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A B S T R A C T

Present work investigates the effect of calcium doping on the structure and thermoelectric properties of
Sr2TiCoO6 (STC) double perovskite. Environmentally friendly rare earth free CaxSr2−xTiCoO6 (0.0≤ x≤ 0.3)
(CSTC) ceramics were synthesized using solid state synthesis route. CSTC ceramics were found to possess a cubic
crystal structure with Pm m3̄ space group as confirmed by Rietveld refinement of XRD data. Microstructure
analysis was carried out by SEM and energy dispersive x-ray spectroscopy. The temperature dependent electrical
conductivity and thermopower of these oxides showed the semiconductor to metal transition at around 700 K. X-
ray photoelectron spectroscopy (XPS) confirmed the presence of multiples oxidation states of Co and Ti creating
defect sites in these oxides. CSTC ceramic samples exhibited positive Seebeck coefficient implying p-type be-
havior. Charge transport mechanism of all the CSTC samples was found to be governed by small polaron hopping
model.

1. Introduction

Thermoelectric power generation, which produces electricity from
waste heat is considered as the key technology to resolve the issue of
global warming as well as the energy problem. Thermoelectric mate-
rials convert heat energy directly into the electrical energy without any
emission of greenhouse gases [1–5]. The performance of thermoelectric
devices is measured by dimensionless figure of merit which can be
written as

=ZT S σ
κ

T
2

(1)

where S is the Seebeck coefficient, σ is electrical conductivity, T is
temperature and k is thermal conductivity. Further thermal con-
ductivity can be expressed as = +k k ke l, Where ke is carrier thermal
conductivity due to electron and hole and kl is the lattice thermal
conductivity due to phonon. A good thermoelectric material should
possess high ZT value, which can be attained when the material has
large Seebeck coefficient, high electrical conductivity and low thermal
conductivity. Slack [6] propounded the ‘phonon glass and electron
crystal’ (PGEC) model for achieving the high ZT values. This model
suggests that ideal thermoelectric material should have crystal like
electronic property and amorphous material such as glass like thermal
conductivity which are not easy to achieve in a single compound [7].
Over the past decades, several new material systems were designed

based on the PGEC model demonstrating good ZT values. Especially
chalcogenides like Bi2Te3 [8], PbTe [9], SnSe [10] etc., are considered
as state-of-the-art thermoelectric materials because of their high ZT
values (ZT≥ 1) [7]. However, these materials are not appropriate for
use at high temperature (T≥ 700 K), because their constituent ele-
ments easily melt, decompose or vaporize. Since the discovery of
layered cobaltites with promising ZT value (∼0.3 at 1000 K) [11],
oxides [12–17] are considered as viable option due to low processing
cost, better thermal and chemical stability. However, their ZT values
are much lower compared to chalcogenides.

Recently, double perovskites showed promises as high temperature
thermoelectric material. The general formula for double perovskite
oxides is ′ ′′A B B O2 6, where A is the alkaline earth elements; ′ ′′B and B are
transition metals. In these double perovskite oxides ′ ′′B and B are ar-
ranged in octahedral manner with six oxygen atoms in the form of ′B O6
and ′′B O6. These materials showed various attractive properties for
example ferroelectricity [18], colossal magnetoresistance [19], Mott
insulators [20], high Tc superconductivity [21], etc. Additionally, these
double perovskites show half metallic ground states where conduction
electrons are fully spin polarized due to their extraordinary electronic
structure [22,23]. Recently, authors [24–29] investigated the high
temperature thermoelectric properties of double-perovskite oxides

