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Abstract Polycrystalline Na;_,Co,04 is a promising
p-type oxide thermoelectric, and it was investigated in a
property-processing study to enhance the thermoelectric
properties for high temperature applications. The density
of the ceramics was improved by a post-milling process,
and consequently, we obtained better thermoelectric power
factors (PF) due to an associated improvement in electrical
conductivity. Through a milling process, and sintering at
1203 K, we obtained an enhanced thermoelectric power
factor of ~4 pW/cm K* at 500 K for randomly orientated
polycrystalline ceramics. The Seebeck coefficient variation
with temperature demonstrates through modeling that the
conduction mechanism changed from metallic to a semi-
conducting behavior between temperatures 300 to 400 K.

Introduction

For several decades, thermoelectric materials have been
studied for directly converting thermal energy into elec-
trical energy. Thermoelectric devices can work over a wide
temperature range and utilize waste heat from various
sources, e.g., geothermal, solar-thermal, exhaust heat from
factories, or automobiles, etc. The conversion efficiency of
the thermoelectric devices is mainly determined by the
figure of merit of the material. The figure of merit is
defined as ZT = S’cT/k [1], where S is the Seebeck
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coefficient, o is the electrical conductivity, and k is the
thermal conductivity. These values are directly related to
the efficiency of a thermoelectric module, i.e., higher ZT
yields higher energy conversion efficiencies. For practical
applications, it is generally required that ZT > 1, and this is
a challenge to the discipline [2, 3].

Most thermoelectric modules consist of semiconductor
alloys, which are expensive to manufacture and become
unstable at high temperatures [2]. Oxide materials, which
are more stable, less toxic, and lower in cost, could
potentially replace these semiconductors and expand the
industry from niche to major markets. Recently, some
p-type and n-type oxide thermoelectric materials have been
reported, but they suffer from low figure of merit values.
One of the promising p-type materials is based on non-
stoichiometric sodium cobalt oxides. Terasaki et al. [4]
reported that NaCo,0, single crystal shows relatively high
ZT value 0.75 at 300 K. After this study, many efforts were
focused on developing the sodium cobalt oxides, selections
of the reported data is shown in Table 1.

In terms of the cost efficiency and feasibility of fabrica-
tion, polycrystalline NaCo,0, could be an attractive choice.
However, the polycrystalline NaCo,0,4 has lower ZT value
than single crystals, due to a lower electrical conductivity.
This is, in part, due to the high anisotropy in conductivity,
but also due to the microstructure and stoichiometric vari-
ations that can occur. Polycrystalline NaCo,0, synthesized
by conventional solid-state routes typically shows ZT values
0.01-0.11 [6, 9]. On the other hand, nonstoichiometric
materials, such as Na;;Co,04 polycrystalline prepared
by a chemical solution process [polymerized complex (PC)
method], showed higher ZT value of 0.8 at 955 K and ~0.22
at 500 K [7]. For this study, we wish to make a direct
comparison to single crystals of NaCo,0O, and avoid the
issues of nonstoichiometric compositions. The challenge of
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Table 1 Comparison of thermoelectric properties in sodium cobalt oxide based p-type oxides
S(UV/K) p(=l/e) (Qcm) x (WmK) PF =5 (W/mK? ZT Temp. (K)  Ref.

Single crystal NaCo,0, 100 0.0002 - 50.0 - 300 [4]

Na; 3C0,04 5 0.0065 - 0.47 - 300 [5]

NaCo; ogPdy 104 108 0.009 2.85 1.3 0.045 723 [6]
88 0.0007 2.88 0.6 0.026 500

NaCo,04 138 0.031 3 0.61 0.0175 723
114 0.028 32 0.46 0.009 500

Na, ;C0,04 (Texture-like) 208 0.0034 1.62 12.7 0.8 955 [7]
140 0.00265 1.7 7.4 0.22 500

Nag 75C00, 22 0.021 - 0.02 - 45 [8]

NaCo,04 212 0.019 22 24 0.11 973 [9]
96 0.04 3 0.2 0.004 500

Na(Cop oCug 1)204 440 0.006452 30.8 - 1073 [10]
260 0.005128 13 723

Na, 5Co; gAg) 204 170 0.0095 24 3.042 0.124 973 [11]
100 0.0070 2.4 1.8 0.03 500

LagoNag 1Co0; 100 0.02 1.55 0.5 0.01 575 [12]
130 0.13 1.2 0.13 500

Lig 25Nag 15C00, 45 0.03 - 0.0675 - 300 [13]

