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Abstract

A new series of Bax-:Bi:CoRuOs (0.0 < x < 0.6) hexagonal double perovskite oxides have been
synthesized by the solid-state reaction method by substituting Bi with Ba. The polycrystalline
materials are structurally characterized at the laboratory, synchrotron X-ray and neutron powder
diffraction. The lattice parameters are found to increase with increasing the Bi doping despite the
smaller ionic radius of Bi** compared to Ba®>". The expansion is attributed to the reduction of
Co/Ru-site cations. Scanning electron microscopy (SEM) further shows that the grain size
increases with Bi content. All Ba>-Bi,CoRuOs (0.0 < x < 0.6) samples exhibit p-type behavior,
and the electrical resistivity (p) is consistent with small polaron hopping model. The Seebeck
coefficient (S) and thermal conductivity (k) are improved significantly with Bi doping. High values
of the power factor (PF ~ 6.64 x 10~ W/m-K?) and the figure-of-merit (z7 ~ 0.23) are obtained at
618 K for x = 0.6 sample. These results show that Bi doping is an effective approach for enhancing
the thermoelectric properties of hexagonal Ba>-:Bi.CoRuOs perovskite oxides.

Keywords: Thermoelectric, Hexagonal perovskite, Bi doping, Seebeck coefficient, Power Factor

and Figure-of-merit.



1. Introduction
Climate change, worsening pollution levels and the demands of burgeoning population are the key
concerns linked with the present worldwide energy crisis. Effective approaches for recycling of
waste heat can play an important role in the sustainable future energy technologies. Conservative
estimates suggest that about 40-60% of the total energy that we consume each year is lost to the
environment as waste heat.! Thermoelectric (TE) power generation offers an attractive way for
direct conversion of heat into electric power and is considered an important component of a
sustainable future energy mix.? Practical TE modules use p- and n-type semiconductors coupled
together electrically in series and thermally in prallel.> The performance of thermoelectric

materials is estimated by the dimensionless figure-of-merit, z7":*

2
=S PEp (1)
PK K

Here, S (V/K) is the Seebeck coefficient, p (£2m) is the electrical resistivity, & [ x, +x, .. ] (W/m'K)

is the thermal conductivity (sum of the electronic and lattice thermal conductivities), PF (W/m-K?)
is the power factor and 7 (K) is the absolute temperature.

A small value of electrical resistivity or a high value of electrical conductivity, o; is essential for
a low internal resistance. The thermal conductivity of the TE material must be low for maintaining
a temperature difference across two ends of the device. A trade-off of these properties for achieving
zT > 1 is necessary for practical applications.® In addition, raw material availability, low cost, low
toxicity, and high thermal and chemical stabilities are highly desirable characteristics for good
thermoelectric materials.® The electrical and thermal transport properties of TE materials are
strongly correlated with their cryastal structures and chemical compositions. The Seebeck

coefficient and thus power factor can be enhanced using various methods such as element doping,



energy barrier filtering, additional carrier pocket, resonant states and band engineering or band
modifications.”” The improvement of Seebeck coefficient via density-of-states (DOS)
modification is a promising way and element doping can be used to fine tune the DOS and obtain
the desired band structure.” The thermoelectric materials with high Seebeck coefficient generate
more thermovoltage per temperature difference (S = dV/dT) and thus give better performance at
the operating temperature of the device.'°

The most common thermoelectric materials are alloys of chalcogenides such as Bi,Tes, PbTe,
Bi;Tes—Ser, Bi,Sba-.Tes and are based on either bismuth telluride or lead telluride.! These
materials are relatively scarce (and therefore expensive), toxic and unstable at high temperatures.
Transition metal oxides were initially ignored in the search for potential thermoelectric materials
until the discovery of high PF’s in p-type Na,CoO> about two decades ago.!! Since then many other
metal oxides have been explored and reported as promising thermoelectric materials. For example,
Zn0,'>13 SrTi0s,'*!> CaMn0s3,'%!7 Ca3C040¢'®! and Bi»Sr2C0.0,*° have all shown good TE
properties. Yet, the performance of most oxide materials is still lower than the non-oxide
traditional thermoelectric materials, and the effort is still ongoing for search of efficient novel TE
metal oxides.

