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ZUSAMMENFASSUNG

Novel recently discovered non-conventional thermoelectric oxides were produced and characterised
to verify their thermoelectric conversion potential. Four - leg thermoelectric oxide modules (TOM)
were fabricated by combining p- and n-type oxide thermoelements made of pressed polycrystalline
GdCog.g5Nig.0503 [1] and CaMng ggNbg 0203 [2], respectively.

By using the High — Flux Solar Simulator (HFSS) at ETH as source of simulated solar radiation it was
demonstrated that the direct conversion of solar heat into electrical energy can be achieved with the
TOM. The temperature difference (AT) between the hot and the cold side of the module was tuned by
using different arc electrical input current supplied by an argon arc. The maximum output power of
0.032 W was reached for AT = 450 K. The maximum conversion efficiency of ~ 1 % was achieved

using an arc current of 200 A which induced a maximum AT of 470 K in the TOM.




Projektziele

Thermoelectric materials are candidates for the devices, which can directly convert heat into
electrical energy. The energy conversion efficiency of thermoelectric materials has to be improved by
enhancing the thermoelectric figure of merit, Z, defined as Z = 0S%" (0 is the electrical conductivity, S
is the Seebeck coefficient and « is the thermal conductivity) of the thermoelectrics. At Empa new
promising unconventional materials are developed and tested in thermoelectric applications. The
choice, assembly and demonstration of te thermoelectric conversion is the main goal of the TOM
project. Strongly electron correlated systems of ruthenates and misfit cobaltates are interesting be-
cause the electronic structure is influenced not only by charge, but also by the spin, lattice and orbital
degrees of freedom.

Durchgefiihrte Arbeiten und erreichte Ergebnisse

1) Thermoelectric oxide module (TOM) — generating electricity from solar radiation

Four leg thermoelectric modules made of thermoelectric materials developed and produced at
Empa were assembled to be characterised in a dedicated test stand for further use as solar energy
converters.

The High — Flux Solar Simulator HFSS at the Institute of Energy Technology, ETH, Zirich
(Figure 1a) is able to supply flux intensity above 500 W/cm?® and process temperatures exceeding
3000 K. The HFSS is cooled by water which flows between the argon arc and the quartz lamp tube.
The arc produces radiation at visible wavelengths with additional part of the spectrum in the infrared
and ultraviolet regions. Power flux intensity and temperature can be adjusted by varying the position of
the target along the axis of the focusing mirrors or by changing the electrical input power given to the
arc electrodes.

By placing the TOM in the focus the heat supplied by the HFSS was converted into electricity.
The TOM was coated on the hot side by homogeneous black graphite layer (see Figure 1b) to in-
crease the absorption of solar radiation by improving the emissivity value of the hot side of the mod-
ule.
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Figure 1: (a) The High-Flux Solar Simulator at ETH with the enclosed argon arc lamp by an el-
liptical mirror that redirects the radiant power into the target (TOM) and (b) photo of a four - leg
thermoelectric oxide module with a coated graphite layer on the hot side.

The output power measurements were done by applying different electrical input current (50,
100, 150 and 200 A) to the arc electrodes. In each measurement, an electrical input current was ap-
plied, when the temperature was stable, and a power output was measured. The maximum tempera-
ture difference by applying an arc current of 200 A was AT = 470 K. The temperature evolution on the
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hot and the cold side of the TOM when increasing the intensity of the arc current is plotted in Figure
2a. Four temperatures were stabilised (see the bar areas in Figure 2a). The output power as a func-
tion of the voltage was measured for different AT (see Figure 2b).
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Figure 2:.(a) Time evolution of the temperature at hot side and cold side of the module meas-
ured by the K-type thermocouples and (b) output power vs. voltage for different AT.

The output power increases with increasing temperature gradient of the TOM. For the electri-
cal current of 200 A which induced AT = 470 K, the output power decreased. This was caused by the
formation of substantial cracks across the p-type leg of the module which caused the increase of total
internal resistance of the TOM. The main reasons for crack formations across the p-type leg are
probably the higher value of the thermal expansion coefficient of the p-type leg (o ~ 26.5 K'1) com-
pared to the Al,O; (a ~ 8.0 K”) and the speed of the heating. In 4.5 min the temperature on the hot
side increased up to 965 K which could induce a thermal “shock” to the material. The AT between the
hot side and the cold side for the arc current 200 A increased only ~ 20 K more because of the insuffi-
cient cooling.

The maximum output power was calculated from the output power curves in Figure 2b consid-
ering the load resistance equal to the internal resistance and is plotted in Figure 3a. The maximum
output power is increasing with increasing AT up to AT = 450 K. For AT = 470 K the maximum output
power decreased (see the red frame in Figure 3a). The reason for this unusual behaviour was de-
scribed previously.

