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Thermoelectric figure of merit enhancement of solid solutions based

on SrTiO3 by mechanical activation
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The influence of high-energy mechanical activation on the thermoelectric properties of polycrystalline

Dy0.075Sr0.925Ti1−xPxO3 (x = 0, 0.01, 0.025) samples has been studied. The synthesized solid solutions have a

negative Seebeck coefficient, increasing almost linearly in absolute value with increasing temperature. For all

samples, a change in the type of electrical conductivity from semiconductor to metallic is observed. A comparative

analysis of the results obtained in the temperature range of 300−800K showed a significant decrease in

electrical resistivity with a slight change in the Seebeck coefficient, increasing the thermoelectric power factor

to 12.2 µW/(cm · K2) at x = 0. Despite the increase in thermal conductivity measured at temperature 300−673K,

thermoelectric figure of merit ZT of mechanically activated samples at T = 670K is higher than that of those

not subjected to mechanical activation. The value of figure of merit ZT = 0.31 obtained for x = 0 is one of the

highest reported in the literature for thermoelectrics based on SrTiO3 at this temperature. Replacing titanium with

phosphorus does not improve thermoelectric characteristics. A tendency towards a decrease in electrical resistance

and an increase in thermal conductivity as a result of mechanical activation is observed for all studied samples.
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1. Introduction

For a long time the researchers pay attention to appli-

cability of compounds based on strontium titanate (STO)
as mixed ion-electron conductor in the modern solid-state

ion devices [1], as anode materials for solid-oxide fuel

elements [2–6] and oxide thermoelectrical materials of the

n-type in devices of conversion of thermal energy in air for

the average temperatures (up to 800K) [7–10].
In order to improve efficiency of transformation of

thermal energy into electrical one characterized by Q factor

ZT = S2σT/κ, where S — Seebeck coefficient, σ —
electrical conductivity, κ = κe + κl — thermal conductivity

(κe and κl — electron and lattice thermal conductivity,

respectively), T — absolute temperature, approaches

are applied, which are related to increasing the power

factor P = S2σ and attempts of decreasing the thermal

conductivity κ by creating additional scattering phonons via

substituting in the positions A or B of the STO perovskite

structure with various rare earth elements [11–14], joint

doping on the node A and B [15], creating cation and

oxygen vacancies [16–18], adding other phases [19],

introducing metal inclusions into the sample matrix [20,21]
and changing the sample morphology with various synthesis
methods and nanostructuring [22,23].
Analysis of the X-ray diffraction data and thermoelectric

parameters shows that the best thermoelectric properties of

the compounds R1−xSrxTiO3 (R — the rare-earth metal)
are observed at a doping level x from 0.05 to 0.1. In
this case the samples are single-phase ones and have a

cubic or tetragonal perovskite structure. The increase in the

content of a rare-earth metal results in appearance of the

additional phase of the pyrochlore type R2Ti2O7 [24,25],
thereby resulting in degradation of electrical conductivity

and the power factor. The thermoelectrical properties of the
rare-earth strontium titanates are substantially affected by

process synthesis modes [26]. The study [22] has shown that

change of a time of annealing in a reducing atmosphere the

air-synthesized Sr0.9Ln0.1TiO3 significantly affects the value

of thermoelectrical Q factor. At the same time, there is
optimum time of annealing, at which the values ZT and P
get the maximum at the minimum thermal conductivity.

Substitution of titanium with Nb5+ which acts as an electron

donor [27], results in increase in the number of the charge
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Lattice constants of the main phase and the content of the impurity phases of pyrochlore Dy2Ti2O7 (ICDD PDF 04-010-2183) and

phosphate Sr3Dy (PO4)3 (ICDD PDF 00-029-1299) in the samples Dy0.075Sr0.925Ti1−xPxO3

Dy0.075Sr0.925Ti1−xPxO3 a c V
Content, mass%

Dy2Ti2O7 Sr3Dy(PO4)3

x = 0 5.5119(3) 7.8055(6) 237.14(3) 0.6 −

x = 0.025 5.5161(2) 7.8071(2) 237.55(2) 1.2 1.6

x = 0 (m/a) [31] 5.5214(2) 7.8128(6) 238.18(3) 9.6 −

carriers and, respectively, increase in electrical conductivity.

