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In the Ca–Co–Zn–O system, we have determined the tie-line relationships and the thermoelectric

properties, solid solution limits, and structures of two low-dimensional cobaltite series, Ca3(Co,

Zn)4O9�z and Ca3(Co,Zn)2O6�z at 885 1C in air. In Ca3(Co,Zn)4O9�z, which has a misfit layered structure,

Zn was found to substitute in the Co site to a limit of Ca3(Co3.8Zn0.2)O9�z. The compound

Ca3(Co,Zn)2O6�z (n¼1 member of the homologous series, Canþ2(Co,Zn)n(Co,Zn)0O3nþ3�z) consists of

one-dimensional parallel (Co,Zn)2O6
6� chains that are built from successive alternating face-sharing

(Co,Zn)O6 trigonal prisms and ‘n’ units of (Co,Zn)O6 octahedra along the hexagonal c-axis. Zn substitutes

in the Co site of Ca3Co2O6 to a small amount of approximately Ca3(Co1.95Zn0.05)O6�z. In the ZnO–CoOz

system, Zn substitutes in the tetrahedral Co site of Co3O4 to the maximum amount of (Co2.49Zn0.51)O4�z

and Co substitutes in the Zn site of ZnO to (Zn0.94Co0.06)O. The crystal structures of (Co2.7Zn0.3)O4�z,

(Zn0.94Co0.06)O, and Ca3(Co1.95 Zn0.05)O6�z are described. Despite the Ca3(Co, Zn)2O6�z series having

reasonably high Seebeck coefficients and relatively low thermal conductivity, the electrical resistivity

values of its members are too high to achieve high figure of merit, ZT.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Over the last decade, the increase in global interest in research
and development on thermoelectric (TE) materials has been
partly due to the soaring short-term demand for energy and
partly due to the need to create a sustainable energy future.
The efficiency and performance of thermoelectric energy conver-
sion is related to the dimensionless figure of merit (ZT) of the
thermoelectric materials, given by ZT¼S2sT/k, where T is the
absolute temperature, S is the Seebeck coefficient or thermo-
electric power, s is the electrical conductivity, and k is the
thermal conductivity [1]. Only a small number of materials have
been found to have practical industrial applications and they
all have ZT values around or below 1.0. Optimization of the ZT

values is not a straight-forward process because S, s, and k are
ll rights reserved.

ong-Ng).
interrelated. Recent reports that relatively high ZT values are
possible in both thin film and bulk forms have revitalized interest
in thermoelectric materials development [2–7].

The stability of metal oxides at high temperature has made
these materials highly relevant to waste heat conversion applica-
tions. For example, the low-dimensional cobaltites that include
NaCoOz [8], Ca2Co3O6 [9,10], and Ca3Co4O9 [11–14] exhibit
the coexistence of large Seebeck coefficient and relatively low
thermal conductivity. Consequently in recent years, considerable
research has been conducted on oxides for thermoelectric
applications.

Phase equilibrium diagrams provide road maps for processing
and facilitating an understanding of material properties. Because
of the promising properties of calcium-containing cobaltite, zinc-
doped calcium cobaltites may also offer desirable properties. This
paper discusses the phase compatibility relationships of the
Ca–Co–O system, and crystal chemistry, crystallography, and ther-
moelectric property measurements of selected series of compounds
in this system, including Ca3(Co, Zn)4O9�z, and the n¼1 Zn-doped
homologous series, Canþ2(Co,Zn)n(Co,Zn)0O3nþ3�z.

www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2011.06.013
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Table 1
Samples prepared for the phase equilibria study of the Ca–Co–Zn–O system at

885 1C in air. The values given are the relative mol% of metallic components.

Ca Co Zn

1 42.86 53.57 3.57

2 42.86 50.00 7.14

3 42.86 46.43 10.71

4 60 36 4

5 60 32 8

6 32.5 32.5 35

7 60 20 20

8 0 66.67 33.33

9 70 20 10

10 10 75 15

11 42.86 57 0.14

12 42.86 56.43 0.71

13 42.86 55.71 1.43

14 60 39.8 0.2

15 60 39 1

16 60 38 2

17 50 0 50

18 99.5 0 0.5

19 97.5 0 2.5

20 0.5 0 99.5

21 2.5 0 97.5

22 0 95 5

23 0 90 10

24 0 5 95

W. Wong-Ng et al. / Journal of Solid State Chemistry 184 (2011) 2159–21662160
2. Experimental1

2.1. Sample preparation

Using high temperature solid-state synthesis techniques, 47
samples were prepared from stoichiometric amounts of CaCO3,
Co3O4, and ZnO (Table 1). These samples were mixed, pelletized,
and annealed at 750 1C for one day, and subsequently annealed at
885 1C with intermediate grindings and pelletizations for another
7 days.

