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trinsic thermal conductivity in
Sr1−xGdxTiO3 ceramics via phonon-point defect
scattering for enhanced thermoelectric application

R. Shanmuka Sundari,a S. Harish, ab V. Vijay, a M. Shimomura, b S. Ponnusamy,*a

J. Archana a and M. Navaneethan *ac

A substantial reduction in the thermal conductivity for strontium titanate (ABO3) perovskite structure was

realized for the A-site substitution of gadolinium (rare earth element) in SrTiO3 ceramics. The effect of

Gd3+ substitution on the structure, composition, and thermoelectric properties of SrTiO3 was

investigated. The substitution of Gd3+ in the SrTiO3 matrix resulted in the minimalization of thermal

conductivity. The thermal conductivity followed a similar trend as that of thermal diffusivity, but specific

heat capacity exhibited a non-monotonic trend. The thermal conductivity is reduced to 1.05 W m−1 K−1

for the minimal substitutional composition (Sr0.99Gd0.01TiO3) which is 30% less than that of SrTiO3 at 303

K. The variation in the ionic radii and atomic mass of the heavier rare earth Gd3+ substituted over Sr2+

resulted in the reduction of thermal conductivity of SGTO ceramics caused by the corresponding

boundary scattering at low temperatures and temperature-independent phonon-impurity scattering at

high temperatures.
Introduction

Thermoelectric (TE) materials involve the effective conversion
of a temperature gradient to a voltage difference and vice versa.
TE materials and devices tend to possess prominent applica-
tions in thermoelectric devices for heating and cooling which is
primarily the generation of power based on waste heat
recovery.1,2 The conversion efficiency of the TEmodule or device
is generally determined based on the dimensionless thermo-
electric gure of merit (zT), and the equation is

zT ¼ S2s

kT
(1)

where, S, s, T and k are the Seebeck coefficient, electrical
conductivity, absolute temperature and total thermal conduc-
tivity, respectively.3 Achieving high zT is complex, where
concurrent execution of high s and S with low k for material is
difficult due to their interrelated property.4,5 To date, TE mate-
rials used in real-time operations are consequently based on the
alloy materials such as SiGe, Bi2Te3 and so on but major issues
arise due to their scarcity and toxicity. However, oxides were not
considered appropriate candidates for thermoelectric
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applications due to low carrier mobility, until the attention
gained by the investigations on the stable performance of the
mist cobaltites over high operating temperatures. Oxide
materials possess advantages like high thermal and chemical
stability, low toxicity, cost-effectiveness and immense oxidation
resistance.6–8 These properties make the oxide materials
a potential candidate for TE applications enabling reliable
manufacturing and durable functioning of the devices.9 Oxides
have typically a small phonon mean free path in comparison
with conventional TE materials, this is mainly a challenging
part of reducing thermal conductivity.10–13 Oxide materials
inherently possess a relatively high Seebeck coefficient, low
electrical conductivity, and high thermal conductivity at high
temperatures. To enhance zT of oxide materials, typically two
different strategies have been employed. One is tuning carrier
concentration (n) as it functionally affects S, s, and k.14 Another
approach is the decoupling of the interdependency of S and s

via engineering the carrier transport properties by using strat-
egies such as nanostructuring, nano inclusions and so on.15,16

Perovskite oxides are being vastly investigated for their TE
performance, where SrTiO3, a typical transition metal perov-
skite oxide is very much scrutinized as an n-type material.17 For
enhancing the Seebeck coefficient, SrTiO3 was electron-doped,
which resulted in high electrical conductivity due to high
mobility.18,19 For the reduction of thermal conductivity, the
effect of various strategies like nanostructuring,20 grain
boundary engineering,21 resonance doping,22 and nano inclu-
sions23 on SrTiO3 are investigated.
RSC Adv., 2023, 13, 665–673 | 665
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Doping is one of the most immensely investigated strategies
for either increasing the power factor or decreasing the total
thermal conductivity. When substituting the A-site of SrTiO3

with the rare earth (RE) elements of higher ionic radii than Sr2+

ion could enhance the electrical properties, whereas low ionic
radii will lead to a reduction in the thermal conductivity of the
SrTiO3 ceramics.24