The similar effect of increased electrical conductivity has

been obtained for perovskite SrCoO3−δ when substituting

Co3+ with non-metallic phosphorus P5+ [28].
The present study has investigated the thermoelectrical

properties of Dy0.075Sr0.925Ti1−xPxO3 (x = 0, 0.01, 0.025),
examined the method of improving the thermoelectric

Q factor by high-energy mechanical activation of the

compounds based on strontium titanate and comparatively

analyzed the thermoelectrical properties of the mechanically

activated and non-mechanically activated samples.

2. Experimental part

The samples Dy0.075Sr0.925Ti1−xPxO3 (x = 0, 0.01,

0.025) were made of a stoichiometric quantity of high-

pure oxides TiO2, Dy2O3, strontium carbonate SrCO3

and ammonium dihydrogen phosphate NH4H2PO4 as

follows. The non-mechanically activated samples were

synthesized by a standard ceramic technique: thorough

mixing of the initial reagents in an agate mortar using

ethanol, annealing of the obtained mixture at T = 1373K,

trituration, pressing the annealed mixture into tables with

subsequent annealing at the same temperature for 12 h.

The cycle of trituration-pressing-annealing was repeated

twice. The tablets T = 1473K were finally synthesized

for 24 h (DSTPO). Then, a part of the synthesized tablets

was again triturated and subjected to high-energy grinding

(mechanical activation) in ethanol to nanometer sizes in a

planetary micromill (Pulverisettte 7 premium line Fritsch

GmbH, Germany) using a grinding jar and tungsten carbide

balls of the diameter of 3mm. After alcohol evaporation,

the obtained powder was pressed into the tables, which

were annealed at T = 1473K for 24 h (DSTPO-m/a). In

order to obtain the temperature dependences of resistivity

and the Seebeck coefficient, bars 5× 14× 1.5mm were

cut, and thermal conductivity was studied using discs of

the diameter of 14 ± 1mm. Prior to the measurements,

all the samples were reduced in a flow of the mixture 5%

H2−He as per the program: heating to 1573K at the rate

of 6◦/min, holding at 1573K for 1 h, cooling in the flow of

H2−He to room temperature.

The surface morphology and degree of crystallinity of the

obtained samples were visualized using the scanning elec-

tion microscope (SEM) JEOL JSM-7001F. The SEM-studies

were performed in an electron microscopy laboratory of

Collective Use Center of Siberian Federal University.

The temperature dependences of the Seebeck coefficient

and resistivity were obtained in an original experimen-

tal plant similar to [29] within the temperature range

300−800K. The relative error of measurement of the See-

beck coefficient was 5%, so was that of resistivity — 2%.

The thermal conductivity of the samples was measured at

the temperatures 300−673K using a thermal conductivity

meter IT-λ-400.

3. Results and discussion

The data of X-ray diffraction analysis of the samples

Dy0.075Sr0.925Ti1−xPxO3 (DSPTO-m/a) show that in the

sample with x = 0 the main phase is tetragonal perovskite

with a small amount of pyrochlore Dy2Ti2O7 (ICDD
PDF 04-010-2183). In addition to pyrochlore, the sample

with x = 0.025 has also exhibited additional reflexes, which

correspond to the mixed phosphate Sr3Dy (PO4)3 (ICDD
PDF 00-029-1299) (Figure 1, Table). The diffraction

pattern of the sample with x = 0 is characterized by
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Figure 1. Diffraction patterns of the samples

