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Significant Reduction in Thermal Conductivity
and Improved Thermopower of Electron-Doped
Ba,_,La, TiO; with Nanostructured Rectangular Pores

Al Jumlat Ahmed, David Cortie, Frank Yun, Yasir Rahman, Sheik Md Kazi Nazrul Islam,
Abdulhakim Bake, Konstantin Konstantinov, Md. Shahriar A. Hossain,*

Azhar Alowasheeir, Yusuke Yamauchi, and Xiaolin Wang*

Electron-doped BaTiO:s is a less studied n-type metal oxide thermoelectric
(TE) material. In this work, the electrical conductivity of BaTiOs samples

has been improved by introducing La to yield an n-type Bai-LaTiO3 semi-
conducting material. Density functional theory calculations show that the
optimal electron-doping occurs at x = 0.2, and this is also confirmed ex ,eri-
mentally. To improve the TE properties further, nanostructured cuboiu.. -~ores
are introduced into the bulk Bai-«LaxTiOs using FI27 surfactant mi ‘'les for

a chemical templating process, followed by spark plasma sinteri.g. In ~rest-
ingly, transmission electron microscopy (TEM) images reveal tha. “.:samf =
synthesized using the surfactant FI27 has nanostructured r .ctangula: _
pores of around 4 nm within a highly crystalline structure. .. “ay powder dif-
fraction (XRD) analysis confirms that all the La doped s.. 1ples . e the cubic
BaTiO:s perovskite phase. Scanning electron micros vpy (SEM) im .ges show
that all the samples have similar grain boundaries : 1d uniform La doping,
which suggests that the large reduction in the l>ttice “~ermal .onductivity in
the F127-treated samples arises primarily fror.1 the pore u..cribution which
introduces anisotropic phonon scattering v. “in t’.c un “ue nanoarchitecture.

“im

The thermal conductivity of the sample is less tn.. 2V K™'m™'at room tem-
perature, and it reduces to 1.5 WK™'r' a 950 K. ) ae sample with 20 at% La
doping and nanopores also shows a .. **mr __  (Seebeck coefficient) that
is doubled compared to the related samp. “vithout porosity. Together with
the lattice thermal conductivitv, thi. =nables . significant improvement in the

figure of merit, zZT compare. " t'(e vu.cr samples.
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I. Introduction
17

Metal oxide thermoelectric (TE) materials 18
have tremendous potential for waste heat 19
recovery from automotive exhaust systems 20
and industrial furnaces because they are 21
chemically stable at high temperatures, 22
and also offer robust physical proper- 23
ties.[!l The performance of TE materials 24
is assessed bgzthe dimensionless figure of 25
o 26

merit, zT'=——T, where, S, o, T, and « 27
K

are the Seebeck coefficient which is also 28
known as the thermo-power, the electrical 29
conductivity, the absolute temperature, 30
and the thermal conductivity respec- 31
tively.[2-5) The term S%c is called the power 32
factor of the TE material. 33

Barium titanate (BaTiOs3) is a very well- 34
studied material and is very popular as 35
a lead-free ferroelectric (piezoelectric) 36
material.l) The perovskite crystal struc- 37
ture of BaTiOs changes with temperature. 38
Above the Curie temperature (120 °C), 39
it has a cubic crystal structure. Below 40
the Curie temperature which lies near 41
ambient temperatures (120 to 5 °C), one 42
axis (the c axis) stretches, while the other 43
two axes shrink, as the crystal structure 44

45
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becomes tetragonal. Above the Curie temperature, BaTiO3 does
not show any piezoelectric effect due to its cubic perovskite
structure. However, it has a similar cubic perovskite structure
like SrTiOs above the Curie temperature, but its TE properties
are not well studied.[”8] A previous theoretical study compares
the TE properties of SrTiO3 and BaTiOs. The study describes
that due to the higher lattice constant (4.060 A) of BaTiO3
compare to SrTiOs (3.928 A), the BaTiO3 has a lower electrical
conductivity but a higher Seebeck coefficient in terms of car-
rier concentration.l’”! The intrinsic thermal conductivity at room
temperature of BaTiOs is also low (6 W K' m™1) compared to
SrTiOs (12 W K=! m™). These points indicate that the BaTiO3
could be a potentially useful TE oxide material.