Double perovskite (DP) oxides having the general formulae A;BRuOg, where A is the alkaline-
earth or rare earth metal and B is the transition metal, show very interesting magnetic and

electronic properties.?!*? These oxides crystallize in 6 layered hexagonal crystal structure when
larger size ions like Ba®" are present at the A-site of the perovskite, as it was firstly reported for
one of the polymorphs of BaTiO3.2* The Goldschimdt tolerance factor (t = (14 + 1) /V2(rg +
o)) for hexagonal perovskite oxides is always greater than 1.0, e.g., for Ba2CoRuOs compund ¢

= 1.06. Here, 14, 5 and 7, are the Shannon radii of the participating A-site, B-site and oxygen



ions. Few examples of interesting Ba containing 6H-hexagonal perovskite oxides are
Ba>CoRuOs,?! BaxCrMo0s,?* BaxFeSbOs & Ba,CoSbOs-s,2° BaxCoTeO¢?® and Ba;ScRuOg.?” Fig.
1 displays the crystal structure of Bai gBio2CoRuOgs compound with 6 layered hexagonal (6H)

perovskite type structure, which is similar to that established by H. Bader and S. S. Kemmler.?8

(]
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Figure 1 Representation of the 6H-perovskite structure for Ba; §Bip2CoRuOg sample defined
in the P63/mmc space group symmetry. Ba, Bi, and O atoms are denoted by green,
purple and red spheres, respectively, and M2-(Co,Ru)4/Os octahedra (grey) make
dimer units and sharing a common face through oxygen (O1) atoms; these units are
linked through M1-(Co,Ru)>,0¢ octahedra (blue) sharing corners through oxygen
(02) atoms along the c-axis.

In view of the interesting physical properties of hexagonal perovskite oxides, we measured and
found that BaxCoRuOg oxide has low electrical resistivity and high Seebeck coefficient values at
room temperature. As reported elsewhere, Bi substitution in CaMnOj3 and CazCo4O9 oxide systems

significantly decreases p and x.2°>! Considering the potentially good thermoelectric properties of



Ba;CoRuOg at room temperature and to understand the structure-property relation, we have
substituted Ba with Bi and prepared a series of new Bay-BixCoRuOs (0.0 < x < 0.6) p-type
semiconductors. Our results show that all synthesized materials, especially x = 0.6 composition,

present promising thermoelectric properties.

2. Experimental

Polycrystalline Ba;—Bi:CoRuOs (0.0 < x < 0.6) samples were synthesized using solid-state
reactions. The powder form of BaCOs3, (Sigma-Aldrich > 99 % purity), Bi2O3 (Sigma Aldrich >
99.9 % purity), Co304 (Sigma Aldrich > 99.8 % purity) and RuO- (Sigma Aldrich > 99.9 % purity)
were mixed for 30 min in stoichiometric ratio in a mortar and pestle. Subsequently, cold-pressed
pellets of the powder mixtures were fired at 900 °C in air for a period of 8 h with a heating rate of
10 °C/min. After cooling to room temperature, the mixtures were reground, repelletized and

sintered twice at 1150 °C for 8 h in air, when phase pure compounds were obtained.

In order to perform phase analysis and to check the purity of the synthesized samples, laboratory
X-ray powder diffraction (XRD) data were recorded on a Bruker D8 Advance X-ray diffractometer
(CuKq radiation, A = 1.5406 A) by step scanning over the angular range of 15 <26< 100°. High
angular resolution synchrotron X-ray powder diffraction (SXRD) data were collected at the BL04-
MSPD beamline of the ALBA Synchrotron Light Facility (Barcelona, Spain).*? For collection of
synchrotron data (with 4 = 0.4426 A), the powder samples were sealed in a 0.3 mm diameter
capillary to limit X-ray absorption. Data were collected using the MAD26 detector setup, which
consists of 13 Si analyzer crystals (Silicon 111 reflection) and scintillator/PMT detectors separated
by angular offsets of ~ 1.5°.33 Data for each sample were recorded between 2 < 20 < 49° with a

collection time of 48 minutes. Neutron powder diffraction (NPD) data were collected on the high



resolution [super-D2B] powder diffractometer at the Institut Laue-Langevin (ILL, Grenoble,
France). The neutron wavelength was A =1.594 A and it was calibrated using a Na,CaszAl>F 4
reference sample. The powder contained in a thin-walled V can of 5 mm diameter, and the
diffraction patterns were recorded between 2 < 26 < 160° at room temperature. Rietveld analysis
was carried out using general structure analysis system (GSAS) software** and the crystal structure
was drawn with the visualization for electronic and structural analysis (VESTA) software.’ The
instrument parameters (Thompson-Cox-Hasting and asymmetry profile coefficients) for SXRD
data refinements were obtained from the refinement of Na,CazAl;F14 and a NIST Si standard was
used to determine the SXRD wavelength.*® The particle sizes and morphological features of all the

samples were examined by scanning electron microscopic (SEM) analysis.