Powder X-ray diffraction was used to investigate the phase
purity and establish phase relationships. These experiments were
carried out using a Phillips X-ray powder diffractometer with
CuKa radiation and equipped with a series of Soller slits and a
scintillation counter. The 2y scanning range was from 101 to 801,
and the step interval was 0.031. The ICDD PDF reference diffrac-
tion patterns of the Ca–Co–Zn–O systems [15] were used for
performing phase identification.

For property measurements, the spark plasma sintering (SPS)
technique was used for the preparation of high density pellets.
The raw powder materials were consolidated into densified pellets
at 1000 1C for 5 min under a pressure of 30 MPa. All samples have
90% or higher relative densities. The pellets were cut into bars
of approximate dimensions of 2mm�2 mm�10 mm for the
measurement of properties.
25 0 10 90

26 0 83.33 16.67

27 0 80 20

28 0 76.67 23.33

29 60 37 3

30 0 3 97

31 0 4 96

32 75 24 1

33 50 48 2

34 20 75 5

35 20 1 79

36 0 2 98

37 60 40 0

38 42.86 57.14 0

39 37 3 60

40 28 18 54

41 38 25 37

42 30 37.5 32.5

43 30 40 30

44 15 55 30

45 0 6.67 93.33

46 0 8.33 91.67

47 37.5 25 37.5
2.2. Structural studies using synchroton and neutron diffraction

2.2.1. Synchroton scattering studies

To study the structure of selected phases in the Ca–Co–Zn–O
system (in particular, Ca3(Co1.95Zn0.05)2O6�z and (Zn0.98Co0.02)O),
high resolution synchrotron powder diffraction data were col-
lected using beamline 11-BM at the Advanced Photon Source
(APS), Argonne National Laboratory, using an average wavelength
of 0.412253 Å. Discrete detectors covering an angular range from
61 to 161 2y are scanned over a 341 2y range, with data points
collected every 0.0011 2y and a scan speed of 0.011/s.

The 11-BM instrument uses X-ray optics with two platinum-
striped mirrors and a double-crystal Si(111) monochromator,
where the second crystal has an adjustable sagittal bend [16].
Ion chambers monitor incident flux. A vertical Huber 480 goni-
ometer, equipped with a Heidenhain encoder, positions an analy-
zer system comprised of twelve perfect Si(111) analyzers and
twelve Oxford-Danfysik LaCl3 scintillators, with a spacing of 21
[17]. Analyzer orientation can be adjusted individually on two
axes. A three-axis translation stage holds the sample mounting
and allows it to be spun, typically at E5400 rpm (90 Hz).
A Mitsubishi robotic arm is used to mount and dismount samples
on the diffractometer [18].

The diffractometer is controlled via EPICS [19]. Data are
collected while continually scanning the diffractometer 2y arm.
A mixture of NIST standard reference materials, Si (SRM 640c) and
Al2O3 (SRM 676) [20] is used to calibrate the instrument, where
the Si lattice constant determines the wavelength for each
detector. Corrections are applied for detector sensitivity, 2y offset,
small differences in wavelength between detectors, and the
source intensity, as noted by the ion chamber before merging
the data into a single set of intensities evenly spaced in 2y.

All data processing and structural refinements were carried
out using the Rietveld refinement technique with the GSAS Suite
[21,22]. In general, included in the refinements were the atomic
1 The purpose of identifying the equipment in this article is to specify the

experimental procedure. Such identification does not imply recommendation or

endorsement by the National Institute of Standards and Technology.
coordinates, anisotropic metal displacement coefficients, isotropic
oxygen displacement coefficients, a scale factor, and the lattice
parameters. The peak profiles were described using a pseudo-
Voigt function; the Gaussian U and W, the Cauchy X and
anisotropic strain terms were refined. The backgrounds were
described using a 6-term shifted Chebyshev polynomial.