Some experimental studies were also done on the TE proper-
ties of BaTi0s. TE properties of Fe doped BaTiO3 were reported
at high temperatures.l”) The XRD results show the crystal struc-
tures of Fe doped BaTiO3 are mixtures of tetragonal and cubic
perovskite BaTiO3 phases. The electrical conductivity increases
with temperature and Fe concentration because of the substitu-
tion of Ti** with Fe3* which also increases the oxygen vacancy
population. The power factor also increases with temperature
and Fe concentration. The mixed structure of crystalline phases
has good potential for enhancing the TE properties.[]

In another study, barium titanate and graphene oxide com-
posites were prepared by the spark plasma sintering (SPS)
technique containing graphene oxide up to 4 weight%. The
maximum zT value of 0.008 at 550 K was achieved in the
sample with 1.7 w% of graphene oxide.['% In related work, it
was reported that the Eu substitution in reduced Bai-xEuxTiO3-s
slightly decreases the Seebeck coefficient and enhances the
thermal conductivity. But it improves the electrical conduc-
tivity significantly by introducing new electronic states in the
bandgap, near the band-edge. The sample Bai-+EuxTiO3-5, x =
0.9 shows a zT of 0.25 at 1100 K.['l Following on this theme,
the TE properties of La doped SrTiO3-BaTiOs solid solutions
have been studied for different levels of Sr substitution. The
electrical conductivity increases, but the Seebeck coefficient
decreases with increasing Sr concentration, which is related to
the lattice parameter. The latter result indicates that a shorter
Ti-Ti distance is desirable for improvement in the power
factor. The thermal conductivity increases with Sr concentra-
tion which disagrees with the point defect scattering theory.!'?]
Conducting polyaniline (PANI) and BaTiO3 nanoparticle com-
posite films have also been investigated for TE properties.'3]
The composite film behaves like a p-type TE material. The elec-
trical conductivity is improved compared to pure BaTiOs, but
the Seebeck coefficient recedes. Therefore, there is no signifi-
cant improvement in the power factor of conducting PANI and
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BaTiO3 nanoparticle composite films. In another study, lead
magnesium-niobate Pb(Mgi/3Nbz/3)03 (PMN) has been incor-
porated in different contents with pure BaTiOs to improve its
TE efficiency by increasing the degree of A and B site disor-
dering by Pb? and (Mg, Nb)** ions. It shows that by increasing
the contents of PMN, the electrical conductivity increases,
and the thermal conductivity decreases. Therefore, there is an
overall improvement in the TE performance of PMN incorpo-
rated BaTiO3.'¥ Complex double perovskites BaxSri-xTiFeOs
with 0.0 < x > 0.25 show p-type TE behavior and the sample
with x = 0.25 shows very high thermo-power of 800 uV K~* at
1123K.151 On the other hand, Niobium doped barium titanate
(BaNbxTi1-x03) exhibits n-type TE behavior whose electrical con-
ductivity is directly proportional to the temperature.['®! Yttrium
doped n-type BaTiO3 shows a thermo-power of =550 puV K at
350 K.[17]

Previously, we have reported that La doping optimization and
nanostructured porosity into bulk material can improve the TE
properties of SrTi03.1'819 BaTiO3 has a similar cubic perovskite
structure above the Curie temperature. It has intrinsically low
thermal conductivity and chemical stability at high tempera-
tures. Its electrical conductivity can be changed easily by electron
doping. Electron doped BaTiO3 was reported as a TE material
though it exhibited a low figure of merit such as zT value of 0.008
at 550 K.['% [t was also reported that its transport properties like
electrical conductivity and Seebeck coefficient can be improved
by doping optimization.[7'%141 However so far, no research
has been done to reduce the thermal conductivity which can
improve its TE performance. Here we report for the first time
that the thermal conductivity of BaTiO3 can be suppressed and
the Seebeck coefficient can be improved greatly by introducing
nanostructured pores into the bulk sample. The main objective
of our research is to examine the effect of nanostructured pores
on TE properties of BaTiO3 which is intrinsically an insulating
material. Therefore, the electrical conductivity is improved, and
it becomes n-type semiconducting material because of electron
doping by adding La in atomic percentage.

