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Ca3;Co40y is a ceramic material with the potential for application as a thermoelectric material. Several methods have been
developed to manufacture the Ca;Co,0, material. In this work, the Ca;Co,0, ceramic was synthesized via citrate sol-gel route
followed by mechanical milling. The samples after sintering at 850 °C for 3 and 6 hours were characterized for XRD studies.
Based on XRD results, single phase of Ca;Co,0, was shown in all samples. The crystallite size of Ca;Co,0, samples in a range
of 53.91-66.54 nm. The electrical measurement of Ca;Co,0, sample showed an insulator phenomenon from 20 K to 80 K and
a metallic behavior from 90 K to room temperature.
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Introduction insulator when the temperature is cooled. Several
studies report that IC-SDW phenomenon occurs at a

Thermoelectric material could be a material which temperature of around 80 K [3, 4].
directly converts heat to electricity through the Seebeck Several fabrication methods have been developed in
effect. Several heat sources that can be utilized through the manufacture of Ca;Co40 ceramics, including solid-
thermoelectric materials include the manufacturing state reaction [2, 4, 5], sol-gel [6-10], spark plasma
industry, transportations, and nuclear power plants. The sintering (SPS) [11-13], molten salt method [14], etc.
performance of the thermoelectric is determined by the From these various methods, the sol-gel method is
figure of merit (ZT) value of the material. ZT = S*T/xp, proven to produce fine grains and high purity in the
where S is thermoelectric power or Seebeck coefficient Caz;Co40¢ phase [6,7,9,10]. Mohammed et al.
(LV/K), T is the absolute temperature (K), k is thermal synthesized Ca;Co40, using the starch-assisted sol-gel
conductivity (W/cm.K), and p is electrical resistivity combustion method [7]. They investigated the influence
(Q-cm). For practical applications, the dimensionless of temperature and calcination time on the purity of the
ZT value must have a value higher than 1. The keys to Ca;Co40 phase. They reported that a single phase of
increasing the ZT value of thermoelectric materials are Ca;Co40, started to form at a calcination temperature
high thermoelectric power, low electrical resistivity, of 800 °C with a dwelling time of 2 hours [7]. Bittner,
and low thermal conductivity. et al synthesized Ca;Co,0y using the sol-gel method.
Ca;Co40, ceramic is a potential high-temperature Using citric acid and EDTA for the complexing agent,
thermoelectric material. In 2003, Shikano and Funahashi the resulting gel was then calcined at 400 °C and

reported the ZT value of the single crystalline Ca;Co040y 750 °C [6]. The calcined powder was then pelletized
of 0.87 at 700°C [1]. The Ca3;Co40y, a Co-based and sintered at 900 °C for 10 hours. They reported that
thermoelectric with the misfit-layered structure the highest figure of merit (ZT) was 0.4 at 800 °C [6].

[Ca,C003]06,C00,, has several advantages including In this work, we report the synthesis and electrical
the absence of toxic materials, easy of manufacture, properties of the Ca;Co,0O9 ceramic using a sol-gel
and high temperature stability [2]. Due to the misfit- route followed by the mechanical milling. Our results
layered structure, Ca;Co40, has a phenomenon that is indicate that the single phase of Ca;Co,0O9 was formed
correlated with an incommensurate spin-density-wave for all samples. The evaluation of the IC-SDW phenomenon

(IC-SDW) [3, 4]. This phenomenon is characterized by is discussed further in this report.
a change in the behavior of the metal to become an

Experimental Methods
*Corresponding author: . .
Tel : +6281213024663 Materials preparation '
Fax: +62217560553 In this work, the Ca;Co40, ceramics were prepared
E-mail: sigi012@brin.go.id by using a citrate sol-gel route followed by the mechanical