′ ′ =Sr TiB O B Co Mo Fe( , , )2 6 . We [27–29] reported that the de-coupling
of phonon glass and electron crystal behavior is possible in Ba doped
Sr2TiCoO6 (STC) oxide materials resulting reasonable ZT values (∼0.3)
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obtained at 1223 K. These BaxSr2−xTiCoO6 based double perovskite
materials exhibited glass like thermal conductivity (< 0.55W/mK) at
high temperature as a consequence of induced dipolar glassy phase due
to relaxor ferroelectric behavior observed in these oxides below room
temperature [27]. Meanwhile, in the prior research calcium was proven
to be effective constituent or dopant in order to achieve enhanced ZT
values in wide range of materials such as layered cobaltites [11,30],
oxyselenides [31], perovskites [32] and double perovskites [33].
Goldschmidt tolerance factor [34] is generally used for designing new
perovskite materials. The tolerance factor [35] was calculated for Ba
and Ca doped Sr2−xTiCoO6 double perovskites using the modified ex-
pression for ′ ′ =−A Sr TiCoO A Ba Ca( , )x x2 6 given by Eq. (2).
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where, r r r r, , , ,O Sr Ti co and ′r A are the ionic radii of oxygen, strontium,
titanium, cobalt and ′A Ba or Ca( ) ions, respectively. It can be seen from
Fig. 1 (a) that substitution of Ca in Sr-site of STC double perovskite
results the gradual decrease in tolerance factor compared to the in-
creasing trend found in case of Ba doped STC. So, it was intriguing to
investigate the effect of Ca doping in STC. In the current work, we
studied the thermoelectric properties of Ca doped Sr2TiCoO6 (STC)
double perovskite structure as shown schematically in Fig. 1(b). To the
best of our knowledge this is the first report of thermoelectric properties
of CaxSr2−xTiCoO6 (CSTC) double perovskites. Polycrystalline samples
of CSTC (0.0≤ x≤ 0.3) were synthesized by solid state reaction route,
and its thermoelectric properties were measured in the temperature
range from 300 K to 1050 K. All the CSTC ceramic samples showed
positive Seebeck coefficient suggesting that it is a p-type thermoelectric
material.

2. Experimental procedure

Double perovskite CaxSr2−xTiCoO6 samples with 0.0≤ x≤ 0.3
were prepared by conventional solid-state reaction method. The stoi-
chiometric compositions of CaxSr2−xTiCoO6 were synthesized by
mixing the appropriate ratio of raw materials such as, SrCO3 (˃99.9%
Purity, Sigma Aldrich), CaCO3 (99.95%, Himedia), Co3O4 (> 99.7%,
Alfa Assar) and TiO2 (> 99.5% Purity, Sigma Aldrich) in ball mill at
350 rpm for 24 h and ethanol was used as the wetting media. Then
mixed CSTC powder was calcined at 1323 K for 10 h in air atmosphere.
The agglomerated CSTC powder was ground for obtaining the fine

powder. We obtained homogeneous CSTC powder from the planetary
micro ball mill (Fritsch®, PULVERISETTE 7 premium Line, Rhineland-
Palatinate, Germany) at 600 rpm for 120min using Zirconia grinding
balls (5:2:1 ratio) and ethanol used as wetting media again. Nano milled
powder was uniaxially pressed into the pellets by adding 2 wt% PVA
(poly vinyl alcohol) binder and sintered in air atmosphere at 1473 K for
12 h. The X-Ray diffraction (XRD) pattern was measured in the 2θ range
from 20° to 90° by using PANalytical X’Pert diffractometer with Cu-Kα
radiation (λ=1.5418A˚) at 45 kV, 40mA and step size 0.01. The re-
finement of the crystal structure was performed by the Rietveld
method, using the FULLPROF [36] refinement program. Micro-
structures of as-sintered samples were taken by scanning electron mi-
crograph (SEM, Carl Zeiss NTS GmbH, EV050, Germany) in secondary
electron mode. Energy dispersive x-ray spectroscopy (EDXS) analysis of
CaxSr2−xTiCoO6 (0≤ x≤ 0.3) samples were achieved using Bruker
SDD-EDS detector. Furthermore, X-Ray photoelectron spectroscopy
(XPS) spectra for CSTC samples were measured using the PHI 5000
Versaprobe II. A non-monochromatic Al-Kα radiation source of energy
1486.6 eV was used to excite the electron. The binding energy of
Carbon (284.6 eV) was taken as the reference energy for measuring the
binding energy for other CSTC elements. The electrical resistivity ρ (Ω-
m), and Seebeck coefficient S (µV/K) were simultaneously measured in
a helium atmosphere from RT to 1050 K by ZEM-3M10 apparatus
(ULVAC-RICO Inc.) with the step size of 50 K.

