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High-temperature thermoelectric properties of single-crystal Ca;Co,0s, which consists of parallel
one-dimensional Co,04% chains separated by Ca*" ions, have been measured. The electrical resistivity
(p) along the c-axis decreases rapidly with increasing temperature from 2 x 10* to 8 mQcm in a
temperature region of 300-1073 K. The Seebeck coefficient (S) is positive and is 160 pV/K at 1073 K.
The thermal conductivity (x) is as low as 8 W/mK at room temperature and decreases linearly with the
increase of temperature to 4.6 W/mK at 773 K. Thus, the estimated dimensionless figure-of-merit, ZT'
= (S¥pK)T (T absolute temperature), is about 0.15 at 1073 K. As the thermoelectric figure-of-merit, Z,
shows a sharp rise in the measured temperature range, Ca;Co,0Os is expected to possess high
thermoelectric efficiency at higher temperatures by virtue of being chemically stable up to 1300 K. In
addition, in order to investigate the effect of partial substitution of transition metal for Co site,
polycrystailine Ca;Co,0Os and CasCogMy,0s (M: Mn, Fe, Ni Cu) samples were prepared by
solid-state reaction. We found that p can be reduced by Ni substitution without significant decrease in
S. Thus, the power factor, PF = ($%p), of Ca;CoygNiy,O is twice as large as non-substituted

Ca3C0206.
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1. INTRODUCTION

Thermoelectric devices have recently attracted
renewed interest in terms of their potential application to
clean energy-conversion systems. The conversion
efficiency of a thermoelectric material is evaluated by
the figure-of-merit Z = Sz/plc, where S is the Seebeck
coefficient, p is the electrical resistivity and « is the
thermal conductivity. Oxides have thus been regarded as
unsuitable for thermoelectric application because of their
high p resulting from poor mobility. However, the recent
discovery of large thermopower coexisting with low
electrical resistivity in Na,CoO, and Ca;Co40y has
opened the way to the exploration of oxide
thermoelectric materials.”” The single crystal of these
cobalt oxides exhibits good thermoelectric performance,
ZT > 1 at 1000 K, competitive with conventional
degenerate semiconductors such as Bi,Te;, PbTe and
Si,..Ge,. However, since these cobalt oxides decompose
at around 1100 K, materials possessing greater stability
at high temperatures are required for power generation
from waste heat in higher temperature regions, such as
627-1773 K in the steel industry and 473-1223 K in the
ceramic industry.

Ca;C0,0s, which is a decomposed phase of Ca;Co,40s,
is chemically stable up to 1300 K.¥ This compound
belongs to the A;ABO, formula oxides (A”: Ca, Sr, Ba,
A: Ni, Cu, Zn, B: Co, Ir, Pt).6’7) As shown in Fig, 1, it
consists of parallel one-dimensional Co,04% chains,
which are built by successive alternating face-sharing
CoOy trigonal prisms and CoOg octahedra along the
hexagonal c-axis. Each chain is surrounded by six chains
constituting a hexagonal arrangement. The chains are
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separated by octa-coordinated Ca** ions.® Though this
compound is regarded as useless for thermoelectric
applications because of its high electrical resistivity of 4
Qcm  at room temperature.” Its thermoelectric
performance in high temperature regions has not been
evaluated hitherto. In this study, the thermoelectric
properties of Ca;Co,0Q¢ are examined in a temperature
range of 300-1073 K using single-crystal specimens.
Moreover, the effect of the partial substitution of
transition metal for Co site is investigated using
polycrystalline Ca;Co,0¢ and Ca;Co,sM(20s (M: Mn,
Fe, Ni, Cu) samples.

b a

Fig. 1. Schematic illustrations of the crystal structure of
Ca3C0,04. Open and shaded polyhedra represent CoOg
octahedra and CoQg trigonal prisms, respectively. The
C0,04% chain is surrounded by six chains constituting a
hexagonal arrangement. The chains are separated by
octa-coordinated Ca®* ions.

2. EXPERIMENTAL
Single crystals of Ca;Co,0¢ were grown by a solution
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method using a K,CO3-KCl flux. In the first step,
polycrystalline Ca;Co,0s was prepared by solid-state
reaction of a stoichiometric mixture of Co;04 (99.9 %)
and CaCQ; (99.5 %). The mixture was sintered twice in
air at 1223 K for 20 h. The prepared Ca;Co,0O¢ powder
and a mixture of K,CO; and KCl in a molar ratio of 4:1
were mixed and loaded into an aluminum crucible
having a 500 cm® volume. The powder was dissolved in
the solution at 1173 K for 10 h. The solute concentration
was 1.5 mol%. After this procedure, a platinum wire was
inserted into the solution to induce nucleation, and the
solution was subsequently cooled to 1073 K at a rate of
1 K/h. Two different kinds of crystals were grown on the
platinum wire. These needle-shaped crystals and
platelet-shaped crystals were identified as Ca;C0,0¢ and
as Ca;Co,40q, respectively, by structural and constituent
analyses with powder X-ray diffraction (XRD) using
CuKa radiation and an energy dispersive X-ray (EDX)
spectrometer. Ca;Co,05 single crystals of several mm
length were mechanically isolated from the solidified
material. The X-ray diffraction study of the crystals
confirms that their length coincides with the c-axis of
the hexagonal cell.

