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A B S T R A C T   

–A new anion-deficient Sr2.4Dy0.6Co2O7‒δ (δ = 0.33–1.1) perovskite phase with a structure of the A3B2O7 
Raddlesden‒Popper homologous series has been obtained by the solid-state synthesis in the reducing/oxidizing 
atmosphere and its structural characterization has been performed by the Rietveld refinement of the X-ray 
powder diffraction data. It has been stablished that the Sr2.4Dy0.6Co2O7‒δ compound (sp. gr. I4/mmm) has pa-
rameters of a = b = 3.8526(1) and c = 19.9431(7) Å in the reduced form (δ = 1.1) and a = b = 3.8086(1) and c =
19.9190(6) Å in the oxidized form (δ ≈ 0.33) and oxygen vacancies occupy mainly the sites linking CoO5 
polyhedra inside two perovskite layers. It has been established using differential scanning calorimetry and 
thermogravimetry that, at T < 530 K, the synthesized phase is stable against the inert and oxidizing atmosphere; 
at higher temperatures, the Sr2.4Dy0.6Co2O7-δ compound can reversibly absorb/release oxygen. The magnetic 
properties of the Sr2.4Dy0.6Co2O6.09 compound have been investigated in the temperature range of 10–400 K and 
described in terms of the formation of dimers, in which the Co3+‒Co3+ and Co2+‒Co2+ ion pairs antiferro-
magnetically interact and are in the nonmagnetic ground state. The electrical conductivity and the Seebeck 
coefficient have been measured in air in the temperature range from 300 to 800 K. An observed sharp decrease in 
the Seebeck coefficient of the Sr2.4Dy0.6Co2O7-δ compound and the change in its sign near 700 K have been 
attributed to the transition of cobalt ions to the Co3+ state and the charge disproportionation of Co3+ ions to Co2+

and Co4+ ones.   

1. Introduction 

Over the last few decades, the compounds with a perovskite and 
perovskite-like structure based on complex transition metal oxides, their 
amazing properties, and a high potential for application as functional 
materials have attracted close attention of researches. The Raddlesden‒ 
Popper (RP) phases with general formulas AO(ABO3)n or An+1BnO3n+1 
(A is a rare-earth or alkaline-earth metal and B is a transition metal) 
were first investigated in titanates [1,2]. These phases have a tetragonal 
structure consisting of intergrown ABO3 perovskite layers and AO rock 
salt structure fragments in the sequence ‒(ABO3)n‒(AO)‒(ABO3)n‒ 
(AO)‒. The shift of ABO3 perovskite blocks relative to each other by 1/2 
of the perovskite subcell diagonal of the (001) plane along the c axis 
leads to the layered structure. The integer n is the number of perovskite 
layers coupled by means of vortex-sharing octahedra [3], which is 

consistent with the number of a term in the homological series. The 
limiting case n = ∞ corresponds to the perovskite-type structure. The 
physical properties of such phases depend mainly on the valence state of 
ions, the number of perovskite layers n, and the oxygen content. 
Moreover, the oxygen contents in each specific compound can be 
significantly different [4] and, in some compounds, either much lower 
or higher than the normal value [5]. Similar to the classical compounds 
with a perovskite structure, the RP phases can exhibit superconductivity 
[6,7], colossal magnetoresistance [8], ferromagnetism [4,9] antiferro-
magnetism [10] and catalytic activity [11]. The thorough investigations 
of these systems showed that they are promising for use as solid oxide 
fuel cells [12–18], thermoelectrics [19,20], and capacitor materials 
[21]. 

The RP phases, similar to the ABO3 perovskites [22,23] with cobalt 
ions acting as transition metal ions, have a feature caused by the 
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competition of different spin states of the Co3+ ion. The proximity of the 
crystalline field and Hund exchange energy can violate the Hund’s rule 
and, instead of the high-spin (HS) ground state with the spin S = 2, the 
low-spin (LS) term with S = 0 for the d6 shell electron of Co3+ ionsis 
stable. This determines the specific electronic, magnetic, and thermo-
dynamic properties of the RP phases. Therefore, in addition to the 
different Co2+, Co3+, and Co4+oxidation states, different possible spin 
states (LS (S = 0), IS (S = 1), and HS (S = 2)) and coordination (pyra-
midal, octahedral, and tetrahedral) cobalt environment multiplicity 
fluctuations can occur, which broadens even more the range of physical 
properties. 