Lig 40Nag 18C00, 96 0.21 - 0.0439 - 300

Nag 75C00, 200 0.0025 - 16.0 - 1050 [14]
130 0.0020 8.5 500

Nag 71Cop7Rug 304 165 0.08 - 0.340 - 300

Na,Co0,04 177 0.0074 - 4.3 - 850
100 0.0063 1.6 500

Textured Na,CoO,_; 137 0.0054 - 35 - 800 [17]
100 0.0042 24 550

Na;_,Co,04 160 0.0077 - 4.0 - 500 This study

P.F. thermoelectric power factor

fabricating polycrystalline NaCo,0, through conventional
solid-state methods is that it shows a rather low den-
sity <~80%. In this study, we introduce a processing
approach within solid-state methodology that can improve
the thermoelectric power factor (PF) value of NaCo,0,.
This article will discuss microstructure, density, and ther-
moelectric power factor for this solid-state approach.

Experimental procedure

The polycrystalline Na;_,Co,0O, was fabricated by a
conventional solid-state process. The starting materials
were carbonate Na,CO; (ACS primary standard, 99.95-
100.05%, Alfa Aesar) and oxide Cos304 (99.7%, Alfa
Aeser), used for the solid-state process [10]. The Na,CO;3
and Coz0,4 powders are mixed in ethyl alcohol and ball
milling for 6 h with ZrO, media. The slurry was dried at
393 K for 12 h. The mixed powders were then calcined in
an alumina crucible at 1073 and 1123 K for 12 h three

times, with intermittent grinding, and with addition of
10 mol% excess Na,COs5 [18], considering the Na vola-
tility based on TGA analysis. Thermal decomposition was
monitored with a Thermogravimetric Analysis (TGA: SDT
2960, TA Instruments, New Castle, DE). The calcined
powders were then ground carefully with mortar and pestle,
and then passed through a 200-mesh sieve. Subsequently,
the calcined powders were uniaxially pressed in a die of
12.7-mm diameter and then pressed under cold isostatic
pressure (CIP) at 200 MPa. The pellets were sintered in air
at 1173, 1203, 1233, and 1263 K for 12 h. Figure 1 shows
a schematic of the basic solid-state process used to produce
precursor powders.

The particle size of the milled powders was analyzed by
laser scattering particle size distribution analyzer (ZETA
SIZER, Malvern Instruments Ltd). X-ray diffraction (XRD,
PAD V, Scintag Inc) analysis was used to determine the
crystalline phase using ground powder from sintered
samples. Scans were taken using Cu Ko radiation over the
range from 20 = 10° to 70°.
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Fig. 1 A schematic flowchart of experimental procedure for
Na,;_,Co0,0, synthesis

Grain size and morphology were determined using a
scanning electron microscope (SEM, S-3500N, HITACHI).
The samples for the Seebeck coefficient (Thermopower)
were cut from the pellets into rectangular bars of ca.
45 x 1.5 x 0.8 mm>. Seebeck coefficients were mea-
sured in a MMR Technology Inc. SB-100 Programmable
Seebeck Controller from 200 to 600 K in a vacuum below
5 mTorr. The electrical conductivity versus temperature
was measured with a HP 4284A LCR meter at 20 Hz from
200 to 525 K using a four-probe method.

Results and discussion

The result of the TGA and DSC measurements for a
powder of Na;_,Co,0, after three times calcinations at
1073 K is represented in Fig. 2a. Even after calcination
process, the TGA data still show weight loss about 10%.
The majority of this is due to the volatile Na between 900
and 1175 K. The first region, from 300 to 600 K, is
removal of moisture, and the high temperature weight loss
and endothermic reaction are associated with decomposi-
tion of Coz04 to CoO. The overall reaction for NaCo,Oy4
phase formation is as follows [19], considering the Na
vaporization:
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Fig. 2 TGA/DSC curves after three-time calcinations at 1073 K. The
inset is the TGA curves of powders calcined at 1073 and 1123 K as a
function of temperature
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Fig. 3 Powder x-ray diffraction patterns of samples calcined at 1073
and 1123 K (a and b), sintered at 1203 K without second milling (c),
and sintered at 1173, 1203, 1233, and 1263 K after second milling for
96 h: d, e, f, and g, respectively

1 2 5
5N32C03 (S) + §CO304(S) + EOz(g)

1
— Na;_,C0,04(s) + icoz(g) + xNa(g) (1)