Polycrystalline Ca;Co,05 and Ca;Co, sMy 206 (M: Mn,
Fe, Ni, Cu) samples were synthesized by solid-state
reaction. CaCO; (99.5 %), Co;04 (99.9 %), Mn,0;
(99.9 %), Fe,0; (99.9 %), NiO (99.9 %) and CuO
(99.9 %) powders were used as starting materials. The
stoichiometric mixtures of the starting materials were
calcined at 1200 K for 20 h in air, pressed into pellets,
then sintered at 1273 K for 20 h in air. Figure 2 shows
the powder XRD patterns of the prepared polycrystalline
samples. Almost all peaks are indexed as the reported
Ca;Co,04 phase,” though tiny trace of NiO and Cu,0 is
detected as marked with e in Ca;Co, gNip,0¢ and
Ca;Co, 3Cug 04 sample, respectively. The pellets were
cut 3into a rectangular-shaped specimen of 3 x 3 x 15
mm’.
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Fig. 2. Powder XRD patterns (Cu Ka radiation) of the
polycrystalline Ca;Co,04 and CazCo; gMy,0¢ (M: Mn,
Fe, Ni, Cu). Almost all peaks are assigned to Ca;Co,04
structure, though tiny trace of impurity phase of NiO and
Cuy0 is detected as marked with e in Ca;Co, ¢Nij,Os
and Ca;Co; 5Cuy,0¢ sample, respectively.

p of the single-crystal sample along the c-axis and the
polycrystalline samples was measured at 300-1073 K in
air using a conventional four-probe dc technique. S was
calculated from a plot of thermoelectric voltage against

temperature differential as measured at 373-1073 K in
air using an instrument designed by our laboratory. Two
Pt-Pt/Rh (R-type) thermocouples were attached to both
ends of the samples using silver paste. The Pt wires of
the thermocouples were used for voltage terminals.
Measured S values were reduced by those of Pt wires to
obtain the net S values of the samples. The thermal
conductivity (x) was evaluated from the density (D), the
thermal diffusivity (a) and the heat capacity (C,) given
the relationship ¥ = D-a-C,'*"Y D and C, were
measured by a pycnometer and by a differential
scanning calorimeter, respectively. a was estimated by
ac calorimetry associated with optical pulse heating.'”

3. RESULTS AND DISCUSSION
3.1 Non-substituted Ca;Co,QOs single-crystal

The temperature dependence of p of the single-crystal
Ca;Co,054 along the Co,04 chains (c-axis) is shown in
Fig. 3. A thermally activated behavior is observed over
the entire measured temperature range. The value of p
decreases rapidly with increasing temperature. For
instance, p of the single-crystal sample decreases from 2
x 10* to 8 mQcm in a temperature range of 300-1073 K.
As shown in an inset of Fig. 3, the relationship between
log p and T""? is linear in the lower temperature region
while a change of the inclination was observed at around
400 K. This can be attributed to the variable range
hopping (VRH) conductivity,'>'® p=pgexp[(Ty/T)""**"],
assuming the dimensionality » to be 1. This
one-dimensional transport character is consistent with
the structure of CazCo,04, the metal-metal intrachain
distance (2.595 A) of which is short compared to the
interchain separation (5.24 A).® The T-dependence of
VRH indicates the localized character of the carriers in
the Co,04 chains.
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Fig. 3. Temperature dependence of p for the
single-crystal Ca;Co,04 along the Co,04 chains (c-axis).
The inset shows log p as a function of 72,

S of the single-crystal Ca;Co,0s along the c-axis
versus temperature is plotted in Fig. 4. The S-T curves
also show a thermally activated behavior as seen in the
T-dependence of p. The value of S is large and positive,
indicating that the transport is dominated by p-type
carriers. Though § decreases with increasing
temperature, it remains as high as 160 uV/K at 1073 K
in contrast to the significant reduction of p. By reduction
of p in the higher temperature region, the value of power
factors (PF = $%p) for the single-crystal Ca;C0,05
reaches 3.4 x 10 W/mK? at 1073 K.
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Fig. 4. Temperature dependence of S for the
single-crystal Ca;Co,0¢ along the Co,0¢ chains (c-axis).