Dy0.075Sr0.925Ti1−xPxO3 with x = 0 (red) and x = 0.025

(black). It additionally marks the reflexes of the impurity phases

Dy2Ti2O7 (∗) and Sr3Dy (PO4)3 (—).
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pronounced asymmetry of the reflexes, which is almost

absent in the sample with x = 0.025, which can correspond

to heterogeneity of the composition. This heterogeneity

may results from a process of transition of initially-formed

pyrochlore Dy2Ti2O7 into perovskite with increasing the

quenching time. The reduction of the content of pyrochlore

in the sample is accompanied by noticeable reduction of

the lattice constants a, c and a volume of the lattice cell V ,

which well agrees with the large size of the cation Sr2+

in comparison with Dy3+ [30]. This trend also comprises

the published results for the sample Dy0.075Sr0.025TiO3 [31],
which contains 9.6mass% pyrochlore (Table).
Figure 2 shows the micropicture of the nanoscale powder

DSTPO-m/a obtained as a result of mechanical activation of

the formed bulk perovskite DSTPO. Most of the particles are

characterized by no faceting, thereby indicating that these

particles are agglomerates that are formed from smaller

particles as a result of alcohol evaporation after grinding.

At the same time, the image shows that the composition of

the evaporated powder also includes bigger clearly-faceted

grains with the sizes exceeding 100 nm. As a result of

annealing, the particle size increases, wherein the size of

the grains of the DSTPO samples is significantly higher than

DSTPO-m/a (Figure 3, a, b).
The increase in the annealing time of the samples

results in stabilization of the DSTPO samples demonstrating

reversibility of the resistivity temperature dependences in

the heating-cooling modes in the helium atmosphere (the
helium purity is 99.999%) unlike the samples investigated

in our previous study [31]. At the same time, in the

transition semiconductor−metal area, resistivity becomes

somewhat less both for DSTPO and the mechanically

activated DSTPO-m/a samples, whereas the temperature

dependences of the Seebeck coefficient in the studied

temperature area become almost linear. The temperature

dependences of resistivity ρ(T ) of the samples DSTPO and

DSTPO-m/a (Figure 4, a) demonstrate standard behavior

for substituted rare-earth strontium titanates [7,28]. Below

a certain transition temperature (TT), there is evidently a

semiconductor type of conductivity, i. e. ρ decreases with

the temperature increase, while above the TT, the type of

conductivity is change to the metal one and resistance lin-

early increases with the temperature increase. At the same

time, resistance of the mechanically activated DSTPO-m/a

is significantly lower than for the DSTPO samples, and

the TT is shifted into the area of the lower temperatures

almost by 150 degrees. We have also observed significant

reduction of resistivity as a result of mechanical activation

on the compounds Sr1−xRxTiO3−δ in the studies [25,31].
It could be expected that addition of phosphorus P5+

would contribute to improvement of the thermoelectric

parameters. In accordance with a Kreger–Vink record

form for Dy0.075Sr0.925(Ti
4+
1−x−yTi

3+
y P5+

x )O3, substitution of

titanium with phosphorus can increase the content of

Ti3+, resulting in appearance of additional charge carriers

similar to substitution of Ti4+ with Nb5+ [26,32,33] and,

respectively, in improvement of electrical conductivity of

100 nm

Figure 2. SEM-image of the nanoscale powder

Dy0.075Sr0.925Ti1−xPxO3 after high-energy grinding and evapo-

ration.

1 mm

a

b

1 mm

Figure 3. SEM-images of the surface of the samples

Dy0.075Sr0.925Ti1−xPxO3, which are not mechanically activated

(DSTPO) (a) and mechanically activated (DSTPO-m/a) (b).

the samples. Thus, as per the study [28], addition of 5%

phosphorus to the composition of the compound SrCoO3

has improved conductivity and stabilized the structure.

Besides, the value of lattice thermal conductivity could have

been reduced due to additional scattering of phonons on

the structure disorder caused by a difference in weights (the
molar weight of phosphorus 30.974 g/mol, that of titanium

47.956 g/mol) and in ionic radii (Ti3+ — 0.67 Å, P5+ —
0.38 Å [30]) for titanium and phosphorus.