3. Result and discussion

X-Ray diffraction (XRD) patterns of CaxSr2−xTiCoO6 (CSTC) sam-
ples showed no evidence of secondary phase as shown in Fig. 2, which
confirmed the single-phase solid solution obtained for all the compo-
sitions of CSTC. All the XRD peaks were indexed to the pursuance of
perovskite structures as shown in Fig. 2. Further, we carried out the
Rietveld analysis of the XRD data by using Fullprof software [36]. The
crystal structure was refined by using cubic symmetry with Pm m3̄ space
group. The peak shape was described by the pseudo-voigt function,
which is the mixture of Lorentzian and Gaussian peak shape and the
background variation was linearly interpolated. In the Rietveld ana-
lysis, parameters such as thermal parameter, background, shape, i.e.
FWHM, lattice parameter, zero correction, etc. were varied to obtain
the more accurate information about the structure.

Fig. 2(e) shows the observed, calculated, Bragg positions and dif-
ference profile of the CaxSr2−xTiCoO6 (x=0.3) composition obtained
after refinement of the XRD data. All the compositions showed a good

Fig. 1. (a) Tolerance factor of Ba and Ca doped Sr2TiCoO6 and (b) Schematic representation of CaxSr2−xTiCoO6 double perovskite.
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fit with respect to Pm m3̄ space group as evident from low values of χ2

obtained for all the compositions. All the refinement fitting parameters
RF, RB, Lattice parameter and χ2, are listed in Table 1. The lattice
parameter for CSTC compositions decreased with the substitution of
calcium, which is expected since the ionic radius of Ca+2 (1.34 Å) is
smaller than Sr+2 (1.44 Å) ion. Moreover, CSTC system was found to
follow the Vegard's law as evident from the linear relationship between
lattice parameter and Ca content in CSTC shown in Fig. 2(f). Theoretical
density as well as density measured by Archimedes’ principle are pre-
sented in Table 1. The density for all CSTC samples were found to be
92–95% of theoretical density.

Fig. 3 shows the microstructure of the as-sintered surfaces of
CaxSr2−xTiCoO6 (0.0≤ x≤ 0.3) ceramics, which suggests that all the
CSTC samples were well-sintered and highly dense with not much
porosity. Grain size of the CSTC samples was calculated by using Image
J software [37] and obtained grain size was found to be in the range
from 2.5 to 6.1 µm.

Energy dispersive x-ray spectroscopy (EDXS) of CaxSr2−xTiCoO6

(0≤ x≤ 0.3) was carried out to verify the homogeneity of the ceramic.
The color elemental mappings of the constituent elements such as Ca,
Sr, Ti, Co, and O were acquired on the small area of as-sintered CSTC

(x= 0.2) ceramics as shown in Fig. 4. It is apparent that all the ele-
ments of CSTC ceramic samples were homogeneously distributed
without any sign of phase segregation.

3.1. Thermoelectric properties of CaxSr2−xTiCoO6 (0≤ x≤ 0.3):

Fig. 5 depicts the electrical conductivity (σ) and Seebeck coefficient
(S) of CaxSr2−xTiCoO6 (0≤ x≤ 0.3) samples, which were measured in
the temperature range from 300 K to 1050 K. Fig. 5 (a) shows the sig-
nature of semiconductor (dσ/dT > 0) to metallic (dσ/dT < 0) to
semiconductor (dσ/dT > 0) phase transition in the temperature de-
pendent conductivity graph. All the CSTC compounds exhibited the
electrical conductivity on the order of∼ 102 S/m at room temperature.
Temperature-dependent conductivity curve showed a distinct peak
corresponding with semiconductor (dσ/dT > 0) to metal like (dσ/
dT < 0) transition for all CaxSr2−xTiCoO6 (0≤ x≤ 0.3) compositions,
similar to what was observed for the pure Sr2TiCoO6 double perovskites
[25,27]. Ca-doped STC samples also kept up the high temperature
semiconductor behavior, which was observed in STC resulting an in-
termediate metallic like transition between two semiconductor phases.

Fig. 2. X-Ray diffraction (XRD) pattern of sintered CaxSr2−xTiCoO6 (0≤ x≤ 0.3), (a) CSTC (x=0), (b) CSTC (x=0.1), (c) CSTC (x= 0.2), (d) CSTC (x= 0.3)
compositions, (e) Rietveld refinement fitted data of CSTC (x= 0.3) sample with Pm m3̄ space group and (f) Variation in lattice parameter with doping concentration
(x) of Ca following Vegard’s law.