The conversion efficiency of a four — leg TOM with the cross — section of the leg 4 x 4 mm?
(see Figure 3b) was calculated from the evaluation of the ZT values of the p- and n-type materials and
the measurements of the temperature on the hot and cold side of the module. If we calculate the con-
version efficiency using the formula [3]:
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where T,and T, are temperature on the cold and hot side, respectively and Z is the Figure of Merit of
the p- and n-type material, we obtain a maximum conversion efficiency of ~ 1 % at AT =470 K.
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Figure 3: (a) Maximum output power and (b) conversion efficiency as function of AT.

2) Development of materials with strongly electron correlated systems

a. Na;,SrRuO;

SrRuO; is a metallic — like ferromagnet with a relatively high Curie temperature (T¢ ~ 160 K)
[4]. Perovskite-type SrRuO; belongs to the "class of strongly electron correlated systems” because of
the synergy of the transport and magnetic properties. However, the ferromagnetism of SrRuQ; is of
the itinerant type at least in a sense that the magnetization does not reach the theoretical limit S = 1 (2
s ! Ru); surprisingly the CaRuO; compound despite the same crystal structure, high metallicity and
similar magnetic response at high temperatures remains paramagnetic down to lowest temperatures.
These different physical properties have been attributed to the difference in lattice distortion and / or
the A cation influence on the 4d Ru bands widths and, hence, on the relative populations of the spin-
up and spin-down bands. To study these effects in detail we have prepared by solid state reaction
synthesis SrRuO; where the Sr were substituted by single valent Na ions; the role of substituent was
then both in the modification of the crystal structure but, more importantly, in the possibility to influence
the filling of 4 d Ru orbital via the charge compensation.

The polycrystalline ceramic samples of Sry,Na,RuO; (x = 0.0, 0.10, 0.20 and 0.25) were pre-
pared by solid - state reaction method. Stoichiometric amounts of SrCO; (99.9+%), Na,CO; (99.9+%)
and RuO; (99.9+%) were mixed, homogenized in agate mortar and calcinated at 873 K in air for 24 h.
After calcination the final powder had been reground and pressed into pellets, final sintering was per-
formed at 1323 K for 40 h in air followed by slow cooling to avoid the oxygen nonstochiometry.

All the compounds of the Sry,Na,RuO; system have orthorhombic crystal structure with Pbnm
space group. In Figure 4 is plotted the composition dependence of lattice parameters together with the
composition dependence of the unit cell volume which is displayed in the inset of Figure 1a. The rela-
tion a > cA2 > b is valid for all the range of Na doped compounds. The unit cell volume is decreasing
over all the range of compositions. The lattice parameters are monotonously decreasing with increas-
ing of Na content. From the Rietveld refinement was found that the real Na content of the samples are
8, 14 and 18 % instead of 10, 20 and 25 %. If we consider this lower Na content the descending trend
of the lattice parameters and unit cell volume will be more linear. In Figure 4 is also plotted the ortho-
rhombic distortion vs. A ionic radius (A = Sr, Na), which is defined in Ref. [5]. SrRuO; has almost ideal
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perovskite cubic structure with a small orthorhombic distortion. The orthorhombic distortion for Sry.
xNa,RuO; (x = 0.0 - 0.25) is in the range of 0.384 % up to 0.443 %.

The evolution of Ru — O bond distances and Ru — O — Ru bond angles are displayed in Figure
4b. The Ru — O bond evolution is slightly decreasing with increasing of the Na content. The Ru - O —
Ru bond angle has descending trend due to substitution of the Na.

The total thermal conductivity k. is, in general, composed of the electronic and phononic
part: Kiorm = Ker + Kpp. If we assume that only the holes contributing to the electronic conduction, the kg,
can be estimated by the Wiedemann-Franz law, ke = L o T, where L (L = 2.443 10 W S™ K?) is the
Lorenz constant, o the electrical conductivity, and T the absolute temperature. The temperature de-
pendence of the total thermal conductivity with electronic contribution k., of the Na,Sr;,RuOj; is shown
in Figure 5a.
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Figure 4: (a) Composition dependence of lattice parameters for Sr;Na,RuO; and orthorhombic
distortion vs. A ionic radius for ARuO; (A = Sr, Na). The inset shows the composition depend-
ence of the volume per f.u. (b) Composition dependence of valence bond length Ru - O and
valence bond angle Ru - O - Ru. (¢) Orthorhombic crystal structure of the SrysNaysRuO;.

The thermal conductivity increased with increasing temperature and the values are in the
range between 1.5 — 2.8 W m™ K. The electronic contribution for x = 0.2 is at T = 300 K around 3 %
instead for x =0 is 21 % and for x = 0.25 it is 35 %.