In contrast to a wide series of Ln2-xSrxCoO4 cobaltites with an RP 
structure with n = 1, single-phase RP samples with n = 2 (A, 
A′)n+1B2O7‒δ with heterovalent substitution in the A site and Co in the B 
site are formed quite rarely [4,9,24,25]. The lack of data on these 
compounds is apparently caused by the frequent occurrence of addi-
tional phases during the synthesis. 

In this study, we present the data on the synthesis of a new single- 
phase Sr2.4Dy0.6Co2O7‒δ compound with a structure of the second 
term of the A3B2O7 RP homologous series and examine its structural, 
magnetic, and thermoelectric properties. 

2. Experimental 

Polycrystalline Sr2.4Dy0.6Co2O7‒δ samples were synthesized by a 
standard ceramic technology. A well-homogenized mixture of stoichio-
metric amounts of high-purity Co3O4 (99.7%, metals basis) and Dy2O3 
(99.99%, REO) oxides and SrCO3 (99.99%, metals basis) carbonate was 
annealed at 1473 K for 24 h with intermediate grinding and subsequent 
pressing in disk-shaped tablets with a diameter of 20 mm and a thickness 
of 2 mm. The disks were annealed at 1473 K for 8 h and cooled to room 
temperature at a rate of 2 K/min. Then, bar-shaped samples 5 × 13 × 2 
mm in size were cut from the synthesized disks. The bars were annealed 
in pure helium (99.999 vol% of He) at 1458 K for 3 h, cooled down to 
1073 K at a rate of 2 K/min and to 723 K at a rate of 10 K/min, and then 
reduced at this temperature in the 5% H2–He mixture for 3 h. After that, 
the samples were cooled to room temperature at a rate of 2 K/min in the 
5% H2–He flow, flushed with helium, and stored without precautions 
under ambient condition. The Sr2.4Dy0.6Co2O7-δ sample synthesized 
using this procedure is hereafter referred to as SDC-RP2-red. The 
“oxidized” sample prepared by annealing of sample SDC-RP2-red in air 
at 800 K for 2 h is referred to as SDC-RP2-ox. 

The X-ray powder diffraction (XRPD) data were collected using a 
PANalyticalX’Pert PRO diffractometer equipped with a PIXcel solid state 
detector (CoKα radiation) over the 2θ angle range of 6–158◦. Powder 
samples were prepared by grinding with octane in an agate mortar and 
packed into a flat sample holder for the XRPD measurements in the 
Bragg‒Brentano geometry. The full-profile crystal structure refinement 
was performed using the derivative difference minimization (DDM) 
method [26]. 

The oxygen content was determined with a TG-DSC NETZSCH STA 
449C analyzer from the mass loss Δm(%) [27] when the grinded sample 
with a particle size of smaller than 50 μm are reduced in the 5% Н2-Ar 
flow upon heating to 1173 K at a rate of 15 K/min assuming that cobalt is 
reduced to the metallic state. The reduction occurred in an open 
corundum crucible; the sample mass was 20 ± 0.5 mg. The measure-
ments were performed with the buoyancy force correction; i.e., the 
control measurement data for an empty crucible (zero line) were ob-
tained under the same conditions. The oxygen nonstoichiometry index 
determination error was δ = ± 0.01. 

The simultaneous thermal analysis (STA) experiments were con-
ducted on a TG-DSC NETZSCH STA 449C analyzer equipped with an 
Aeolos QMS 403C mass spectrometer. The ceramic bar used in the re-
sistivity measurements was crushed and a piece of 15 ± 0.5 mg (about 3 
× 1 × 1 mm in size) was subjected to the thermal analysis. The differ-
ential scanning calorimetry (DSC) and thermogravimetry (TG) 

investigations were carried out in platinum crucibles with perforated 
lids in the dynamic 20% O2–Ar or pure (99.999%) Ar atmosphere under 
ambient pressure. 

