively. The density λ of the
samples was determined using Archimedes' method and the
total thermal conductivity κ was calculated from the formula
κ ¼ DCpλ.

Figure 1 shows the XRD patterns of xerogel and SGTO
powder calcined at 1223K. No diffraction peak was observed
in xerogel, demonstrating that an amorphous phase was
obtained. After calcination at 1223K in air, the crystalline
phase of the as-synthesized SGTO powder was identified to
be STO (JCPDS No. 35-0734), without any detectable im-
purity peaks, suggesting that Gd3þ ions can be incorporated
into the STO lattice at this calcination temperature. For the
conventional ceramics processing of donor-doped STO, an
intermediated heat treatment in air at 1373–1573K for sev-
eral hours was generally required to obtain well-crystallized
STO phase.6–9 In the present study, pure phase SGTO pow-
der was obtained at a relatively lower temperature. It is be-
lieved that the short-range diffusion path of element during
the sol–gel formation causes the decrease of synthesis tem-
perature. One can see that the aggregated clusters are con-
stituted by submicron-sized particles (as inset in Fig. 1).
Although the aggregations may impact the dispersion of the
SGTO powder, the smaller size with good homogeneity will
have a great effect on the sinterability of the bulks.

Room-temperature XRD patterns of the SGTO samples
sintered at 1648K and 1773K are shown in Fig. 2. Oxygen
vacancies (V ��

O ) were formed due to the reducing atmosphere,
and a corresponding amount of Ti4þ was believed to be re-
duced to Ti3þ to keep the charge equilibrium. It can be seen
that the samples were completely identified as a cubic pe-
rovskite-type structure, indicating that no phase transforma-
tion occurred in the high-temperature sintering process. This
result suggests that the fabrication methods utilized here can
provide an effective way to decrease densification tempera-
ture of STO-based oxides.

Figure 3 shows temperature dependence of electrical
conductivity (�), Seebeck coefficient (S ), PF and total ther-
mal conductivity (κ) for the samples sintered at different
temperatures. One can see that the � for all the samples

Fig. 1. XRD patterns of xerogel and SGTO powders. The FESEM of the
SGTO powders is shown in the inset.
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decreased monotonically and the absolute value jSj increased
with increasing temperature, showing the characteristics of
metallic-like behavior. The carriers can be controlled by in-
troducing V ��

O and substituting trivalent Gd3þ for divalent
Sr2þ, the defect reaction can be written as follows:23

O�
O ! V ��

O þ 2e 0 þ (1=2)O2; (1)

Gd �!Sr-site
Gd�

Sr þ e 0: (2)

The negative values of S confirmed that the conduction
occurs mainly by the donated electrons. It should be noted

that no significant dependence upon the sintering temperature
was shown in S–T curves, suggesting that all samples have a
close carrier concentration n.24 The � for SGTO samples
basically increased with increasing sintering temperature,
especially in the range from 1648K to 1673K, as shown in
Fig. 3(a), which should be mainly ascribed to the increase of
carrier mobility13 due to the enhanced densification and
grown grains (see the FESEM images of the polished and
thermal etched surfaces of the SGTO samples sintered at
1648K and 1773K, respectively, inset of Fig. 2). Thus,
significant increase of the PF values was observed with in-
creasing sintering temperature. Specifically, at room tem-
perature, the value of PF increased from � 1:7μW/K2cm for
the sample sintered at 1648K to � 19:8μW/K2cm for the
sample sintered at 1773K. The maximum PF, � 20:5μW/
K2cm at 370K, is almost the largest value reported for STO-
based polycrystalline bulks. This largest PF should be as-
cribed to the dense microstructure. The increase in κ value for
the samples sintered at temperatures from 1648K to 1773K,
i.e., κ increased from �4.8W/mK to 6.4W/mK at room
temperature and from 2.8W/mK to 3.3W/mK at �1023K,
should be caused by the decrease in the effect of phonon
scattering at grain boundaries and/or pores, which is in line
with the grain growth and densification. On the other hand,
the increase in κ also originated from the increased electronic
thermal conductivity due to increased electrical conductivity
of the high-temperature sintered sample.

Fig. 2. XRD pattern for the sample sintered at 1648K and 1773K. Typical
FESEM images of the SGTO samples sintered at 1648K and 1773K are also
shown in the inset.

(a) (b)

(c) (d)

Fig. 3. Temperature dependence of (a) electrical conductivities, (b) Seebeck coefficients, (c) PFs and (d) total thermal conductivities of SGTO samples sintered
at 1648, 1673, 1698, 1748 and 1773K.
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Temperature dependence of the figure of merit (ZT) for
the SGTO samples is shown in Fig. 4. The ZT increased with
increasing temperature in all cases. The peak ZT values for
the samples sintered more than 1673K were in the range of
0.28–0.30, at �960K. The maximum ZT value for the
sample sintered at 1673K reached 0.3, which was compa-
rable to that of the single Nd-8 or Pr-doped STO9 but larger
than that of Dy-7 or La-doped STO,6 prepared by the con-
ventional SSR process, in the same temperature range. This
result indicates that the fabrication methods, without pul-
verization or mixing repeatedly prior to the final sintering,
provide an effective way to short operating time to synthesize
STO-based TE material with better TE performance. Further
improvement of ZT of STO should be achieved by forming a
solid-solution phase similar to ZnO25 and/or co-doping with
different rare earth ions,26 which could effectively reduce the
κ by enhancing the phonon scattering.

In summary, several TE parameters such as �, S and κ
measured for SGTO ceramics, were prepared by a sol–gel
process and subsequent SSR route. Single phase SGTO
powders were obtained by the sol–gel method at the calci-
nation temperature of 1223K, which is significantly lower
than that of intermediated heat treatment temperature in air
for the conventional SSR process. The TE performances of
the SGTO oxides were optimized by controlling the sintering
temperature. The final ZT values of all the samples showed
similar temperature dependence. A high ZT value of 0.3 was
obtained for the sample sintered at 1673K, which is slightly
larger than that of the single rare-earth-metal-doped STO
prepared by conventional SSR process.
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