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Abstract
Highly textured Ca3Co4O9 ceramics were successfully prepared by spark plasma sintering using plate-like Ca3Co4O9 particles synthesized by

the citrate sol–gel method. The microstructure and electrical properties of the samples were investigated. The results show that spark plasma

sintering is an effective technology to prepare textured Ca3Co4O9 ceramics and that the electrical conductivity of the textured Ca3Co4O9 ceramics

is anisotropic in various directions. At 700 8C, the electrical resistivity of the sample parallel to the press direction is 6.13 � 10�5 V m, which is a

very low value reported so far.

# 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, increasing attention has been given to oxides

as high temperature thermoelectric materials for power

generation because of their high thermal stability, oxidation

resistance and weak-toxicity. Several systems have been

investigated, such as NiO, (Zn1�xAlx)O, (ZnO)5In2O3,

(Ca0.9M0.1)MnO3 and Fe2O3 [1–6]. However, the values of

figure-of-merit, Z (Z = S2s/k, where S, s and k are Seebeck

coefficient, electrical conductivity and thermal conductivity,

respectively), of such oxides are smaller than those of alloys

and semiconductors. As a result, the optimum thermoelectric

material should simultaneously exhibit large S, large s and

small k. In order to obtain large ZT, we therefore need to

increase S and s without increasing k.

Recently, misfit layered Ca3Co4O9 was reported to exhibit

metallic conductivity, extraordinary large s value and low k value

[7–12]. Ca3Co4O9 has a layered structure in which two different

kinds of Co–O layers alternate in the direction of the c-axis. In

one of the layers, Co atom is surrounded by six O atoms in an

octahedral configuration and the octahedral are edge-shared
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(CoO2 layers). In the other layers, Ca, Co and O form triple rock-

salt (Ca2CoO3+d) layers. Crystals with a layered structure can be

considered as natural superlattices, which consist of conducting

and insulating layers stacked alternately and should offer higher

thermoelectric performance. Considering of the anisotropic

electrical transport properties Ca3Co4O9 textured polycrystals

are needed for the application in the thermoelectric field.

However, it is difficult to prepare textured Ca3Co4O9 ceramics by

conventional solid-state method and ordinary sintering technique

[7–9]. Masuda et al. recently reported the fabrication of textured

Ca3Co4O9 ceramics by combining the templated grain growth

technique (TGG) with hot pressing (HP) to improve the

thermoelectric properties [13]. Tani et al. utilized the reactive

templated grain growth (RTGG) technique to prepare C-aligned

thermoelectric layered cobaltites [14]. And the results show the

obtained C-aligned Ca3Co4O9 ceramics exhibit much higher

electrical conductivity than that of randomly oriented ceramics

[13,14].

In this paper, textured Ca3Co4O9 ceramics were fabricated

using spark plasma sintering (SPS) process in combination with

plate-like Ca3Co4O9 particles prepared by citrate sol–gel

method. The grain orientation in the SPS process and the

electrical properties of the textured Ca3Co4O9 ceramics were

investigated. To date, to our knowledge, no similar work has

been reported.
d.
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Fig. 2. SEM micrograph of the Ca3Co4O9 particles synthesized by citrate sol–

gel method.
2. Experimental procedures

2.1. Preparation of plate-like Ca3Co4O9

In a typical procedure, stoichiometric of hydrous calcium and

cobalt nitrates were dissolved in an aqueous solution of citrate

acid. The resulting solution was heated at 80 8C with magic

stirring in order to obtain the gel. The gel was dried initially at

120 8C for 12 h and further heat treated at 800 8C for 2 h in a

muffle furnace at an increasing temperature rate of 5 8C/min.

2.2. SPS sintering and characterization

The powders were placed into a graphite die (20 mm in

diameter), and an electric current of 400–1000 A was applied

under a pressure of 30 MPa. During this procedure, the

temperature increased to 700, 750, 800 and 850 8C at a rate of

100 8C/min. The powders were maintained at the desired

temperature for 5 min, and then the electric current was

switched off, the pressure was released, the sample was cooled

to room temperature.

The phase identification of the obtained samples was made by

X-ray diffraction on a Japan Rigaku D/max-3c. The micro-

structure of the powder was examined by scanning electron

microscopy on a Hitachi SEM-570. The microstructure of the

sintered sample was examined using field emission scanning

electron microscopy on a JEOL JSM-6500F. To investigate the

electrical properties, samples perpendicular and parallel to the

pressing direction were cut from the sintered pellets as shown

schematically in Fig. 1. The Seebeck coefficient and the

electrical resistivity were measured simultaneously using

ULVAC ZEM-2 in the helium atmosphere. The densities of

the sintered samples were measured using Archimedes method.

3. Results and discussion

Fig. 2 shows the SEM micrograph of the Ca3Co4O9 particles

synthesized by citrate sol–gel method. Plate-like particles are
Fig. 1. The schematic of the sample cut from the sintered pellets along the

direction parallel and perpendicular to the pressing direction.
about 0.3 mm in length and 0.2 mm in thickness. The XRD

pattern shows all the peaks are the diffraction peaks from

Ca3Co4O9.