Figure 3 shows XRD patterns after calcinations and sin-
tering with different temperatures and milling times. After
calcination at 1073 and 1123 K, there were mainly two
phases: Na;_,Co0,04 and Co3;0,4 phases. At 1123 K, the
volume ratio of Na;_,Co,0,4 phase slightly increased, but
the Coz0, phase is still the main phase. The Na;_,Co0,04
phase was formed dominantly after sintering above 1173 K
with small amount of the Co3;0,4 phase created due to the
evaporation of Na.
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Fig. 4 SEM images of powders
calcined at (a) 1073 K and
(b) 1123 K for 12 h in air
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Fig. 5 Particle size distribution of powders calcined at 1073 and
1123 K (inset) with different milling time: 0 (a), 24 (b), and 96 (c) h

Figure 4 shows the SEM images obtained from powders
of the mixed phases (Co3;04 + Na;_,Co0,0,4) after calci-
nations at 1073 and 1123 K. In comparing SEM images,
the particle size of the powders calcined at 1123 K is larger
than that of powders calcined at 1073 K, as would be
expected. Figure 5 shows the particle size distribution of
the powders calcined at 1073 K with different milling
times of 0, 24, and 96 h. The post-milling process reduced
the particle size, and consequently, the relative density also
increased with milling time with almost constant grain size,
as shown in Fig. 6. Figure 6(inset) shows the SEM images
from the surface of the sintered bulk samples, and, as
expected, the samples with longer milling time showed less
porosity.

Through improved densification, the electrical conduc-
tivity increased significantly, whereas the Seebeck coeffi-
cient, showing positive value with p-type charge carrier,
did not vary significantly, as shown in Fig. 7a and b. As a
result, the thermoelectric power factor was enhanced, as
shown in Fig. 7c. Furthermore, it is noted that the power
factor increases with increasing temperature due to the
increase in the Seebeck coefficient. The electrical con-
ductivity data show a metallic behavior (dg/dT < 0), but

Relative Density (%)

0 20 40 60 80 100
Post-milling Time (hour)
Fig. 6 Relative density and microstructure as a function of milling

time. The samples were calcined at 1070 K and milled for 0, 24, and
96 h, respectively, before being sintered at 1203 K in air
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Fig. 7 Electrical conductivity (a), Seebeck coefficient (b), and
thermoelectric power factor (¢) as a function of temperature of
samples with different milling times (A: O h, B: 24 h, C: 96 h, and D:
96 h). Samples were calcined at 1073 K (samples A, B, and C) and
1123 K (sample D), and then sintered at 1203 K in air
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Fig. 8 Seebeck coefficient as a function of temperature for samples
A, B, C, and D. The solid lines were fitted with Eqs. 2 and 3 for
degenerate Fermi gas model and non-degenerate semiconductor
model, respectively

the Seebeck coefficient presents both metallic and non-
degenerate semiconducting behavior (see Fig. 8). The
Seebeck coefficient has a temperature dependence that can
be described in terms of a degenerate Fermi gas model for
metallic behavior [20-23],

81831k 5
_ -2/3
S = (35/3h2€>m*np T, (2)

and a non-degenerate semiconductor model for semicon-
ducting behavior [23, 24],

S = kg/e[In(Ny /n,) + A], (3)

where m* is the hole effective mass, n, is the carrier
concentration, kg is the Boltzmann constant, 4 is the
Plank’s constant, N, is the effective density of states in the
valence band, and A is the carrier transport or scattering
factor. As shown in Fig. 8, in which the fitting was done by
adjusting relatively the effective mass and carrier concen-
tration at low temperature below 250 K, the Seebeck
coefficient shows a metallic behavior. However, with
increasing temperature, the Seebeck coefficient deviates
from the degenerate Fermi gas model, and then starts to
show a non-degenerate semiconducting trend at high tem-
perature above 500 K. Therefore, the entire Seebeck
coefficient data presents an intermediate between metallic
and semiconducting behavior. In this study, with poly-
crystalline Na;_,Co,Q0y, the crossover temperature did not
match between electrical conductivity and Seebeck coef-
ficient; the electrical conductivity shows a metallic
behavior over the observed temperature range, while the
metallic behavior of Seebeck coefficient starts to deviate
above 250 K. Although complete Seebeck and resistivity

