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ZUSAMMENFASSUNG

Thermoelectric oxides are synthesised from liquid precursors which are developed for the purpose of
layer by layer thin film deposition technique. As first samples polycrystalline perovskite-type CaMn;.
«NbO3 phases (with x = 0.02, 0.05, 0.08 and 0.10) were synthesised and investigated concerning
their structure, microstructure and thermal stability as function of the temperature. The studied
phases reveal a complex microstructure at room temperature with 90° twinned domains and rock-salt
planar defects. At high temperatures, the manganate phases undergo a structural transition from
orthorhombic to cubic symmetry as confirmed by in situ high-temperature X-ray powder diffraction
and electron diffraction data. Thermogravimetric heating/cooling studies evidence a reversible ther-
mal reduction/re-oxidation process which occurs above a defined transition temperature. From these
data, we conclude on a possible mechanism relating the high-temperature structural transition and
the thermal reduction process of slightly-substituted CaMnO; phases. The occurrence of a structural
transition can be related to the thermal reduction process, which result in a change of the Mn**/Mn**
concentrations in the Mn sublattice, and therefore in a modification of the transport properties. A
comprehensive study examines for the first time the impact of both phenomena on the electrical and
thermal transport properties.




Projektziele

The main objective of the LTEC project is the use of waste heat from combustion processes (exhaust
gas, motor, skin) as an energy source. The development of an innovative thermoelectric (TE) system

will be based on improved TE materials.

The advantages of an L-TEC compared to thermoelectric converter made by using bulk materials are
the improved design-flexibility and better conversion efficiency due to a multi-stage design and graded
materials. Thus, L-TEC is an attractive way to convert heat into electrical energy by thermoelectric
conversion. This motivation is directly linked to the development of novel functional materials with
enhanced Figures of merit, high temperature stability (T = 400 K), and without harmful elements. Here
the results from former and running projects will be directly applied for the next generation converters.
A TE module is composed of p- and n-type thermoelements which are connected electrically in series
and thermally in parallel. The efficient conversion of heat into electricity requires the development of
functional materials with a high figure of merit, Z= S%/pk, where S is the Seebeck coefficient, p is the
electrical conductivity and x is the thermal conductivity. Long-term utilizations can be achieved with TE
modules since they have the advantage to be maintenance-free. Therefore, the reliability and the du-
rability are essential prerequisites for TE technologies. The chemical, thermal and mechanical stabili-
ties are required with respect to specific operating conditions (temperatures and atmospheres). Oxide
thermoelectric materials are cost efficient and nontoxic compared to the conventional phases. They
are also chemically and thermally stable at high temperatures in oxidative atmospheres.

Our recent studies on new promising n-type manganate phases, CaMn,Nb,O3 (with x < 0.08), reveal
a ZT value of 0.32 at 1070 K as a result of a low lattice thermal conductivity [1]. The study shows that
specific internal boundaries and interfaces which are induced by the presence of twinned domains,
might decrease the thermal conductivity due to phonon scattering while keeping the electronic proper-
ties largely undisturbed. From our knowledge, the electrical and thermal transport properties of both A-
and B-site substituted CaMnOj; have been largely studied only up to T ' 1000 K [2-6]. The higher tem-
perature range (T> 1100 K) has not been explored so far concerning their TE properties. The present
paper reports on the study of the , CaMn,,Nb,O; phases (with x = 0.02, 0.05, 0.08 and 0.10), with
respect to its crystal structure, microstructure, and thermal stability at high temperatures. Since oxide
materials are evaluated regarding their high-temperature thermoelectric applications, the thermal sta-
bility of the studied phases is of main interest. The study focuses on the influence of the high-
temperature structural transition, the oxygen vacancy formation, and the effects on the electrical and

thermal transport properties in the temperature range of 600 K < T < 1250 K.

Durchgefiihrte Arbeiten und erreichte Ergebnisse

Diverse n-type manganate phases were produced with innovative synthesis procedures and thermally
cycled. Figures 1a) and b) present the refined high-temperature XRPD patterns of CaMng gsNby .03 at
773 Kand 1173 K, respectively. The reflections observed at 773 K can be indexed in the orthorhombic
unit cell (Pnma S.G., N° 62), while the XRPD data recorded at 1173 K can be refined using the cubic
structural model (Pm3m S.G., N° 221).

