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ARTICLE INFO ABSTRACT

Temperature dependences of the electrical resistivity and Seebeck coefficient of the Reg »Srg sCoO3_s Re = Gd,
Dy) complex cobalt oxides in the temperature range of 300 — 800K have been investigated. The effects of
ordering in the cation and anion sublattices on the thermoelectric properties has been examined and their
comparative analysis has been made. It was found that, in the investigated temperature range, the thermoelectric
power factor of the ordered compounds significantly exceeds the analogous parameter of the disordered samples.
The temperature dependence of the electrical resistivity was shown to obey the activation law. As the tem-
perature increases, the samples undergo a semiconductor-semiconductor electronic transition with a decrease in
the activation energy. The thermoelectric properties of all the samples are shown to be stable in the investigated
temperature range. The maximum thermoelectric power factor of the ordered Dy »Sry gC00, 6, cobaltite at a
temperature of 360 K has been obtained; it amounts to 0.23 uW/(cm‘K?), which is a good parameter for this class
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of materials.

1. Introduction

The main characteristic of the properties, quality, and application
efficiency of a thermoelectric material is the thermoelectric efficiency
Z = S%0/% (S is the Seebeck coefficient (also known as thermopower), o
is the electrical conductivity, and x is the thermal conductivity) with
the reciprocal temperature dimensionality [1]. The most commonly
used dimensionless parameter is the thermoelectric Q factor ZT
= (S%0T/x) (T is the absolute temperature), which determines the ef-
ficiency of a thermoelectric converter or the refrigeration efficiency of a
thermoelectric cooler and makes it convenient to compare different
thermoelectric materials.

Another important parameter is the power factor P = S%0 de-
termined by the electronic properties of a material, including thermo-
power S and electrical conductivity o. If the specific power of energy
conversion is more important than the efficiency, the high power factor
is of greater importance for application than the thermoelectric con-
version efficiency Z.

Recently, much attention has been paid to oxide materials [2], since

they are stable against high temperatures, nontoxic and, as a rule,
contain no rare elements. Among the oxides promising for application
are several groups of cobaltites, including Bi,Sr,Co,0, whiskers (S =
300 uV/K at 973K, ZT > 1.1) [3,4], layered Na,Co,04 [5], misfit-
layered [M,A;Ox . 2],[CoO,] (M = Co, Bi, Tl; A = Ca, Sr,Ba;m = 0, 1,
2; y = 0.5) [6,7] cobalt-oxide systems, and Ln;_.A.Co;.,M;O3.5 (Ln is
the lanthanide, A is the alkali or alkaline earth metal, and M is the
transition metal) compounds with a perovskite-like structure [8-13]. As
strongly correlated electron systems, the Ln;.,A,Co;,M,035 com-
pounds also of great interest for fundamental research [14]. The rare-
earth cobalt oxides are characterized by the competition of the Co®*
ion spin states, which leads to the orbital and magnetic ordering and
affects the magnetic, electrical, and structural properties of the mate-
rials [15-19].

During the Ln;_,Sr,CoO5.s perovskites formation, different equili-
brium distributions of Sr?* and Ln®* ions can be established, de-
pending on the ratio between ionic radii of the cations. For the Ln
= {La-Nd} elements, the structure with a completely disordered dis-
tribution of Sr**/Ln®* cations over the A sites of the ABO; perovskite
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structure is stable at all temperatures. If the substitute radius is smaller
than the Nd®* ion radius, the disordered perovskites exist at high
temperatures; in the low-temperature region, the structure with the
ordered Sr>* and Ln®* cations and anionic vacancies is stable [20]. The
disordered Ln;_,Sr,CoO3s perovskites can be obtained in the form of
metastable phases by quenching the high-temperature states [21]. We
synthesized the ordered and disordered Reg »Sro gC00O3.5 Re = Gd, Dy)
polycrystalline samples and studied the behavior of the electrical re-
sistivity and Seebeck coefficient of the Reg »Srg gC003.5 Re = Gd, Dy)
complex cobalt oxides in the temperature range of 300-800 K.