X-ray powder reference patterns for samples in the Ca–Co–Zn–O
system were obtained using a Rietveld pattern decomposition
technique. These patterns represent ideal specimen patterns. They
are corrected for systematic errors both in d-spacing and intensity.
The reported peak positions are calculated from the refined lattice
parameters, as this represents the best measure of the true
positions.
2.2.2. Neutron diffraction studies

Neutron powder diffraction (NPD) data for Zn0.3Co2.7O4�z

were collected at the NIST Center for Neutron Research on
the high resolution powder neutron diffractometer (BT1), with
monochromatic neutrons of wavelength 1.5403 Å produced by
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a Cu(311) monochromator. Collimations before and after the
monochromator and after the sample were 150, 200, and 70 full-
width-at-half-maximum (FWHM), respectively. Data were col-
lected in the 2y range of 3–1681 with a step size of 0.051 at room
temperature. Refinement of the nuclear structure was carried out
using the neutron powder diffraction data and the Rietveld
refinement technique using the software GSAS [21,22]. The neutron
scattering amplitudes used in the refinements are 0.568, 0.253, and
0.581 for Zn, Co, and O, respectively.
(Co,Zn)3O4-z

CaO CoOzMol %
0 20 40 60 80 100

Ca3 (Co, Zn)4O9-z
Ca3 (Co, Zn)2O6-z

Fig. 1. Phase diagram of the CaO–CoOz–ZnO system at 885 1C in air, showing the

limits of various solid solutions, and the tie-line relationships of various phases.
2.2.3. EXAFS studies

EXAFS was used to evaluate the exact site substitution of Zn on
the Co site in compounds where Zn substitution is only to a small
extent. EXAFS measurements were performed on both Zn edge
and Co edges of all the samples at the MRCAT 10-ID beamline
located at the Advanced Photon Source in Argonne National
Laboratory. Apart from the samples, we measured a solution of
zinc nitrate in water (where zinc is 6-fold coordinated) [23]. ZnO
powder was also measured since Zn in this compound is tetra-
hedrally bonded to oxygen atoms. With every EXAFS measure-
ment, the zinc metal foil was measured as reference. The Zn edge
of the sample of interest is placed along with Zn edges from Zn
foil, ZnO powder, and (Zn(NO3)2 solution. The data were pro-
cessed using Athena [24] and the data was modeled with Artemis
[25] to find out the percentage of Zn atoms bonded tetrahedrally
and octahedrally.
2.3. Thermoelectric property measurements

The thermal diffusivity was measured by the laser flash
method using the Netzsch LFA457 system. Specific heat was
determined by differential scanning calorimetry using a Netzsch
DSC-404C. The density was calculated from the chemical formula
and the unit cell volume. The resulting high temperature thermal
conductivity, k, was calculated from the measured thermal
diffusivity, D, specific heat, CP, and density, rD, from the relation-
ship: k¼DCPrD. The bulk materials were then cut into rectangular
bars with the approximate dimensions of 2 mm�2 mm�10 mm.
These bars were measured for electrical conductivity and Seebeck
coefficient by a commercial ZEM-2 unit (Ulvac Riko, Inc.) under an
inert gas (He) atmosphere from 300 to 900 K. Uncertainties in the
electrical conductivity and thermal conductivity values are on the
order of 5–7% due in large part in determination of the sample
dimensions. The thermopower is known within about 2% and
thermal diffusivity to within about 5%.
3. Results and discussion

Fig. 1 gives the phase diagram of the Ca–Co–Zn–O system that
was determined at 885 1C in air. The phase relationships between
solid solutions and other phases are expressed as tie-line bundles.
The crystal chemistry, crystallography, and thermoelectric prop-
erties of various phases in the binary as well as the ternary oxide
systems are discussed below.
3.1. CaO–ZnO system

No binary compound was found in the CaO–ZnO system.
The literature reported that the CaZnO2 phase was only successfully
prepared under different processing conditions [15]. CaZnO2 was
also confirmed to be absent in a number of other reported systems
such as the CaO–ZnO–SiO2 [26] and CaO–ZnO–B2O3 [27] systems
that were prepared in air.
3.2. CaO–CoOz system

Two binary phases were determined in this system, namely,
Ca3Co2O6 and Ca3Co4O9. The Ca3Co4O9 phase has been extensively
studied [28–32]. A very narrow solid solution region of (Co,Ca)3O4�x

was reported by Woermann and Muan [32] at around 890 1C.
This region expands significantly at higher temperature. Ca3Co4O9

is a misfit layered oxide that has two monoclinic subsystems with
identical a, c, and b, but different b [29]. The first subsystem consists
of triple rock-salt layers of Ca2CoO3 in the ab-plane while the second
subsystem consists of a single CoO2 layer, which has the CdI2-type
structure. This phase exhibits strong anisotropic thermoelectric
properties in the ab-plane. It is thought that the increased scattering
of phonons at the interface of misfit layers leads to the lowering of
the lattice thermal conductivity. The chemical formula can be
written as [Ca2CoO3]RS[CoO2]1.61, where RS is the rock salt and
1.61 expresses the incommensurable character for the b parameter
of the rock salt and the CdI2-type structure.