However, the temperature dependences of the substituted

compounds Dy0.075Sr0.925Ti1−xPxO3 (x = 0.01, 0.025)
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Figure 4. Temperature dependence of resistivity ρ(T ) of

the samples Dy0.075Sr0.925TiO3 (a) and Dy0.075Sr0.925Ti1−xPxO3 at

x = 0.01, 0.025 (b). Hereinafter, empty symbols correspond to

the non-mechanically activated samples (DSTPO), so do the solid

symbols — to the mechanically activated ones (DSTPO-m/a).

(Figure 4, b) show significant increase in resistivity of

the samples with increase in the phosphorus content.

The increase in resistance can be related to the impurity

phases of phosphate of Dy and pyrochlore, which are

present in the sample doped with phosphorus similar to the

study [31]. Probably, appearance of the additional centers of
scattering due to substitution of titanium with phosphorus

becomes a factor resulting in increase in resistance similar

to substitution of titanium with thallium, as described in

the study [34].
The temperature dependences of the Seebeck coefficient

S(T ) (Figure 5) for all the samples are almost linear,

the absolute values |S| increase with increase in the

temperature. The negative values of S indicate an electron

n-type of conductivity. Despite the fact that at the room

temperature |S| of the DSTPO-m/a samples is somewhat

higher that for DSTPO, with increase in the temperature,

near 800K the value of S(T ) is almost the same for the

activated and non-activate samples at x = 0 and x = 0.01

(Figure 5, a, b). For x = 0.025, vice versa, at the room

temperature the values of S(T ) are the same, and with

increase in the temperature they diverge (Figure 5, b). At

the same time, for the activated DSTPO-m/a (x = 0.025)
the absolute value |S| exceeds that for DSTPO. Thus,

mechanical activation somewhat increases the Seebeck

coefficient within the temperature range 300−800K.

The significant reduction of resistivity and weak influ-

ence of mechanical activation on behavior of the Seebeck

coefficient result in substantial increase in the thermo-

electrical power factor (Figure 6). For the compound

Dy0.075Sr0.925TiO3 the power factor of the P DSTPO-m/a

sample is in 2.5 times higher than for DSTPO (Figure 6, a).
With increase in the temperature, there is evidently a trend

of plateauing of the dependences P(T ), wherein this trend

is most pronounced for the mechanically activated samples.

Probably, with further increase in the temperature, there

will be reduction of P similar to the dependences P(T ) of

the studies [14,22,27]. The dependences P(T ) of Figure 6, b
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Figure 5. Temperature dependence of the Seebeck co-

efficient S(T ) of the samples Dy0.075Sr0.925TiO3 (a) and

Dy0.075Sr0.925Ti1−xPxO3 at x = 0.01, 0.025 (b).
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and Dy0.075Sr0.925Ti1−xPxO3 at x = 0.01, 0.025 (b).
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Figure 7. Temperature dependence of thermal conductivity coef-

ficient κ(T ) for the samples Dy0.075Sr0.925Ti1−xPxO3 (x = 0; 0.01).

demonstrate the reduced power factor with increase in the

doping level.

Although, the study [8] has shown reducibility of the ther-

mal conductivity in the nanostructured samples as a result

of additional scattering of phonons at the grain boundaries,

the measurements performed within the temperature range

300−673K show that high-energy mechanical activation

significantly increases thermal conductivity κ (Figure 7).
The DSTPO thermal conductivity (x = 0) is somewhat

less than that of [7] for the compound Sr0.9Dy0.1TiO3, which

is most likely related to a different level of substitution with

the rare-earth metal. At the same time, the DSTPO-m/a

thermal conductivity (x = 0) is numerically close to the data

obtained in the study [22].
The increase in thermal conductivity and electrical con-

ductivity due to mechanical activation processing is related

to the fact the DSTPO-m/a samples have almost no grain

boundary. The mechanically activated samples are a

single polycrystalline
”
sponge“ with well-coalesced grains
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Figure 8. Temperature dependence of the electron κe (a)
and the lattice κl (b) thermal conductivity of the samples

Dy0.075Sr0.925Ti1−xPxO3 (x = 0; 0.01).