2. Experimental methods
2.1. Synthesis

To obtain the Reg 5Srg §C003 5 Re = Gd, Dy) polycrystalline samples
ordered (ReSC-ord) and disordered (ReSC-dis) over the A sites of the
perovskite crystal structure, we used a standard ceramic technology
with multiple sintering and grinding of the annealed charge consisting
of the Gd,05 and Co30,4 oxides and strontium carbonate SrCO5 [21,22].
No additional annealing at 773 K for oxygen saturation of the samples
[23] was performed.

The oxygen non-stoichiometry was determined on a NETZSCH-
STA449C analyzer equipped with an Aeolos QMS 403 C mass spectro-
meter. The measurements were performed in the 5% H,-Armixture flow
in a corundum crucible with a perforated cover (the sample mass was
22 + 0.5mg). The oxygen content in the Gdg.SrggCoOss and
Dy(.Srg.8C003 5 samples was determined from a decrease in the sample
mass upon reduction, similarly to the procedure described in [24] using
the technique from [25].

The X-ray diffraction study was carried out on a PANalyticalX'Pert
PRO powder diffractometer (Netherlands, CoKa) in the 26 angular
range of 10-120°. The crystal lattice parameters were determined from
the positions of diffraction maxima [26]; the crystal structure was re-
fined using the X-ray diffraction pattern full profile by the Rietveld
technique [27] and Derivative Difference Minimization (DDM) method
[28].

The temperature dependences of the Seebeck coefficient and electrical
resistivity were obtained on an experimental setup for thermopower
and resistivity measurements [29] at the Ioffe Physicotechnical In-
stitute, Russian Academy of Sciences.

3. Results and discussion

The formation of ordered/disordered structures depends on the rate
of cooling from a synthesis temperature of Ty = 1473 K. Upon slow
cooling from T; at a rate of up to 2 deg/min, a cation-ordered ReSC-ord
Re = Gd, Dy) perovskite structure forms; if the cooling rate exceeds
30 deg/s (quenching), a disordered ReSC-dis structure is obtained.

The disordered ReSC-dis structure represents a cubic perovskite
phase with a random uniform distribution of Sr>*/Re>* ions over the
crystal lattice with the formation of a metastable single-phase material
with the cubic structure. The ordered ReSC-ord structures are char-
acterized by the formation of a low-symmetry phase due to the partial
ordering of Sr**/Re®** cations and anionic vacancies, which can be
observed as additional superstructural reflections in the X-ray diffrac-
tion patterns. Typical ReSC-dis and ReSC-ord Re = Gd, Dy) X-ray dif-
fraction patterns are shown in Fig. 1 and Fig. S1 of the Supplementary
Materials.

According to the determined oxygen non-stoichiometry index, we
may assume the oxygen deficiency to be the same in the samples with
the same ordering within the measurement error. The main properties
of the samples are given in Table 1.

The electrical resistivity and thermopower were measured on the
samples in the form of rectangular parallelepipeds (1-2) x 5 x (13-15)
mm in size in the temperature ranges of 300-700 K for Gdg »Sry gC003_5
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Fig. 1.X-ray diffraction patterns of the Rep,SrgsCoO35 samples.
Superstructural reflexions of the tetragonal perovskite are denoted by indices:
(1) Gdp2SrogCo035 (GSC-ord), (2) Gdg2SrogCo035 (GSC-dis), (3)
Dy(.2S10.8C003.5 (DSC-ord), and (4) Dy, 2Sro sC003.5 (DSC-dis).

and 300-800K for Dy SrggCo0O35 in the inert atmosphere (He,
99.999%). To study the stability of the samples in the high-temperature
region, the measurements were performed during the heating-cooling
cycles and the temperature dependences were compared. None of the
investigated samples showed significant discrepancies between the
temperature dependences of the electrical resistivity and thermopower
in the heating-cooling cycle, which is indicative of their high stability.
The dependences qualitatively correspond to the semiconductor con-
ductivity type dpo/dT < 0 over the entire temperature range (Fig. 2).