Ca3Co2O6 (R3̄c, a¼9.0793(7), and c¼10.381(1) Å [33]; Fig. 2) is
the n¼1 member of the homologous series with the general
formula of Anþ2BnB0O3nþ3. In this formula, A is an alkali-earth
element such as Ca, Sr, and Ba [34], B describes the cobalt ion
inside the octahedral cage, and B0 is the cobalt ion inside a trigonal
prism. Canþ2ConCoO3nþ3 consists of one-dimensional linear
parallel Co2O6

6� chains, built by successive alternating face-shar-
ing CoO6 trigonal prisms and CoO6 octahedra along the hexagonal
c-axis [35]. This face-sharing feature is in contrast to Ca3Co4O9

[12] and NaCo2O4 [8], which consist of edge-sharing CoO6

octahedra. The linear Co2O6
6� chains of Ca3Co2O6 consist of one

CoO6 octahedron alternating with one CoO6 trigonal prism. These
Co2O6

6� chains are separated by octa-coordinated Ca2þ ions.
The compounds Anþ2ConCo0O3nþ3 can also be considered as
ordered intergrowth between the n¼N (ACoO3) and n¼1
(A3Co2O6) end members [36,37]. We found that when A¼Ca, only
the n¼1 member, namely, Ca3Co2O6, can be made.

3.3. ZnO–CoOx system

The only phases found in the ZnO–CoOx system are the two solid
solutions formed in the vicinity of ZnO and CoOx. Co substitutes into
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the Zn site of ZnO (P63mc, a¼3.250 Å, c¼5.207 Å [38]) to form
(Zn1�xCox)O1�z (0oxr0.06)), and Zn substitutes into the tetrahe-
dral Co site of Co3O4 (Fd3̄m, a¼8.066(3) Å [39]) to form (Co1�xZnx)3

O4�z (0oxr0.17, with the maximum substitution composition of
(Co2.49Zn0.51)O4�z). Apparently as temperature increases, the solid
solution range of these two solid solutions increases as well.
For example, it was reported that in the TiO2–ZnO–CoOz system
[40], which was determined at 1050 1C in air, the solid solution limit
Table 2

Refined crystal structure of (Zn0.98Co0.02)O; space group P63mc, a¼3.2505(1) Å,

c¼5.2046 (1) Å, and V¼47.623(1) Å3.

Atom x y z Site occ. Uiso (Å
2) Mult

Zn1 1/3 2/3 0.0 0.98 0.02600(19) 2

Co2 1/3 2/3 0.0 0.02 0.02600(19) 2

O3 1/3 2/3 0.3828(4) 1.0 0.0270(7) 2

Fig. 3. Observed (crosses) and calculated (solid line) X

Fig. 2. Crystal structure of Ca3Co2O6 (n¼1 member in Canþ2ConCoO3nþ3), show-

ing the feature of linear chains of successive alternations of CoO6 octahedron with

CoO6 prism.
of (Zn1�xCox)O1�z was at a higher value of xE0.18, and similarly, in
(Co3�xZnx)O4�z, the limit was xE0.6.

3.3.1. (Zn1�xCox)O (x¼0.02)

This green-colored phase crystallizes in the hexagonal wurt-
zite type structure in which an extensive network of corner-
shared ZnO4 tetrahedra was found. Excellent Reitveld refinement
results for (Zn1�xCox)O were obtained: WRp¼0.0857, Rp¼0.0675,
w2
¼3.391, R(F)¼0.0280, R(F2)¼0.0586. Table 2 gives the atomic

coordinates and the distances. Essentially Co was found to dope in
the Zn site. Fig. 3 gives the observed (crosses) and calculated
(solid line) XRD intensities pattern at 295 K. The difference
pattern is plotted at the same scale as the other patterns.
The row of tick marks indicates the calculated peak positions.
The refined Zn/Co site occupancy in the (Zn1�xCox)O phase is
0.98(2)/0.02. The refined space group and lattice parameters are
P63mc, a¼3.2505(1) Å, c¼5.2046(1) Å, V¼47.623(1) Å3, and Z¼2.
Fig. 4 gives the structure of (Zn0.98Co0.02)O projected along the c-axis.
The metal–oxygen distances are 1.992(2) Å (�1) and 1.9733(6) Å
RD intensities pattern for (Zn0.98Co0.02)O at 295 K.

