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Here, we report fabrication and thermoelectric characteristics of polycrystalline bulks with aligned
grains of the misfit-layered cobalt oxides, [(Bi;_,Pb,),Ba;,04+,,]sC00,. High-quality precursor
powder was prepared with a spray-drying technique. The precursor was then sintered under a
uniaxial pressure to yield dense bulk samples consisting of highly aligned grains. The electrical
conductivity of such samples was four times higher than that of conventionally sintered bulks.
Accordingly, the thermoelectric characteristics of the grain-aligned specimens were enhanced.
© 2008 American Institute of Physics. [DOI: 10.1063/1.2838161]

I. INTRODUCTION

Upon confronting the global warming problem, human
beings have begun to recognize the importance of power
generation using “thermoelectrics.”' Thermoelectrics are ma-
terials which can directly convert a heat flow to an electric
current and vice versa. Such materials enable us to generate
electric power using waste heat from, e.g., automobiles and,
therefore, contribute to enhancing efficiency of energy utili-
zation. The efficiency of a thermoelectric (TE) material is
assessed with a figure of merit Z defined as S?/ pk, where S is
the Seebeck coefficient, p the electrical resistivity, and « the
thermal conductivity. For practical applications, the nondi-
mensional parameter as defined by ZT is desired to be higher
than unity.1

In recent years, “misfit-layered cobalt oxides” have been
highlighted as next-generational TE materials.””® The mem-
bers of this material family possess a crystal structure con-
sisting of alternate stacks of a hexagonal CoQ, layer (of the
CdI, structure) and a multi-square-plane layer, M,,A,05, .+
[of the rock-salt (RS) structure]. The general chemical for-
mula may be given by [M,,A,0,,,+,],C00, (M=Bi,Pb,
Co, etc., A=Ba,Sr, etc., m=0, 1, or 2), where ¢ is the ratio of
b-axis lengths of the two layers, i.e., quCOOZ/ bgrs. Notice-
able is that the two layers are incoherently or “misfittingly”
coupled with each other along the b axis such that the ¢
value is often fractional.”® This “nanocomposite” structure
consisting of highly conductive CoO, layers and insulating
RS layers is essential for the superb TE characteristics of
misfit-layered cobalt oxides. In fact, single crystalline
samples of some misfit-layered materials have been reported
to possess high values of figure of merit, e.g., ZT= 1.0, at
temperatures above 500 oc 210 Nevertheless, it has been
known that the ZT value is significantly lower for polycrys-
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talline samples. This is because electrical resistivity is much
higher for polycrystalline bulks than for certain orientation(s)
of single crystals.

To improve the thermoelectric properties of polycrystal-
line bulks, grain texturing has been considered to be effec-
tive: Matsubara er al.'' fabricated a grain-aligned bulk
sample of [(Ca,Bi),Co05_,]y6C00, through uniaxial pres-
sure sintering to yield ZT=0.29 at 700 °C, being much
higher than those for conventionally sintered samples. Xu et
al."* also reported an excellent TE performance (Z7=0.32 at
730 °C) for a Bi/Na-substituted [Ca,CoO5_,]Co0, bulk
with aligned grains. So far, optimization regarding the mi-
crostructure of polycrystalline bulks has been achieved only
for [Ca,Co05_,]y62C00, as well as for some of its analogs.

Recently, we reportedn’14 that the misfit-layered cobalt
oxides, [(Bi;_,Pb,),Bay04,,]o5C00,, are promising candi-
dates  for  high-efficiency = TE  materials. = The
[(Bi;_Pb,),Bay,0,,]9sCo0, phases possess double (Bi,
Pb)O planes in the RS block (Fig. 1): this is the case of M
=(Bi,Pb), A=Ba, and m=2 in the general chemical formula.