The temperature and field dependences of the magnetization were 
measured in the temperature range from 10 to 400 K in fields of up to 9 T 
on a Quantum Design Physical Property Measurement System (PPMS-9) 
(US) at the Lebedev Physical Institute of the Russian Academy of Sci-
ences (Moscow). 

The temperature dependences of the Seebeck coefficient and elec-
trical resistivity were obtained on an experimental setup for the ther-
mopower and resistivity measurements similar to that described in [28] 
at the Kirensky Institute of Physics, Siberian Branch of the Russian 
Academy of Sciences (Krasnoyarsk). 

3. Results and discussion 

3.1. Sr2.4Dy0.6Co2O7-δ structure 

According to the XRD data, sample SDC-RP2-red represents a 
perovskite-like phase, which belongs to the AO(ABO3)n RP homologous 
series (n = 2). The structure reflects the intergrown double perovskite 
(ABO3) and single rock salt (AO) layers and should correspond to the 
stoichiometric A3B2O7 composition. 

Fig. 1 shows the observed, calculated, and difference XRPD profiles 
after the DDM refinement for sample SDC-RP2-red at 298 K; the crys-
tallographic data are given in Table 1. Sample SDC-RP2-ox has a similar 
structure. The crystallographic parameters are also given in Table 1. The 
profile is fitted almost perfectly up to the highest 2θ values, which is 
indicative of the high quality of the refinement. A tetragonal super-
structure (symmetry sp. gr. I4/mmm) was established. 

The XRD data show that the synthesized RP phase is highly non-
stoichiometric (see the structure in Fig. 2). There are two independent A 
sites occupied by Sr2+ or Sr2+/Dy3+ ions, one Co type, and three inde-
pendent oxygen ions. The structure consists of the ordered double layers 
of СоО5 corner pyramids intergrown with the SrO rock salt-type layers. 
Sr2+/Dy3+ ions are ordered in the alternating layers along the c axis. 
Inside the double pyramidal cobalt layers, Sr2+ and Dy3+ cations are 
statistically distributed and oxygen vacancies are mainly located in the 
sites linking the CoO5 polyhedra inside two perovskite layers (the O1 
site). This structure qualitatively corresponds to the structure of co-
baltites Sr3Co2O6.13 [29] and Sr2Y0.8Ca0.2Co2O6 [10], manganites 
Sr3Mn2O6+x [30], and cuprates La2SrCu2O6 [31]. 

Fig. 1. Observed (black, on the top), calculated (red, in the middle), and dif-
ference (blue, in the bottom) XRPD profiles after the DDM refinement of the 
Sr2.4Dy0.6Co2O7-δ crystal structure at 298 K. The calculated peak positions are 
marked. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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Below, for brevity, the subscripts in the chemical formulae of the 
investigated samples are rounded off to the nearest tenth. 

3.2. TG-DSC thermal stability data for the Sr2.4Dy0.6Co2O7-δ compound 

3.2.1. Thermal stability of the Sr2.4Dy0.6Co2O7-δ compound in a reducing 
atmosphere 

Fig. 3a (curve 1) shows a TG curve corresponding to the reduction of 
sample SDC-RP2-red in the 5% H2–Ar flow. A total mass loss was found 
to be Δm = − 7.99% (40–1200 K); reaction (1); therefore, the stoichi-
ometry of the initial RP phase is Sr2.4Dy0.6Co2O5.9. The oxygen content 
determined from the direct reduction of sample SDC-RP2-red is incon-
sistent with that obtained by the DDM refinement (Table 2). The oxygen 
content discrepancy between the refined structural formulae can be 
attributed to the well-known deviations of the ionic scattering curves 
from the real electron distribution in the crystals. 