Table 1
Refined structural parameter of CaxSr2−xTiCoO6 (0≤ x≤ 0.3) obtained after Rietveld refinement of XRD data and measured density from Archimedes’ principle.

Composition Lattice Parameter
a=b= c (Å)

Volume (Å)3 RF Factor RB Factor χ2 Theoretical Density
(g/cm3)

Measured Density (Archimedes)
(g/cm3)

Sr2TiCoO6 3.896(8) 59.171 2.45 2.36 1.04 5.305 4.90 ± 0.03
Ca0.1Sr1.9CoO6 3.892(4) 59.043 3.20 3.28 1.85 5.304 5.04 ± 0.01
Ca0.2Sr1.8CoO6 3.887(5) 58.751 2.13 1.90 1.45 5.316 5.06 ± 0.01
Ca0.3Sr1.7CoO6 3.882(7) 58.535 1.60 1.99 1.38 5.322 4.97 ± 0.03
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The maximum electrical conductivity was found to be∼ 2709 S/m at
∼760 K for x= 0.1 composition.

The Seebeck coefficient initially decreased with temperature before
it started showing increasing trend for all the CSTC ceramic samples as
shown in Fig. 5(b). The point of inflection matches with the semi-
conductor to metal transition temperature observed in conductivity vs
temperature curve. The Seebeck coefficient was found to be positive for
all the CSTC ceramic samples, which confirmed the p-type transport in
the entire temperature range from 300 K to 1050 K. The distinct peak
obtained in temperature dependent Seebeck coefficient graph of Ca
doped STC needs to be explained with further investigation. At this
point, the intermediate metal like transition between two semi-
conductor phases is proposed to be responsible for the Seebeck coeffi-
cient peak.

The source of positive charge carriers in CSTC compounds is at-
tributed to the presence of multivalent cations such as Ti, Co in the B-
site of these double perovskites. Ti and Co ion can be present in Ti+4,
Ti+3 and Co+3, Co+2 valence state in the B-site of the double per-
ovskite which has the formal valence of +4. The defect reactions oc-
curred in CSTC compounds can be expressed by Kroger -Vink notation,

+ → ′ + +Co O O g Co O h1
2

( ) 2 4 2
BO

B o
x

2 3 2
2 2

(3)

+ → ′ + +′CoO O Co O h1
2

(g) 2 2
O

B o
x

2
B 2

(4)

+ → ′ + +Ti O O g Ti O h1
2

( ) 2 4 2
Bo

B o
x

2 3 2
2 2

(5)

Fig. 3. Scanning electron microscopy (SEM) images of CaxSr2−xTiCoO6 (0≤ x≤ 0.3) samples collected in secondary electron mode, (a) CSTC (x=0), (b) x=0.1,
(c) x= 0.2 and (d) x=0.3.

Fig. 4. Energy dispersive x-ray spectroscopy (EDXS) of Ca0.2Sr1.98TiCoO6 sample showing elemental mapping for constituents Ca, Sr, Ti, Co and O.
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→ +TiO Ti O2
BO

B
x

o
x

2
2

(6)

These defect reactions suggest that the presence of Co+2, Co+3, and
Ti+3 can donate holes in this CSTC systems resulting p-type behavior
observed in these double perovskites. No change in the type of charge
carriers is expected in Ca doped STC compounds as Ca+2 and Sr+2 are
isovalent.

Furthermore, the oxidation states of multivalent cations such as Co
and Ti in these CSTC compounds were confirmed by X-ray photoelec-
tron spectroscopy (XPS). XPS Spectra collected for Co 2p, and Ti 2p are
shown in Fig. 6(a) and (b), respectively. The obtained peaks in XPS
spectra were fitted using Lorentzian-Gaussian line shape after Tougaard
[38] type background correction for CaxSr2−xTiCoO6 (x=0.3) sample.
Estimated binding energies are presented in Table 2. All the estimated
binding energy values were found to be in good agreement with the
previous literature [39,40]. The obtained binding energy difference
(ΔβE) i.e. spin orbit splitting energy for Co2+ 2p1/2 − 2p3/2 is 15.62 eV
which distinguished the presence of high spin Co. ΔβE for Co3+ 2p1/2 −

2p3/2 was estimated as 15.45 eV. We also found the presence of satellite
peaks on the higher binding energy side Co 2p3/2 spectra, which were
also observed by earlier researchers [40–44].