Besides, substituting Sr or Ti site with rare earth ions with
dissimilar ionic radii was reported to induce disorders in lattice
such as lattice strains concurrently inuencing the thermo-
electric performance of SrTiO3 ceramic materials.25 Trivalent
rare earth RE3+ ions are oen used for improving the reliability
of strontium or barium (alkaline earth metal) Sr/Ba titanates.26

Gd was chosen typically due to its small ionic radius to substi-
tute Sr2+ ion, leading to the large lattice distortion.27 There have
been many investigations owing to the inuence of RE doping
and substitution which resulted in improved TE performance of
SrTiO3 ceramics. Reportedly, the 10% substitution of La, Nd,
and Sm in the Sr-site resulted in power factor enhancement.
Instead, a 10% substitution of Gd, Dy, Er, and Y led to
a reduction in thermal conductivity. Therefore, the substitution
of La (higher ionic radius) and Yb (lower ionic radius) in-Sr site
was reported to obtain the zT of 0.31 at 973 K.24 Similarly, the
investigation of the ionic radius-dependent reduction in
thermal conductivity of 2 W m−1 K−1 at 1273 K was reported by
Kovalevsky et al.28

In this work, the thermal transport properties of Gd-
substituted SrTiO3 have been discussed and reported for the
different compositions of Sr1−xGdxTiO3 ceramics. Reducing the
thermal conductivity of the SrTiO3 matrix is the main objective
of this investigation. The SGTO ceramics were prepared by the
solid–state reaction method and fabricated using the cold
isostatic technique. Aer sintering in air, the SGTO ceramic
samples were subjected to structural, and morphological anal-
ysis and thermoelectric properties were investigated over the
temperature range of 303–903 K. A prominent minimalization
in thermal diffusivity and thermal conductivity was achieved
over a range of 303–903 K.

Experimental procedure

Pure and Gd-substituted SrTiO3 were prepared by conventional
solid–state reaction techniques using SrCO3 (99.8%), TiO2

(99.8%), and Gd2O3 (99.9%) powders. The precursor powders
were weighed according to the stoichiometric ratio for the pure
SrTiO3, Sr0.99Gd0.01TiO3, Sr0.97Gd0.03TiO3, and Sr0.95Gd0.05TiO3

compositions and pulverized using mortar and pestle to obtain
homogeneity of the mixture. The mixture was placed in the
alumina crucible and then calcined at 1373 K in the air for 12 h.
Aer calcination, the powders were prepared for pelletization.
The calcined powders were weighed accordingly and loaded in
a hardened stainless-steel die and further subjected to densi-
cation using uniaxial pressing with a cold isostatic press. A
pressure of 40 MPa was applied for pelletization. This resulted
in pellets with the dimensions ofF= 13mm and d= 2mm. The
as-prepared pellets were sintered in air at 1373 K. The sintered
discs were named STO, SGTO1, SGTO3 and SGTO5 for the
666 | RSC Adv., 2023, 13, 665–673
composition of Sr1−xGdxTiO3 (x = 0.01, 0.03 and 0.05),
respectively.

Characterization

X-ray diffraction analyses were performed using an X-ray
diffractometer (PANalytical Bench Top). X-Ray photoelectron
spectroscopy (XPS) measurements were carried out with X-ray
Photoelectron spectroscopy (XPS) PHI Versaprobe III. Micro-
structural observations were done with a eld emission scan-
ning electron microscope with energy-dispersive X-ray
spectrometry (HRSEM/EDS; Thermosceintic Apreo S) and
high-resolution transmission electron microscope (JEOL Japan,
JEM-2100 Plus). The thermal diffusivity (D) was measured using
the laser ash method (NETZSCH, LFA 467 HT, Germany), and
the specic heat capacity (Cp) was derived in the temperature
ranging from 303–903 K range. The total thermal conductivity
(k) of a sample was calculated using the relationship k = DCpr.
The density r plays important role in conductivity according to
the above-mentioned relation of total thermal conductivity. In
this work, the relative density of as prepared pellet samples was
measured by Archimedes principle.