It can be seen in Fig. 3a that the Sr2.4Dy0.6Co2O5.9 RP phase is rela-
tively stable at T < 690 K. The subsequent reduction occurs in two stages 
(Table 2), which appear as pronounced water evolution peaks (curve 3 
in Fig. 3a) with the corresponding effects in the TG curve and exo effects 
in the DSC curve. A deeper reduction is observed at 690–860 K and an 
extended plateau at 820–980 K between stages I and II points out the 
formation of undetermined stable products (phases).  

Sr2.4Dy0.6Co2O5.90 + 1.3H2 = 2.4 SrO +0.3 Dy2O3 + 2 Co + 2.6H2O, Δm =
− 7.99%                                                                                          (1)  

Sr2.4Dy0.6Co2Oz1 ⇔ Sr2.4Dy0.6Co2Oz2 + (z1 ‒ z2)/2 O2                         (2) 

Tm is the temperature of the maximum water evolution rate. 

3.2.2. Thermal stability of the Sr2.4Dy0.6Co2O7-δ compound in a 
nonreducing atmosphere 

The synthesized Sr2.4Dy0.6Co2O5.90 phase SDC-RP2-red is stable 
under the nonoxidizing condition. Only a minor mass variation (Δm =
0.05%) was observed upon heating the sample from 40 to 1000 K in pure 
(99.999%) Ar (curve 1 in Fig. 3b). 

Upon heating the Sr2.4Dy0.6Co2O5.90 sample to 550–570 K under the 
oxidizing conditions (20% O2–Ar), no mass variation occurred (onset of 
curve 2 in Fig. 3b). Further heating to 747 K led to the mass growth, 
which indicated oxidation of cobalt, and a progressive decline at T >
747 K. When the sample is slowly (at a rate of ~2 K/min) cooled from 

1273 to 298 K in air or in the 20% O2–Ar flow, it absorbs oxygen with the 
formation of the SDC-RP2-ox phase with the Sr2.4Dy0.6Co2O6.67 
composition, which was determined from H2 reduction (curve 2 in 
Fig. 3a). This “oxidized” phase belongs to the same tetragonal I4/mmm 
symmetry with partially filled O1 oxygen sites (Table 1). The 
Sr2.4Dy0.6Co2O6.67 compound is stable against the oxidizing (20% 

Table 1 
Crystal lattice (tetragonal I4/mmm) parameters, atomic coordinates, site occu-
pancies, and isotropic displacement factors for the Dy0.6Sr2.4Co2O7-δ compound.  

Structural formula: Dy0.58Sr2.42Co2O5.82 

Lattice parameters: a = b = 3.8526(1) and c = 19.9431(7) Å 

Rfactors:RBragg = 2.9% and RDDM = 4.3% 

Atom Site Occ. x Y z Uiso, Å2 

Sr1 2b 0.422(18) 0 0 1/2 0.025(3) 
Dy1 2b 0.578(18) 0 0 1/2 0.025a 

Sr2 4e 1 1/2 1/2 0.18168(8) 0.022(3) 
Co 4e 1 0 0 0.09862(16) 0.020(4) 
O1 2a 0.14(3) 0 0 0 0.063a 

O2 4e 1 0 0 0.19602(48) 0.028(6) 
O3 8 g 0.921(15) 0 1/2 0.07640(31) 0.041(6) 
Structural formula: Dy0.58Sr2.42Co2O6.64 

Lattice parameters: a = b = 3.8086(1) and c = 19.9190(6) Å 
Rfactors: RBragg = 2.0% and RDDM = 4.0% 
Atom Site Occ. x Y z Uiso, Å2 

Sr1 2b 0.423(9) 0 0 1/2 0.035(2) 
Dy1 2b 0.577(9) 0 0 1/2 0.035a 

Sr2 4e 1 1/2 1/2 0.18154(4) 0.020(2) 
Co 4e 1 0 0 0.09757(8) 0.017(2) 
O1 2a 0.639(15) 0 0 0 0.063(12) 
O2 4e 1 0 0 0.19308(22) 0.026(4) 
O3 8g 1 0 1/2 0.08628(21) 0.038(4)  

a These parameters were constrained. 