High temperature Seebeck coefficient and electrical resistivity data were collected on a Linseis
LSR-3 instrument in a He atmosphere between 300—673 K. This used rectangular bars of
approximate 3 x 4 x 16 mm?® dimensions, which were cut from the sintered pellets. The thermal
conductivity was calculated from the equation: k = C,-d- @, where ‘C,’ is the heat capacity, ‘d’ is
the bulk density and ‘@’ is the thermal diffusivity. The ‘@’ was measured on a laser flash
instrument [Netszch-LFA-457] under vacuum. The Dulong—Petit value was used for C,. The

densities of all the bulk samples were estimated using the Archimedes principle and fall in between

88—95 % (Table 4).

3. Results and discussion
3.1. Room temperature crystal structure and morphological study

The crystal structures of hexagonal Bax-xBixCoRuOs (0.0 <x <0.6) perovskite oxides were studied

using XRD, SXRD and NPD at room temperature. The XRD patterns shown in Fig. 2(a) indicate



that all samples are single phase, without any noticeable amount of secondary phase,
demonstrating that we can obtain single phase perovskites using the conventional solid-state
synthesis process. The XRD peaks can all be indexed on the previously reported hexagonal 6H
crystal structure for BaxCoRuQs.2! The XRD (104) zoomed peaks of the studied samples are
presented in Fig. 2(b), which demonstrate the effect of Bi doping on the crystal structure of
Ba;CoRuOg. The XRD reflections shift to lower 26 values with increasing Bi content. The Rietveld
refinement was carried out on XRD data using the hexagonal 6H crystal structure with P6s/mmc
(No. 194) space group for all samples. The refined crystallographic parameters and reliability
factors are listed in Table 1 and the representative bond lengths and bond angles are summarized
in Table 2. The refinement quality parameters like Weighted profile residual (R,;), Profile residual
(R,) and Goodness of fit () (Table 1) are reasonably low and confirm the reliability of the fitted
structures. Fig. 3 displays the variation of lattice parameters and unit cell volumes with increasing
Bi content. These values show a sudden increase from x = 0 to x = 0.1 and then increase gradually
with increasing Bi content. The expansion of the unit cell goes against the expected trend based
on the A-cation radius since Bi*" (1.17 A, 8-fold coordination) is smaller than Ba** (1.42 A). This
suggests that it is related to the reduction of the B-site cations, expected oxidation states of Co>"
and Ru*" in BaxCoRuOg that must occur upon Bi*" substitution, assuming a constant oxygen
content. Bond valence sum calculations based on the NPD data (below) recommend oxidation
states of Co®" and Ru*" in x = 0.2 and x = 0.3 samples, proposing that the reduction of Ru causes

the lattice expansion.
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Figure 2 Room temperature X-ray diffraction (XRD) patterns of (a) Baz-xBi.CoRuOs (0.0 <
x <0.6) samples, and (b) (104) peak details.
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function of Bi doping contents for Ba,-xBixCoRuOg (0.0 < x < 0.6) samples.



Table 1 Refined structural parameters for Ba>-xBixCoRuOgs (0 < x < 0.6) samples determind from s

diffraction (SXRD), neutron powder diffraction (NPD) and X-ray diffraction (XRD) data at rc

Ba:-Bi.CoRuOs x=0.0 x=0.1 x=0.2 x=0.2 x=03 x=0.3
Space group P63/mmc P63/mmc P63/mmc P6s/mmc  P63/mmc P63/mmc
Structure Hexagonal  Hexagonal  Hexagonal  Hexagonal Hexagonal — Hexagonal
Lattice Parameters

a(A) 5.7200(4) 5.7537(6) 5.7565(3) 5.7529(4) 5.7586(3) 5.7587(5)
b A) 5.7200(4) 5.7537(6) 5.7565(3) 5.7529(7)  5.7586(3) 5.7587(4)
c(A) 14.0393(2) 14.1322(2) 14.1414(3) 14.1303(2) 14.1427(6) 14.1428(7)
Volume (A)? 397.805(8)  405.173(2) 405.46(2) 405.008(5) 406.169(5) 406.175(4)
Atomic Positions

Al (Ba/Bi)

Site 2(b)

X 0.0 0.0 0.0 0.0 0.0 0.0

y 0.0 0.0 0.0 0.0 0.0 0.0

z Va YVa Va YVa YVa Va
Uiso*100/(A)? 0.83(2) 0.94(3) 0.54(2) 0.773(17)  0.92(3) 0.932(19)
Occ[Ba(1)] 1.00 0.90(2) 0.910(5) 0.958(4) 0.917(10) 0.877(7)
Occ[Bi(1)] 0.0 0.096(5) 0.090(5) 0.042(4) 0.083(10) 0.123(7)
A2 (Ba/Bi)

Site 4(f)