Results and discussion

Fig. 1(a) shows the XRD patterns of STO and SGTO ceramics at
room temperature. For all the compositions, the observed X-ray
diffraction patterns are consistent with the crystallographic
structure of SrTiO3. The major peaks were observed at 2q of
22.7°, 32.4°, 39.9°, 46.4°, 52.3°, 57.7°, 67.8°, 72.5° and 77.1°
corresponding to (1 0 0), (1 1 0), (1 1 1), (2 0 0), (2 1 0), (2 1 1), (2 2
0), (3 0 0) and (3 1 0) planes, respectively. The cubic crystal
structure with Pm�3m space group of STO, SGTO1, SGTO3 and
SGTO5 was conrmed from the XRD patterns, which is well
matched with JCPDS card no: 35-0734. When compared with the
STO sample, the Gd-substituted SGTO ceramic samples
exhibited minor shis in the peak positions. Fig. 1(b) shows the
XRD pattern of the (1 1 0) diffraction peak. The diffraction peak
shis toward higher angles with the increase in full width at
half maximum (FWHM) with an increase in Gd-substitution.29

This implies that lattice shrinkage has occurred due to the
inuence of the ionic radii of Gd3+ (0.094 nm) when compared
to Sr2+ (0.118 nm). Further, it can be identied from decreasing
values of lattice parameter and cell volume with the addition of
Gd as in Table 1. From the structural analysis, it can be inferred
that the inuence of the smaller ionic radii of Gd3+ for Sr2+ led
to the distortion of the lattice and increased FWHM in the STO
and SGTO ceramics.27

Fig. 2(a–i) shows the core-level spectra and survey spectra of
STO and SGTO5 samples. Fig. 2(a–c) shows the high-resolution
XPS spectra of Sr, Ti, Gd and O of STO and SGTO5, respectively.
The survey spectra shown in Fig. 2(d–h) conrmed the presence
of Sr, Ti, O and Gd in the STO and SGTO5 sample. The high-
resolution spectra Sr 3d in Fig. 2(a) shows the doublet peak at
132.1 and 133.9 eV corresponding to 3d5/2 and 3d3/2, respec-
tively. This conrms the Sr2+ state in the STO sample. The peaks
at 133.2, and 133.4 eV corresponds to the Sr2+ state due to Sr–
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD pattern, (b) enlarged XRD patterns of (1 1 0) peaks and (c) variation of lattice parameter and unit cell volumewith respect to sample
composition of STO, SGTO1, SGTO3 and SGTO5 ceramics.
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OH, Sr–CO3, Sr–Sr and Sr–O bonds at the surface of the STO
sample.29,30 Fig. 2(d) shows the two peaks at 132 and 133.7 eV
corresponding to Sr 3d5/2 and 3d3/2, respectively. The other two
peaks at 133.1 and 134.8 eV correspond to the Sr2+ state due to
Table 1 Cell parameters and density of STO and SGTO ceramics

Sample composition Structure
Lattice parameter
(Å)

SrTiO3 Cubic 3.90034
Sr0.99Gd0.01TiO3 Cubic 3.89671
Sr0.97Gd0.03TiO3 Cubic 3.89461
Sr0.95Gd0.05TiO3 Cubic 3.89274

© 2023 The Author(s). Published by the Royal Society of Chemistry
Sr–OH, Sr–CO3, Sr–Sr and Sr–O bonds at the surface of the
SGTO5 sample. Two strong peaks of the Ti 2p spectrum in
Fig. 2(b) of the STO sample are located at 457.6 and 463.4 eV,
respectively corresponding to the Ti 2p3/2 and Ti 2p1/2 bonding
Unit cell volume
(Å3)

Density (g
cm−3)

Relative density
(%)