Co0»
c/c 03 co o/° BaO
C) ‘C C. -/9 (Bi,Pb)O
(C C. .O O) (Bi,Pb)O

Co0,

FIG. 1. structure  of

(Color
[(Bi;_Pb,),Ba,0,.,,]y5C00,.

online)  Schematic  crystal
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They exhibit reasonably high metallic conductivity, high
Seebeck coefficients (S= 120 uV/K at room temperature)
and low thermal conductivity (k=1 W/m K between room
temperature and 630 °C)."* 1t should be noted that the
temperature where the resistivity upturn occurs is signifi-
cantly low, i.e., ~53 and 26 K for x=0.1 and 0.2 samples,
respectively, in comparison with those of other misfit-layered
cobalt oxides, e.g., 80 K of [Ca,C0oO5_,]pC00,.*" Al-
though the value ZT~0.03 (at 530 °C for x=0.2)'* is far
below the value sufficient for practical uses (ZT=1), it sig-
nals that the material is definitely attractive provided that it
could be made into a textured bulk form. In the present work,
we fabricated [(Bi;_,Pb,),Ba,0,,]osC00, polycrystalline
bulks consisting of highly textured grains and characterized
the TE properties. Electrical conductivity of the textured
bulk increased up to four times as compared to that of a
nontextured bulk. This accordingly enhanced the thermoelec-
tric characteristics.

Il. EXPERIMENTAL

Reagent grade Bi,O;, Pb(NO;),, Ba(NOs),, and
Co(NO;),-6H,0 powders were weighed to achieve the mo-
lar ratios of Bi:Pb:Ba:Co=(1-x):x:09:1.1 (x=0,0.1,
0.2) and then dissolved in HNOj. To obtain a powder mix-
ture more homogeneous than mechanically mixed powders,
the solution was spray dried using a commercial machine
(BUCHI, B-290). The spray-dried powder was preheated at
475 °C in flowing air to get rid of NO, gas and moisture.
The powder was then calcined at 710 °C for 12h
in 0.1%-0O,/Ar gas flow. Low-oxygen-partial-pressure
heat treatment is a must for obtaining a
[(Bi,_,Pb,),Ba,04+,,19sC0o0, bulk of x-ray diffraction
(XRD)-purity. "

Grain texturing for the [(Bi;_Pb,),Ba;04u, ]o5C00,
bulks was processed utilizing a homemade machine for hot
pressing a pellet under a controlled oxygen pressure. The
calcined powder was first cold pressed into a pellet of 20 mm
in diameter, and then the pellet was placed in the hot-press
machine for sintering in flowing 0.1 % -0,/ Ar gas applying a
uniaxial pressure of ~40 MPa. To find out the optimal con-
ditions for grain texturing, several pellet samples were hot
pressed for 12 h at various temperatures (650-775 °C).

The cation compositions of the precursor powder and of
the hot-pressed (“HP”) bulk samples were determined by in-
ductively coupled plasma atomic emission spectroscopy
(ICP-AES). By XRD (Rigaku RINT-2000V equipped with a
rotating anode, Cu K, radiation), phase purity of the HP
samples was monitored and the degree of grain alignment
was determined. Microstructural observations were made
with a scanning electron microscope (SEM) (Hitachi S-4500
equipped with an energy dispersive analyzer). Electrical re-
sistivity and Seebeck coefficient were measured in a tem-
perature range of 5-300 K employing a four-probe tech-
nique (Quantum Design, physical property measurement
system) and a steady-state technique, respectively.

J. Appl. Phys. 103, 033705 (2008)

FIG. 2. SEM images of precursor powders for [(Bi,_,Pb,),Ba,0,-,,]ysC0oO0,
(x=0.2): (a) spray-dried and heated (at 475 °C in air) powder and (b) me-
chanically mixed powder.

lll. RESULTS AND DISCUSSION
A. Precursor powders

For precise control of particle size of the spray-dried
powder, conditions used for the spray drying were carefully
optimized. It was found that the higher feeding speed, the
higher concentration of nitrate solution, and the lower spray-
gas flow rate yielded the smaller sized particles. It was es-
sential that every adjustable parameter is recalibrated when-
ever some other parameters are changed in order to avoid the
lower product yields. With a set of optimized parameters, we
were able to obtain fine and homogeneous precursor powders
with a relatively high yield of ~60 wt %.