The electrical resistivity values for the Gdg,SrpgCoOss and
Dyo.2ST0.sC005.5 samples with the Re**/Sr’* ions and oxygen va-
cancies ordered over the A sites are significantly different from the
parameter of the samples with a random uniform distribution of the
Re3*/Sr** ions. Because of the absence of additional annealing at
773 K, the oxygen content in the disordered samples is much lower than
in the ordered samples and the oxygen non-stoichiometry index § of the
GSC-dis samples (8 = 0.42) significantly exceeds a value of 6 = 0.29
obtained in our previous work [24]. This also explains the discrepancy
between the resistivities for GSC-dis at T = 300K p = 40 mQ/cm in
[24] and p = 840 mQ/cm obtained in this study. Due to the lower
oxygen mobility in the ReSC-ord samples [21,30], additional annealing
in air at 773 K does not affect the § value.

The temperature dependences of the electrical resistivity demon-
strate that the electrical resistivity of the GSC-dis rapidly decreases with
increasing temperature and, around T = 600 K, becomes lower than the
value for GSC-ord (Fig. 2a), while the DSC-dis resistivity is significantly
higher than that of the DSC-ord samples over the entire temperature
range (Fig. 2b).

According to the results of the earlier studies on the low-tempera-
ture electrical resistivity of substituted cobaltites, the conductivity
mechanism changes from variable range hopping (VRH) for thermo-
activation with increasing temperature [24]. Fig. 3 shows reciprocal
temperature dependences of the resistivity logarithm for the samples at
high temperatures. For all the samples, the In p(1/T) curves contain the
portions 300 < T < 400K (portion HT1) and 500 < T < 800K
(portion HT2), which are described well by the linear dependence
p(T) = py-exp(E,/kgT), where p, is the coefficient weakly dependent on
temperature, E, is the activation energy, kg is the Boltzmann constant.
As the temperature increases, the activation energy lowers. Thus, the E,
value for the GSC-dis and DSC-dis compositions in portion HT2 is twice
as small as in portion HT1, while for the GSC-ord and DSC-ord samples,
the E, value decreases by an order of magnitude (Table 2). In the in-
termediate temperature range, the In p(1/T) curves demonstrate the
change in the slope angle, which is indicative of the change in the E,
value. These changes can be clearer seen in the temperature
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Table 1
Structure and oxygen non-stoichiometry index 8 for the Re »SrggC003 5 Re = Gd, Dy) samples at room temperature.
Sample 8 State Lattice a, A b, A c, A
Gdg.2Srp.8C003.5 0.42 + 0.01 disordered cubical 3.8342 (6)
Gdg »S10.8C003.5 0.37 = 0.01 ordered tetragonal 7.6785(2) 15.3981 (5)
Dyo.2510.8C003.5 0.43 = 0.01 disordered cubical 3.8355
Dyo.2510.8C003.5 0.37 = 0.01 ordered tetragonal 7.6754 15.365
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Fig. 2. Temperature dependences of the resistivity for (a) the Gdg »Sr.gC003.5 and (b) Dy »Sr.8C003.5 compounds upon heating and cooling.
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Fig. 3. Reciprocal temperature dependences of the resistivity logarithm for (a, b) the ordered and disordered Gdy Sr(.§C00s.y; and (c, d) Dy 2Sr¢.sC003., compounds.
Black straights show the thermo-activation law processing. Insets: temperature dependences of the activation energy. The temperatures of the electronic transitions
are shown by arrows and dashed lines.
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Table 2
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Parameters of thermoactivation conductivity and temperature of the electronic transitions in the Reg »SrggC0oO3 5 Re = Gd, Dy) cobaltites.

HT1 (T < 400K)

HT2 (T > 500K)

060.1073 (Q cm) E, (eV) p60.1073 (Q cm) E, (eV)
GSC-dis 0.117 + 0.003 0.236 + 0.001 1.059 + 0.004 0.114 = 0.001
GSC-ord 0.095 + 0.010 0.190 + 0.003 6.026 = 0.289 0.024 + 0.003
DSC-dis 0.678 + 0.026 0.181 + 0.001 3.006 + 0.067 0.092 + 0.001
DSC-ord 0.036 + 0.001 0.168 + 0.001 1.086 + 0.009 0.014 = 0.001
1 Table 3
100 5 e -(1)GSC-dis Maximum thermoelectric power factors and corresponding temperatures.
% « - (2) DSC-dis
- (3) DSC-ord Sample State Prax (W/(cm K?) Tinax (K)
%0 - (4) GSC-ord Gdo 2510.6C002.5 disordered 0.026 460
Gdg.2Sr9.8C005 67 ordered 0.03 370
g 60 - Dyo.2510.8C005 57 disordered 0.019 425
>::. Dyo.2510.8C005 67 ordered 0.23 360
? 40
observed in the GSC-ord and DSC-ord samples above 400 K. The abso-
lute values of S for the ReSC-dis sample exceed the S values of the ReSC-
201 ord sample over the entire temperature range.
Fig. 5a and b show temperature dependences of the power factor P.
0 . . . . . . It can be seen that, as the temperature increases, the power factor of all
300 400 500 600 700 800 the samples first grows, attaining its maximum, and then decreases. The
T (K) ordered Gdg »SrggC003 5 and Dyg 2SrgsCo03s compounds are char-

