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ABSTRACT

Thermoelectric (TE) materials can directly convert heat to electricity,
or vice versa. The misfit-layered Ca;Co,0,, s is one of the most promising
TE oxide materials, due to its high figure-of-merit (ZT) close to 1.0. In this
study, polycrystalline Ca;Co ,0,, s ceramics were prepared by a simple, thermal,
hydro-decomposition method. The influence of ball-milling time on particle size
was investigated. The ball-milling process used tungsten carbine balls with a
diameter of 1.6 mm, a ball-per-powder ratio of 10:1, rotating speed of 300 rpm,
milling time of 2.5 - 20 h and acetone as the dispersion media. The crystal
structure and crystallite size were characterized by X-ray diffraction. The single
phase of every cobaltite sample was obtained. The particle size and morphology
were observed by a field emission scanning electron microscope (FESEM). The
particle size was observed to be about 1 um before ball milling, and was reduced
down to 200 nm after milling. The ball-milled particles were fabricated to form
bulk ceramics using a spark plasma sintering (SPS) technique. However, second
phases were found for the bulk ceramics. The Seebeck coefficient, resistivity and
thermal conductivity of the milled sample was higher than that of the unmilled
sample. The highest ZT values of the unmilled and milled samples were 0.11
and 0.10, respectively, at 773 K.
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INTRODUCTION

Thermoelectric (TE) materials can directly convert heat to electricity,
or vice versa. Recently, many researchers have been attracted to TE materials,
because they are noiseless, have no moving parts and are environmentally
friendly. Several kinds of TE materials, including alloys, skutterudite and oxides
have been investigated (Koumoto et al., 2006; Tritt and Subramanian, 2006;
Ohta et al. 2008; Snyder and Toberer, 2008). Thermoelectric efficiency is defined
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as a dimensionless figure-of-merit, ZT= S°T/px, where Z, T, S, p and « are the
figure-of-merit, absolute temperature, Seebeck coefficient (or so called
thermopower), electrical resistivity and total thermal conductivity, respectively.
In practice, ZT > 1.0 is required. The dependence of three parameters — S, p, and
x — makes it difficult to improve TE properties. However, considerable research
has attempted to solve this challenging problem by many means; for example,
doping with other elements (Pei et al., 2008; Liu et al., 2009; Wang et al., 2010),
improving the fabrication process (Yuankui et al., 2010; Noudem et al., 2012) or
making composites (Xiang et al., 2008).

The misfit-layered Ca;Co,0,, 5 is one of the most promising TE oxide
materials due to its non-toxicity, high oxidation resistance, high Seebeck coefficient
and low resistivity (Masset et al., 2000). The single crystal Ca,Co,0,, 5 showed
the highest ZT of 0.87 at 973 K (Shikano and Funahashi, 2003). Although the
single crystal provides a high density and good TE properties, it is very difficult
to fabricate in a large quantity. Therefore, polycrystalline Ca;Co,0, 5, though
having a lower ZT than the single crystal counterpart, is a more suitable choice
for practical use. One of the methods to improve TE properties of polycrystalline
Ca;Co,0,, 5 is by doping with other elements. Partially substitution of several
metals, either for Ca or Co, have been investigated; for example, Ga (Nong et al.,
2011), Ti (Xu et al., 2010), Fe (Liu et al., 2006; Wang et al., 2010), Cu (Wang
et al., 2010), Mn (Wang et al., 2010) and Y (Liu et al., 2009).

Furthermore, nanostructures are a novel approach to enhance TE properties,
due to a reduction of thermal conductivity. It is hypothesized that nanostructures
can scatter phonon strongly so that they can reduce the total thermal conductivity.
Yin et al. (2010) compared thermoelectric properties of Ca,Co,0,, 5 between the
nanocrystals prepared by electrospinning and the conventional crystals prepared
by a sol-gel method. TE properties were enhanced by nanocrystalline particles
(Yin et al., 2010).

Ball milling is one of the processes that can reduce particle size or create
nanostructure. Thus, it is a promising method to improve the thermoelectric
properties of the sample. In this work, polycrystalline Ca,Co,0,, 5 were synthesized
by a simple thermal hydro-decomposition method and subjected to the ball-milling
process to decrease the particle size. The effect of ball-milling time on particle
size was investigated. Then, the TE properties of bulk ceramics, prepared from
unmilled and milled samples by a spark plasma sintering, were studied.

