Thermoelectric oxides:
challenges and selected approaches for
materials design

Andrei V. Kovalevsky

ciceco
|| aveiro institute of materials

Wenjie Xie, Myriam H. Aguirre, Nuno M. Ferreira, Sonia
G. Patricio, Diogo Lopes, Gabriel Constantinescu,
Florinda M. Costa, Jorge R. Frade, Anke Weidenkaff

S TECHNISCHE
:*/‘1 UNIVERSITAT
Y%’ DARMSTADT

29.06.2020 - 1st Online Workshop on Sustainable Thermoelectrics



Greetings from Aveiro, Portugal

29.06.2020 - 1st Online Workshop on Sustainable Thermoelectrics




Introduction - oxides

Rich family, rich/unique properties I w5

Year
2 of tha Paace Table
- ©f Chamcal Eloments

W EEIE 0,
next 100 years

refrigeration
[“micro-and opto- |
L___electronics __| 1

The 90 natural elements that make up everything
How much is there? Is that enough?

Plentiful Syt From conflict [7] Elements
. Supply D . minerals U usedina
increased use future risk to smart phone

supply
Read more and play the video game http://bit.ly/euchems-pt g‘ EuChemS

(MEE0 This work is licensed under the Creative Commons Attribution-NoDsrivs CC-BY-ND European Chemical Soclety

Stability

waste heat harvest

automobile vehicles 1

boilers and furnaces |
1500 1

300 600 900

—T(K)

1 | l
! L 1

Electric

N—

Heavy-
elementbased:

|~

Carter, C.B. and Norton, M.G. (2013). Ceramic Materials: Science and
Engineering, 546. Springer.

Thermoelectric materials

Yuan-Hua Lin, Jinle Lan, Cewen Nan, Oxide Thermoelectric Materials.
From basic principles to applications, Wiley, 2019.

=

Silicides:

|

T | oo |\

Ma2A5isn) MnSi, < benign,
RS \3bundant/

o

29.06.2020 - 1st Online Workshop on Sustainable Thermoelectrics

He, J., Liu, Y., & Funahashi, R. (2011). Journal of
Materials Research, 26(15), 1762-1772.




TE oxides — challenges
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Main thermoelectric oxide families
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Strontium titanate as a TE platform
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Strontium titanate is a semiconductor
with 3.2 eV band gap

Donor SUbStltUUOﬂ bOth In A- and B- A.V. Kovalevsky, M.H. Aguirre, S. Populoh, S.G. Patricio, N.M.

I I Ferreira, S.M. Mikhalev, D.P. Fagg, A. Weidenkaff, J.R. Frade,
S Ite su b l attlces Designing strontium titanate-based thermoelectrics: insight into

. . h defect chemistry mechanisms, J. Mater. Chem. A, 2017, vol. 5, pp.
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Strontium titanate as a TE platform

How the defect types can be controlled?

Example: SrTi, ,Ta,O,,s and Sr,_,Ti, ,Ta,0,,5 series

(x/2)Ta,0, + SrO + (1 - x)TiO, - (1= Fx/2)Sr;. +(1-x)Ti . +
+xTa;, +(Bx/2)V, +(Lx12)SrO* +((1- B)x/2)0;, . +30);

layer

(more oxygen-rich planar defects)
(x/2)Ta,04 + (1 -x/2)Sr0 + (1 - x)TiO, — (1—x/2)Sr; +(x/2)Vi +

+ xTa,, + (20)Tiy, + (1 - x = 20)Tiy, + (3= 0)0) + V" +(5/2)0,(g)
(more A-site and oxygen vacancies)

F. Lichtenberg et al. Prog. Solid State Chem. 29 (2001) 1-70.

gOIMeloligh 2Ti, + 0, — 2Ty, +V; +(5/2)0,

A.A. Yaremchenko, S. Populoh, S.G. Patricio, J. Macias, P. Thiel,

D.P. Fagg, A. Weidenkaff, J.R. Frade, A.V. Kovalevsky, Boosting

thermoelectric performance by controlled defect chemistry

engineering in Ta-substituted strontium titanate, Chem. Mater.,
29.06.2020 - 1st Online Workshop on Sustainable Thermoelectrics 2015, vol. 27, p. 4995.