Fig. 2. Perfect Sr2.4Dy0.6Co2O6 structure (green – Sr, purple – Dy/Sr, red – 
oxygen (O2 and O3 sites), and blue –square pyramids corresponding to the 
cobalt environment). Small black points show the O1 site (location of oxygen 
vacancies). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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O2–Ar) atmosphere up to ~570 K and, above this temperature, starts 
losing oxygen (curve 3 in Fig. 3b). 

The repeated Sr2.4Dy0.6Co2O7-δ heating–cooling cycles in the 
oxidizing (20% O2–Ar), inert (99.999% Ar), or reducing (5% H2–Ar, T <
723 K) atmosphere are accompanied by the reproducible smooth mass 
variation, according to the TG data (Fig. 3b). The XRPD data and the 
absence of pronounced DSC thermal effects suggest that the observed 
behavior results from the change in the RP-phase nonstoichiometry 
(reaction (2)), rather than from some chemical or structural phase 
transformations. 

Thus, the thermal analysis data showed that the composition of both 
the “reduced” Sr2.4Dy0.6Co2O5.90 and “oxidized” Sr2.4Dy0.6Co2O6.67 RP 
phases is constant at T < 530 K, regardless of the partial oxygen pres-
sure. At higher temperatures, the Sr2.4Dy0.6Co2O7-δ compound can 
reversibly absorbs/release oxygen. 

3.3. Magnetic properties 

The magnetic properties were explored on a sample with an oxygen 
nonstoichiometry index of about 1. The temperature dependence of the 
Sr2.4Dy0.6Co2O5.90 susceptibility χ obtained in a magnetic field of 5 kOe 
is shown in Fig. 4a (red solid line). The plots recorded under the zero- 
field cooling (ZFC) and field-cooling (FC) conditions are absolutely 
identical. The susceptibility monotonically increases as the temperature 
grows. The temperature dependence of the inverse magnetic 

susceptibility χ− 1 includes two portions, which are well-approximated 
by linear dependences corresponding to the Curie‒Weiss law χ = C/(T 
– ΘC) (inset in Fig. 4a) in the low-temperature (LT) region and in the 
high-temperature (HT, above 200 K) region (C is the Curie constant and 
ΘC is the asymptotic Curie temperature). 

Based on the linear dependences and the formula for calculating the 
effective magnetic moment μeff =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
C⋅3kB/NA

√
(kB is the Boltzmann 

constant and NA is the Avogadro number), for the LT region we obtained 
ΘC ≈ − 5 K, С = 8.57 cm3 K/mol, and μeff (LT) = 1.07μB and, for the HT 
region, ΘC ~ − 105 K, С = 14.19 cm3 K/mol, and μeff(HT) = 8.28μB. The 
comparison of the experimental χ(Т) dependence for the Sr2.4Dy0.6-

Co2O5.90 sample with the χDy(Т) dependence for free Dy3+ ions obtained 
using the formula 

χDy = 0.6⋅NA
g2

Jμ2
BJ(J + 1)

3kB(T − ΘLT)
(3)  

where 

gJ = 1+
J(J + 1) + S(S + 1) − L(L + 1)

2J(J + 1)
= 1.33 (4) 

J = 15/2 (for the ground 6H15/2 term of a free Dy3+ ion), L = 5, and S 
= 5/2 [32] showed the coincidence of these dependences in the LT re-
gion (Fig. 4a). As the temperature increases, the dependences become 
different and the difference between the dependences of the magnetic 
susceptibilities for the Sr2.4Dy0.6Co2O5.90 compound and free Dy3+ ions 
also grows (the upper red solid curve in Fig. 4a corresponds to the 
experimental data and the lower blue solid curve, to the theoretical 
dependence for Dy3+ ions). This can be explained by the occurrence of 
an additional contribution of cobalt ions. 