Fig. 4. Crystal structure of (Zn0.98Co0.02)O (of hexagonal wurtzite type).
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(�3); the six O–(Zn,Co)–O bond angles are 108.01(6)1 (�3) and
110.95(5)1 (�3).

The pattern of Fig. 3 was collected on a Bruker D2 Phaser
diffractometer equipped with a LynxEye position-sensitive detec-
tor using CuKa radiation at a tube power of 30 kV and 10 mA.
The pattern was collected from 4.99782–130.0041 2y in
0.02021441 steps, counting for 1 s/step.
Fig. 6. Crystal structure of (Co1�xZnx)3O4�z showing neighboring octahedral

layers perpendicular to each other.
3.3.2. Structure of (Co1�xZnx)3O4�x (x¼0.3)

This black-colored phase has a cubic closed-packed spinel-
structure. Fig. 5 gives the observed and calculated neutron
powder diffraction intensities at room temperature. The refine-
ment residues are: WRp¼4.92%, Rp¼4.08%, and w2

¼1.148.
In a normal AB2O4 spinel, A is a divalent atom and B is a trivalent

atom. Table 3 gives the refined structure and atomic parameters for
a selected representative composition of the normal spinel,
(Co2.7Zn0.3)O4�z, at room temperature. (Co2.7Zn0.3)O4�z is isostruc-
tural with Co3O4, which crystallizes in the space group of Fd3̄m

(a¼8.08756(1) Å). In (Co,Zn)3O4�z, there are eight filled tetrahedral
sites and 16 octahedral sites (8a and 16d) per unit cell. In one unit
cell, there are 4 layers of BO6 octahedral chains along the c-axis, with
neighboring layers perpendicular to each other, as shown in Fig. 6.
The CoO4 tetrahedra are found between the CoO6 octahedral chains
(Fig. 7).

As the common coordination feature of Zn is tetrahedral, Zn
was indeed found to substitute solely in the tetrahedral 8a site in
the structure of (Co2.7Zn0.3)O4�z. The tetrahedral metal–oxygen
distance in (Co2.7Zn0.3)O4�z is 1.9434(3) Å (possibly of 2þ valence
site), and the octahedral Co3–O5 distance is of an expected
smaller magnitude of 1.9172(2) Å. It was reported that in a
relatively highly doped spinel structure, Co2.28Cu0.72O4 [41], Cu
was found to substitute in both 8a and 16d sites of approximately
equal quantities. Therefore it appears that when the dopant is of a
Fig. 5. Observed (crosses) and calculated (solid line) NPD intensities pattern for

(Co2.7Zn0.3)O4�z at 295 K.

Table 3
Refined structure and atomic parameters for Zn0.3Co2.7O4�z at room temperature

using neutron diffraction (space group: Fd3̄m, a¼8.08756(1) Å and V¼528.99(2) Å3);

Rwp¼4.92% Rp¼4.08%, and w2
¼1.148.

Atom Frac x y z 100 Uiso

Co(8a) 0.630(9) 1/8 1/8 1/8 0.47(5)

Zn(8a) 0.370(9) 1/8 1/8 1/8 0.47(5)

Co(16d) 1.000(6) 1/2 1/2 1/2 0.36(4)

Zn(16d) 0.000(6) 1/2 1/2 1/2 0.36(4)

O(32e) 0.990(2) 0.26374(2) 0.26374(2) 0.26374(2) 0.461(12)

Fig. 7. Crystal structure of (Co1�xZnx)3O4�z showing the arrangement of the CoO4

tetrahedra.
small quantity, such as that in (Co2.7Zn0.3)O4�z, it will first enter
the 8a site, and as the concentration of the dopant is increased, it
would then enter the octahedral 16d site.