In Fig. 2(a), a typical SEM image of the spray-dried
powder (of the x=0.2 sample preheated at 475 °C) is shown.
It is seen that the powder consists of agglomerates of fine
particles (~300 nm in diameter). The flat contrast of the im-
age indicates that the constituent elements are homoge-
neously distributed. This is in contrast to the case of a me-
chanically mixed powder, as shown in Fig. 2(b), in which
bright and dark grains of different sizes are mixed, suggest-
ing that the starting powder was inhomogeneous in terms of
chemical composition. To evaluate the degree of composi-
tional homogeneity, SEM—-energy dispersive spectroscopy
(EDS) analysis was performed for both the spray-dried and
the mechanically mixed powders. For each powder,
(Bi,Pb)/Ba/Co ratios were measured at 45 spots in an area
of 5X5 um?. The standard deviations of the atomic ratios
were 0=3.8% —6.0% and 10.0%-18.9% for the former and
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TABLE I. Cation ratios determined by ICP-AES for hot-pressed samples of
[(Bi;_Pb,);B2,04.,,]osC00,.

Nominal composition Analyzed composition

Sample Bi:Pb:Ba:Co Bi:Pb:Ba:Co
x=0 1.00:0.00:0.90:1.10 1.00:0.00:0.93:1.12
x=0.1 0.90:0.10:0.90:1.10 0.91:0.09:0.91:1.13
x=0.2 0.80:0.20:0.90:1.10 0.80:0.20:0.97:1.23

the latter powders, respectively, indicating that the spray
dried powder is indeed chemically more homogeneous.15

Thanks to the excellent compositional homogeneity of
the spray-dried powder, the calcined powder (at 710 °C) was
essentially single phase of [(Bi;_,Pb,),Ba;,04+,,]y5C00,.
Note that the calcination temperature is ~90 °C lower than
that in a conventional solid state reaction method: mechani-
cally mixed powders need to be calcined at a high tempera-
ture of 800 °C to obtain single-phase products.13 A spray-
drying technique was previously used for synthesizing
(Bi,Pb)-2223 superconductors by Van Driessche et al.,16 who
concluded that the technique is useful in fabricating (Bi,Pb)-
2223 precursors of improved homogeneity, stoichiometry,
particle size, and particle distribution; the spray-dried precur-
sor powders enabled them to obtain (Bi,Pb)-2223 samples of
>96% purity even with short calcining/sintering periods.
Their conclusions are parallel with ours of the present case of
[(Bi;_Pb,),Ba;04.,]05C00,.

The results of chemical composition analyses by means
of ICP-AES are summarized in Table I. The cation ratios are
in good agreement with the nominal ones for all the single-
phase samples, indicating that no selective cation losses oc-
curred during the synthesis procedure. The “Co-rich and Ba-
poor atomic ratios,” i.e., Bi:Pb:Ba:Co=1-x:x:0.9:1.1,
may suggest that the Ba site in the RS block is partially
substituted by Co, but no evidence for such cation nonsto-
ichiometry in this system has been obtained. We, therefore,
adopt the original chemical formula,
[(Bi;_Pb,),Bay0y4~,,]y5C00,, for the present samples.

B. Grain texturing

Since the [(Bi;_,Pb,),Ba;,04+,,]osC00, phase crystal-
lizes in a highly anisotropic form, the microstructure of poly-
crystalline bulks may be controlled by employing a uniaxial-
pressure sintering technique, as in the case of
superconductive (Bi,Pb)-2223 bulks.!”'® SEM observations
of the present samples have shown that the uniaxial-pressure
sintering effectively works for our cobalt oxides,
[(Bi,_,Pb,),Ba;0y4,,]osC00O, (Fig. 3). In both x=0 and 0.2
HP samples, platelike grains are aligned along the flat sur-
face perpendicular to the pressure direction, being in sharp
contrast to that observed for conventionally sintered (“CS”)
samples in which crystallites were randomly oriented with
voids between the grains. The density of the x=0.2 HP
sample was determined by means of Archimedes’ method to
be 7.06+0.07 g/cm?’. This value corresponds to a packing
density of 0.99(1) under an assumption that the sample is
oxygen stoichiometric: the theoretical density is 7.14 g/cm?.
We were not able to determine the density of the CS sample