2. Results and Discussion

2.1. Density Functional Theory (DFT) Calculations

Figure 1 shows the total density of states (TDOS) and the con-
tribution of electrons from s, p, and d orbitals to the DOS for
undoped (Figure 1a) and La doped BaTiOs. Different doping
levels are considered by varying the amount of La yielding cells
including: Lao.2sBao75Ti03, LaosBaosTiOs, and Lao.7sBao.2sTiOs3
as shown in Figure 1b-d. For all cases, the electrons of p orbital
are the majority contributor of the valence band and electrons
of d orbital are the majority contributor of the conduction band.
The Fermi level shifts into the conduction band as shown in
Figure 1b for 25 at% La doping and the material becomes an n-
type semiconductor with improved electrical conductivity. How-
ever, for 50 and 75 at% La doping, there is no further increment
in the DOS at the Fermi level and the bandgap only increases
slightly as shown in Figure 1c,d respectively. The band struc-
tures of supercell for bare sample BagTigO24 and 25 at% La
added sample BacLazTisO24 are available in Figure S2 a,b,
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Figure |. The density of state (DOS) of BaTiO; samples with different La doping a) bare, b) 25 at% La, c) 50 at% La and d) 75 at% La doped BaTiO;. 26

Supporting Information. The band structures show that the
Fermi level shifts toward the conduction band due to 25 at%
La doping which means the doped sample becomes an n-type
semiconductor and the energy bandgap reduces to 1.8 eV. This
finding predicts that the electrical conductivity is increased
by moderate La-doping which results in an n-type semicon-
ductor, but higher doping levels will not result in any additional
enhancement in the conductivity.

2.2. Experimental Results

The X-ray diffraction (XRD) patterns of La doped BaTiOs
powder samples calcinated at 600 °C are shown in Figure S1,
Supporting Information. All the samples were measured by
the same instrument. The calcinated powder samples with
and without La doping have the cubic BaTiOs phase (JCPDS
data No. 31-0174).[2] The (200) peaks located at 45° are marked
with a dotted box. It is interesting to observe that the sample
20L BTO F127 prepared with 600 mg of surfactant F127 shows
more obvious XRD peaks, compared to other samples pre-
pared without surfactant F127. The average crystallite size of
the samples was calculated from the XRD peaks using Scher-
rer’s equation. The calculations show that samples with and
without surfactant F127 have an average crystallite size of
around 20 nm. It suggests that the crystallite size of the
sample with surfactant F127 does not change due to the pres-
ence of nanoscale pores.

The XRD patterns of the La doped BaTiOs bulk samples
synthesized by SPS are shown in Figure 2a-1. The overall syn-
thesis process including the SPS step is shown in Figure S3,
Supporting Information. The XRD patterns confirm that the
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27