3.4. CaO–CoOz–ZnO system

No new compound was found in the CaO–CoOz–ZnO ternary
system. Despite the report of a ternary Ca3ZnCoO6�z phase by
Kawasaki and Takano [42], which is rhomobohedral, R3̄c

(a¼9.09 Å and c¼10.61 Å) and crystallizes in the K4CdCl6 struc-
ture [43], this phase can only be prepared using the solution
methods, followed by heat treatment under oxygen.
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The tie-line relationships appear to be rather simple in the
CaO–CoOz–ZnO system. The limit of the two solid solution series,
Ca3(Co,Zn)2O6�z and Ca3(Co,Zn)4O9�z, are Ca3Co1.9Zn0.1O6�z and
Ca3(Co3.85Zn0.15)O9�z. Tie-line bundles are found to be between
Ca3(Co,Zn)4O9�z and (Co,Zn)3O4, between Ca3(Co,Zn)2O6�z and
Ca3(Co,Zn)4O9�z, and between Ca3(Co,Zn)2O6�z and CaO. The end
members of the Ca3(Co,Zn)2O6�z and Ca3(Co,Zn)O4�z series were
found to be compatible with the (Zn1�xCox)O solid solution series.

The crystal structure of the Ca3(Co,Zn)2O6�z phase that was
determined by X-ray Rietveld refinement technique can be
described by Fig. 2. The structure consists of linear chains of
face-sharing (Co, Zn)O6 trigonal prisms and CoO6 octahedra.
Table 4 gives the refinement results, atomic coordinates and bond
distances for Ca3(Co0.95Zn0.05)2O6�z. As reported in literature, the
Zn–O tetrahedral bond is about 1.98 Å [44], and the Zn–O and
Table 4
Refined crystal structures of Ca3(Co1.95Zn0.05)O6�z; space

group R3̄c (lattice parameters, atomic coordinates, and

bond distances).

a (Å) 9.07881(1)

c (Å) 10.39449(1)

V (Å3) 741.979(1)

Ca1, x0¼ 0.36898(2)

U11 0.00528(7)

U22 0.00555(10)

U33 0.00371(10)

Co2/Zn3, 000

frac 1/0

U11 0.00281(8)

U33 0.00132(13)

Co4/Zn5, 00¼

frac 0.95/0.05

U11 0.00638(8)

U33 0.00232(14)

O6, x 0.17682(6)

y 0.02463(6)

x 0.11319(5)

Uiso 0.00530(12)

Ca1–O6 �2 (Å) 2.3465(5)

�2 (Å) 2.4657(5)

�2 (Å) 2.5596(5)

�2 (Å) 2.4617(5)

Co2–O6 �6 (Å) 1.9111(5)

O6–Co2–O6 (deg.) 86.07(2)

93.93(2)

Co4–O6 �6 (prismatic) (Å) 2.0713(5)

O6–Co4–O6 (deg.) 78.05(2)

87.72(3)

127.60(3)

147.53(3)

Rwp 0.0975

Rp 0.0777

w2 2.133

R(F) 0.0339

R(F2) 0.0426

DFþ 5.3

DF� –2.1

Profile coefficients

U 2.33(4)

W 0.0655(5)

X 0.233(3)

ptec –0.173

S(400) 0.00096(3)

S(004) 0.00358(4)

S(202) 0.00133(3)

Impurities –

Fig. 8. EXFAS data for Ca3(Co0.95Zn0.05)2O6�z.
Co–O octahedral bond lengths are at longer values of 2.083(3) and
2.0767(8) Å, respectively [45]. The prismatic Zn–O and Co–O bond
distances are at further longer distances of 2.199(4) Å [46] and
2.018 Å [47], respectively. In the present structure, the average
octahedral Co–O distance is 1.9111(5) Å, whereas the average
Co–O prismatic distance is longer, 2.0713 (5) Å; therefore Zn most
likely substitutes onto the prismatic Co–O site. However, as
mentioned before, the X-ray diffraction technique is a technique
for obtaining average Zn–O and Co–O bond distances and cannot
conclusively provide the local structure information. The EXAFS
results that provide local bonding environments are shown in
Fig. 8. The white lines for the zinc nitrate and Ca3Co1.95Zn0.05O6–z

are almost at the same position, which is a signature of zinc being
in 6-coordination state. The small pre-edge peak coincides with
that of Zn in ZnO. This would suggest that Zn exists in a small
amount in tetrahedral form (possibly in the amorphous form on
the surface as a second phase). Zn has a small fraction residing in
the tetrahedral site with a bond length 1.8970.05 Å and the main
concentration is in the 6-coordination site with 2.11(2) Å (which
is longer than the average octahedral Zn–O distance of
1.9111(5) Å). The 2.11(2) Å of Zn–O would suggest a bond length
of a trigonal prism environment.