287



288 S D Yudanto, S A Chandra, R Roberto, D P Utama, V O Herlina and Lusiana

Table 1. Description of sample preparation

Milling Sintering tem- Dwelling time
Sample code time (h) perature (°C) (h)
(a) 1 850 3
(b) 1 850 6
(c) 2 850 3
(d) 2 850 6

milling. Firstly, the analytical grade of Ca(NOs),-4H,0
and Co(NOs),-6H,0 powder was weighed and dissolved
in the distilled water. The raw material solution was
mixed with the citric acid solution was added to form a
complex solution (light pink solution). To produce a
gel (dark pink gel), the solution was heated on a hot-
plate and stirred. The obtained gel was then dried at
120 °C for 6 hours to eliminate the moisture content.
The result of the drying process was demonstrated by a
color change from magenta to violet. The violet dry gel
was ground and calcined at 500°C and 800 °C.
Secondly, the calcination powders were milled using a
shaker mill for 1 and 2 hours. The fine powder was
pressed into green pellets with a diameter of 10 mm
and sintered at 850 °C for 3 and 6 hours in an air
atmosphere. All samples were naturally cooled in the
furnace. Table 1 provides a description of how the
sample was prepared.

Material characterization

Ca;Co040y phase formation was identified using an
X-ray diffractometer (XRD). The sintered sample was
ground and characterized using Rigaku Smart Lab
XRD measurements with Cu ka radiation sources (in
the range of 20 = 5-50 degrees at a rate of 0.01 degrees
per step). A JEOL JSM-6390A scanning electron
microscope (SEM) with the secondary electron (SE) at
20 kV was used to observe the fracture surface of the
samples. The resistivity measurement was carried out
using a teslatron cryogenic magnetometer with four-
point probe (FPP) with no magnetic field at a
temperature of 20-300 K.

Results and Discussion

Fig. 1(a)-(d) show the diffraction pattern of the
sintered Ca;Co40o samples at 850 °C for 3 and 6 hours.
The diffraction peak at plane of (001), (002), (003),
(111), (11-2), (004), (11-3), (20-1), (020), (021), (005),
(022), and (203) are corresponding to the monoclinic
crystal structure of Ca3;Co,09 phase. All peaks are have
a good agreement with the standard diffraction pattern
in previous reports [10, 15, 16]. The absence of an
impurity phase in all four samples indicates that the
samples synthesized by the sol-gel method have
produced the Ca;Co,40y single phase.

From the diffraction pattern, we can calculate the
crystallite size of the Ca;Co409 samples through the
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Fig. 1. XRD pattern of Ca;Co,0, samples.
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Fig. 2. Plot In (1/cos 0) vs In § with fitted lines of sample (a).

modified Scherrer equation [17,18]. The Scherrer
equation is given in Eq. (1).

kA
L= Peos@ M
where D is the crystal size (nm), k is the shape factor
(0.9), 1 is the wavelength of the X-ray source (Cu ka =
0.15406 nm), £ is the FWHM value (radian), and & is
the Bragg angle (°). Furthermore, the Eq. (1) can be
written as Eq. (2).

‘B:ﬂ - )

D “cos#
Based on Eq. (2), Monshi, et al modified the Scherrer
formula that was then expressed in Eq. (3) [18].

(©)

Inf =In (—) + In

The plot of In B versus In (1/cos 8) is shown in Fig.
2. The linear fit of the data allowed to estimate the
crystallite size of the sample from the intercept in Eq.

cos
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(4). The intercept values of the four samples are
-5.9361, -6.1736, -6.0669, and -6.0919, so that the
estimated crystallite sizes of the sample (a), (b), (c),
and (d) are 53.91 nm, 66.54 nm, 59.81 nm, and 61.30
nm, respectively. Based on the results of the
calculation, it shows that the milling time does not
really affect the crystallite size.

"':FA = e(inte'rcep.l:] @)

Fig. 3(a) - (d) show SEM images of fracture surface
of the Ca;Co409 samples. The microstructural images
of the four samples have a plate-like shape with
various sizes. The SEM image shows that the grain
size of the sample (a) is the smallest. As the dwelling
time increases, the grain size increases in response to
grain growth.
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Fig. 4 shows the temperature dependence of the
electrical resistivity of the sample (a) - (d). Measurements
were performed in the temperature range from 20 K to
300 K. Due to the technical factor in the measurement
process, the sample (b) and (d) was measured at a
temperature from 20 K to 260 K. The plot of p vs T in
the Fig. 4(a) indicates the phenomenon of metal-insulator
(MI) for sample (a), (b), and (d). The resistivity value
of the sample (a) was 47.93 mQ-cm at 250 K and 32.41
mQ-cm at a temperature of 95 K. With the increase in
the sintering temperature, it can be seen in the p vs T
plot that the resistivity value at 250 K of sample (b)
decreased to 34.52 mQ-cm. The decrease in the resistivity
value is due to an increase in the density of the sample
(b) as shown in Fig. 3 [4]. The increase in grain density
in the sample (b) following the grain growth is the
result of the dwelling time [5]. Meanwhile, a different