Fig. 6 (b) represents Ti 2p XPS spectra for CaxSr2−xTiCoO6 (x=0.3)
sample. In our investigation, we found the existence of mixed valence
states of Ti4+, Ti3+ and Ti2+ in the XPS spectra as shown in Table 2.
The obtained binding energy for different valence states of Ti were
found to be similar to what were reported in the literature [26,45].
Fig. 6(b) shows an asymmetry in the 2p3/2 peak as well as in 2p1/2
resulting the multiplet splitting similar to what was reported earlier
[46–48]. It is apparent from the estimated area in the fitted XPS curve
presented in Table 2 that most of the cobalt existed as Co2+, whereas
+3 oxidation state of Ti was dominant over the other valence states. It
further validates the occurrence of positive charge carrier, holes due to
the presence of Ti3+, Ti2+ and Co3+, Co2+ in CSTC system as described
by the defect reactions mentioned above.

To understand the conduction mechanism of these type of materials,
band model may not be suitable. There are lot of defects present in
CSTC double perovskite oxides. It is plausible that the charge carriers
are localized at (Co Co Ti, ,B B B

/ // /) defect sites. Further, these defect sites
create the variation in local electric field as well as lattice strain re-
sulting an energy barrier which needs to be overcome by the charge
carriers i.e. holes in this case. The charge carrier requires enough io-
nization energy to cross the barrier by jumping off from one site to
another. Therefore, the small polaron hopping conduction model seems
to be more appropriate to deduce the transport behavior of these per-
ovskites-based oxides. Electrical conductivity driven by Small polaron
hopping conduction can be expressed by following equation [49–54]

Fig. 5. Temperature dependent (a) Electrical conductivity (σ S/m) and (b)
Seebeck coefficient (µV/K) of CaxSr2−xTiCoO6 (0≤ x≤ 0.3) ceramics.

Fig. 6. X-Ray photoelectron spectroscopy (XPS) spectra of (a) Co 2p and (b) Ti 2p peak for CaxSr2−xTiCoC6 (x=0.3) sample.

Table 2
Binding energy, FWHM, and area percentage of the Co 2p and Ti 2p XPS spectra
for CaxSr2−xTiCoO6 (x= 0.3) sample.

Element Spectral Region Binding Energy (eV) FWHM (eV) Area %

Co 2p 2P 3/2 Co2+ 781.45 3.66 29
2P 3/2 Co3+ 779.80 2.76 23
2P 3/2 satellite 785.52 5.0 21
2P 1/2 Satellite 789.65 4.0 6.4
2P 1/2 Co2+ 797.07 2.68 6.4
2P 1/2 Co3+ 795.25 3.12 14.1

Ti 2p 2P 3/2 Ti2+ 456.61 0.984 15.3
2P 3/2 Ti3+ 457.11 1.338 33
2P 3/2 Ti4+ 458.30 2.385 14.2
2P 3/2 Satellite 455.49 0.313 0.3
2P 1/2Ti2+ 461.39 1.231 2.1
2P 1/2Ti3+ 462.82 2.492 32.6
2P 1/2Ti4+ 464.91 0.698 1.7
2P 1/2 Satellite 465.55 0.482 0.9
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where σ0 is a constant, EHop is activation energy of small polaron hop-
ping, KB is Boltzmann constant and T is temperature. If the CSTC system
follows the small polaron hopping conduction mechanism then the
graph between ln(σT) and

K T
1
B

should follow the linear relationship and

the slope of the curve gives the activation energy of hopping (E )Hop for
localized carriers. Fig. 7 depicts the graph between ln(σT) and

K T
1
B

graph from 300 K to 1050 K. All the CSTC ceramic samples ensues the
small polaron hopping conduction mechanism in both the semi-
conductor regions (dσ/dT > 0) as shown in Fig. 7. The calculated ac-
tivation energies E( )Hop for two semiconductor regions are presented in
Table 3. It is evident from Table 3 that high temperature semiconductor
phase requires lower activation energy compared to room temperature
semiconductor phase for all the CSTC compositions. However, in both
semiconductor regions, the activation energy for hopping was found to
be increased with increasing Ca content in STC, which is evident from

the results as shown in Table 3.
In 1961 Heikes [55] proposed a formula for Seebeck coefficient (S),

when the charge transport is governed by the small polaron hopping,
which was later modified by Chaikin and Beni [50] addressing the spin
degeneracy of carriers, as expressed below;