primary phase is cubic BaTiOs, since there is a single peak at 28
around 45°. The same general features are observed in the XRD 29
patterns of the starting powder samples (Figure S1, Supporting 30
Information) prior to sintering. In Figure 2a-2, the gradual 31
shift toward higher diffraction angles of the enlarged (110) peak 32
proves that the La doping into the lattice of BaTiO3 causes sub- 33
stitution and lattice contraction. The gradual reduction in the 34
lattice parameter with an increasing La doping indicates that Ba 35
atoms on the A sites of the ABOs crystal system are replaced by 36
La since La (217 pm) has a smaller atomic radius than the Ba 37
(253 pm) as shown in Figure 2b. 38
The 20L BTO F127 sample was prepared by adding the sur- 39
factant F127 during the powder preparation (Figure S3, Sup- 40
porting Information). During the solution preparation, the 41
inorganic species accumulate around the micelles. The solution 42
is dispensed into filter paper and is kept at 600 °C for calci- 43
nation. During calcination, the crystal formation of the frame- 44
works starts around the micelles and the micelles are removed 45
within the crystal at high temperature. In Figure 3, the nitrogen 46
gas adsorption-desorption isotherm, pore size distribution 47
curve, and the transmission electron microscopy (TEM) images 48
of the sample (20L BTO F127) confirm the presence of nano- 49
structured pores. In Figure 3a, a gradual uptake of nitrogen gas 50
in the adsorption range indicates that the resulting pore sizes 51
are random. The pore size distribution curve (Figure 3b) shows 52
the pore sizes are distributed in the range from 2 to 16 nm, 53
with the majority of pores having diameters of 4 nm. The TEM 54
images (Figure 3c,d) give localized information on the exist- 55
ence of nanostructured pores of size from 3 to 7 nm where 56
the majority pores are around 4 nm which is in line with the 57
pore size distribution result. The presence of lattice fringes in 58
the TEM indicates that the pores are formed within crystalline 59
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Figure 2. a-1) XRD pattens of BaTiO; bulk samples with different atomic percentage of La doping, a-2) the enlargered peak (I 10) shows the peak shifting 31
with La doping and b) lattice parameter with La doping in atomic percentage. 32
33
grains and most of the pores are rectangular in shape. The  Figure 4ab. The Scanning electron microscopy (SEM) images 34

TEM images also show that the distance between pores is a
few nanometers. In contrast, the TEM images (Figure 3e,f)
of the sample without surfactant F127 (20L BTO) reveal the
absence of nanoscale pores within the crystalline grain. The lat-
tice fringes in Figure 3e confirm the well-developed crystallinity
of the sample. The above results provide direct evidence that
the sample 22L BTO F127 has nanostructured pores due to the
use of the surfactant F127.

Generally, the resulting pore shapes depend on the shape of
the used micelles. Mesoporous/nanoporous materials prepared
by soft-templating methods have shown spherical- or tubular-
shaped pores with curvatures. In our experiments, the porous
powders were densified at high temperature (1150 °C) and high
pressure (70 MPa) within a short period of time using SPS. It
can be suspected that during the first sintering process, the
nano crystallization takes place, and the pores end up in a rec-
tangular shape. The theoretical studies show that the phonon
thermal conductivity in nanostructured material depends on
pore shape and dimension.[?%22l The computational results
show that the nanostructured material with square shape pores
has low phonon thermal conductivity compared to circular
shape pores because pores with sharp edges can scatter pho-
nons more effectively.[?]

The nanostructure of the samples without surfactant
(20L BTO) and with surfactant (20L BTO F127) are compared in
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of the samples show that both have a similar grain size of a 35
few hundred nanometres. The size of some grains is indicated 36
in the figures. The grain boundaries of both the samples are 37
also similar. The EDS spectra in Figure 4c,d show that both 38
the samples have the same elemental composition. The unla- 39
beled peaks in the EDS spectra are due to Pt coating over the 40
samples. The EDS maps in the inset of Figure 4(c(iii),d(i,ii)) 41
show the spatial distribution of Ba and La is uniform in both 42
samples. It is clear from the SEM image and EDS maps that 43
the contribution of grain boundaries and point defects to the 44
lattice thermal conductivity would be similar for both samples, 45
with and without surfactant. It is therefore expected that, for 46
the sample 20L BTO F127, the nanostructured cuboidal pores 47
would be the main additional mechanism to reduce the lattice 48
thermal conductivity and enhanced the power factor, although 49
the pores may also hinder the electrical conductivity of the 50

sample slightly. 51

The electrical conductivity of all the samples increases with 52
measurement temperature which is typical of semiconducting 53
behavior as shown in Figure 5a. The electrical conductivity of 54
the sample 20L BTO is significantly higher compared to other 55
samples. This indicates that the carrier concentration and 56
mobility of the sample 20L BTO are in an optimum doping 57
region, and further La-doping does not provide additional 58
benefits. This is consistent with the predictions from the DFT 59
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Figure 3. a) Nitrogen gas absorption-desorption isotherms, b) pore size distribution curve, and ¢,d) TEM images of 20L BTO FI27 sample with nano-
structured cuboidal pores. e,f) TEM images of 20L BTO sample without nano scale porosity.