Fig. 3. SEM images of Ca;Co409 samples sintered at 850 °C. (a). twmitiing = 1 h, taintering = 3 1, (b). tmitiing= 1 N, teintering = 6 h, (C). tmitting=2 ,

tsinten'ng =3 h, and (d) tmilling =2 ha tsintering =6h.
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Fig. 4. Plot p vs T of Ca;Co,09 samples. A) sample (a), (b), (d). B) sample (c).
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Fig. 5. Plot p vs T> with fitted lines of sample (a), (b), and (d).

Table 2. Electrical properties of Ca;Co,04 samples.
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Fig. 6. Plot In p vs (1/T) with fitted lines of sample (a), (b), and (d).

Sample P@s0Kk) PesK)

A E,

Po
(mQ-cm) (mQ-cm) (mQ-cm) (mQ-ecm K?) (meV)
a 47.93 53.99 29.75 3.159 x 10°° 1.58
b 34.52 41.13 21.94 2.174 x 106 1.68
c 7.76 x 10° 16.7 x 10° n/a n/a n/a
d 44.28 46.94 26.14 3.146 x 10°¢ 1.61

phenomenon occurs in the sample (c), where the
milling treatment for an hour and heating for 3 hours
tend to have insulating properties as shown in Fig. 4(b).
The phenomenon of an insulator with a resistivity
value of 7.76 x 10> mQ-cm at a temperature of 250 K
shows similarities with the sample measured in the out-
plane [19]. As reported by Masset, et.al, the electrical
transport properties of the single crystalline Ca;Co040,
have phenomena of an insulator and a metal-insulator
[19]. It is interesting to explore further what the causes
of the phenomenon of change of orientation from in-
plane to out-plane.

From the sample (a), (b), and (d), we observe an
insulator phenomenon with a decrease in the resistivity
value at a temperature of 20 K to 80 K. The resistivity
value increases from 90 K to room temperature,
indicating the metallic behavior. The metallic properties
of the Ca3Co,09 sample describe the behavior of the
Fermi liquid [3, 4, 8]. From the value of p and T, then
it is subsequently used to find the residual resistivity
value by the Eq. (5) [4, 8].

p= py+AT? ©)

Where p is the resistivity value, py is the residual
resistivity, A is the Fermi liquid transport coefficient,
and T is the measurement temperature. The values of
po and A are determined by fitting the p vs T? curve.
Fig. 5 shows the p versus T curve of the sample (a) and
(d). The py and A values are presented in Table 2.

The transition from insulating to metal indicates that

the Ca;Co,40, sample is IC-SDW [3, 4]. Insulator behavior
at low temperature variation of p with T of the Ca;Co,40,
obeys the thermally activated behavior described following
Eq. (6) [3, 4].

~= u(T) exp(— %) ©

To obtain the value of Eg, then Eq. (6) is derived to
Eq. (7). The plot of In p versus 1/T is shown in Fig. 6.

Inp =1In(u(T)) — e (M

Ep 1

T

Where p (T) is the mobility carrier, Eq is the energy
gap caused by IC-SDW on the Fermi surface, and k3 is
the Boltzmann constant. From the linear fit to the data,
we obtain the value of E, for sample (a), (b), and (d).
The E, values of the sample (a), (b), and (d) obtained
from Eq. (7) were 1.58 meV, 1.68 meV, and 1.61 meV,

respectively.

Conclusions

The Ca3;Co40y ceramic has been successfully
synthesized by using a citrate sol-gel route. Based on
the XRD, all samples show a single-phase of Ca3C040s.
The resistivity analysis of the samples showed that the
insulator behavior was found at temperature from 20 K
to 80 K and transformed into metal at temperature
greater than 90 K. Based on IC-SDW, the energy gap
values of the samples (a), (b), and (d) were 1.58 meV,
1.68 meV, and 1.61 meV, respectively.
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