= ⎛
⎝

− ⎞
⎠

S K
e

c
c

ln 2B

(8)

where c is the fractional concentration of small polaron arising from the
multivalent cations present in the system. We estimated the small po-
laron concentration by using Eq. (8) for all the CSTC samples, which are
given in Table 3. It can be seen that the fractional small polaron con-
centration did not change for Ca doping initially (x= 0.1) but it de-
creased with higher Ca concentration (x= 0.2 and 0.3) in CSTC sys-
tems. This behavior of ‘c’ values corroborates with the electrical
conductivity graph, where, conductivity of x= 0.2 and 0.3 composi-
tions are found to be lower than that of STC.

Furthermore, the thermoelectric power factor (S2σ) of
CaxSr2−xTiCoO6 (0≤ x≤ 0.3) ceramic samples were estimated from
the electrical conductivity and Seebeck coefficient in the temperature
range from 300 K to 1050 K as shown in Fig. 8. The highest value of
power factor achieved is∼ 5.91 µW/mK2 at 808 K for (x= 0.1) com-
position. It can be seen from Figs. 5 and 8 that the power factor is
primarily dictated by electrical conductivity as Seebeck coefficient did
not change much due to Ca-doping. Lower conductivity obtained for
x= 0.2 and 0.3 compositions due to increase in activation energy of
hopping as well as decrease in fractional polaron concentration com-
pared to pure STC led to the decrease in power factor. Moreover, power
factor did not really increase much for x= 0.1 composition compared
to STC, since the increase in electrical conductivity (σ) got somewhat

Fig. 7. Plot of ln(σT) vs.
KB T

1 for CaxSr2−xTiCoO6 (0≤ x≤ 0.3) (a) x=0, (b) x= 0.1, (c) x= 0.2, and (d) x= 0.3 samples demonstrating small polaron hopping

behavior.

Table 3
Activation energy (Ehop) of both regions (semiconductor region 1 and semi-
conductor region 2) calculated from small polaron hopping conduction model
using Eq. (7) and fractional small polaron concentration (c) calculated from Eq.
(8) for CaxSr2−xTiCoO6 (0≤ x≤ 0.3) ceramic samples.

Composition Ehop (eV) for
region 1

Ehop (eV) for
region 2

Fractional small polaron
Concentration (c)

Sr2TiCoO6 0.225 0.209 0.44
Ca0.1Sr1.99TiCoO6 0.229 0.224 0.44
Ca0.2Sr1.98TiCoO6 0.235 0.228 0.42
Ca0.3Sr1.97TiCoO6 0.235 0.234 0.42
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compensated by the decrease in thermopower (S). A similar type of
behavior was also reported in Ca-doped Sr1−xCaxTi1−yNbyO3

32 per-
ovskite and Sr-doped Ca2FeMoO6

33 double perovskite system.

4. Conclusions

We determined the temperature dependent electrical conductivity
and Seebeck coefficient of CaxSr2−xTiCoO6 (0≤ x≤ 0.3) double per-
ovskites. Rietveld refinement of XRD data revealed that all the CSTC
samples possessed a cubic crystal structure with Pm m3̄ space group.
The lattice parameter of CSTC (0≤ x≤ 0.3) was found to be linearly
decreased with increase in Ca concentration implying that CSTC system
followed Vegard's law. All the CSTC samples exhibited p-type behavior,
suggested by a positive Seebeck coefficient obtained in the whole
temperature range of measurement from 300 K to 1050 K. X-ray pho-
toelectron spectroscopy (XPS) analysis showed the presence of Co and
Ti as lower oxidation states than +4, which is the formal valence of the
B-site of the double perovskites resulting the formation of defects like
Co Co Ti, ,B B B

/ // / . In the temperature dependent conductivity measure-
ment, all the Ca-doped STC samples manifested an intermediate me-
tallic phase (dσ/dT < 0) transition between two semiconductors (dσ/
dT > 0) phases. Both semiconductor phases found in all the CSTC
samples obeyed the small polaron hopping conduction mechanism.
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