Fig. 4. Temperature dependences of the Seebeck coefficient for (1) the
Gdy 2Sr9.8C003.5 (GSC-dis), (2) Dyg 2Srg sC003.5 (DSC-dis), (3) Dyg.2Sr9.8C003.5
(DSC-ord), and (4) Gdg »Srp gC003.5 (GSC-ord) samples.

dependence of the activation energy determined from the first deriva-
tive E,(T) = d(In p(T))/d(1/T) and shown in the insets in the corre-
sponding figures. It can be seen that the activation energy of the sam-
ples sharply increases near the critical temperature T * . An exception is
the GSC-ord sample, for which such an analysis cannot be made because
of the noisy electrical resistivity data. The behavior of electrical re-
sistivity and resulting temperature dependences of the activation en-
ergy show that the investigated cobaltites undergo semiconductor-
semiconductor electronic transitions. The determined critical tem-
peratures are similar to the temperatures corresponding to a sharp
decrease in the Seebeck coefficient and maxima in the temperature
dependences of the power factor.

The measured Seebeck coefficients S are shown in Fig. 4. For all the
samples, the thermopower monotonically decreases with increasing
temperature. The S(T) temperature dependences of the disordered
Re(.2Srp 8C003 5 Re = Gd, Dy) samples at temperatures above 350 K are
identical and almost coincide in magnitude. The similar situation is

a) [ ® -(1)GSCdis
* - (2) DSC-dis

1

0,026
0,024
0,022
0,020
0,018

0,016

P (uW/(cm*K?))

0,014
0,012 4

0,010

500 600 700 800

T(K)

300 400

P (uW/(cm*K?))

acterized by a monotonic decrease; the disordered samples have
minima around 600 K with the subsequent increase. The ordering of
Sr?*/Re>* cations and anionic vacancies leads to an increase in the
maximum power factor and shift of the maxima in the temperature
dependences to the low-temperature region (Table 3).

In the case of the disordered samples, the absence of stabilizing
annealing at T = 773 K leads to higher oxygen non-stoichiometry § and
decrease of mobile weakly bound oxygen amounts in the
Gdg St gCo03 5 lattice. In the case of ordered samples, the influence of
stabilization annealing on the § value was not observed.

In Fig. 6 the resistivity p, the Seebeck coefficient S and power factors
temperature dependencies are compared for stabilized (temperature
range up to 300K) [26] and unstabilized Gdg ,SrogCo03.5 samples
(temperature above 300 K). As could be seen from the figures, the in-
crease in 8 radically changes the value of the electrical resistivity of the
disordered samples, while at the same time the changes in thermo-
power values are insignificant.

It should be noted that the stabilization of the high-temperature
properties of the disordered samples in an inert atmosphere is achieved
by minimizing the amount of weakly bound oxygen in the lattice. Thus,
it is possible to divide the thermoelectric properties into high-

0,25+
b) ¢ - (3)DSC-ord
A -(4) GSC-ord
0,20
0,154
0,10 4
0,05 ¢ \ 3
ML 4
0,00

T T T T T T T T T T T 1
250 300 350 400 450 500 550 600 650 700 750 800 850
T (K)

Fig. 5. Temperature dependences of the power factor P for (a) the disordered and (b) ordered samples.
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Fig. 6. Temperature dependencies of electrical resistivity (a), thermopower (b) and power factor (c) of ordered and unordered samples of Gdg >SrogC00O3s. The
temperature range below 300 K corresponds to the oxygen-stabilized samples, temperatures above 300 K — without stabilization. (1), (2) are disordered samples with