MATERIALS AND METHODS

Misfit-layered Ca;Co,0,, 5 polycrystals were synthesized by a simple,
thermal, hydro-decomposition method (Daengsakul et al., 2009). Calcium and
cobalt acetates in a stoichiometric ratio were employed as starting ingredients.
The starting materials were dissolved in deionized (DI) water. After completely
dissolved, the mixed solution was heated up to 1053 K and held at that temperature
for 6 h in a furnace under normal atmosphere. The obtained product was ground
and calcined for a second time at 1123 K for 24 h. The calcined powder was
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subjected to a ball-milling process using tungsten carbine balls with a diameter of
1.6 mm, a ball-per-powder ratio of 10:1, rotating speed of 300 rpm, milling time
of 2.5 - 20 h and acetone as the dispersion media. The bulk ceramic of the milled
powders was fabricated by a spark plasma sintering technique. More details can
be found in the previous report (Prasoetsopha et al., 2013).

The Ca,;Co,0,,s samples were characterized by X-ray diffraction (XRD)
using an X-ray diffractometer with Cu-Ka radiation (Rigaku, UltimalV). The
morphology and chemical composition at the pressed and fractured surfaces of
the samples were evaluated by a field emission scanning electron microscope
(FESEM, JEOL, JSM 6500F) and energy dispersive X-ray spectroscopy (EDS),
respectively. The sintered pellet was cut and polished in preparation for measuring
its thermoelectric and transport properties. The resistivity and Seebeck coefficient
were measured by using ZEM-3 (Ulvac-Riko) in a temperature range of 423-773
K. The thermal conductivity was calculated by x = Dde, where D is the thermal
diffusivity (measured using a laser flash technique, NETZSCH, LFA457), Cp is the
heat capacity (estimated from the Dulong-Petit model, C = 3nR, where n is the
number of atoms per formula unit and R is the gas constant) and d is the density
of the sample, which were determined by using their mass and dimensions.

The crystallite sizes and lattice strain were calculated based on Scherrer’s
equation as follows:

_ 094 !
Bcost (1)
Bcosf=——+nsinb )

where d, 4, B, 8 and # are the crystalline size, X-ray wavelength, line broadening
at half the maximum intensity, Bragg angle and lattice strain, respectively.

RESULTS AND DISCUSSION

Phase identification and morphology

Figure 1 shows the XRD pattern of the unmilled powder, milled powder
and sintered Ca;Co,0,, 5 samples. The unmilled and milled samples showed the
single phase of Ca,;Co,0,, ; according to JCPDS card No. 21-0139. The intensities
of the XRD peaks of the milled samples decreased with increasing milling time.
This was probably due to a reduction in crystallite size (Table 1). Moreover, the
lattice strains of the milled samples increased with increasing milling time. The
longer milling time induced a larger number of defects in the crystal structure,
which caused higher lattice strain. Highly dense bulk ceramics were obtained after
spark plasma sintering (SPS) — 4.42 and 4.12 g/cm? for the unmilled and milled
samples, respectively. However, the second phase of Co,0, was observed from
the bulk ceramics prepared from the milled powder. The impact of ball milling
might create a small inhomogeneity distribution of Ca, Co and O, but cannot be
detected by XRD. When we applied the SPS process, such inhomogeneity was
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driven by a thermodynamic process — by the aid of heat and pressure — to form
a more stable second phase that was detected in the XRD spectrum, as shown in

Figure 1.
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Figure 1. XRD pattern of Ca;Co,0,,s with various ball-milling times: a)
t=0h,b)t=25h,c)t=5h,d)t=10h, e) t =20 h and f) SPS
bulk ceramics from milled powder with t = 2.5 h.

Table 1. Effect of milling time on particle size, crystallite size and lattice strain
of Ca;Co,0,, ; powders.