The difference between K and ke.is the phononic part, k,,. The phononic part reflects the
scattering of phonons on the ground boundaries. The size of the k,, in the case of Sri4Na,RuO; is
proportional to density of the samples. The lower density (1.49 g cm'3) has sample of x = 0.25 with kg
= 0.35 Kyt @and the highest density has sample of x = 0.2 (3.32 g cm'3) with kg = 0.023 Kiotar.

Temperature dependence of the Seebeck coefficient and electrical resistivity are plotted in
Figure 5b-c, respectively. All the samples show the metallic - like behaviour. The resistivity values at
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300 K increased from 0.75 to 16.3 mQ cm. Electrical resistivity values correspondence with the values
of k.. Low temperature data of k. are presented in inset of Figure 5a. The highest electronic contribu-
tion of Ky has the sample Nag 25Srp 7sRUO; with lower electrical resistivity value.

The Seebeck coefficient is positive for all samples in the whole temperature range indicating
the dominant character of holes for the electronic conduction. Change of the slope of the Seebeck
coefficient is observed around T¢. For the metallic system of SrRuO; below T the behaviour is mainly
directed by the electronic correlations with linear term y evaluated from specific heat measurements
and the dimensionless ratio of 0.8, classical for metallic oxides was reported [6]. Above T Seebeck
coefficient is less temperature dependence than below T. and saturated between 31 — 36 uVv K"
around the room temperature.
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Figure 5: (a) Temperature dependence of the thermal conductivity (k:.:a/), (b) Seebeck coeffi-
cient and (c) electrical resistivity for the system Sr,Na,RuO; (x = 0.0 — 0.25). Closed and open
symbols indicate the measured k., and estimated k., respectively. In the inset is presented
zoom up to 50 K for ke,

Temperature dependence of the molar magnetic susceptibility measured in magnetic field of
0.1 T in the temperature range from 5 K up to 400 K is plotted in Figure 6 with inset of saturated mag-
netic moment (M) as function of temperature and also as dependence of Na doped amount at tem-
perature of 5 K. The largest M, of 0.718 ug was observed for SrRuO; at 5 K and 0.1 T. The decreas-
ing progress of the Mg, with higher concentration of Na in the samples is evident. In the inset of Figure
6 are plotted the Curie — Weiss temperature and effective magnetic moment (u.s) evaluated from the
FC susceptibility curves. The FC data were fitted in paramagnetic region above T¢ with Curie — Weiss
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formula. The ordered effective magnetic moment is varying in the range of . = 2.64 ug for SrRuQO3,
assuming the Landé factor g = 2, which is lower value than reported pes = 2.81 ug in reference [7].
Effective magnetic moment s decreasing with increasing of Na content and creating Ru** / Ru®" mixed
valence. Theoretically the effective magnetic moment for SrRuO; should be pes = 2.83 g, but the
measured value of 2.64 g is quite close indicates that Ru*" is in the low - spin state (S = 1).

Curie — Weiss temperature Ogy, has positive values in all the range of Na substitution samples
indicating ferromagnetism behaviour and decreasing with increasing of Na content and it is changing
from 158 K for x = 0.0, which is lower value than in reference [8], up to 132 K for x = 0.25.
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Figure 6: Temperature dependence of the molar magnetic susceptibility measured at 0.1 T on

field cooling for the system Sr, ,Na,RuO; (x = 0.0 — 0.25) with the inset of saturation moments

(Msa) at 5 K, effective magnetic moment p.¢ and Curie — Weiss temperature (Oc¢y) for the sys-
tem Sry,Na,RuO; (x = 0.0 — 0.25) as a function of Na doped amount.

b. Misfit cobaltite Ca;C0,0,

The misfit cobaltite crystal structure contains two monoclinic subsystems, one is called rock
salt type layer (RS) Ca,Co0; and second one is a CoO, layer. The (RS) layer provides the scattering
of the phonons while the CoO, layer ensures the conduction of the charge carriers. With this crystallo-
graphic arrangement the ZT of the material embody relatively high value among the oxide materials
[9]. To understand relatively high Seebeck coefficient value of CazCo4Og [10], the specific heat Som-
merfield coefficient y was calculated on a base of the specific heat measurement at low temperature
region. The sample was measured in an applied field of H =9 T below T = 25 K (see Figure 7b) to
reduce the magnetic contribution of specific heat for more accurately evaluation of y. Value of 85 mJ
mol™ K? was evaluated from the Co/ Tvs. T? dependence (see Figure 7a) which is close to reported
value by Limelette et al. [11].

Co K-edge x — ray absorption spectroscopy (XAFS) was used to determine the local structure
about the Co sites. In the Figure 8 is present the zoom area around the Co — edge of XAS data meas-
ured up to 8.55 keV. To evaluate the data will be the matter of the future work.
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Figure 7:Temperature dependence of the specific heat for the Ca;Co,04 with Dulong - Petit
thermodynamic limit. The inset (a) shows the low temperature specific heat measurement un-
derH=0Tand H=9 T to reduce the magnetic contribution to total specific heat value and im-

prove the evaluation of electronic part of specific heat y from the C,/ T vs. T? dependence

Figure 8: Normalized Co K-edges of the. Ca;C0,0, and the reference samples.