At the oxygen deficiency δin the Sr2.4Dy0.6Co2O7-δ system, Co3+ and 
Co2+ ions coexist in a pyramidal environment (Fig. 2) and, according to 

Fig. 3. (a) Thermogravimetry data on (1, red) 
reduced sample SDC-RP2-red and (2, blue) oxidized 
sample SDC2-RP2-ox collected in the 5% H2–Ar flow 
in the range from 313 to 1200 K (β = 15 K/min). 
Curve 3 (mass-spectral intensity of the H2O + ion, m/ 
z = 18, olive) illustrates the formation of water upon 
reduction of sample SDC2-RP2-ox. (b) Variation in 
the Sr2.4Dy0.6Co2O7-δ sample mass with temperature 
and gas phase composition, β = 10 K/min (1, blue) 
SDC-RP2-red, Ar; (2, black) SDC-RP2-red, 20% 
O2–Ar; and (3, red) SDC-RP2-ox, 20% O2–Ar. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Table 2 
Thermal effects for reduction (5% H2–Ar, β = 10 K/min) of sample SDC-RP2-red.  

Stage Temperature of the effect, K Tm, K Δm, % ΔH 

I (690)‒860 788 ‒1.84 Exo 
II 900–1200 1124 ‒6.15 Exo  

Fig. 4. (a) Temperature dependence of magnetic susceptibility for the Sr2.4Dy0.6Co2O5.90 compound in a magnetic field of H = 5 kOe (red solid line) and theoretically 
calculated magnetic susceptibility of Dy3+ ions (blue solid line). Inset: inverse susceptibility vs temperature with the Curie‒Weiss approximation fitted by straights. 
The dashed blue line corresponds to the theoretical calculation for Sr2.4Dy0.6Co2O5.90. (b) Magnetic field dependences of magnetization for the Sr2.4Dy0.6Co2O5.90 
sample at different temperatures. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

V.A. Dudnikov et al.                                                                                                                                                                                                                           



Ceramics International 47 (2021) 9068–9074

9072

[33,34], are in the HS state with the spins SCo3+ = 2 and SCo2+ = 3/2, 
respectively. Since the low-temperature dependence of the magnetic 
susceptibility for the Sr2.4Dy0.6Co2O5.90 sample is well-described by the 
contribution of only Dy3+ ions (Fig. 4a), it can be assumed that cobalt 
ions form dimers, in which the Co3+‒Co3+ and Co2+‒Co2+ ionic pairs 
antiferromagnetically interact and are in the nonmagnetic ground state. 
A similar situation caused by the dimer formation is observed in the 
nonstoichiometric Sm1-xCaxCoO3-δ compound [35]. With an increase in 
temperature, the nearest magnetic states of such dimers are thermally 
populated, which results in the growth of the Sr2.4Dy0.6Co2O5.90 mag-
netic susceptibility and the deviation fromχDy. The molar magnetic 
susceptibility of antiferromagnetic cobalt ion dimers of two types can be 
presented as 

χa
D =NagμB

∑

Sa

Sa(Sa + 1)(2Sa + 1)e− Ea(Ja
ex ,Sa)/kBT

3kBT
∑

Sa

(2Sa + 1)e− Ea/kBT (5)  

where the subscriptsa = 1, 2 indicate Co3+ and Co2+ ions, 
respectively;Sa is the total spin (S1 = 2SCo3+ ,2SCo3+ − 1, ...,0S2 = 2SCo2+ ,

2SCo2+ − 1, ..., 0), and Na is the number of dimers per mole of 
Sr2.4Dy0.6Co2O7-δ (N1 ≈ NA(1.7 − δ), N2 = NA(δ − 0.7)). The energy of 
the a-th dimer is determined by its total spin Sa and the exchange 
interaction integral Ja

ex 

Ea
(
Ja

ex, Sa
)
= − Ja

ex[Sa(Sa + 1) − 2sa(sa + 1)] (6)  

where s1 = SCo3+ and s2 = SCo2+ . The total magnetic susceptibility of the 
Sr2.4Dy0.6Co2O7-δ sample can be presented as a sum of two contributions 
χ = χDy + χD, whereχD = χ1

D + χ2
D. In Fig. 4a (inset), the blue dashed line 

corresponds to the results calculated at J1
ex = J2

ex = − 60K and δ = 1.1. 
Good agreement with the experimental data (the red solid line) confirms 
the assumptions made. 

