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Abstract Ruddlesden-Popper (RP) phase (Sr0.9La0.1)3Ti2O7/xAg (x = 0, 0.05,
0.10, 0.15) are systematically investigated with regard to their phase composition
and thermoelectric transport properties. The XRD results show that all oxide samples
are of two phases and they have layered microstructure. The electrical conductivity
is found to be increased simultaneously. And the absolute Seebeck coefficient de-
creases firstly and then increases Ag addition, which leads to (Sr0.9La0.1)3Ti2O7/xAg
(x = 0.10) sample possesses optimum power factor. The total thermal conductivity
lowers with Ag addition. The dimensionless figure of merit, ZT, reaches 0.12 for
x = 0.10. These results suggest that a proper of metal element Ag addition would be
an effective way improving thermoelectric performance of (Sr0.9La0.1)3Ti2O7 sys-
tem.
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1 Introduction

Thermoelectric materials have been attracted much attention for which can convert
thermal energy to electrical energy [1–3]. Its efficiency was evaluated by the ther-
moelectric figure of merit ZT = S2σT/κ , where S, σ , T , and κ represent absolute
Seebeck coefficient, electrical conductivity, temperature, and thermal conductivity,
respectively. Obviously, a good thermoelectric material should possess a larger See-
beck coefficient S, high electrical conductivity σ , and low thermal conductivity κ .

Recently oxide thermoelectric materials (e.g. Ca3Co4O9, LaCoO3, and SrTiO3)
[4–6] are received much interest because they are environmental friendly and basi-
cally stable at high temperatures. Among them, carrier-doped SrTiO3 is a promising
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candidate of n-type oxide, because it exhibits rather large Seebeck coefficient S [7].
Lanthanum doped SrTiO3 single crystal exhibits high power factor comparable
with that of Bi-Te alloy at room temperature [8, 9]. However, their thermoelectric
performance is still low due to the fact that the κ value of SrTiO3 bulk crystal
(∼12 W/mK) [10] at room temperature is approximately one order of magnitude
larger than that of Bi2Te3 [8]. In order to efficiently reduce the κ value of SrTiO3,
one way is its layered perovskite-type SrO(SrTiO3)n or Srn+1TinO3n+1 (n = integer)
termed as Ruddlesden-Popper (RP) phase [11, 12], which have a layered structure
composed of alternate stacks of rock salt SrO layer and perovskite (SrTiO3)n block
layer along the c-axis. This layer structure can exhibit rather low κ values because
phonon scattering occurs efficiently at the interface between SrO layer and (SrTiO3)n
block layer. Very recently, a proper of Ag added in Ca3Co4O9+δ ceramics resulted
in an increase of the power factor, since Ag could improve electrical connections
between cobaltite grains resulting in a significant increase in σ without largely in-
creasing κ [13, 14]. In addition, according to the reference [15], in the semiconduct-
ing matrix, metallic addition induces band bending which creates a potential barrier.
Such a barrier acts as an energy filter from which low-energy electrons are strongly
scattered, while high-energy electrons remain almost unaffected. This filtering effect
increases the mean energy per carrier resulting in the Seebeck coefficient larger.

Encouraged by these results, we attempt to improve the thermoelectric perfor-
mance for the Ruddlesden-Popper phases (Sr0.9La0.1)3Ti2O7 ceramic by Ag addition.
In this paper, (Sr0.9La0.1)3Ti2O7/xAg (x = 0, 0.05, 0.10 and 0.15) samples have been
prepared by hydrothermal method and heated. Thermoelectric properties have been
measured in temperature range from 250 K to 1050 K, and the effects of Ag addition
on thermoelectric properties (Sr0.9La0.1)3Ti2O7 ceramic have been discussed.

2 Experimental

The (Sr0.9La0.1)3Ti2O7/xAg (x = 0, 0.05, 0.10 and 0.15) composites were synthe-
sized via a hydrothermal method and heated. First, high-purity strontium, lanthanum,
and silver nitrate were dissolved in deionized water and tetrabutyl titanate was dis-
solved in ethanol to form uniform solutions. Subsequently, the latter solution was
added dropwise into the Sr, La, and silver nitrate solution under stirring, and the PH
value of the mixed solution was adjusted to 13 by adding NaOH. After ultrasonic stir-
ring, the solution was transferred into a Teflon autoclave followed by hydrothermal
treatment at 200 ◦C for 48 h. After the autoclave cooled down to room temperature,
the obtained products were washed several times with deionized water and ethanol,
and then dried overnight. And then the products were pressed into compact pellets
and annealed at 1450 ◦C for 4 h in a carbon crucible in the presence of argon gas
with 5 mol% hydrogen.