3) CrN - antiferromagnetic semiconductor with unusual behaviour around the Néel tem-

perature

TOM, A. Weidenkaff, Empa

C (J mol'K")

P

24 T T T T
B o © 1 (a)
700 | 5 o4sh 0o ° ]
| E o
_E, 015} o2
600 |- £ o12[ y=85mJd mol K]
[ 07009 e e ey
- 20 40 60 80 100 120
500 3w
e

Normalized intensity

20
T(K)

1 n 1 n
400 600 800
Temperature (K)

1000

1200

which is present in the inset (b).

14 T T T T

12} 4 \ J

1.0 /

0.8} 4

0.6 |- 4
I Ca,Co,O,

0.4} Co0 -
I LaCoO,

0.2+ / Pro.ssro.scoos .

0.0 —4//./...—'1 s P PR s

7.70 7.7 7.72 7.73 7.74
Energy (keV)

8/12



9/12

Figure 9: Temperature dependence of the (a) electrical resistivity with the zoom around T¢ dur-
ing the cooling and heating and (b) Seebeck coefficient for the Cr — O - N.

Figure 10: Temperature dependence of the thermal conductivity for the Cr — O - N. The inset
present electronic contribution (A.) to total thermal conductivity.
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Figure 11: Temperature dependence of total heat capacity (C,) of Cr — O - N with the function of
lattice contribution of total heat capacity. The inset present temperature dependence of C,/ T

Figure 12: Temperature dependence of the molar magnetic susceptibility measured at 0.1 T on
field cooling (FC) and zero field cooling (ZFC) sample for Cr — O - N with the inset of saturation
moments (Ms,,) at different temperatures in field up to 5 T.
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Nationale Zusammenarbeit

= A Bitschi, High Voltage Laboratory, Swiss Federal Institute of Technology, Physikstrasse 3,

8092 Zurich, Switzerland.

= C. Suter, Institute of Energy Technology, ETH Zurich, Sonneggstrasse 3, 8092 Zurich, Swit-

zerland.
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Internationale Zusammenarbeit

» J. Hejtmanek, Institute of Physics of ASCR, v.v.i, Laboratory of oxide materials, Na Slovance
2, 182 21 Praha 8, Czech Republic.

= E. Santava, Institute of Physics of ASCR, v.v.i, Department of low temperatures, Na Slovance
2, 182 21 Praha 8, Czech Republic.

Bewertung 2008 und Ausblick 2009

A four - leg thermoelectric oxide module combining p- and n-type thermoelements made of
GdCoy g5Nig 0503 and CaMng ggNbg 0203, respectively, was successfully used to directly convert simu-
lated solar radiation into electrical energy using a HFSS as energy source. The TOM was tested under
different AT (T, — T;) up to values of AT = 470 K. Power / voltage characteristics were evaluated under
various AT — conditions. A maximum output power value of 0.032 W was obtained for AT = 450 K.
From the ZT values of the p- and n-type materials and the measurements of the temperature on the
hot and cold side of the module, a maximum conversion efficiency of ~ 1% was obtained for AT = 470
K.

The samples of Sry,Na,RuO; have an orthorhombic structure with small orthorhombic distor-
tion which is below 1 %. The thermal conductivity increases with temperature and it is in the range of
1.5-2.8 Wm™ K" at around room temperature. The electronic contribution of thermal conductivity for
x = 0.2 is around 3 % at room temperature instead for x = 0.25 it is 35 %. All the samples show the
metallic - like behaviour. The Seebeck coefficient is positive for all samples in the whole temperature
range and saturated between 31 — 36 pV K for T = 300 K. M;, at 5 K and 0.1 T is decreasing with
higher concentration of Na. Curie — Weiss is changing from 158 K for x = 0.0 to 132 K for x = 0.25.
Effective magnetic moment is changing from e = 2.639 g for x = 0.0 up to per = 2.539 g for x =
0.25.

Radiation aspect from the heating source as well as the radiation and the heat conduction in
the module itself will be measured with the heat flux detector and compared with the theoretical calcu-
lation of C. Suter from ETH. On the base of the theoretical evaluation we will try to prepare new mate-
rials with the respect of compatibility p- and n-type material to get the maximum conversion efficiency.

To understand the origin of thermoelectricity in the promising material of Caz;Co,09 we will try
to solve the room temperature XAS data of CazCo40g to evaluate the crystal structure and the valence
state of Co in two monoclinic subsystems and complete these data with high temperature XAS meas-
urements in the region of spin state transition which occurs at ~ 420 K.
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