3.4. Thermoelectric properties 

The electrical resistance of both the “reduced” Sr2.4Dy0.6Co2O5.90 
and “oxidized” Sr2.4Dy0.6Co2O6.67 RP phases were measured in air in the 
temperature range of 300–800 K. The temperature dependences of re-
sistivity ρ and conductivity σ are shown in Fig. 5a by curve 1 for δ = 1.1 
and curve 2 for δ = 0.33. Although these dependences are qualitatively 
consistent with the semiconductor behavior dρ/dT < 0, the courses of 
the curves for two samples are significantly different. The data pro-
cessing in coordinates lnρ and 1/T (Fig. 5b) showed that, at temperatures 
of up to T = 700 K, the behavior of the resistance obeys the standard 
thermoactivation law 

ρ(T)  = ρ∞exp(Ea/kT) (7)  

with an activation energy of Ea = 0.28 eV for the “reduced” Sr2.4Dy0.6-

Co2O5.90 phase and Ea = 0.15 eV for the “oxidized” Sr2.4Dy0.6Co2O66.67 
phase. Above 700 K, the electrical conductivity σ of the Sr2.4Dy0.6-

Co2O5.90 compound essentially grows (inset in Fig. 5a), while the elec-
trical conductivity of the Sr2.4Dy0.6Co2O6.67 sample does not deviate 
from the thermoactivation law. 

The temperature dependences of the Seebeck coefficient S of the 
samples are also noticeably different (Fig. 5c). Around room tempera-
ture, the S value for the Sr2.4Dy0.6Co2O5.90 compound is almost three 
times as high as that for Sr2.4Dy0.6Co2O6.67 and has a sharp minimum at 
T ~ 710 K, which passes to the range of negative values. The tempera-
ture region of the anomalous σ portion and the anomaly of the Seebeck 
coefficient in the temperature range of 650–730 K coincide with those 
for the case of Sr2.4Dy0.6Co2O5.90 oxidation revealed by the TG-DSC 
analysis (curve 2 in Fig. 3b). For the Sr2.4Dy0.6Co2O5.90 phase, the 
changes in the behavior of the electrical resistance and Seebeck coeffi-
cient with decreasing temperature are irreversible. The Sr2.4Dy0.6-

Co2O6.67 phase is stable against cooling/heating in air and exhibits no 
anomalies in the temperature dependences of the electrical conductivity 
σ and the Seebeck coefficient S (Fig. 5a and c). 

A positive Seebeck coefficient (Fig. 5c) indicates that the majority 

Fig. 5. (a) Temperature dependences of resistivity ρ and conductivity σ (insert), (b) ln(ρ) versus 1/T plots, (c) Seebeck coefficient S, and (d) thermoelectric power 
factor P versus temperature T for the Sr2.4Dy0.6Co2O7-δ phase at δ = 1.1 (curves 1) and δ = 0.33 (curves 2). Straight lines (b) show the correspondence to the 
activation law. 
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carriers are holes in the temperature ranges of T < 690 K and T > 720 K; 
a negative S value points out the dominance of electron conductivity at 
temperatures from 690 to 720 K. 

At the stoichiometry change from Sr2.4Dy0.6Co2O5.82 to Sr2.4Dy0.6-

Co2O6.64 (“reduced” and “oxidized”), no structural transitions were 
detected, which is proved by the XRPD profiles after the DDM refine-
ment (Table 1) and consistent with the absence of effects related to 
structural transitionsin the thermal analysis data. Therefore, we can 
conclude that the observed temperature anomaly of the Seebeck coef-
ficient is not caused by a structural phase transition. 