Fig. 3 shows XRD patterns of as sintered samples for the

surfaces perpendicular and parallel to the press direction.
Fig. 3. XRD patterns of the SPS sample in parallel and perpendicular directions.
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Fig. 4. SEM micrograph of SPS sample: (a) perpendicular and (b) parallel to the press direction.

Fig. 5. Relationship between relative density and sintering temperature by SPS.
The perpendicular surface exhibits intense diffractions from

[0 0 l] planes but little diffraction from other crystal planes,

while the parallel surfaces exhibits almost no diffraction from

[0 0 l] planes, indicating that the c-axis, which is perpendicular

to the sublattice layer, is preferentially oriented. The degree of

orientation of the SPS sample reached nearly one, which is

much higher than that of the sample prepared by the solid state

method and SPS technique [15]. Nan et al. reported the

preparation of Ca3Co4O9 ceramics by citrate sol–gel method

and ordinary pressless sintering. However, the XRD pattern

and SEM micrograph presents no preferred orientation [16].

Matsubara et al. reported the synthesis of Ca3Co4O9 ceramics

by solid-state reaction and SPS [17]. The XRD pattern and

microstructure also show no grain alignment. Hao et al.

prepared textured bismuth titanate ceramics by SPS using

plate-like bismuth titanate particles [18]. In order to confirm

that grain alignment was really induced by SPS, we sintered

Ca3Co4O9 ceramics at 800 8C for 2 h by conventional pressless

sintering method using the plate-like powders synthesized by

the citrate sol–gel method in a muffle furnace for comparison.

The XRD pattern as-prepared sample exhibits not only [0 0 l]

peaks but also other peaks and shows no preferred orientation.

This indicates that SPS is an effective technique for grain

alignment. Hence, the reasons of the preparation textured

Ca3Co4O9 ceramics may be explained from two aspects. First,

the morphology of Ca3Co4O9 particles by citrate sol–gel

method are regular plate-like. However, it is difficult to obtain

the powders with uniform morphology by solid-state method.

Secondly, SPS is an effective sintering technology to prepare

textured ceramics due to its special sintering mechanism.

During the sintering process, spark discharges occur between

powder particles, and intense heating of the contact zones of

the powder take place, which leads to melting on the contact

surfaces of the particles in a very short time. With an increase

of the liquid phase, the plastic yielding value decrease, and

plastic deformation occurs throughout the particles under the

press used in the sintering process. Hence, the particles

rearrangement occurs and orientation of the particles takes

place [18].
Fig. 4(a) presents a SEM micrograph of the surface perpen-

dicular to the press direction; Fig. 4(b) shows a SEM micrograph

of the surface parallel to the press direction. All the samples were

sintered at 800 8C for 5 min under a pressure of 30 MPa. The

micrographs show a highly textured Ca3Co4O9 ceramics.

The densities of the SPS samples sintered at different

temperature are given in Fig. 5. It can be seen from Fig. 5 the

densities increased with increasing sintering temperature.

Although the sintering temperature is low and the sintering

time is short, a dense bulk with a density of >95% of its

theoretical density was obtained using SPS.

The electrical resistivity of the SPS sample sintered at 800 8C
for 5 min has been measured in the parallel and perpendicular

directions. Temperature dependence of the electrical resistivity is

shown in Fig. 6. As suspected, the data of electrical resistively

exhibit anisotropy properties and the value of the perpendicular-

cut sample is greater than the parallel-cut sample. This result is

consistent with Masuda and Tani reported [13,14]. The electrical

resistively in both directions decrease with increasing the

measured temperature. At 700 8C, the electrical resistivity of the

sample parallel to the press direction is 6.13 � 10�5 V m, which

is a very low value reported so far.
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Fig. 6. Temperature dependence of the electrical resistivity of sample in

parallel and perpendicular directions.

Fig. 7. Temperature dependence of the Seebeck coefficient of sample in

parallel and perpendicular directions.
Temperature dependence of the Seebeck coefficient is

shown in Fig. 7. It can be seen from Fig. 7 the Seebeck

coefficient increase with increasing the measured temperature

.The Seebeck coefficient values of the sample in both direction

are nearly equal, indicating that the Seebeck coefficient is

insensitive to orientation and micro-texture. This result is

consistent with that of Tani reported [14].

4. Conclusions

Dense and highly textured Ca3Co4O9 ceramics have been

obtained by combining the sol–gel method with spark plasma

sintering. The phase composition, microstructure and electrical

properties were investigated. The sample shows grain align-

ment and anisotropic electrical resistivity in the directions

parallel and perpendicular to the press direction. SPS is an

effective sintering method to prepare textured, dense Ca3Co4O9

ceramics at a low temperature and in a short time. At 700 8C,

the electrical resistivity of the sample parallel to the press
direction is 6.13 � 10�5 V m, which is a very low value

reported so far. And the results show that the Seebeck

coefficient is insensitive to orientation and micro-texture.