@ Springer

anisotropic data do not exist in the literature, there are
important trends that are noted in the work of Terasaki
et al. [4]. For example, at low temperatures, the Seebeck
and resistivity temperature dependence shows metallic
behavior for the a-direction of the NaCo,QO, structure. At
high temperatures in the c-direction, there is a crossover
from metallic to semiconducting. Unfortunately, there does
not exist equivalent c-direction data in the Seebeck data
owing to the difficulty of the crystal morphology. Our
analysis of the polycrystalline case indicates the crossover
between the metallic to semiconducting behavior. We,
therefore, expect complex transport process between dif-
ferent directions that can dominate in different temperature
regimes, such as those concepts of incoherent hopping in
layered structures, as proposed by Yoshida et al. [25] in
SrpRuO,. If this is the case, a decoupling reflects itself
through changes in the temperature dependence of Seebeck
coefficient and electrical resistivity. Recently, we have
observed a decoupling between electrical conductivity and
Seebeck coefficient in randomly oriented ceramics com-
posed of highly reduced, perovskite structured SrTiO;_g
and BaTiO5_;. In these materials “wormhole”-like defects
in the grains gave rise to a decoupling of temperature
variation in the electrical conductivity and the Seebeck
coefficient [23]. In this study, the Seebeck coefficient of
randomly oriented polycrystalline Na;_,Co,0O4 in the
temperature range measured does not show a polaron
hopping mechanism having a temperature invariant
Seebeck coefficient (S = (kg/e)In[(2-¢)/c][26, 27], where ¢
can be the [Co*™]/[Co"]. Once again, the crystal aniso-
tropic properties in randomly oriented ceramic give rise to
this uncertainty in determining the conduction mechanism.
This requires further investigation at higher temperatures
and detailed studies to determine cation valence and stoi-
chiometric distributions.

The processing adopted in this article lead to improve-
ments in densification and microstructure and in turn the
magnitude of the thermoelectric power factor. Figure 9
shows the relative density variation and the corresponding
microstructures of the ceramics calcined at 1123 K and
then sintered at 1173, 1203, 1233, and 1263 K. In general,
the ceramics calcined at 1123 K showed higher density
than ceramics calcined at 1073 K. Less volatile sodium
from precursors during sintering for the samples calcined at
higher temperatures are believed to account for this
improvement (see Fig. 2(inset)). The relative density
increased with increasing temperature, and the grain size
increased for the 1233 and 1263 K sintering conditions. In
Fig. 10, the electrical conductivity and thereby power
factor increased up to 1203 K and then decreased with
increasing sintering temperature. This may result from the
volatility of sodium at high temperature; the XRD data
show a small amount of Co;0O, phase in the samples



J Mater Sci (2011) 46:2064-2070

2069

100

95

85

80

Relative Density (%)

75

70 | AN = .
1 L 1

n 1 n L 1 L
1143 1173 1203 1233 1263 1293
Sintering Temperature (K)

Fig. 9 Relative density variation and SEM images as a function of
sintering temperature. The samples were calcined at 1123 K and
sintered at 1173, 1203, 1233, and 1263 K in air
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Fig. 10 Electrical conductivity (a), Seebeck coefficient (b), and
thermoelectric power factor (c¢) as a function of temperature. The
samples were calcined at 1123 K and sintered at 1173 K (E),
1203 K(D), 1233 K(F), and 1263 K (G) for 12 h in air

sintered at 1233 and 1263 K (see Fig. 3); the relative peak
intensity of the Co3;0,4 phase at above 1233 K is slightly
higher than below 1203 K. Ito et al. [7] also reported that
the amount of Co;0,4 phase increases with decreasing x in
Na,Co,0,. It is anticipated that the Co30,4 phase, which
has a lower conductivity, decreased the entire electrical
conductivity due to the carrier trapping at the phases or

inter-phases. The sintering at 1203 K showed the best
conditions in terms of the relative density, phase-purity,
and grain morphology. As would be expected, these gave
rise to the enhancement of thermoelectric power factor
due to mainly the increase of electrical conductivity.
Regardless of the sintering temperature, all samples showed
an increase of thermoelectric power factor with temperature.

Summary and conclusions

In conclusion, polycrystalline Na;_,Co,O, was investi-
gated to enhance the thermoelectric properties in a solid-
state process. The relative density was improved by post-
milling process and resulted in better thermoelectric power
factor, due to mainly the electrical conductivity improve-
ment. The optimum sintering temperature with respect to
the density, phase stability, and grain morphology was
determined to be 1203 K, showing the enhanced thermo-
electric power factor ~4 pW/cm K? at 500 K, which is
high compared to the literature values reported for other
randomly orientated polycrystalline Na,Co,0,4. This dem-
onstrates that with both optimal control of Na volatility and
texture, high performance NaCo,0, can be produced.

It is also noted that the conduction mechanism changes
from metallic to semiconducting behavior with increasing
temperature, based on the Seebeck coefficient variation
with temperature, indicating higher power factor can be
reached at higher temperature.
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