X 1/3 1/3 1/3 1/3 1/3 1/3

y 2/3 2/3 2/3 2/3 2/3 2/3

z 0.9101(6) 0.9111(2) 0.9104(2) 0.9105(2) 0.9102(5) 0.9102(3)
Uiso*100/(A)? 0.96(2) 1.00(2) 0.88(1) 0.963(11)  1.02(1) 1.037(17)
Occ[Ba(2)] 1.00 0.904 0.877(4) 0.928(3) 0.917(9) 0.879(6)
Occ[Bi(2)] 0.0 0.087(8) 0.123(4) 0.071(3) 0.083(9) 0.121(6)
M1 (Co/Ru/Bi)

Site 4(a)

X 1/3 1/3 1/3 1/3 1/3 1/3

y 2/3 2/3 2/3 2/3 2/3 2/3

z 0.1549(7) 0.1542(2) 0.1543(2) 0.1544(2) 0.1546(2) 0.1546(3)
Uiso*100/(A)? 0.45(3) 0.54(3) 0.28(2) 0.358(12)  0.58(2) 0.560(19)




Occ[Co]
Occ|Ru]
Occ|Bi]

M2 (Co/Ru)
Site 4(f)

X

y

z

Uiso*100/ (A)Z
Occ[Co(2)]
Occ[Ru(2)]
o)

Site 6(h)

x

y

<

Uiso*100/ (A)2
Occ[O(1)]
0Q)

Site 12(k)

X

y

<
Uiso*100/ (A)2
Occ[0(2)]

Reliability Factors

Ruwp (%)
Ry (Y0)
© (%)

Crystallite Size

D (nm)

0.276
0.724
0.0

0.0
0.0

0.0
0.33(5)
1.00
0.0

0.4855(6)
~0.0289(12)
Vi

1.00(6)

1.00

0.1669(5)
0.3338(10)
0.4179(3)
1.00(6)
1.00

5.6
44
1.26

30.0

0.228
0.684
0.087

0.0
0.0
0.0
0.74(6)
0.77(2)
0.23(2)

0.4851(6)
~0.0298(11)
Vi

0.59(8)

1.00

0.1697(5)
0.3395(10)
0.4161(3)
0.59(8)
1.00

5.2
4.1
1.24

60.0

0.21(0)
0.637(2)
0.142

0.0
0.0

0.0
1.12(5)
0.822(9)
0.178(9)

0.4863(6)
~0.0273(13)
Vi

0.37(6)

1.00

0.1654(5)
0.3309(11)
0.4160(3)
0.37(6)
1.00

6.5
4.8
1.72

100.0

0.121(2)
0.828(6)
0.051(3)

0.0
0.0
0.0
0.619(6)
0.900(5)
0.100(5)

0.4847(2)
~0.0305(3)
Y
0.671(5)
1.00

0.1699(2)
0.3399(4)
0.4166(1)
0.800(16)
1.00

3.60

2.74
241

0.216(1)
0.648(4)
037(5)

0.0
0.0

0.0
0.82(6)
0.812
0.188

0.4859(6)
~0.0281(12)
Y

0.683(7)
1.00

0.1678(5)
0.3355(10)
0.4160(3)
0.683(7)
1.00

6.2
4.8
1.72

130.0

0.143(8)
0.725(3)
0.132(2)

0.0
0.0
0.0
0.773(2)
0.804(9)
0.196(9)

0.4845(3)
~0.0309(5)
Vi

0.593(5)
1.00

0.1709(2)
0.3417(5)
0.4166(3)
0.593(2)
1.00

5.04

3.88
2.56

0.0
0.0
0.0

0.4861(21)
~0.0279(4)
Va

0.1672(15)
0.3344(3)
0.4145(7)

6.5
4.9
1.85

160.0

0.0
0.0
0.0

0.4896(12)
~0.0208(6)
A

0.1680(23)
0.3360(5)
0.4142(10)

5.8
4.6
1.26

200.0

The structure was refined by using a SXRD (x = 0.0, 0.1, 0.2 & 0.3), combined SXRD and NPD (x = 0.2 & 0.3) and laboratory XRD
(x=0.4 & 0.6) data set.



Table 2 Selected bond lengths (A) and bond angles (°) for Baz—BiCoRuOg (0 < x < 0.6)

samples from Rietved anlasysis of XRD data.

Composition x=0.0 x=0.1 x=0.2 x=03 x=04 x=0.6
Ba>-BixCoRuOg

Bond Lengths (A)