calculations in the earlier section where the DOS calculations
suggest that the electrical conductivity improves for 25 at%
La doping, but it does not increase further for 50 and 75 a%
doping. It is observed that there is no improvement in the
electrical conductivity of BaTiO3 samples for the addition of
La in more than 20 atomic percentages. The addition of La to
BaTiOs in more than 25 atomic percentage may be considered
as alloying and since LaTiOs itself a Mott insulator, it reduces
the electrical conductivity when it is in alloy form. As we know,
the electrical conductivity is linearly proportional to the car-
rier concentration and the carrier mobility, c=ne u, where
e is the charge of the electron, n is the carrier concentration,
and u is the carrier mobility. The Hall effect measurement

s slntigpbbe C U SAPRRLSIF RRASHT 6FRTS g RpTEeatation pod

sible due to their low conductivity. The electrical conductivity of
the sample 20L BTO F127 is reduced compared to the sample
20L BTO which has the same La doping. This reduction in con-
ductivity is due to the nanostructured pores which hinder the
carrier mobility.[*¥l The main objective of our research was to
examine the effect of nanostructured pores on TE properties of
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23
24
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26
27
28
29
30
31
32
33
34
35
36
37
38
BaTiOs3 which is intrinsically an insulating material. Therefore, 39
the electrical conductivity was improved, and it became n-type 40
semiconducting material because of electron doping by adding 41
La in atomic percentage. The electrical conductivity of BaTiO3 42
can be improved further by using different dopants which were 43
already reported in the literature.[”1114] 44
The value of the thermopower or Seebeck coefficient of all 45
the samples is negative which means the samples become n- 46
type semiconductors after doping. The Seebeck coefficient 47
increases with temperature as shown in Figure 5b. The sample 48
20L BTO has the lowest thermopower compared to the other 49
samples. This is logical because the Seebeck coefficient for the 50
doped semiconductor is inversely related to the carrier con- 51
centration which can be expressed as S= @m"T Z\ 52
ez \3n)
where, ks stands for the Boltzmann constant, e for electron 54
charge, h refers to Planck’s constant, m* refers to the effec- 55
tive mass of the carrier, T is the absolute temperature, and nis 56
the carrier concentration. There is a huge improvement in the 57
thermopower of the nano-porous sample. The thermopower is 58
doubled for the 20L BTO F127 compared to the sample with the 59
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Figure 4. SE-SEM images show grain size and grain boundaries of samples. a) 20L BTO and b) 20L BTO F127. The EDS spectra show elemental
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composition of samples c) 20L BTO and d) 20L BTO FI27. The inset figures (i) and (ii) show the distribution of Ba and La in the samples, respectively. 30

31

same doping level, but without pores, 20L BTO. The Seebeck
coefficient depends on different factors like carrier concentra-
tion, diffusion of charge carrier, and carrier phonon interac-
tion. There is an improvement in the Seebeck coefficient of the
sample with nanoscale pores though it has the same 20 at% La
doping as the other sample 20L BTO without pores. It indicates
that the carrier concentration is not the factor for improvement
of the Seebeck coefficient. Other factors such as diffusion of
charge carrier due to temperature gradient and carrier phonon
interaction can be responsible for the improvement of the See-
beck coefficient. It is suspected that the nanoscale pores are
working as a barrier for charge carrier diffusion from the hot
side toward the cold side. In addition, the scattering of phonon
from nanoscale pores may change the phonon carrier interac-
tion which can be also responsible for the improvement of the
Seebeck coefficient.