The phase composition of as-prepared samples were characterized a Japanese
company’s MXP18AHF MARK X-ray diffraction over the 2θ range of 20◦–80◦.
Squares of 10 mm × 10 mm × 2 mm and bars of about 2 mm × 3 mm × 12 mm
were cut and polished from the pressed disks for characterization of the thermo-
electric properties. The electrical resistivity of the sample was measured by a four-
point direct current (DC) current-switching technique, and the Seebeck coefficient
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was measured by a static DC method, using commercial equipment (ZEM-3(M10),
Ulvac Riko, Inc.) in a low-pressure helium environment with temperatures ranging
from 250 K to 1050 K. The thermal diffusivity D was measured using the laser flash
method (Netzsch, LFA 457). The specific heat Cp was determined by a commercial
instrument (Q2000DSC, AmericaTa). The density ρ was measured by Archimedes’
method. The resulting thermal conductivity was calculated from the measured ther-
mal diffusivity D, specific heat Cp , and density ρ from the relationship κ = DρCp .

3 Results and Discussion

The powder X-ray diffraction for (Sr0.9La0.1)3Ti2O7/xAg (x = 0, 0.05, 0.10 and
0.15) are presented in Fig. 1. It can be seen that the (Sr0.9La0.1)3Ti2O7 sample con-
tains single phase and no detectable impurity phase appears, indicating that La is
doped into the lattice without obvious change in the crystal structure. In addition, Ag-
added samples are composed of (Sr0.9La0.1)3Ti2O7 and metallic Ag. Although the
X-ray diffraction peaks (at 2θ = 38.1◦, 44.3◦, 53.8◦ and 64.5◦) of Ag are well over-
lapped with those for (Sr0.9La0.1)3Ti2O7, these peaks become stronger and stronger
with the increasing in Ag content. This indicates these four peaks are well related to
silver, and that Ag precipitates as a second phase in these samples.

Figure 2 shows the temperature dependence of the electrical conductivity σ(T ) for
the compositions of (Sr0.9La0.1)3Ti2O7/xAg (x = 0, 0.05, 0.10 and 0.15) measured
in the temperature range from 250 K to 1050 K. The electrical conductivity decreases
with increasing temperature for all samples in the measured temperatures range,
showing a typical metallic behavior. The electrical conductivity increases slightly
with increasing Ag addition content, the same phenomena has also been observed
in the Ag added in Ca3Co4O9+δ ceramic [16]. This phenomenon can be ascribed
to the two following reasons. On the one hand, Ag addition causes an increase in
carrier concentration, and, on the other hand, Ag can act as electrical connections
between (Sr0.9La0.1)3Ti2O7 grains. As a result, the electrical conductivity for the

Fig. 1 XRD patterns of
(Sr0.9La0.1)3Ti2O7/xAg
(x = 0, 0.05, 0.10 and 0.15)
compounds at the room
temperature
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Fig. 2 Temperature dependence
of the conductivity σ(T ) of the
compound
(Sr0.9La0.1)3Ti2O7/xAg
(x = 0, 0.05, 0.10, and 0.15)

Fig. 3 Temperature dependence
of Seebeck coefficient S(T ) of
the compound
(Sr0.9La0.1)3Ti2O7/xAg
(x = 0, 0.05, 0.10, and 0.15)

(Sr0.9La0.1)3Ti2O7/xAg (x = 0, 0.05, 0.10 and 0.15) compounds is enhanced with
increasing Ag content.

The temperature dependence of Seebeck coefficient S of the (Sr0.9La0.1)3Ti2O7/
xAg (x = 0, 0.05, 0.10 and 0.15) composites is shown in Fig. 3. The Seebeck coeffi-
cient for all samples is negative in the measured temperature range, which indicates
that the dominant carriers are electrons. In addition, the absolute Seebeck coefficient
|S| for (Sr0.9La0.1)3Ti2O7/xAg increases monotonically with increasing temperature
showing a metallic behavior, which is accordance with the electrical conductivity
behaviors as shown in Fig. 2.

The absolute Seebeck coefficient |S| of the composites increases with Ag con-
tent from x = 0 to 0.10, and then decreases when Ag content reaches to 0.15, as
shown in Fig. 3. According to the reference [15], a potential barrier will appear in-
duced by band bending when metallic addition in the semiconductor matrix. Such a
barrier acts as an energy filter from which low-energy electrons are strongly scat-
tered, while high-energy electrons remain almost unaffected. This filtering effect
increases the mean energy per carrier resulting in enhanced |S|. Therefore, in our
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Fig. 4 Temperature dependence
of power factor PF of the
compound
(Sr0.9La0.1)3Ti2O7/xAg
(x = 0, 0.05, 0.10, and 0.15)