Co/Rui-O1 % 3 2.026(16)  2.123(14)  2.096(15)  2.146(15)  2.127(16)  2.295(31)
Co/Rui—0z % 3 1.904(14)  1.944(14)  1.941(16)  1.931(14)  1.926(14)  1.940(29)
C02-02%6 2.055(14)  2.027(13)  2.040(15)  2.041(14)  2.051(14)  2.045(14)
Co/Rui—Cozx 6  3.956(2) 3.965(2) 3.976(2) 3.969(2) 3.971(2) 3.974(2)
Bai/Bii—O1 % 6 2.863(2) 2.86961)  2.873(2) 2.874(3) 2.876(5) 2.885(4)
Bai/Bii—02 % 6 2.873(15)  2.842(13)  2.843(15)  2.877(14)  2.846(14)  2.879(0)
Baz/Bi>—01 % 3 2.868(15)  2.809(12)  2.836(13)  2.840(12)  2.833(13)  2.884(3)
Ba2/Bir—02 x 3 2.862(3) 2.870(5) 2.873(2) 2.875(2) 2.876(2) 2.878(5)
Ba/Bir—O2* x3  2.931(16)  2.984(14)  2.980(16)  2.895(3) 2.981(15)  3.040(3)
Bond Angles (deg)

02-Co02-02 89.8(6) 88.6(5) 88.7(6) 89.8(5) 88.5(6) 87.2(11)
Co:-0r-Co/Rur  176.5(9)  175.5(8)  1744(9)  174.0(8)  173.6(8)  171.8(16)

Fig. 4 displays the Rietveld fits to the SXRD data for the x = 0.0, 0.1, 0.2 and 0.3 samples. The
refined crystallographic parameters including atomic positions, thermal parameters, fractional
occupancies, and R-factors are summarized in Table 1. The Rietveld analysis unexpectly suggested
that Bi replaces a fraction of the Co/Ru ions along with substituting on the intended Ba position.
In order to further assess the possibility of Bi substitution on the B-site, we used a combined
Rietveld refinement of SXRD and NPD data for Ba>.xBixCoRuOs (x = 0.2 and 0.3, See Fig. 5). A
drawing of the crystal structure is shown in Fig. 1, which represents the existance of (M2:
Co,Ru)O¢ dimer units of octahedra (Co and Ru at 4f-sites) sharing a face positions through the O1
atoms. The dimers are linked along the c-axis direction through a single (M1: Co,Ru)Og¢ octahedra
(at 2a-sites) sharing corners through the O2 atoms.The selected interatomic bond distances and
bond angles are listed in Table 2. Ferreira, et al.,’” have reported that B-O—B’ bond angles in the
ideal cubic double perovskite structure are 180°, and they observed that this value reduces for the

13



M—O—Ir bonds in the Ln2MIrO¢ (Ln = Pr, Nd, Sm—Gd: M = Ni, Mg) materials with decreasing
size of the lanthanide ion from La—Gd due to structural distortion and decreasing A-site cation size
relative to the B-sites. Table 2 also shows that Co—O—Ru bond angles are decreasing with
increasing Bi substitution. As anticipated, decreasing Co—O—Ru bond angles result from the
increased structural distortion in our system. The estimated bond valence sum (BVS) of 4.02 (M1
& M2-sites) and 4.00 (M1 & M2-sites) are representative of Ru*" and 3.12 (M1 & M2-sites) and
3.10 (M1 & M2-sites), are indicative of Co>" for x = 0.2 and x = 0.3 samples, respectively (See
Table 3). Refinement of site-occupancies for oxygen atoms did not provide evidence of any major
differences from full occupancy values, therefore, these numbers were kept fixed during the
refinement. The refined composition is Baj g7Bi0.19C00.76Ru1.1706 for x = 0.2, hence showing no

evidence for Bi substitution on the Co/Ru sites.

14



12000

[ x=0.0 >< Observed 12000 F x=0.1 >< Observed

10000 P6 /mmc —— Calculated P P6/mmc Calculated
~ . .
,*é I —— Difference = —— Difference
5 8000 |__Brag's position D 8000 | Brag's position
£ co00f £ . ]
< | <
A
> a000] £ 000}
‘7 b =]
S 2000} 3
- =
= : -
= 0

T T DT UL I 0N i R T T AR TN T
~2000 10 20 30 10 20 30
20 (degree) 20 (degree)
12000
x=0.2 > Observed 12000} x=03 > Observed
Q P6 3/mmc Calculated = P6/mm Calculated
5 so0ol —— Difference = mme —— Difference
o | Brag S position 5 8000 b | Brag s position
Z <
b 2z
%‘ 4000 } Z 4000}
s 8
:_E: & E
X% L 0
L L B D D
| — . ‘. N |
10 20 30 10 20 30
20 (degree) 20 (degree)

Figure 4 Rietveld analysis of powder synchrotron X-ray diffraction data obtained with MAD
detector for the Bax-\BixCoRuOs (0 < x <0.3) samples.
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Table 3 Bond Valence Sum (BVS) calculation from NPD data.