Since the electrical conductivity of 20L BTO reduces due to
pores but its thermopower increases significantly, the power
factor of the sample is marginally higher than the sample 20L
BTO. For the sample 20L BTO F127, the maximum value of the
power factor is 16 uW K=2m at 950 K as shown in Figure 5c.

The thermal conductivity of all the samples decreases with
temperature as shown in Figure 5d. The sample 20L BTO has
the highest thermal conductivity. It can be observed that there is
significant decay in the thermal conductivity of the samples 50L
BTO and 90L BTO and this is most likely due to charge compen-
sation of the defects in the crystal structure surrounding the La
atoms which leads to a reduction in the electronic conductivity.

Adv. Electron. Mater. 2021, 2001044

2001044 (6 of 10)

Most importantly, however, the thermal conductivity of the 32
sample with nanostructured pores (20L BTO F127) is remark- 33
ably reduced compared to sample 20L BTO which has the same 34
at% of La doping but without nano porosity. This is attributed 35
to the phonon boundary scattering by the nanostructured 36
pores of the sample in addition to phonon defect scattering by 37
the La atoms.?>26 Several theoretical studies have shown that 38
structures with pores in the range of a few nanometres to few 39
tens of nanometres can effectively scatter phonons of different 40
wavelengths.l?7l The thermal conductivity for the nano-porous 41
sample is less than 2 W K-'mat room temperature and it is 42
close to 1.5 W K1 m1at 950 K. 43
The thermal conductivity can be divided into two parts, kel 44
which is the thermal conductivity due to the movement of elec- 45
trons or holes, and kpn which is the thermal conduction by lat- 46
tice vibration also known as the phonon thermal conductivity. 47
Phonon thermal conductivities and electrical thermal conduc- 48
tivities for each temperature are shownfn Figure 6a,b respec- %‘6
tively. The k  can be express as, x =~C V1 where the heat
ph o3 51
capacity (Cv) at constant volume and the phonon velocity (V) are 52
constant, therefore, the kph mainly relies on the phonon mean 53
free path (MFP) (I). The mean free path of phonons in BaTiOs 54
is on the order of 10~ m which is close to the nanometer scale. 55
So, it is possible to scatter the phonon with nanoscale pores.[?8 56
The mean free path of the phonons gets reduced due to the 57
nanostructured pores in the sample 20L BTO F127, and this 58
leads to a very low phonon thermal conductivity. To isolate the 59

© 2021 Wiley-VCH GmbH
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Figure 5. Transport properties of the samples as a function of temperature a) electrical conductivity o (s cm™'), b) Seebeck coefficient S (uV K™),

c) Power factor PF (W K2 m™'), and d) Thermal conductivity k (W K~ m™').

role of the phonon thermal conductivity, the electronic contri-
bution must first be subtracted. From the Wiedemann-Franz
law, the kel is directly proportional to the electrical conductivity,
o, and temperature, T. kel = LTo, where L is the proportional
constant known as the Lorenz number which is an experi-
mental value. Normally, L is treated as a universal factor with
the value of 2.44 x 108 WQ K2 for a degenerate semiconductor.
In the samples of La-doped BaTiOs, the calculations show that
the contribution of kel to the total thermal conductivity is insig-
nificant. The experimental thermal conductivity is determined
from the thermal diffusivity, specific heat capacity, and density
of the material, k= a Cpp, where a, Cp, and p are the thermal
diffusivity, heat capacity at constant pressure, and the material
density, respectively. Figure 6¢,d shows thermal diffusivity and
the specific heat capacity of the samples. The thermal diffu-
sivity is a measurement of the rate of heat transfer through the
material. The heat transfer in the sample 20L BTO F127 is sig-
nificantly lower compared to the sample 20L BTO and this may
be due to the obstacles introduced by the nanostructured pores.
The specific heat capacity is also lower for the sample 20L BTO
F127 than others. The value of the specific heat capacity for the
samples is close to the theoretical value and it is almost flat
with temperature.