samples (Sr0.9La0.1)3Ti2O7 matrix, Ag addition maybe induce the filtering of low
energy carriers at the matrix/inclusion interfaces, resulting in the enhancement of
|S| from x = 0 to 0.10. However, it can be noticed that with a further increase in
Ag content, |S| decreases as shown in Fig. 3. As indicated in the reference [15],
the contribution of island scattering becomes the dominant factor for the larger
values of interface potential, and Seebeck coefficient S will saturate when inter-
face potential reaches a certain value. However, for our sample x = 0.15, Ag par-
ticles may be clustered, the voltage between (Sr0.9La0.1)3Ti2O7 particles, which are
bridged via the clustered Ag particles, becomes smaller correspondingly, as a re-
sult, Seebeck coefficient S becomes smaller comparing with that for x = 0.10. So,
when Ag content increases from x = 0.10 to 0.15, Seebeck coefficient |S| becomes
smaller.

Based on the above result, the PF (power factors) are calculated from S2σ , and
are presented in Fig. 4. With temperature increasing, PF firstly increases and reaches
a maximum at 850 K, then decreases slightly with further increasing of tempera-
ture. Obviously, the general trend of temperature dependence does not changed by
the Ag addition. The maximum of power factor values for x = 0, 0.05, 0.10, and
0.15 samples are 218 μW/K2 m, 240 μW/K2 m, 315 μW/K2 m and 275 μW/K2 m,
respectively. The x = 0.10 sample exhibits the highest power factor. This is result
of the effectively increasing of electrical conductivity while increasing the Seebeck
coefficient by Ag addition from x = 0 to 0.10 as discussed before. With increasing
Ag content to x = 0.15, the PF values decreases, which is ascribed to the decrease of
the Seebeck coefficient as shown in Fig. 3.

The temperature dependence of the total thermal conductivity is shown in Fig. 5(a)
in temperature range from 250 K to 1050 K. The total thermal conductivity decreases
with increasing temperature in the whole measurement temperature range. The higher
the Ag content, the lower the total thermal conductivity. In our samples, Ag nanoin-
clusion becomes scattering centers in matrix SrTiO3 to reducing thermal conduc-
tivity. Similar phenomena have been observed by adding TiO2, mesoporous silica,
titanate nanotube [17–19].



J Low Temp Phys (2013) 173:80–87 85

Fig. 5 Temperature dependence
of total thermal conductivity
κ(T ) and electronic thermal
conductivity κe(T ) of the
compound
(Sr0.9La0.1)3Ti2O7/xAg
(x = 0, 0.05, 0.10, and 0.15)

(a)

(b)

The total thermal conductivity consists of a lattice contribution κp and a contribu-
tion from electrons, κe, i.e. κ = κp + κe . Usually, the electronic thermal conductivity
κe is calculated from Wiedemann–Franz law as κe = LT σ , here L is Lorentz number,
and L = 2.44 × 10−8 V2 K−2 for free electrons. The relation between the electronic
thermal conductivity and temperature is shown in Fig. 5(b). It can be seen that κe

increases with increasing Ag content, which is ascribed to the increase of electrical
conductivity as discussed in Fig. 4. Comparing with the total thermal conductivity,
the electronic thermal conductivity is very small, which indicates that total thermal
conductivity come mainly from the phonon scattering.

Temperature dependence of the dimensionless figure of merit ZT is shown in Fig. 6
for different Ag addition. It can be seen that ZT value for all samples increase with
increasing temperature, and Ag addition enhances the figure of merit. The maxi-
mum figure of merit for x = 0, 0.05, 0.10 and 0.15 samples are 0.06, 0.08, 0.12
and 0.09, respectively. The (Sr0.9La0.1)3Ti2O7/xAg (x = 0.10) sample showed the
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Fig. 6 Temperature dependence
of ZT for the compound
(Sr0.9La0.1)3Ti2O7/xAg
(x = 0, 0.05, 0.10, and 0.15)

largest ZT values among all the samples due to the large power factor as shown in
Fig. 5.

4 Conclusions

We reported the thermoelectric properties for (Sr0.9La0.1)3Ti2O7/xAg (x = 0, 0.05,
0.10 and 0.15) composites fabricated by hydrothermal method and heated. The
results indicated that Ag addition caused an increase in the electrical conductiv-
ity for owing to an increase in carrier concentration. With Ag addition, Seebeck
coefficient |S| increases and then decreases. The total thermal conductivity for
(Sr0.9La0.1)3Ti2O7/xAg (x = 0, 0.05, 0.10 and 0.15) samples decreased with an in-
crease in Ag content due to enhanced scattering of phonons. The maximum value
of the figure of merit reached 0.12 for x = 0.10 sample, showing that Ag addi-
tion is a promising approach for enhancement of the thermoelectric performance for
(Sr0.9La0.1)3Ti2O7.
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