4 Physics of the Solid State, 2024, Vol. 66, No. 3



354 Yu.S. Orlov, S.N. Vereshchagin, L.A. Solovyov, A.A. Borus, A.V. Nikitin, M.V. Bushinsky, S.M. Zharkov...

T, K

Dy Sr Ti P O0.075 0.925 1 – x x 3

300 400 500 600

x = 0

x = 0.01

Z
T

0.10

0.20

0.35

0.25

0.15

0.05

0

350 450 550 650

,

,
0.30

Figure 9. Temperature dependence of the dimensionless ther-

moelectrical Q factor ZT for the samples Dy0.075Sr0.925Ti1−xPxO3

(x = 0; 0.01). The bars designate an error of the measurements.

(Figure 3, b). Despite the fact that the grain size of the

DSTPO samples is significantly higher than for DSTPO-m/a,

they have clear pronounced boundaries therebetween (they
look like cracks, Figure 3, a), so the electron and phonon

transport is hampered in them.

Figure 8 shows the lattice κl and electron κe

components of thermal conductivity, which are cal-

culated using the Wiedemann–Franz law (κe = LT/ρ,
L = 2.45 · 10−8 W · Ohm/K2 — the Lorentz number). The
lattice component of thermal conductivity dominates at

all the temperatures and decreases with increase in the

temperature, wherein the electron component of ther-

mal conductivity is higher for the mechanically activated

samples, too.

The thermoelectrical dimensionless Q factor ZT that is

calculated from the obtained experimental data is shown on

Figure 9. Although, thermal conductivity of the DSTPO-m/a

is higher than for DSTPO, the high Q factor P allows

obtaining quite high values of ZT at T = 673K for them.

Based on the literature data, the best values of ZT near

673K for the samples based on the rare-earth strontium ti-

tanates are about 0.24 [9,13], 0.33 [19], 0.35 (at 500K) [35].
In our case, at T = 673K ZT = 0.31 is obtained, which is

one of the highest values of thermoelectrical Q factor, which

are reported for any thermoelectric based on SrTiO3 at this

temperature.

4. Conclusion

The present study has synthesized a series of the

samples Dy0.075Sr0.925Ti1−xPxO3 (x = 0, 0.01, 0.025) both

by the standard ceramic technique and from the nanoscale

powder obtained by high-energy mechanical activation. The

obtained temperature dependences of the thermoelectric

parameters within the temperature range 300−800K have

been comparatively analyzed to show substantial reduction

of resistivity with insignificant change of the Seebeck

coefficient and increase in thermal conductivity of the me-

chanically activated samples. The thermoelectrical Q factor

ZT of the mechanically activated samples at T = 670K is

almost in two times higher than those without mechanical

activation. The value of Q factor ZT = 0.31 obtained for

x = 0 is one of the highest ones reported in the literature

for the thermoelectrics based on SrTiO3 at this temperature.

And it still has a tendency to grow with increase in the

temperature, so mechanical activation can be considered

as a method of increasing Q factor of this class of the

materials. It should be noted that the temperatures of

synthesis (1473K) and reduction of the samples (1573K)
are significantly lower than those usually given in the

literature (1673−1773K).
The substitution of titanium with phosphorus does not

improve the thermoelectric characteristics, but it confirms

a trend of reduction of electric resistance and increase in

thermal conductivity due to mechanical activation, which is

observed for all the studied samples.

The literature data have been analyzed to show that in

order to achieve the maximum values of thermoelectric

Q factor for the compounds based on strontium titanates,

it is important to select the substituting rare earth ele-

ment [36], find an optimum time of sample annealing in the

reduction atmosphere [22], and to determine an actual size

of the initial nanoparticles [37], the methods of pressing [38]
and annealing [39].
Together with the results of this study, accurate selec-

tion of the optimum conditions at all stages of sample

preparation will most likely allow additionally improving the

Q factor value of these promising thermoelectric materials.
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