Figure 2a) depicts the temperature evolution of the CaMng ggsNby .03 orthorhombic phase. The angular

range of 36° < 2 ©® < 43° is emphasized in Figure 2b) since this region includes superlattice reflections
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sensitive to the orthorhombic structure and its related tilting system. With increasing temperature, the
(201)Pnma, (102)Pnma reflections and the (211)Pnma,(112)Pnma, (131)Pnma ftriplet decrease in
intensity and disappear at 1173 K. The (220)Pnma and (022)Pnma doublet merge to a single
(111)Pm-3m reflection at 1173 K. These results indicate that CaMng ggNbg 0oO3 undergoes a structural
transition from orthorhombic to cubic crystal structure at 1073 K < Tc < 1173 K in air. Previous studies
on CaMnO; [7] reported the existence of successive structural transitions from orthorhombic (Pnma) to
tetragonal (I4/mcm) at 1169 K and further to cubic (Pm-3m) at 1186 K. In the present case, all ortho-
rhombic superlattice reflections disappear simultaneously at the transition temperature without pres-
ence of any intermediate tetragonal phase. The apparent absence of such intermediate transitions for
the CaMng gsNbg .03 phase confirms a limited stability range of the tetragonal phase. Thus, the struc-
tural transition temperature determined from the experimental data, i.e. 1073 K < Tc < 1173 K, is con-
sistent with the literature considering the well known transition from orthorhombic to cubic crystal

structure upon heating in perovskite-type phases.

a) at 773 K, Pnma S.G. b) at 1173 K, Pm-3m S.G.
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Figure 1: Examples of Rietveld refinements from in situ high-temperature XRPD data of CaMng¢sNbg 0,03 phase recorded at a)
773 K and b) 1173 K under air atmosphere.
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Figure 2: a) and b) In situ high-temperature XRPD patterns of CaMngggNbg 0203 phase from 298 K to 1173 K under air atmos-
phere. The arrows in Figure a) indicate the reflections disappearing during the phase transition. The angular range of 36° < 26 <
43° is enlarged in Figure b) emphasizing the evolution of three main reflections, assigned by red circles, upon heating. The
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minor reflections indicated by (*) belong to the secondary phase, i.e. CaMn,O,. The red dotted circles are only intended to
emphasize the reflections of main interest.

The evolution of the lattice parameters and cell volume upon heating are presented in Figure 3a). The
thermal expansion causes a near linear increase of lattice parameters for the all studied temperature
range. As a consequence, a progressive expansion of the cell volume is observed corresponding to a
thermal expansion of 4.40% upon heating from 298 K to 1173 K. Figure 3b) reports on the evolution of
average bond lengths (Mn-O) and bond angles (Mn-O-Mn) upon heating. A continuous increase of
both structural parameters is observed until the structural transition temperature. This finding reects
the thermal expansion of the orthorhombic crystal structure. At higher temperatures, i.e. above Tc,

refined bond lengths and angles correspond to values characteristic of the cubic symmetry.
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Figure 3: Temperature dependence of a) lattice parameters, cell volumes, b) average (Mn-O-Mn) angles and (Mn-O) bond
lengths of the CaMn.¢sNbg 0203 phase. (The lattice parameters are presented along the orthorhombic frame, where a,N 2 ~ co/V
2 ~ ac and b,/2 = ac. The cell volumes are calculated based on the cubic cell).

With respect to the orthorhombic and cubic crystal structures, it should be pointed out that both sym-
metries involve divergences from each other regarding the structural parameter, i.e. atomic displace-
ment variations, changes in bond lengths and angles. The ideal cubic perovskite structure, with Pm-
3m S.G,, rarely exists, often the perovskite structure distorts from the ideal cubic frame arising to or-
thorhombic or rhombohedral symmetry. The distorted derivative phases result from different mecha-
nisms. One of the most common distortion mechanisms is based on the rotation or tilting of the BOg
octahedra. Due to the small radius of the A site cation, with respect to its surrounding frame, the BOq
octahedra tilt and buckle to accommodate the size of the cubo-octahedral void. The co-operative rota-
tion of BOg octahedra around different axes yields the orthorhombic, so-called GdFeOs-type structure.
In the present case, successive co-operative rotations of the MnOg octahedra around the <111> crys-
tallographic axis lead to the orthorhombic crystal structure with Pnma S.G. Consequently, the struc-
tural transition induces certainly changes of the overlap between the O 2p and Mn 3d orbitals. Such
variation of the electronic band structure leads to modifications of the electrical and thermal transport

properties.
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The XRPD investigations yield a general overview of the crystal structure and its evolution with in-
creasing temperature. In addition, TEM studies can give a better insight of the local microstructure of

the studied materials.