Time, h Particle size, nm Crystallite size, nm Lattice strain, %
0 838 632 0.50
2.5 535 404 0.71
5 321 192 0.71
10 226 177 1.40
20 208 85 3.61

Figure 2 shows the SEM micrographs of the samples. The particle size
of the sample was decreased from 1 um (unmilled sample) to 200 nm (milled
sample) by ball milling for 20 h, as shown in Figures 2 a) and 2 ¢), respectively.
This implies that the ball-milling process can be used to reduce the particle size
of Ca;Co,0,,5. Not only did increased milling time decrease the particle size, but
it also decreased crystallite sizes, based on the calculation of Scherrer’s equation.
Nevertheless, the SPS sample after milling for 2.5 h exhibited an impurity phase
as can be seen at the fractured surface of the ceramic (black arrow of Figure 2
f). This result agreed with the XRD pattern (Figure 1), the surface morphology
and the EDS data (Figure 3).
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Figure 2. SEM micrograph of unmilled and milled Ca;Co,O,, ; particles with
various ball-milling times (a-¢): a) t=0, b) t=2.5, ¢) t=5, d)=10, ¢) t=20
h; and fracture surface of f) t=2.5h after SPS. The black arrow indicates
the impurity phase.

Figure 3. SEM micrograph of the pressed surface and the corresponding EDS
mapping of the Ca;Co,0,, ; ceramic. The black arrow points to the
second phase.

Figure 3 shows SEM and EDS mapping of the SPS ceramics. The impurity
phase is easily observed on the surface of bulk ceramic. Not only is the loss of
Ca illustrated, but also the richness of Co and O are observed by EDS mapping.
Moreover, the point analysis at the area of the second phase exhibited Ca:Co:O
ratios of 7:25:67, which was significantly different from the ratio of the Ca;C0,0,, 5
phase.

Thermoelectric properties

Figure 4 shows temperature dependence of the Seebeck coefficient (S),
resistivity (p) and thermal conductivity (k). The S of the unmilled sample increased
with increasing temperature, while the S of the milled sample first decreased with
temperature to the minimum point at 573 K, and then increased with temperature.
The non-monotonic feature of S for the milled sample can be explained by the
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presence of the second phase (Co;0,). It has been reported that the S of Co,;0,
varies with temperature, with a minimum point around 425 K (Ramachandran
et al., 2011). In addition, it has been reported that Co50, enhanced the S in
Na, C00,/C0,0, (Zhu et al., 2005). This could be the reason of the enhancement
in S for the milled sample. On the other hand, the resistivity of both samples
decreased with increasing temperature. The p of the milled sample was higher
than that of the unmilled samples. The higher p of the milled samples may be a
result of a reduction in crystallite size, which would enhance electron scattering
at grain boundaries, and thus the increased p. The presence of the Co,0, phase
in the milled sample can also contribute to the increase of p, since p of Co,0, is
much larger than that of Ca;Co,04, 5 (Cheng et al.,1998; Sakamoto et al., 1997).
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Figure 4. Temperature dependence of unmilled and 2.5 h milled Ca;Co,0,,5: a)
Seebeck coefficient, b) resistivity and c) thermal conductivity.

The thermal conductivity of the milled sample was higher than that of the
unmilled sample (Figure 4¢). This is unusual since the materials with smaller grain
size should have the lower thermal conductivity, due to the stronger scattering of
electrons at the grain boundary. However, in the case of Ca;Co,0y the major
contribution of x is from phonon. We suspect that x of the second phase (Co,0,)
is higher than that of Ca;Co,O,,;, as in the case of another oxide (Koumoto
et al., 2010). This can result in the increase in thermal conductivity of the milled
sample. Nonetheless, this needs to be confirmed, since x of Co,0, has not been
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reported. Combining S, p and «, the ZT values of the unmilled and milled samples
were calculated to be 0.11 and 0.10, respectively, at 773 K. The ZT of the milled
sample did not change from the unmilled sample. If the impurity effect could be
eliminated, different TE properties would occur.

In this study, we successfully synthesized polycrystalline Ca;Co,O,, ; and
used the ball-milling process to decrease the particle size. The longer the milling
time, the smaller was the particle size. Unfortunately, the TE properties did not
improve as expected, due to the presence of second phase formed during SPS.

CONCLUSION

The particle size of Ca,Co,O,, ; was reduced by a ball-milling technique.
Milling for 20 h created a nanoparticle size of 200 nm. The bulk ceramic
prepared from the milled powders of 2.5 h showed some impurity phase after the
SPS process. The Seebeck coefficient, resistivity and thermal conductivity of the
milled samples increased. The highest ZT of the milled sample was 0.10 at 773 K.
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