Composition x=0.2 x=03
Baz-«BixCoRuOs

C01—O1 x 2 2.0243(12) 2.0335(18)
C01—0O2 x 2 1.9129(17) 1.9148(14)
Co01—O1 2.0247(12)  2.0339(18)
Co01—0O2 1.9125(17) 1.9144(17)
BVS 3.12 3.10
Rui—O1 x 2 2.0243(12) 2.0335(18)
Rui—02 x 2 1.9129(17) 1.9148(13)
Rui—O1 2.0247(12)  2.0339(18)
Rui—0z 1.9125(17) 1.9144(13)
BVS 4.02 4.00

The crystallite size is extracted for Ba;-Bi,CoRuOg (0.0 <x < 0.6) samples from Rietveld analysis
of XRD data and presented in Table 1. It is observed that crystallite size increases from 30.0 nm
(x = 0) to 200.0 nm and this is consistent with the observed higher bulk density of Bi-doped
samples. Fig. 6 displays SEM images of the Ba,-,Bi,CoRuOg samples, which were sintered at 1150
°C. These data confirm the increase in crystallite/grain size inferred from the diffraction data and
can be explained by the presence of Bi. The solid-state chemical reactions consist of four main
steps of diffusion, reaction, nucleation and crystal growth. When the diffusion rate is faster and
the nucleus’s growth rate is greater than the nucleation rate at the given reaction conditions, larger
crystals are formed. The low melting point of Bi»O3 (817 “C) compared to BaCO; (1360 °C)
suggests that the diffusion of Bi*" cations will be faster than Ba®" and consequently the
crystallite/grain size will be larger in the Bi doped samples for the given sintering time and
temperature.*®*’ Moreover, the increase of crystallite size (D) with doping is also correlated with

increase of lattice distortion in the materials.*!
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Figure 6 Scanning electron microscope (SEM) images for Ba>-\BixCoRuOs (0.0 < x < 0.6)
samples.

3.2. Thermoelectric properties

Fig. 7(a) shows the temperature dependent electrical resistivity (p) for the Ba>-\BixCoRuOs (0.0 <
x < 0.6) samples. The electrical resistivity decreases with increasing temperature for all samples,

confirming a semiconducting-like (dp/dT < 0) behavior. It is observed that p increases with Bi
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doping in Ba>-xBixCoRuOs perovskite oxides. This increase in p is consistent with the n-type
doping resulting from replacement of Ba** by Bi*" cations, which would decrease the p-type carrier
concentration. Similar trend has been reported previously in the Bi and Eu-doped CazCo409
materials.**** The valence electronic configuration of Bi is 6s*6p’, therefore, 6s* lone pair of
electrons on Bi** are known to induce structural distortion, which was explaind initialy in BiMnOs
materials.** Moreover, the increase in p in our Bi doped samples can also be caused by the
increasing structural distortion and a decreasing carrier mobility.

Electronic conduction in perovskite oxides cannot usually be entirely described by a band model.*’

Instead, charge carriers are typically localized at the defect sites associated with activation energy

(E,) barrier for the charge carriers to become delocalized. A small polaron hopping model seems

to be the best choice to explain conduction mechanism in these materials.* Hopping conduction
takes place when ions of different valence states like Co®" and Ru*" occupy same crystallographic
sites and then charge carriers can be transported through the solid material with associated field
polarization, which is known as the quasi particle (polaron). A small polaron hopping model can

be represented by the following equation.*’

Ea
p(T)=p,T exp( ‘. TJ )

where, p, is the residual resistivity, &, is the Boltzmann constant and £, is the activation energy

B
of electrical conductivity for hopping conduction. Fig. 7(b) shows the linear fiting of In( p/T ) vs.
1/T from room temperature to 618 K and the “small-polaron hopping model” describes the data
reasonably well. The slopes of straight lines (Ea [k, ) were used to calculate the activation energies

for all Ba;-xBixCoRuOs (0.0 < x < 0.6) samples as listed in Table 4. It has been observed that
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activation energies of Bi doped samples are larger than the undoped Ba2CoRuOg system, indicating
that Bi doping increases the energy barrier for hopping carriers conduction in these materials.
Similar trend in the activation energies has also been reported for other Bi doped perovskite oxides
as well.*® The values of E, (Table 4) are affected by the Bi*" doping and the activation energies
for Bi-doped samples are higher than the undoped Ba;CoRuOs material. This increase in E, can
be explained by considering the Co®*-Ru*>"** d%-d*** (low spin) paths t2,° - t2,>*, so there is a change
from 2 — 1 holes in the t2g band with Bi substitution, which is consistent with the higher activation

energies for doped samples.
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Figure 7
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Temperature dependent electrical resistivity for Ba,-BixCoRuOs (0.0 < x <0.6)
samples (a); the small-polaron hopping model fitting for electrical resistivity data
for Ba,-xBixCoRuOs (0.0 < x < 0.6) samples. The solid lines and empty symbols
represent fitting and experimental data, respectively. The activation energy (E.) for
Ba;-:BiCoRuOs (0.0 <x < 0.6) compounds, Inset (b).
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Table 4 Bulk density, activation energies, E, and Es, and important thermoelectric

parameters of samples.