A a ~3.76 A

Figure 4: HRTEM images of CaMng ¢sNbyg 0203 phase along a twinned domain boundary, highlight of a) the A, domain, b) and c)
the boundary separating the domains A, and B, and the domains B, and D,, respectively. The inset figures present the FFT of
the domains A; and B,. Dotted arrows indicate domain boundaries.

An example of specific microstructure observed in the CaMng9gNbg 203 phase is illustrated in Figure
4a) where the presence of several domain boundaries, assigned as A,-B,, B,-D,, and A,-C,, are indi-
cated by dotted arrows. The A,-B, domain boundary is highlighted in Figure 4b) and their FFTs are
given in the inset Figure 4a). They allow to confirm the presence of twinned domains where the b-axis
is either oriented out of the plane (A,) or in the plane (B,). The b-axis rotates by 90° across [101], (Cf
Schlussbericht 2008). Between the B,-D, regions, characteristic features of twinned domains are not
observed, as presented in Figure 4c). In both domains, the b-axis is oriented in the same direction and
the lattice fringes present similar values (b ~ 0.74 nm).Contrast differences which should emerge be-
tween twinned domains, are not observed between both regions. However, the B,-D, defect boundary
appears clearly with unusual interdistance equivalent to twice the b-axis length. This domain boundary
between the B,-D, regions might be due to an intergrowth Ruddlesden-Popper planar defect involving
anti-phase boundaries [8]. Ruddlesden-Popper series are well-known as layered perovskite-type
structure A,+1B,O3n+¢ With n the number of AO layers. Thus, perovskite-type manganate phases such

as CaO[(CaM,03),] could be a planar defect structure localized between the B,-D, regions.

In addition to the high-temperature XRPD measurements, in situ high-temperature ED of the
CaMng ggNbg oO3 phase was performed focus on a zone axis which comprises information about the
long b-axis, characteristic of the orthorhombic structure with Pnma S.G. In Figure 5a), the experimen-
tal ED pattern, recorded at room temperature, is indexed in the orthorhombic phase with the [10-1]o

zone axis. The additional set of diffraction spots, indicated with red rings, confirms the b-axis orienta-
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tion. The high-temperature ED pattern, shown in Figure 5b), can be indexed in the cubic perovskite
structure, i.e. with [001]. zone axis, since any additional set of diffraction spots is observed. The dif-
fraction patterns were carefully recorded on the same region of the particle at room temperature and
at T = 770 K. This result confirms the evidence of a structural transformation from orthorhombic to
cubic structure with increasing temperature, as concluded from the structural Rietveld refinements.
Since the [010] 90° rotation twins are a characteristic microstructure of the orthorhombic structure,
dewinning phenomenon occurs by reduction of the fourfold rotation axis during the structural transition

upon heating [9].
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Figure 5: In situ high-temperature ED of CaMng¢sNbg 0,03 phase recorded a) at 298 K and b) 770 K. Schematic interpretations
of the ED patterns are represented below the figures.

The potential thermoelectric manganate phases, i.e. CaMn,,Nb,O; (x < 0.10), were investigated by
thermogravimetric analyses regarding their thermal stability at high temperatures. Successive in situ
thermal cycles were performed on the CaMng ggNbg 0203 phase under synthetic air atmosphere until T
= 1253 K. Figure 6a) reveals a weight loss upon heating and a gain of weight upon cooling recovering
the starting sample weight. The loss/gain of weights are related to a reversible oxygen release/uptake,
respectively. The subsequent and reproducible thermal reduction and re-oxidation processes occur
above Tyr = 1090 K. (Hereafter, the onset temperature relating to the thermal reduction will be termed
Tyt ). From the thermogravimetric data, the oxygen deficiency 6 is determined to be equal to 0.045 < &
< 0.049 up to 1253 K. No further oxygen release is observed while sustaining the compound at T >
THT for a one-hour isothermal step. Similar investigations on the CaMn,,Nb,O; phases present a shift
of THT to higher temperatures with increasing the Nb content, i.e. for x = 0.05: THT~1145 K and for x
=0.08: THT ~ 1180 K, as reported in Figure 6b).