8 = 0.29 and & = 0.42, correspondingly; (3), (4) are ordered with § = 0.37.

temperature (T > 300 K) and low-temperature (T < 300). In the low-
temperature region, the presence of weakly bound oxygen in disordered
Gdg »Srp gCo03. 5 leads to a decrease in electrical resistance and 9 times
increase in the power factor P at T = 300 K. In the high-temperature
region, after the amount of mobile oxygen is minimized, the situation
changes. The best thermoelectric properties are shown by the ordered
samples, which is observed in Dy Sty §C003.5 compounds (Fig. 5b) for
which the value of P is 10 times more at T = 350K than for the dis-
ordered compounds.

The power factors obtained in this work for the sample
Dy(.2Sr0.8C00- 67 With cations and anionic vacancies ordered over the A
sites (P = 0.23 pW/(chz)) are consistent with those presented in
study [31] for the LaCo;,Ni, O3 (P = 0,12 pW/(cm'Kz), LaCo1.,Ti, O35
(P =0.28 ]J.W/(Csz)) [32], Lal_xserOOBNiovlFeo'lOg (P =0.76 ]J.W/
(cm’K?)) [33], and La;_,Na,CoO5 (P = 0.1 uW/(cm'K?) polycrystalline
samples [34], although our data are inferior to the value of P = 3 pyW/
(cm’K?) for the Caz,Bi, C0400 45 samples from study [35].

4. Conclusions

In our previous study [24], we investigated the low-temperature
thermoelectric properties of the Gdg »SrypgCo03.s solid solutions. The
electrical resistivity and heat conductivity of the disordered composi-
tions were lower than those of the ordered ones and the Seebeck
coefficient, on the contrary, was higher. This led to the much higher
thermoelectric efficiency of the disordered samples (the maximum va-
lues obtained were ZT = 0.057 for the Gd »Srg §C00- 71-dis compound
at T = 284K and ZT = 0.002 for the Gdg »Sry gC00, ¢3-ord compound
at T=300K; the power factors were P = 0.22 uW/(cm-Kz) and
P = 0.03 pyW/(cmK?), respectively). An increase in the oxygen non-
stoichiometry of the disordered samples from & = 0.29 to & = 0.42
resulted in the significant growth of the electrical resistivity, which
affected the Seebeck coefficient and power factor discussed in this work
(p = 40 mQ/cm, S = 87.5 uV/K, P = 0.19 pW/(cm K?) for § = 0.29
and p = 840 mQ/cm, S = 96 uV/K, P = 0.01 pW/(cm-KZ) for § = 0.42
at T = 300K).

In the low-temperature region, the presence of weakly bound
oxygen in the disordered Gdy »Sro gC005.s samples enhances the P value
by a factor of 9 at T = 300K as compared with the ordered samples.
These differences show that the thermoelectric parameters of these
compounds are significantly affected not only by the degree of ordering
of the cations and anionic vacancies over the A sites of the perovskite
structure, but also by the amount of mobile oxygen in the disordered
samples. In the high-temperature region, on the contrary, the ordered
samples exhibit the best thermoelectric properties, which is observed in
the Dy .2SrgsC003.5 samples (Fig. 5b) characterized by the P value
greater than that of the disordered samples by an order of magnitude.
Thus, the strict control of the mobile oxygen amount § in the disordered
samples will make it possible to considerably improve the power factor
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P of this class of compounds.

In all the samples, we observed the thermoactivation conductivity
type and occurrence of a semiconductor-semiconductor electronic
transition extended in temperature and accompanied by a decrease in
the activation energy. The consistency of the temperature dependences
of the electrical resistivity and Seebeck coefficient upon heating and
cooling in the investigated temperature range confirms the high stabi-
lity of the complex ceramic cobalt oxides.

The maximum thermoelectric power factor was obtained for the
disordered Dy, »Sro.gCo0, 7 cobaltite at a temperature of 360 K. It was
found to be 0.23 pW/(cm K?), which is currently a good parameter for
this class of materials confirming the expediency of further search for
new promising compounds in the series of complex transition metal
oxides.
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