The nanoscale pores in the sample 20L BTO F127 reduce
its electrical conductivity to some extent. However, the

2001044 (7 of 10)
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34

improvement of its thermopower is remarkable because of 35
nanoscale pores. Additionally, the thermal conductivity of the 36

sample is ultra-low. Therefore, there is a significant improve-

ment in the figure of merit of the sample 20L BTO F127 as
shown in Figure 7. The figure of merit could be improved

37
38
39

further by optimizing the electron doping and retaining the 40

nanoscale porosity in the sample.

3. Conclusion

41
42
43
44

45

The electrical conductivity of BaTiO3 has been improved by 46
optimizing the doping of La in atomic percentages and causing 47
the samples to become n-type semiconductor materials. For fur- 48

ther improvement of transport properties, a nanoporous archi-

tecture has been introduced in the sample 20L BTO F127 using
the F127 surfactant during the powder synthesis process. The
thermopower of the sample has been enhanced to more than
double compare to the sample without porosity (20L BTO). The
main achievement of the experiments is the suppression of the
phonon propagation by nanostructured rectangular-prismatic
pores which lead to a very low phonon thermal conductivity of
1.5 W K m™ at 950K in the sample 20L BTO F127. There is a
reduction in the electrical conductivity of the sample 20L BTO
F127 due to the nanoscale pores. However, the improvement of

© 2021 Wiley-VCH GmbH

49
50
51
52
53
54
55
56
57
58
59


http://www.advancedsciencenews.com/
http://www.advelectronicmat.de/

Q5

O NONUT DA WN—

WWWRNNNNNNNNNN=S 2 =2 a3 a3
N_O0O0VooNoCCURNWN—_LOVONOUIAWN—=O

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

35
304 e, o
j ey o .
FA 25_ ﬂ\.,.
'x ] H‘*‘H‘A—A“
‘TE i [ g S
{ == =3 \m\tx
= 151 —m15LBTO
= 1 @ 20LBTO
§ 191 -A-soLBTO
A 05‘ ¥ 50L BTO
51 ¢ 90LBTO
0.0 20LBTOF127
300 400 500 600 700 800 900 1000
Temp (K)
0.0124
0.010-
2~ 0.008 5
‘0 | " *‘*i AA, 4.
¢ 0.006- =Ey- "*«w%tﬁ*
5 | —m—15LBTO
g 1 @ 20LBTO
Q 0007 4 30810
¥ 50L BTO
0.0021 _g— 9oL BTO
| » 20.BTOF127
0.000

300 400 500 600 700 800 900 1000

Temp (K)

ADVANCED

www.advelectronicmat.de
1.2x10*
{ M- 15L BTO .
1.0x10*{ — @ 20L BTO
g | —4—30LBTO o
w_ 80x10°4{ ¥ 50LBTO s
= | ~¢—90LBTO
IE 6.0x10°4 P 20LBTOF127 ¢
<4 /./"
S 4.0x10° "
il i M »
[}
¢ 2.0x10° s 0"
i e 3. 2
00] stk geetc ot
'|'|'|'|_I_-|'|!
300 400 500 600 7€ « 800 ¢ NN 100N
85 Temo (K,
061 ey AT
E i’i’iit?" v‘,i—ﬂ—:g
0.5 V*i I~ R
‘_'x 0.4
2 03 —15L BT )
> ] ® "LBTO
& s2{ A3u-r0
| ¥ 50LBTO
+ -4 JLBTO
»- 20L BTO F127
0.0

300 400 500 600 700 800 900 1000

Temp (K)

Figure 6. a) Phonon thermal conductivity ky (W m~' k'), b) electrical thermal conductivity ky (W m~' k'), c) thermal diffusivity D (cm? s7'), and d)

Specific heat capacity Cp (J g~ K™').

thermopower is more significant than the reduction of electrical
conductivity. Therefore, the power factor of the sample 20L
BTO F127 is higher than the sample without porosity 20L BTO.
In addition, the reduction of thermal conductivity is remarkable

0.012
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Figure 7. Figure of merit zT of the BaTiO; samples with temperature.
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because of nanoscale pores in the sample 20L BTO F127. The 35
theoretical studies showed that the reduction in thermal con- 36
ductivity is more prominent than the reduction in electrical 37
conductivity because of nanoscale porosity and it leads to an 38
overall improvement in the figure of merit.?>2% This promising 39
novel strategy of suppressing phonon thermal conductivity can 40
be applied to other TE materials also to improve the figure of 41

merit.