3.5. Thermoelectric properties

The thermoelectric properties of a number of compounds in
the Ca–Co–Zn–O system have been reported in literature
[33,48–55]. In the Ca–Co–O system, the Ca3Co4O9 phase was
reported to exhibit strong anisotropic properties and has excel-
lent thermoelectric property in the ab-plane. ZT was reported to
be E1 at 1000 K. It is thought that the increased scattering of
phonons at the interface of misfit layers leads to the lowering of
the lattice thermal conductivity. The Seebeck coefficient for single
crystal Ca3Co2O6 has been reported by Mikami and Funahashi
[10] to be relatively high and positive, and the thermal conduc-
tivity is relatively low at high temperature. The transport proper-
ties are dominated mainly by p-type carriers. ZT was determined
to be about 0.15 at 1000 K for a single crystal of Ca3Co2O6.

The Seebeck coefficient, thermal conductivity, resistivity, and
ZT values of Ca3Co2O6, Ca3(Co, Zn)2O6�z, Ca3(Co, Zn)4O9�z, and
Ca3(Co, Zn)4O9�z as a function of temperature, from this study,
are given in Fig. 9a–d. The transport properties are dominated
mainly by p-type carriers, with high temperature magnitudes
between 200 mV/K at 900 K and 400–700 mV/K at 300 K for the



Fig. 9. (a) Seebeck coefficient, (b) resistivity, (c) thermal conductivity and (d) figure of merit, ZT, of Ca3Co2O6, Ca3(Co, Zn)2O6�z, Ca3Co4O9, and Ca3(Co, Zn)4O9�z

as a function of temperature.
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Ca3(Co,Zn)2O6�z phase, and about 190 mV/K between 300 and
900 K for the Ca3(Co,Zn)4O9�z phase. The thermal conductivity
data of the two solid solution series are similar and are reasonably
low in the temperature range of 300–900 K. Zn substitution does
not seem to have much effect on the thermoelectric properties of
the Ca3(Co,Zn)4O9�z series. Although Zn-doping lowers the resis-
tivity of the Ca3(Co,Zn)2O6�z series between 300 and 600 K,
probably due to the changes of carrier concentration, at 900 K
the values converge. The ZT value for our Ca3Co4O9 sample
(Fig. 9d) is not as high as reported [48], which is probably due
to the fact that the processing conditions of our sample have not
been optimized. The Ca3(Co,Zn)4O9�z series has a relatively
higher ZT values than that of the Ca3(Co,Zn)2O6�z series.
At present, the Ca3Co4O9 compound remains the material that
gives the highest ZT values among the oxides studied [48].
4. Summary

The phase diagram of the Ca–Co–Zn–O system that was
determined at 885 1C in air provides detailed compatibility
relationships in the binary and the ternary oxide systems that
are important for processing and for the understanding of
material properties. The Ca–Co–Zn–O phase diagram consists of
two low-dimensional phases, namely, Ca3(Co,Zn)4O9�z with
misfit layered structure, and Canþ2(Co,Zn)n(Co,Zn)0O3nþ3�z

with one-dimensional cobalt oxide chains that offer interest-
ing thermoelectric properties. The homogeneity ranges of the
Ca3(Co,Zn)4O9�x and Canþ2(Co,Zn)n(Co,Zn)0O3nþ3�z solid solu-
tions have been determined. Zn substitution does not have much
effect on the thermoelectric properties of the Ca3(Co,Zn)4O9�z
series. Although the Canþ2(Co,Zn)n(Co,Zn)0O3nþ3�z oxides exhibit
relatively high Seebeck coefficient and low thermal conductivity
in general, their resistivity values, however, are relatively high.
Although Zn-doping lowers the resistivity of the Ca3(Co,Zn)2O6�z

series between 300 and 600 K, the Seebeck coefficients, however,
also become lower. Unless we can decrease the resistivity of the
Ca3Co2O6 type phases via proper substitution and improved
processing, the best cobaltite materials for thermoelectric appli-
cations, at present, remain to have the Ca3Co4O9 structure.
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