As follows from the TG data (curve 2 in Fig. 3b), in the temperature 
range of 530–750 K, the Sr2.4Dy0.6Co2O5.90 sample is oxidized and the 
formal Con+ oxidation state n increases from n = 2.6 (T = 300 K, Δm =
3.30%) to n = 3.5 (T = 750 K, Δm = 2.87%), which was calculated using 
the data from Fig. 3b (curve 1). The formal average oxidation state of 
cobalt is n = 3 (Co3+) at T = 700 K. A value of n = 2.6 at T = 300 K is in 
quantitative agreement with the number N2of Co2+‒Co2+ dimers. A 
value of n < 3 at T < 700 K shows that, along with Co3+ ions, the system 
contains Co2+ ions, the concentration of which decreases with 
increasing temperature due to oxidation of the sample. At T ≈ 700 K, we 
have n = 3, but this state is unstable and some Co3+ ions dispropor-
tionate to Co2+ and Co4+ ions. With an increase in temperature, the Co4+

ion concentration increases and, at T > 700, we have n > 3 K. 
Taking into account a fairly high temperature of the observed 

anomalies and the thermal analysis data (Fig. 3), to explain the sharp 
drop of the Seebeck coefficient and the change in its sign, let us consider 
the charge disproportionation 2Co3+ ↔ Co2+ + Co4+ [36] at T ≈ 700 K. 

Using the generalized Heike’s formula for the thermopower of cobalt 
oxides [37]. 

SH = −
kB

e
ln
(

g3

g2

1 − x2

x2

)

(8)  

where kB is the Boltzmann constant; g2 and g3 are the degeneracies of 
Co2+ and Co3+ ions, respectively; and x2 is the Co2+ ion concentration, 
we can present the Seebeck coefficient at T < TC ≈ 700 K in the formS =

Sr + SH, whereSr is the regular component unrelated to the orbital and 
spin multiplicity of cobalt ions. At T ≈ 700 K, the x2 value tends to zero 
and the SH value logarithmically diverges in the negative region. At high 
temperatures (T > TC), the system contains a certain amount of Co2+, 
Co4+ and Co3+ ions; therefore, the Heike component SH cannot be pre-
sented in simple form (8). 

4. Conclusions 

А new anion-deficient Sr2.4Dy0.6Co2O7-δ (δ = 1.1–0.33) perovskite 
phase with a structure of the second term of the A3B2O7 Raddlesden‒ 
Popper homologous series was synthesized. The obtained phase has a 
tetragonal unit cell with sp. gr. I4/mmm. The data of the thermal analysis 
showed that the compositions of both the “reduced” Sr2.4Dy0.6Co2O5.9 
and “oxidized” Sr2.4Dy0.6Co2O6.67 RP phases are invariable at T < 530 K 
in an inert or oxidizing atmosphere. At higher temperatures, the 
Sr2.4Dy0.6Co2O7-δ phase can reversibly absorb/release oxygen. The 
magnetic properties of the synthesized samples were studied in the 
temperature range of 10–400 K and described in terms of formation of 
dimers, in which the Co3+‒Co3+ and Co2+‒Co2+ ionic pairs antiferro-
magnetically interact and are in the nonmagnetic ground state. The 
electrical conductivity and Seebeck coefficient were measured in air at 
temperatures from 300 to 800 K. A sharp decrease in the Seebeck co-
efficient of the Sr2.4Dy0.6Co2O6.09 phase and the change in its sign near 
700 K were attributed to the transition of cobalt ions to the Co3+ state 
and the charge disproportionation of Co3+ ions to Co2+ and Co4+ ones. 

Although the Seebeck coefficient S at room temperature is fairly 
high, the electrical conductivity has low values. This leads to the low 
thermoelectric power factor P(T) (Fig. 5d), which does not allow one to 
consider this compound as a thermoelectric material. However, taking 

into account the redox processes occurring in the investigated sample, 
such compounds can be considered as potential resistive switches for 
memristive devices [38] or anode materials for supercapacitors when 
the anion charge storage through oxygen intercalation was proposed 
[39]. 
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