59.3345 4.51 88.1
59.1692 4.28 83.6
59.0735 4.25 83.1
58.9886 4.21 82.2

RSC Adv., 2023, 13, 665–673 | 667
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Fig. 2 XPS core level spectra of (a–c) Sr 3d, Ti 2p and O 1s of STO sample, (d–h) Sr 3d, Ti 2p, O 1s, Gd 3d and Gd 4d of SGTO5 sample and (i)
survey spectra of STO and SGTO5 samples.
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states. This conrms the Ti4+ chemical state in the STO sample.
Similarly, the peaks of Ti 2p of SGTO5 was located at 4578 and
463.5 eV corresponds to Ti 2p3/2 and Ti 2p1/2 of Ti4+ state has
shown in Fig. 2(e). The peak centred at 456.7 and 464.6 eV of the
STO sample and 459.4 and 465.2 eV of the SGTO5 sample could
be attributed to titanium with a low valence state corresponding
to non-stoichiometric TiO2−x species. The splitting of SrO and
reduced TiO2−x peaks implies that a large number of oxygen
vacancies are present on the surface of SrTiO3. It is also be
inferred that the surface of SrTiO3 may be mainly composed of
TiO2−x and SrO species 30–32. In Fig. 2(c), the peaks at 528.9 and
531.6 eV in the O 1s spectra of STO correspond to the lattice
668 | RSC Adv., 2023, 13, 665–673
oxygen and surface-adsorbed oxygen, respectively. In Fig. 2(f)
the peaks at 528.9 and 530.7 eV in SGTO samples correspond to
the lattice oxygen and surface-adsorbed oxygen, respectively
30,33. The core spectrum of Gd 3d is shown in Fig. 2(g) exhibits
the doublet peaks of Gd 3d5/2 and 3d3/2 at the binding energies
of 1187.1 and 1219.1 eV, respectively 34. The spin electron
splitting energy of 32 eV conrms the existence of Gd3+ in the
SGTO5 sample. The other peaks at 1195.9 and 1228.3 eV could
be ascribed to the multiplet and satellite peaks, respectively 35,36.
The XPS spectrum in Fig. 2(h) for Gd 4d reveals the peaks
centred at 143.6 and 148.4 eV attributed to the Gd 4d5/2 and 4d3/
2, respectively, conrming the presence of Gd3+ state in SGTO5
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04829a


Fig. 3 (a1–d1) HRSEM micrographs, (a2–d2) particle size distribution of STO, SGTO1, SGTO3 and SGTO5 ceramics and (a3–d3) elemental
mapping of SGTO1 ceramics, respectively.
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sample. The extra peak at 141.4 and 145.9 eV cannot be attrib-
uted to Auger electrons which require high kinetic energy or
chemical decomposition which would result in the shi of all
the core levels. Since Gd belongs to the heavy lanthanide group
element, this splitting can be attributed to the electrostatic
interaction between a core level and a partially lled 4f level 33,37.
The XPS results further conrm the formation of SrTiO3 and Gd-
substituted SrTiO3 ceramic samples, which agrees well with the
XRD analysis.

FESEM micrograph of STO and SGTO ceramics are shown in
Fig. 3(a1–d1). With the increase in the concentration of Gd
substitution in SrTiO3, the particle size was observed to
© 2023 The Author(s). Published by the Royal Society of Chemistry
increased and illustrated by the particle size distribution plot in
Fig. 3(a2–d2).26 Fig. 3(a3–d3) shows the elemental mapping of
SGTO1 ceramics, demonstrating the homogenous elemental
distribution of Sr, Ti, Gd and O in the sample. Transmission
electron microscopy (TEM) was employed for further investi-
gation of the morphology and crystalline quality of the ceramic
samples. Fig. 4(a1 and b1) shows the TEM image of STO and
SGTO1 ceramics, the images are exhibiting irregular cubic-like
morphology.38 HRTEM micrographs shown in Fig. 4(a2, a3, b2
and b3) indicated that STO exhibited high crystalline feature
with the d-spacing of 0.291 nm corresponding to the (1 1 0)
plane when the d-spacing of (1 1 0) decreased to 0.284 nm for
RSC Adv., 2023, 13, 665–673 | 669
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Fig. 4 (a1 & b1) TEM and (a2, a3, b2 & b3) HRTEM micrographs of STO and SGTO1 ceramics, respectively.
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SGTO1. This is consistent with the XRD analysis which is
inuenced by the smaller ionic radii of Gd3+ compared to Sr2+.
Henceforth, the substitution of Gd in SrTiO3 results in
a decreased d-spacing.39