Composition x=00 x=01 x=02 x=03 x=04 x=0.6

Baz-Bi.CoRuOs

Density (g/cm’) 586 631 643 647 650 6.67

Theoretical 6.639  6.663 6864 688 6890  7.042

Density (g/cm?®)

Relative 8826 9470  93.67 93.95 9433 9471

Density (%)

E, (meV) 192.65 193.15 193.40 193.51 194.12  196.70

Es (meV) 13.97 1677  20.12 2515 4025  77.28
% 107 (Q

Prow 107 E@m) g3 55 457 563 801 137

Pr_gisg * 107 (2 m) 2.24 2.69 349 431  6.13 1.05

S, e (WV/K) 5452 6542 7851  98.13 157.01 301.47

S (WVK) 1197 1436 1723 2154 3446  66.17

4

PFp_5¢ % 10 1.01 121 134 170  3.08 6.64

(W/m-K?)

PF,_ 4 % 10 064 077 085 1.08 193 417

(W/m-K?)

Ko (WimK) 148 144 170 139 132 1.20

Kr_gisx (W/mK) 142 131 108 124 119 1.09

2T sk 0.022 0027 0030 0039 0073 0.8

T 0.028 0036 0040 0.053 0.10 0.23

The Seebeck coefficients (S) for the Ba,-Bi,CoRuOs (0.0 < x < 0.6) samples as a function of
temperature (7) are shown in Fig. 8(a). All S values are positive for these samples, confirming p-
type conduction behavior. The magnitude of S decreases with increase in temperature for all
samples, which is signifying semiconducting like behavior of the materials. It is also noticeable
from Fig. 8(a) that the Seebeck coefficient increases with increasing Bi doping. The S values at
318 K and 618 K are listed in Table 4 for all samples. The maximum Seebeck coefficient of ~301
1V/K is obtained for x = 0.6 sample at room temperature. This value is significantly higher than

the reported S values for Sr2CoTiO¢* (122 uV/K), SrxMnMoO¢>? (200 £V/K), Sr2FeTiOg”! (~ 150
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uV/K) and Ba,Sr>,FeTiOs’! with x = 0.25 (~ 200 xV/K) samples at room temperature. The
compositions with more than x = 0.6 doping contents are not examined for thermoelectric
properties because the perovskite structure breaks up after the optimum amount of Bi-doping.
There are very few metal oxides which exhibit such a high magnitude of the Seebeck coefficient
at room temperature. This observation has prompted us to explore double perovskite oxide based

thermoelectric materials further.

Mott-adiabatic small polaron conducting model has been used to calculate the activation energies

(Es) from the Seebeck coefficient data. The relevant equation is given below.?

S(T):%(kESTjJrSw A3)

where, e is the electronic charge and kB is the Boltzmann constant, Soo is the Seebeck coefficient

at the asymptotically high temperature and calculation of the entropy of magnetic and crystalline
materials disorders/defects. The activation energies (Es) are calculated from the slopes of linear

fits of S'vs 1/T data (Fig. 8(b)). The calculated Es values for all samples are listed in Table 4. The

large difference between the activation energies obtained from the electrical resistivity (£4) and
Seebeck coefficient (Es) data suggests that typical “band transport” mechanism is not valid for the
studied samples, rather the transport mechanism in these samples can be explained by the “small-
polaron hopping-model”. In this model, the transport of the charge carriers is carried out through
temperature dependent mobility effects.”® Activation energy (E,) from p(T) is the total energy
needed for creating and hoppog of carriers, whereas Esis the energy required for only activating
the carriers hopping. Consequently, values of the activation energy (E,) are always higher than the

activation energies (Es)i.e., E,> Es for all samples following the small-polaron hopping-model.
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Figure 8 Temperature dependent Seebeck coefficient (S) for the Ba>-\BixCoRuOs (0.0 <x <
0.6) samples (a); the S vs. 1/T for Ba>-xBi,CoRuOs (0.0 < x < 0.6) samples. The
solid lines and empty symbols represent fitting and experimental data, respectively.

The activation energy (Es) for Ba;-,Bi,CoRuO¢ (0.0 <x < 0.6) samples, Inset (b).
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Fig. 9(a) shows thermoelectric power factor (PF) as a function of temperature for all samples. The
values of the PF are higher at room temperature for all samples and then decrease with increasing
temperature. This trend follows the Seebeck coefficient data, which also decrease with
temperature. The PF values increase significantly with increasing Bi doping at room temperature
and the highest value of ~ 6.6 x 10 W/m-K?is achieved for x = 0.6 sample at 318 K. Though, the
effect of Bi doping on the PF is small at higher temperatures. The observed power factors are
higher than the previously published results for cubic double perovskite oxide materials (See Table
5), which suggests that 6H hexagonal Ba>-\Bi:CoRuOs (0.0 < x < 0.6) perovskites are the

promising thermoelectric oxides.
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Table 5 Power factor (PF) and the dimensionless thermoelectric figure-of-merit (z7) of
different double perovskite oxide materials.