4. Experimental Section

Calculation Details: Density functional theory (DFT) was implemented
using the CASTEP package’'l The exchange-correlation function
used to describe the exchange-correlation interaction was the General
Gradient Approximation (GGA) with the Perdew—Burke—Ernzerhof

(PBE) formulation,BZ with an ultra-soft pseudopotential.

Atomic

positions of the crystal structures were optimized using the Broyden—
Fletcher-Goldfarb-Shanno algorithm.[*] The Maximum cut off energy
used was 630 eV with a 4 x4 x4 k-point set for optimizations to less

than 5.0 x 107® eV atom™'. The DOS calculation was performed using a
25 x 25 x 25 k-point mesh.

Sample Preparation: To synthesis La doped BaTiO; powder, Barium
acetate and lanthanum acetate hydrate were dissolved in different ratios

into Acetic acid at 50 °C, and then titanium butoxide was further added
into the solution at room temperature. The solution was transferred into
filter paper for calcination at 600 °C for |0 min for powder preparation.
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Table 1. Sintering parameters for BaTiO; in spark plasma sintering
(SPS).

Temperature Heating rate  Pressure Sintering Relative Ref.
[°q [°C min™'] [MPa] period [min] density [%]

750 200 50 3 94 [34]
900 99

1100 50 80 | [10]
950 100 75 5 [35]
975 96

1000 99

1025 99

1050 99

The process has been illustrated in Figure S3, Supporting Information.

The La doped samples were symbolized after the amount of doping into
BaTiO; like (Ba;,La,TiO; (x = 0.15, 0.20, 0.30, 0.50, and 0.90)) I5L BTO,
2O T Rerdduce Ranostrucsurad porosiy i La doped BaTiO, sample,
the commercially available triblock copolymer (F127) was dissolved into
ethanol. This solution was mixed properly with the above-mentioned La
doped BaTiO; solution and then it was transferred into filter paper for
calcination at 600 °C for 10 min for powder preparation. The synthesis

protocol of powders with nano-Sﬁ%ie ﬁorosity was already discussed
in_detail in a previous publication.!'"™) The sample was denoted as 20L
BTO FI27 based on La doping amount (20 at%) and the name of the

surfactant, F127.

The powder samples were transformed into bulk samples using the
SPS process. The sintering parameters for SPS to fabricate bulk samples
from the nanoporous powder were selected based on published works
listed in Table I. The relative density of all the samples was above 90%.

The ag:;plied temperature, pressure, and period were 1150 °C, 70 MPa,
and |15 min sintering time.

Sample Characterization: The powder XRD patterns were determined
by the X-ray diffractometry (Cu Ka, GBC MMA, A = 15418 A) with a step
size of 0.02° and speed of 2° per min from 25° to 80°. The nanostructures
and EDS mapping of the polished surface of samples were studied using
field emission scanning electron microscopy (FE-SEM, JEOL 7500F) with
a maximum magnification of x| 000000 and the highest resolution of

I nm. TEM images were captured in the instrument JEOL2010 ARM. The
thermopower%Seebeck coefficient), S, and the electrical conductivity, o

were measured from room temperature to 950 K under vacuum using
Ozawa RZ2001i. The thermal diffusivity of the samples was measured
under vacuum conditions using the instrument, LINSEIS LFA 1000,
and the specific heat was measured under argon atmosphere by DSC-
204F| Phoenix. The weight and dimensions of a rectangular sample were
used to determine the sample density. The results of the samples were
confirmed by repeating all the measurements several times.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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