Hence, SPS technique is helpful to improve the electrical

properties of Ca3Co4O9 ceramics.

Acknowledgements

We are grateful for the support of National Natural Science

Foundation of China under grant number 50271001 and Beijing

Municipal Education Commission under contract No.

KZ200310005001.

References

[1] W. Shin, N. Murayama, High performance p-type thermoelectric oxide

based on NiO, Mater. Lett. 45 (2000) 302–306.

[2] T. Tsubota, M. Ohtaki, K. Eguchi, Transport properties and thermoelectric

performance of (Zn1�yMgy)AlxO, J. Mater. Chem. 8 (2) (1998) 409–412.

[3] T. Tsubota, M. Ohtaki, K. Eguchi, Thermoelectric properties of Al-doped

ZnO as a promising oxide material for high-temperature thermoelectric

conversion, J. Mater. Chem. 7 (1) (1997) 85–90.

[4] M. Kazeoka, H. Hiramatsu, W.S. Seo, K. Koumoto, Improvement in

thermoelectric properties of (ZnO)5In2O3 through partial substitution of

yttrium for indium, J. Mater. Res. 13 (3) (1998) 523–526.

[5] M. Ohtaki, H. Koga, T. Tokunaga, Electrical transport properties and high-

temperature thermoelectric performance of (Ca0.9M0.1)MnO3 (M = Y,La,-

Ce,Sm,In,Sn,Sb,Pb,Bi), J. Solid. State. Chem. 120 (1995) 105–111.

[6] H. Muta, K. Kurosaki, M. Uno, Thermoelectric properties of Ti- and Sn-

doped a-Fe2O3, J. Alloys Compd. 335 (2002) 200–202.

[7] S.W. Li, R. Funahashi, I. Matsubara, Synthesis and thermoelectric proper-

ties of the new oxide materials Ca3�xBixCo4O9, Chem. Mater. 12 (2000)

2424–2427.

[8] A.C. Masset, C. Michel, A. Maignan, M. Hervieu, O. Toulemonde, F.

Studer, B. Raveau, Misfit-layered cobaltite with an anisotropic giant

magnetoresistance: Ca3Co4O9, Phys. Rev. B. 62 (1) (2000) 166–175.

[9] G.J. Xu, R. Funahashi, M. Shikano, High temperature transport properties

of Ca3�xNaxCo4O9system, Solid State Commun. 124 (2002) 73–76.

[10] S.W. Li, R. Funahashi, I. Matsubara, Synthesis and thermoelectric proper-

ties of the new oxide ceramics Ca3�xSrxCo4O9+d (x = 0.0–1.0), Ceram. Int.

27 (2001) 321–324.

[11] G. Jie, R. Funahashi, M. Shikano, I. Matsubara, Y. Zhou, Thermoelectric

properties of the Bi- and Na-substituted Ca3Co4O9 system, Appl. Phys.

Lett. 80 (2002) 3760–3762.

[12] Y.F. Zhang, J.X. Zhang, Q.M. Lu, Rapid synthesis of Ca2Co2O5 textured

ceramics by coprecipitation method and spark plasma sintering, J. Alloy

Compd. 399 (2005) 64–68.

[13] D. Masuda, H. Nagahama, T. Itahara, W.S. Tani, K. Seo, Koumoto,

Thermoelectric performance of Bi- and Na-substituted Ca3Co4O9

improved through ceramic texturing, J. Mater. Chem. 13 (2003) 1094–

1099.

[14] T. Tani, H. Itahara, C.T. Xia, J. Sugiyama, To potactic synthesis of highly

textured thermoelectric cobaltites, J. Mater. Chem. 13 (2003) 1865–1867.

[15] Y.Q. Zhou, I. Matsubara, S. Horii, T. Takeuchi, R. Funahashi, M. Shikano,

I. Shimoyama, K. Kishio, W. Shin, N. Izu, N. Murayama, Thermoelectric

properties of highly grain-aligned and densified Co-based oxide ceramics,

Appl. Phy. Lett. 93 (5) (2003) 2653–2658.

[16] J. Nan, J.B. Wu, Y. Deng, Synthesis and thermoelectric properties of

(NaxCa1�x)Co4O9 ceramics, J. Eur. Ceram. Soc. 23 (6) (2003) 859–863.

[17] I. Matsubara, R. Funahashi, T. Takeuchi, Thermoelectric properties of

spark plasma sintered Ca2.75Ga0.25Co4O9, J. Appl. Phys. 90 (1) (2001)

462–465.

[18] J. Hao, X.H. Wang, R.Z. Chen, Z.L. Gui, L.T. Li, Preparation of textured

bismuth titanate ceramics using spark plasma sintering, J. Am. Ceram.

Soc. 87 (7) (2004) 1404–1406.


	Synthesis of highly textured Ca3Co4O9 ceramics by �spark plasma sintering
	Introduction
	Experimental procedures
	Preparation of plate-like Ca3Co4O9
	SPS sintering and characterization

	Results and discussion
	Conclusions
	Acknowledgements
	References