J. Appl. Phys. 103, 033705 (2008)
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FIG. 3. SEM images of [(Bi,_,Pb,),Ba,0,-,,]ysC0oO, bulk samples: in left
column, x=0 conventionally sintered (“CS”) and hot-pressed (“HP”)
samples, and in right column, x=0.2 CS and HP samples. To obtain HP
samples, a uniaxial pressure was applied perpendicular to the grain-
elongation direction.

with Archimedes’ method due to its highly porous micro-
structure. The enhanced density of the HP sample is most
likely due to the highly aligned grain structure.

Figure 4 shows the XRD patterns for the x=0.2 CS and
HP bulk (polished) surfaces. The CS sample shows a typical
random grain structure. On the contrary, the HP sample
shows diffraction peaks only with hk,lk,=00I0 (where k;
and k, are the k£ Miller indices corresponding to the RS and
the CoO, block, respectively). This indicates a high grain
orientation along the crystallographic ¢ axis. The degree of
grain alignment was determined employing Lotgering’s
method." The orientation factor F (i.e., “Lotgering’s factor”)
is defined as

| —
CS sample
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1160, 0250

, 2031
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0040
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FIG. 4. (Color online) X-ray diffraction patterns for the x=0.2 CS (top) and
HP (bottom) samples. The pattern for the HP sample was taken at the pol-
ished surface perpendicular to the pressure direction. Note that the four-
integer indices given in this figure are in the form of hk,lk, (k, and k, are
Miller indices corresponding to the RS and CoO, blocks, respectively).
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FIG. 5. SEM images of the x=0.2 HP samples fired at 710, 750, and
775 °C.

F=(P-Py)/(1-Py),

where  P=X21(00[0)/2I(hk lk,) and  Py=21,(0010)/
S1y(hk,lk,) are calculated for the c-axis oriented and the
nonoriented bulk samples, respectively. We performed calcu-
lations using peaks in a 26 range of 3°-60° and obtained F
=0.98 for the HP sample. This is close to the highest F' value
previously reported for some similar cobalt oxide bulks.?
Next, we studied the effect of hot-pressing temperature
on the bulk microstructure. Shown in Fig. 5 are SEM images
of the x=0.2 HP samples sintered at 710, 750, and 775 °C
for 12 h. For the samples sintered at 710 and 750 °C, plate-
like grains are uniformly oriented along the perpendicular
direction to the pressure application. Comparison between
the latter two samples (the upper and middle figures in Fig.
5) evidences a significant enhancement in the grain growth
with increasing temperature. However, the temperature was
too high for optimum grain texturing, as the grain alignment

J. Appl. Phys. 103, 033705 (2008)
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FIG. 6. (Color online) Dependences of electrical resistivity on temperature
for the CS (open symbols) and HP (solid symbols) samples with x=0 (blue
circles) and 0.2 (red squares).

is partly disrupted in the sample sintered at 775 °C, as seen
in Fig. 5. This may have been caused by some phase decom-
position at high temperatures. Lotgering’s factor is indeed
smaller for this sample (F=0.95) than for the others (F
=0.98), which is consistent with the SEM observations.

The high value of the F factor for the present HP
samples is considered to have been achieved for the reasons
as follows. (1) The highly anisotropic form of the original
crystallites is favorable for grain texturing under a uniaxial
pressure, as proven for superconductive Bi-based layered
copper oxides. (2) Sample sintering at a temperature just
below the decomposition point significantly accelerates the
grain growth and grain-boundary sliding.21

C. Thermoelectric characteristics

Among the three parameters, i.e., Seebeck coefficient
(S), electrical resistivity (p), and thermal conductivity (k),
which are involved with the TE figure of merit, p is the most
sensitively affected by the microstructure of bulk samples.
Figure 6 displays electrical resistivity data for the CS and HP
samples fired at the same temperature of 750 °C. For the HP
sample, resistivity was measured with an applied current per-
pendicular to the pressure direction. The magnitude of p in
this direction is drastically reduced for the HP sample. The
values of p at 300 K are 33.5 and 12.2 m{) cm for the x=0
and 0.2 HP samples, respectively. These values are smaller
by a factor of 1/4 compared to those for the corresponding
CS samples, i.e., 120.7 and 51.3 m{) cm, respectively.