Hence, the thermal stability of the CaMn,,Nb,O3; phases can be fine-tuned depending on the Nb sub-
stitution levels. Furthermore, the onset of the thermal reduction temperature THT apparently corre-
sponds to the structural transition temperature T.. A possible mechanism relating the structural transi-

tion and the thermal reduction is proposed. On one hand, detwinning phenomena cause structural
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reconstructions where domain boundaries disappear to accommodate the cubic structure. On the

other hand, small amount of oxygen might be released at the twinned domain boundaries. Hence, the

oxygen vacancy formation and the detwinning of the orthorhombic structure might be interdependent

phenomena.
a) 1400 r r T T 1025
Jas Jo20
,,,,,, —
1200} / \ P s
Jd1o10
& 1000 ) \ 1305 ~ -
=] CaMn,  Nh O, ) S qle0s
@ / - 023 B <
5 M ~ / S PPE w00
g a0l oy B o =
2 [ 4S / S aes & Joos
2 Do L londs<s<oo4e/ 3 i q2es S
£ | S \ / Wiyl \ =
& AN \ ! - = 4990
= eoob | Y J290 =
S - degs
CaMn,  Nb, O, . J28s
0ol . Joso
— LR P
200 Il 1 1 1 275 4970

I
200

1
300
Time (min)

400

(25) S50 WF1A

b) 1015

1010

= =
1=} =)
=] =]
o i

o
°
n

Weight loss (%)

T T
x=0.02 |
x=0.08

B e = Nl A e rﬁ’\'\;
L / ;' ]

T]—r[ =1090 K |

|

TH_[ =1180 K

800 1000
Temperature (K)

1200

Figure 6: In situ thermogravimetric analyses of a) CaMn0.98Nb0.0203 and b) CaMn1-xNbxO3 (with x = 0.02, 0.05, and 0.08)
phases upon heating and cooling cycles under synthetic air atmosphere. Two successive thermal cycles including an one-hour

isothermal step at T = 1253 K are presented in Figure a).

Figure 8 presents the temperature dependence of the Seebeck coefficient for the CaMn,_Nb,O; series

(for x = 0.02, 0.05, 0.08 and 0.10). Equal thermopower values are obtained upon heating and cooling

processes under ambient air atmosphere. This finding indicates that no gradual deterioration of the

compounds and their related TE properties occur after several thermal cycles up to 1273 K. Two dif-

ferent S(T) behaviors can be distinguished in the studied temperature range for all compositions. The

low-temperature region presents a nearly linearly temperature dependent thermopower, characteristic

of a polaronic conduction [1]. A drop of the absolute Seebeck coefficient values is observed above a

certain boundary temperature, as indicated by the dotted line on the Figure. The comparison of the

thermopower curves for all the studied compositions suggests that an increase of the Nb concentra-

tion yields a shift of the S(T) drop to higher temperatures, e.g. from Tyt = 1090 K for x = 0.02 to Tyt =

1200 K for x = 0.10. In analogy to the thermogravimetric results, this boundary temperature can be

assigned to the onset temperature of the thermal reduction process Tyr. The sudden change of S(T)

slope at T ~ Tyr indicates a modification of the electronic conduction in the high-temperature region.
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Figure 7: Temperature dependence of Seebeck coefficient for CaMn,4Nb,O3 (for x = 0.02, 0.05, 0.08 and 0.10) while heating
(closed symbols) and cooling (open symbols) under air atmosphere. The dotted line is just intended to guide the eye regarding
the transition temperature evolution.

The decrease of the thermopower, above the transition temperature, can be interpreted either as a
modification of the band structure due to the structural transition or as an increase of the Mn®* concen-
tration in the Mn*" matrix related to the thermal reduction. the thermal reduction induces oxygen-
deficient compounds in which the concentration of Mn**/Mn** varies to satisfy the electroneutrality. As
a result, upon cooling, the thermal re-oxidation allows to recover the starting Mn** concentration at

room temperature, inducing identical S(T) values after several thermal cycles.

Figure 8a) presents the temperature dependence of the electrical resistivity for the CaMn;,Nb,O3
phases with x = 0.02, 0.05, and 0.08. The p(T) curve of the 2% Nb-containing CaMnO; first presents a
slope change at T ~ 800 K leading to nearly constant resistivity values. This could be considered as
the onset of the structural transition. At T > 1050 K, a decrease of p (T) is clearly observed and its to
the thermopower drop observed at this temperature, as indicated by the dotted line on the Figure. This
last finding confirms the variation of charge carriers concentration in terms of an increase of the Mn>*
concentration above Tyr. Similar change of p (T) slopes is observed for the 5% Nb- and 8% Nb-
containing CaMnOj3; phases. A shift of the resistivity drop to higher temperatures is observed with in-
creasing the Nb concentrations as a common feature with the thermopower data, and further with the
onset temperature of the thermal reduction. Hence, the high-temperature TE properties of the CaMn,.