Temperature-dependent specic heat capacity (Cp) of SGTO
ceramics is illustrated in Fig. 5(a) over the temperature range
from 303–903 K. In this investigation, the Cp values of STO and
SGTO samples vary between 2.2 to 1.1 J g−1 K−1. The Cp value of
STO increased from 1.87 to 2.13 J g−1 K−1 at 303–903 K,
respectively. At 303 K, the Cp value of the SGTO1 sample was
1.29 J g−1 K−1, it increased to 1.38 J g−1 K−1 at 903 K. However,
the Cp values of the SGTO3 sample showed a decreasing prop-
erty when compared to all other samples. At 303 K, the Cp value
of the SGTO3 sample was 1.28 J g−1 K−1 while it decreased to
1.09 J g−1 K−1 at 903 K. The Cp values of the SGTO5 sample
increased from 1.69 J g−1 K−1 at 303 K to 1.959 J g−1 K−1 at 903
K. Thus, the Cp values of the STO and SGTO ceramics depicted
a discrete property in the temperature range of 303 K to 903 K.
This indicated that there was no phase transformation or
change in the composition of SrTiO3, while the increase in the
Cp values is ascribed to the substitution of heavier element Gd
in the SrTiO3 matrix.40–42

Temperature-dependent thermal diffusivity (D) of pure and
Gd-substituted SrTiO3 is shown in Fig. 5(b) with a temperature
range of 303–903 K. The thermal diffusivity of Gd-substituted
samples continued to decrease with temperature. The diffu-
sivity of STO was observed to be 1.2 mm2 s−1 at 303 K which
continued to decrease almost exponentially with an increase in
temperature thereby reaching a minimum of about 0.71 mm2

s−1 at 903 K, respectively. So, for the Gd-substituted samples
such as, SGTO1, the D value was observed to be a minimum of
0.4 mm2 s−1 at 303 K which continued to remain the same with
670 | RSC Adv., 2023, 13, 665–673
minimal variation till 903 K, illustrating almost temperature-
independent diffusivity property. The SGTO3 sample also
exhibited a similar diffusivity property when compared to the
SGTO1 sample. For the SGTO5, the D value of 0.9 mm2 s−1 at
303 K possessed a similar trend of STO and reached 0.5mm2 s−1

at 903 K. The smaller ionic radii of Gd3+ causing the lattice
shrinkage and decreased cell volume inuences the decrease in
the thermal diffusivity. The declining thermal diffusivity
specically at high temperatures for the STO and SGTO
ceramics is attributed to temperature-independent thermal
diffusion. On the whole, the obtained thermal diffusivity of Gd-
substituted samples was inferred to be reduced than that of
pure SrTiO3.

The temperature dependence of thermal conductivity of pure
and Gd-substituted SrTiO3 is shown in Fig. 5(c). Signicant
reduction in thermal conductivity is observed for all Gd
substituted samples over the range of 303–903 K. An impressive
overall reduction of 35% at 303 K and 50% at 903 K was
observed. As the temperature is increasing the thermal
conductivity of STO sample decreases from 3.54 W m−1 K−1 at
303 K to 2.9 W m−1 K−1 at 903 K. The thermal conductivity of
SGTO1 initially decreased to 1.05 W m−1 K−1 at 303 K when
compared to STO. Similarly, the thermal conductivity of SGTO3
decreased to 1.25 W m−1 K−1 at 303 K when compared to STO.
The minimum k was 1.25 W m−1 K−1 for the SGTO1 sample at
303 K. Specically, for SGTO1 sample, with an increase in
temperature the thermal conductivity increased however
remaining below 1.5 W m−1 K−1 at 903 K. This shows that the k
of SGTO1 and SGTO3 samples are minimal when compared to
STO. Instead, the SGTO5 sample was observed to possess high k

values when compared to SGTO1 and SGTO3 ranging from
2.32 W m−1 K−1 at 303 K to 1.83 at 903 K. A more
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Temperature dependent (a) specific heat capacity (Cp), (b) thermal diffusivity (D) and (c) thermal conductivity (k) of STO, SGTO1, SGTO3
and SGTO5 ceramics, respectively and (d) comparison plot of thermal conductivity.23,44,48,49