In Fig. 7, the resistivity at 300 K (psq0 ) is plotted as a
function of the hot-pressing/firing temperature for the x=0
and 0.2 HP samples. For the case of x=0 (i.e., Pb-free), the
P30 k value monotonously decreases with increasing tem-
perature up to 775 °C. The reduced resistivity is apparently
due to the decrease in the density of weak links along the
electrical current path, which is achieved by uniaxial sinter-
ing at elevated temperatures. On the other hand, psy, x for
the case of x=0.2 rapidly decreases as the firing temperature
increases from 650 to 750 °C and starts to rather increase at
above 750 °C. In correspondence with this, the F value
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FIG. 7. (Color online) Resistivity at 300 K (p3g k) of the x=0 (blue circles)
and 0.2 (red squares) samples as a function of hot-pressing/firing
temperature.

reaches a maximum at about 750 °C and starts to decrease at
higher temperatures. This is probably due to phase decom-
position at above 750 °C. Thus, hot pressing of the sample at
temperatures just beneath the decomposition point is the
most effective to achieve the optimal electrical transport
property.

Figure 8 shows the dependence of Seebeck coefficient S
on temperature for the CS (open symbols) and HP (solid
symbols) samples fired at 750 °C. For both samples with x
=0 (Pb free) and x=0.2 (Pb-substituted), the Seebeck coef-
ficient values are nearly equal throughout the temperature
region of the measurement. This would imply that the micro-
structure of the sample does not significantly affect the S
value, reflecting the fact that thermoelectric power is a bulk
property and little sensitive to interface/surface characteris-
tics. Thanks to the reduced value of p and the invariant S
value, the TE power factor as defined by P=5%/p was sig-
nificantly enhanced (by four times). In fact, the P values at
300 K were 0.28 (0.083) and 1.2 (0.39) uW cm™' K2, re-
spectively, for x=0.2 (x=0) CS and HP samples.22

150 . . ‘ ;
100
Q L
=
Pou. 2
(%)
50
g o x=0(CS)
oS * x=0 (HP)
2o o x=0.2(CS)
e = x=0.2 (HP)
O
L 1 L 1 L
% 100 200 300

Temperature (K)

FIG. 8. (Color online) Dependences of the Seebeck coefficient (S) on tem-
perature for the CS (open symbols) and HP (solid symbols) samples with
x=0 (blue circles) and 0.2 (red squares).
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IV. CONCLUSION

Bulk samples of the misfit-layered cobalt oxides,
[(Bi;_Pb,),Ba,0y4,,]9sCo0, with x=0, 0.1, and 0.2, were
synthesized in single phase, and their thermoelectric charac-
teristics were systematically studied. First, high-quality pre-
cursor powders were prepared by a spray-drying technique.
The spray-dried powders were revealed to be finer and
chemically more homogeneous than mechanically mixed
powders. To the best of our knowledge, this is the first syn-
thesis of thermoelectric cobalt oxides via spray-dried precur-
sor powders. Then, through subsequent sintering under a
uniaxial pressure of ~40 MPa, highly dense bulks with
strongly aligned grains were successfully fabricated. The
highest degree of grain alignment was attained for x=0.2
sample fired at 750 °C, just beneath the phase decomposition
temperature. Electrical conductivity of the resultant bulks
was boosted up four times as compared with that of conven-
tionally sintered bulk samples. At the same time, the Seebeck
coefficient remained rather unchanged, leading to enhance-
ment in thermoelectric characteristics.
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