«Nb,O3 phases are clearly dependent on their thermal stability.
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Figure 8: a) Temperature dependence of electrical resistivity for CaMn4.«\Nb,O3 (for x = 0.02, 0.05 and 0.08) while heating
(closed symbols) and cooling (open symbols) under air atmosphere and b) Specific heat capacity temperature dependence of
CaMng gsNbg 0203. The dotted line is just intended to guide the eye regarding the transition temperature evolution.

The heat capacity study performed on the 2% Nb-containing CaMnOj; phase is reported in Figure 9b).
The manganate phase undergoes two successive endothermic thermal events, at 830 K < T4 <980 K
and at T, > 1085 K, upon heating to 1273 K in ambient air atmosphere. The second peak is energeti-
cally more significant than the first one. DSC methods allow to monitor enthalpy variations and there-
fore to observe structural transitions [10]. However, DSC measurements are also sensitive to thermal
reduction events since this process induces changes of the anionic composition. In analogy with the

8/11
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resistivity data, the first peak (T;) can be assigned to the onset temperature of the structural transition
and the second one (T,) corresponds to the onset temperature of the thermal reduction process. Since
different heating rates were used depending on the characterization methods, these assumptions

should be carefully considered.

Nationale Zusammenarbeit
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lated with experiments and modelling with A. Bitschi.
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ture X-ray powder diffraction measurements on manganate-type perovskite structure (up to
1200°C)

Internationale Zusammenarbeit

e Dr. A. Maignan, Dr. S. Hébert, CRISMAT laboratory, UMR 6508 CNRS/ENSICAEN - France.
Thermoelectric properties on complex oxide structures at high and low temperatures.

e Dr. J. Hejtmanek, Institute of Physics ASCR, Prague - Czech Republic. Thermal properties on

oxide materials.

e Dr. S. Bakardjieva, Institute of Inorganic Chemistry of the ASCR, Czech Republic. High tem-

perature transmission electron microscopy.

Bewertung 2008

The present study reveals that the CaMn,,Nb,O; (x < 0.10) phases undergo a thermal reduction and a
structural transition from orthorhombic to cubic symmetry at high temperatures, both phenomena be-
ing reversible upon cooling. Increasing the Nb content in the CaMnOj structure results in a shift of the
thermal reduction onset temperature to higher temperatures. Thus, the CaMn,,Nb,O; phases are
thermally stable up to a high-temperature limit, i.e. Tyt = 1090 K for x = 0.02 to Ty = 1200 K for x =
0.10. The microstructure of the CaMngggNbg 1,03 phase is characterized at room temperature by dif-
ferent features, i.e. the presence of twinned domains and rock-salt planar defects. (i) Twinned do-
mains present in the orthorhombic crystal structure corresponds to 90° rotation twins across f101go.
The rotation twins are often observed in orthorhombic phases which undergo structural transition from
higher to lower symmetry upon cooling. The structural transition induces a detwinning of the crystal
structure at high temperatures which might be related to small oxygen release at the domain bounda-
ries. (i) The microstructure of the CaMngggNbg .05 phase reveals also intergrowth Ruddlesden-
Popper planar defects involving anti-phase boundaries.

Furthermore, electrical and transport properties of the CaMn,,Nb,O; (x < 0.10) phases present seri-
ous changes at high temperatures. Lower absolute Seebeck coefficient and electrical resistivity values
are observed in the high-temperature range, indicating an enhancement of the electrical conduction.
For instance, the thermopower evolution in the high-temperature region can be well explained based
on the oxygen vacancy formation. Moreover, the changes in S(T) and p(T) are observed at higher
temperatures with increasing the Nb concentration since the thermal stability of the CaMn,,Nb,O3;

phases increases with the Nb extent. Hence, the thermoelectric properties of the manganate phases
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can be further fine-tuned regarding their temperature of applications. In addition, the manganate
phases does not reveal any degradation of their thermoelectric properties even after several heat-
ing/cooling cycles up to 1273 K since they reveal complete and reversible oxygen release/uptake ca-

pabilities.
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