Fig. 6 Total thermal conductivity VS microstrain.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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distinguishable reduction in the thermal conductivity was
observed for the Gd-substituted samples, specically in the low-
temperature region. In the case of crystalline solids, boundaries
hinder the thermal transport at a lower temperature. Mean-
while, phonon–phonon Umklapp scattering inuences the
thermal transport at high temperatures.43 The reduction of k at
low temperatures could be attributed to the boundary scat-
tering, as it is closely related to the microstructures.44,45 The
temperature-independent property is precedent in perovskite
materials which have been reported to represent the sequential
relation between lattice parameters, lowering thermal conduc-
tivity and ionic radii, respectively.43,46 Thus, the lattice distortion
evident from the structural and morphological analyses led to
the lowered thermal conductivity which is attributed to phonon-
impurity scattering. Thermal conductivity could be determined
by a combination of defect scattering, grain boundary scattering
and Umklapp scattering according to Matthiessen's rule. As
demonstrated by Han et al., mass difference scattering could
also be an inuencing factor for the immense reduction in k of
Gd-substituted SrTiO3 ceramic samples, where the mass of Gd3+
RSC Adv., 2023, 13, 665–673 | 671
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is approximately two times heavier than that of Sr2+.46 There-
fore, the minimum k of 1.25 W m−1 K−1 and 1.5 W m−1 K−1 at
303 K and 903 K were achieved for minimal substitution of Gd
(Sr0.99Gd0.01TiO3), respectively. The minimum thermal
conductivity reported in this work is so far the lowest k in
comparison for a minimal amount of substitution when
compared with other reports as shown in Fig. 5(d). Henceforth,
the substitution of rare earth element Gd in the Sr-site of SrTiO3

perovskite structure has resulted in low thermal conductivity at
303 K and even at 903 K. It can be realized well that a greater
number of phonon-scattering mechanisms contributed to the
notable decline in k including phonon–phonon and interface
scattering. Based on Matthiessen's rule, the physical signi-
cance of different scale phonon scattering mechanisms has
been given below. Microstructural defects including grain
boundary and grain boundary interface scattering occurred at
room temperature to near room temperature range, which
strongly scatters the low-frequency phonons and described as,

1

sGB

¼ n

LG

(2)

If the temperature increases, the contribution of micro-
structural defects was less, while the point-defect scattering
arises, which scatters the high-frequency phonons and is
described as,

1

sPD
¼ Vu4

4pn3
G (3)

In addition, the impurity scattering (or) point defect scat-
tering is the sum of mass and strain uctuation scattering and
is described as,

GM + GS = Gcal (4)

Gm ¼ 1

3

 
M

M

!
xð1� xÞ

�
M1 �M2

M

�2

(5)

�M = M1x = M2(1 − x) (6)

M ¼ 1

3

�
M þM3 þM4

�
(7)

where n, LG, G and u represents the Poisson ratio, grain size,
angular frequency point defect scattering parameter respec-
tively 47–49. The calculated GM value is 0.01355, which signi-
cantly controls the thermal conductivity of SGTO1 combined
with the grain boundary scattering. Moreover, the microstrain
of all the Gd substituted SrTiO3 samples were calculated by the
W–H plot, which followed as,

3 ¼ b cos q

4 sin q
(8)

Fig. 6 represents the relation between the microstrain and
total thermal conductivity, which proves that increasing Gd
672 | RSC Adv., 2023, 13, 665–673
concentration signicantly improved the microstrain and
resulted in reduced thermal conductivity.

Conclusion

In summary, thermoelectric properties for Sr1−xGdxTiO3 (x =

0.01, 0.03 and 0.05) were investigated and revealed the low
thermal conductivity of 1.05 W m−1 K−1 at 303 K. Introduction
of Gd in the Sr site can signicantly change the lattice param-
eters, which were conrmed by the structural and morpholog-
ical analyses. From XPS it is evident that the substituted Gd
have the valence state of 3+ in the Sr-site of the SrTiO3 matrix.
The combined effect of grain boundary-phonon scattering,
mass uctuation scattering, strain uctuation scattering and
point defect scattering predominantly increased the phonon
scattering resulting in reduced thermal conductivity for the
SGTO1 sample. This investigation on thermal transport prop-
erties gives a prominent way to reduce the thermal conductivity
through the rare earth element substitution, which would result
in a great way to enhance the thermoelectric performance.
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