Temperature dependence of x for the CazCo,0O4
single-crystal is shown in Fig. 5. x decreases linearly
with increasing temperature. The dotted line in Fig. 5
expresses a linear extrapolation from x measured in the
measured temperature region of 300-773 K. From the
extrapolation, the value of x is 2.4 W/mK at 1073 K. In
order to estimate the contributions from the electron
term () and the phonon term (x;;,) to the sum total «,
we apply the Wiedemann-Franz law (kg = LoT/p),
where L, = 2.44 x 10® V¥K? is the Lorentz number
based on a free electron model. As shown in the inset of
Fig. 5, x is largely governed by k. The inverse
relationship between the phonon thermal conductivity
and T is given by the typical phonon mode.'” However,
the experimental result of iy, for Ca;Co0,04 seems to
have linear 7-dependence. The one-dimensional
structure of Ca;Co,04 may induce some kind of phonon
scattering perpendicular to the one-dimensional Co,04%
chains, though we cannot give a precise explanation at
present.
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Fig. 5. Temperature dependence of x for the
single-crystal Ca;Co,0s along the c-axis. The inset
shows electron term (k) and the phonon term (k) to
the sum total x as a function of T.

We calculated the thermoelectric figure-of-merit, Z =
S%px, of the single-crystal Ca;Co,Og. Values of
extrapolated « are used above 873 K. As shown in Fig. 6,
the Z value increases with the increase of temperature,
resulting from reduction of p and x. The value of the
dimensionless figure-of-merit, Z7, is about 0.15 at 1073
K. The Ca;Co,04 compound was confirmed to be
chemically stable up to 1300 K by thermogravimetric
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analysis and differential thermal analysis (TG/DTA,
Rigaku Co., Ltd., TG8120). Taking an optimistic view,
Z may continuously increase at higher temperatures,
suchas 5 x 10* K" at 1300 K.
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Fig. 6. Z for the single-crystal Ca;Co0,0; along the c-axis
vs T. The inset shows the ZT as a function of
temperature.

3.2 Partial substitutions

The temperature dependence of p of the
polycrystalline Ca;Co,0¢ and Ca;Co; sM;,06 (M: Mn,
Fe, Ni, Cu) samples is shown in Fig. 7. A thermally
activated behavior is observed in every p-T' curves in
different activation energies. The increase in the value of
p occurs in all the partially substituted samples except
Ni-substituted one at high temperatures. p of the
Ca;Co, gNig,0s sample is 30 mQcm, which is twice as
low as that of the non-substituted Ca;Co,0, at 1000 K.
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Fig. 7. Temperature dependence of p for the
polycrystalline Ca;Co,05 and Ca;Co; sMg,0s (M: Mn,
Fe, Ni, Cu) samples.

S of the polycrystalline Ca;Co0,06 and Ca;Co;5Mo205
(M: Mn, Fe, Ni, Cu) samples versus temperature is
plotted in Fig. 8. The values of S are large and positive,
indicating that the transport is dominated by p-type
carriers.  Partially  substituted  samples  except
Ca;Co, gFeq,05 is different from non-substituted sample
in T-dependence of S. Especially in Ni-substituted one, S

shows metallic 7-dependence, increase with increasing -

temperature. Considering that p of the Ca;Co; gNip2Og is
twenty thousand times lower than that of the Ca;C0,05
at room temperature, carriers may be significantly doped
by partial Ni-substitution. As shown in Fig. 9, PF of the
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polycrystalline Ca;Co, gNiy,0s sample is 100-2 times
larger than that of the non-substituted Ca;Co,04 one at
temperature region of 373-973 K, resulting from
reduction of p without significant decrease in S. Thus, it
is expected that the substitution of Ni for Co site
improve the thermoelectric efficiency of CazCo,04
compound.
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Fig. 8. S for the polycrystalline Ca;Co,0¢ and
Ca;Co; sMy 206 (M: Mn, Fe, Ni, Cu) samples vs 7.
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Fig. 9. PF of the polycrystalline Ca;Co,0 and
Ca;Coy 3Mp20s (M: Mn, Fe, Ni, Cu) samples as a
function of temperature.

4. CONCLUSION

We evaluated the high-temperature thermoelectric
propertiecs  of  single-crystal  Ca;Co,Os  and
polycrystalline Ca;Co,04 and Ca;Co; M, ,0s (M: Mn,
Fe, Ni, Cu) samples. p and S of the single-crystal
Ca3Co0,05 along the c-axis are 8 mQcm and 160 pV/K,
respectively, at 1073 K. x decreases linearly to 4.6
W/mK with the increasing temperature to 773 K. The
linearly extrapolated value of x is 2.4 W/mK at 1073 K.
Accordingly, the estimated Z7 is about 0.15 at 1073 K.
As Z shows a sharp rise with increasing temperature in
the measured temperature range, Ca;Co,05 is expected
to possess high thermoelectric efficiency at higher
temperatures. Since it was confirmed that the Ca;Co,0;
is chemically stable up to 1300 K, the title compound is
considered a potential candidate for use as a
thermoelectric material at high temperatures, such as
thermoelectric  power generation in  advanced
radioisotope and nuclear reactor power systems for
planetary  exploration. Morteover, PF of the
polycrystalline Ca;Co, gNiy ;05 sample is twice as large

as that of the non-substituted Ca;Co,04 one at 973 K,
resulting from reduction of p without significant
decrease of S. Therefore, it is expected that the
substitution of Ni for Co site improve the thermoelectric
efficiency of Ca3Co,0s compound. In further
investigation, the effects of the Ni-substitution will be
precisely examined using single crystal specimens.
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