Materials T/K PF (6-S?) x T Reference
104 /Wm™! K2
Sr1.7Bao.sFeMoOg 1100 0.8 - 54
CazFeMoOs 1200 3.5 - 55
Sr1.6Ko.4FeMoQOs 1250 4.2 024 56
Sr19Lao.1MnMoQOg 1250 1.2 0.13 57
Sr2FeMoQOg 1000 1.2 0.05 58
Bao.15Sr1.85TiC0Os 1220 1.0 0.295 59
Bao.15Sr1.85Tio.sFeo.sNbo.4Os 923 0.13 - 60
Sr2TiMoOs 1223 0.11 - 61
Sr2TiCoOs 1150 0.065 - 62

3.3. Thermal conductivity

Fig. 9(b) shows thermal conductivity (x) of Bax—xBi.CoRuOs (0.0 <x <0.6) samples as a function
of temperature. The x values decrease with increasing temperature for all samples in the measured
temperature range. Moreover, k also decreases with increasing Bi doping. The «x values at 318 K
and 618 K are listed for all samples in Table 4. The total thermal conductivity (x) can be expresed
by the sum of lattice thermal conductivity (xz.) and electrical thermal conductivity (&e): [A= Kei +
krat]. The xe can be calculated with the help of Wiedemann— Franz’s law [&e1 = LT/p], where ‘L’
is the Lorentz number and its value is ~ 2.44 x10~® W-Q/K? for free electrons, T is the temperature
and p is electrical resistivity.®> Consequently, &z can be estimated from the expression: (izq = &
— ke1). The lowering of x with increasing Bi doping may be explained by two main factors: 1) due
to increase in p which decreases . as per the relation given above 2) due to the presence of lone
pair of electrons on Bi*" cations, which results in structural distortions and increase in the phonon

scattering thereby lowering the 7.
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3.4. Thermoelectric figure- of-merit (z7)

The dimensionless thermoelectric figure-of-merit (z7) for the Ba,-\BixCoRuOg (0.0 < x < 0.6)
samples as a function of temperature are displayed in Fig. 9(c). The zT of all Bi-doped samples are
higher than that of the undoped BaxCoRuOg¢ compound. The x = 0.6 sample has the highest zT ~
0.23 at 618 K, which is approximately 8 times higher than the pristine BaCoRuOs compound. The
increase in z7T values for doped samples is due to the improved S and low x of the studied samples.
Thermoelectric figure- of-merit of all Bi-doped samples are reasonably high, as listed in Table 4.
The zT for x = 0.6 sample is comparable or even better than the reported z7 values for other cubic
double perovskite oxide materials (See Table 5). It is the first time that we are reporting promising
p-type thermoelectric properties of hexagonal double perovskite oxides and we anticipate that
thermoelectric performance of these materials can be further improved by carrying out more

comprehensive studies.

4. Conclusion

In conclusion, nontoxic and environment friendly high temperature thermoelectric
Bay-,BixCoRuOs (0.0 < x < 0.6) samples have been prepared with the traditional solid-state
reaction method. The structural investigations with powder synchrotron X-ray and neutron
diffraction reveal that these materials adopt the hexagonal 6H-perovskite structure with P63/mmc
space group. The crystallographic lattice parameters and unit cell volumes are found to increase
with Bi doping, demonstrating that electronic effects (reduction of Co/Ru) dominate over steric

effects and results in an expansion of unit cell, despite Bi*" having a smaller ionic radius than Ba*".
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SEM images depict that samples with higher doping levels have larger grain size. A substantial
improvement in the Seebeck coefficient and reduction in thermal conductivity of Bi substituted
samples have been observed. The highest power factor (PF) and thermoelectric figure-of-merit
(zT) of ~6.6 x 10~* W/m-K? and 0.23, respectively at 618 K are achieved for x = 0.6 sample, which
1s comparable or better than the many other published results for cubic double perovskite oxides.
These findings show hexagonal double perovskites are potential TE materials and that Bi-doping

is a useful way for improving the properties.
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Chemically doped Bax-:Bi,CoRuOs hexagonal double perovskite-type oxides were prepared using
the conventional solid-state chemistry method. Interesting p-type thermoelectric properties were
observed in all samples. Simultaneous enhancement of the power factor and reduction of thermal

conductivity was achieved, thus improving the figure-of-merit (z7) to ~0.23 for x = 0.6
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