SrTi0, — effects of oxygen deficiency
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Weidenkaff, J.R. Frade, Towards a high thermoelectric performance in rare- A.A. Yaremchenko, S. Populoh, S.G. Patricio, J. Macias, P. Thiel,

earth substituted SrTiO3: Effects provided by strongly-reducing conditions, D.P. Fagg, A. Weidenkaff, J.R. Frade, A.V. Kovalevsky, Boosting
Phys. Chem. Chem. Phys., 2014, vol. 16, pp. 26946-26954. thermoelectric performance by controlled defect chemistry

N ; . engineering in Ta-substituted strontium titanate, Chem. Mater.,
29.06.2020 - 1st Online Workshop on Sustainable Thermoelectrics 2p15, o1, 27, p. 4995.




SrTi0O; — effects of cation deficiency
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A.V. Kovalevsky, A. A. Yaremchenko, S. Populoh, A. Weidenkaff and Popuri, S.R.; Scott, A.J.M.; Downie, R.A.; Hall, M.A.;
J. R. Frade, J. Phys.Chem. C 2014, vol. 118, pp. 4596-4606. Suard, E.; Decourt, R.; Pollet, M.; Bos, J.-W.G. RSC
Adv. 2014, 4, 33720-33723.
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SrTi0O; — effects of cation deficiency

A.V. Kovalevsky, M.H. Aguirre, S. Populoh, S.G. Patricio, N.M.
S T' N b O Ferreira, S.M. Mikhalev, D.P. Fagg, A.Weidenkaff, J.R. Frade,
ry IO 90 O 10 3_|_ 6 Designing strontium titanate-based thermoelectrics: insight into defect

chemistry mechanisms, J. Mater. Chem. A, 2017, vol. 5, pp. 3909.
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SrTi0; — effects of cation deficiency
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SrTi0; — redox-promoted composites
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SrTi0; — redox-promoted composites

(Sr,Vsr, La)TiO315 4 STMo(Ti)03.5 4 Mo

Redox composition?
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S.M. Mikhalev, A. Weidenkaff, J.R. Frade, Redox engineering of
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. vol. 8, p. 7317.




SrTi0; — redox-promoted composites
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SrTi0; — redox-promoted composites

S. Prakash Singh, N. Kanas, T. Desissa, M.-A. Einarsrud, T. Norby, K. Wiik,
Thermoelectric properties of non-stoichiometric CaMnO; s composites
formed by redox-activated exsolution, J. Europ. Ceram. Soc. 40 (2020) 1344.
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Ca;Co,0O; — redox-promoted composites
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Ca;Co,0; — redox-promoted composites

Ca,Co,0,powder
SR (0) 4 Ca;Co,0,matrix

+ R +
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composite ceramics
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Ca;Co,0O; — redox-promoted composites
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/Zn0O — self-organization in composites

olications:
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/Zn0O — self-organization in composites

Zn(Al)O + ZrO, nanoparticles

NSE MAG: 4500 x HV: 30.0 kV

K.V. Zakharchuk, M. Widenmeyer, D.O. Alikin, W. Xie, S. Populoh, S.M. Mikhalev, A. Tselev, J.R. Frade,
A. Weidenkaff, A.V. Kovalevsky, A self-forming nanocomposite concept for ZnO-based thermoelectrics,
J. Mater. Chem. A, 2018, vol. 6, pp.13386-13396.
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/Zn0 - self-organization in composites

distance, nm
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/Zn0O — self-organization in composites
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/Zn0 - self-organization in composites

Zn(Al)O + CeO, nanoparticles

Mixing and high-temperature sintering
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/Zn0 - self-organization in composites

Zn(Fe)O + CeO, nanoparticles

Mixing and high-temperature sintering

Electrical conductivity
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Conclusions

Oxides do offer additional possibilities
for designing good thermoelectrics

Unique redox properties

Complex behavior on
substitution and self-
organization
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