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Thermoelectricity of CalrO3 ceramics prepared by spark plasma
sintering

Nittaya KEAWPRAK,' Rong TU and Takashi GOTO

Institute for Materials Research, Tohoku University, Sendai 980-8577

Polycrystalline bulk CalrQOs; as a main phase with minor phases of IrO; and/or Ca;IrO4 was prepared by spark plasma sinter-
ing (SPS) at 1273 K. Metastable CalrO; with a perovskite-type structure (pv-CalrQs;) formed by heat-treatment at 1273 K for
43.2 ks and transformed into a post-perovskite structure (ppv-CalrQs;) by heat-treatment at 1273 K for 259.2 ks. The electrical
conductivity (o) of the pv-CalrO; specimen decreased from 1.74 x 10* to 1.45 x 10* Sm™!, while the o of the ppv-CalrO; spec-
imen increased from 5.0 x 10! to 9.8 x 10> Sm™ with increasing temperature from 298 to 1023 K. The Seebeck coefficient (S)
of the pv-CalrOs; specimen was around —44 £ VK™ at room temperature and increase to the highest value of 40 #VK™ at 1023
K. The S of the ppv-CalrO; specimen decreased with increasing temperature and had an almost constant value of about 60
4VK™ above 600 K. The thermal conductivity (x) of the ppv-CalrQ; specimen decreased from 2.7 to 1.2 Wm™K™! and that of
the pv-CalrO; specimen decreased from 1.5 to 1.2 Wm™K™! with increasing temperature from 298 to 1023 K. The highest
dimensionless figure of merit values (ZT) of the pv-CalrO; and the ppv-CalrO; specimens were 0.02 and 0.003 at 1023 K,

respectively.
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1. Introduction

IrO; has been applied as electrodes and electrical conducting
pastes because of its excellent electrical conductivity. However,
IrO, evaporates by forming volatile IrOs3 in an oxidation atmo-
sphere at high temperatures. Alkaline earth iridium oxides such
as CalrO; and SrIrOs have been proposed to solve this problem.
McDaniel et al. have reported two polymorphisms of perovskite-
type and post-perovskite-type CalrO;. The perovskite CalrO;
(pv-CalrOs) is a metastable phase which can be prepared by solid
state reaction in air” between 1173 and 1273 K, accompanying
with a stable phase of post-perovskite CalrOs (ppv-CalrO;). The
space group of ppv-CalrOs is Cmcm and its lattice parameters are
a = 031445, b = 0.98656 and ¢ = 0.72986 nm. pv-CalrO;
belongs to a space group of Pbnm and its lattice parameters are
a =0.53478, b = 0.55935 and ¢ = 0.76757 nm.?’ The compress-
ibility of ppv-CalrOs; is higher than that of pv-CalrO;.> The ther-
modynamic properties of CalrOs have been studied, particularly
to investigate the transition from the perovskite to the post-
perovskite-type structures.” The ppv-CalrO; in a single phase
has been hardly synthesized in an ambient atmosphere and usu-
ally coexisted with of Ca,IrO4. Recently, Niwa et al. synthesized
the two types of CalrO; in a single phase under a high pressure
from 1 to 5 GPa at 1450-1550 K.* Sarkozy et al.>) have prepared
the pv-CalrO; by a combined process of solid state reaction and
hydroxide precipitation. The properties of pv-and ppv-CalrO;
have not been well studied. It has been merely reported that the
pv-CalrOs is a metallic conductor with less than 1 Q at room
temperature.

Recently, our research group has reported moderately high
thermoelectric properties of CaRuO;. The pv- and ppv-CalrO;

¥ Corresponding author: N. Keawprak; E-mail: nittaya@imr.tohoku.
ac.jp

466

[Received December 18, 2008; Accepted February 19, 2009]

could be also a candidate thermoelectric material due to the sim-
ilarity between CaRuOj; and CalrO;. In the present study, we
have prepared the pv- and ppv-CalrO; specimens by spark
plasma sintering (SPS) and investigated their electrical conduc-
tivity (o), thermal conductivity (x), Seebeck coefficient (S) and
dimensionless figure of merit (Z7).

2. Experimental procedure

The CaCOs3 (99.5%) and Ir (99.9904%) powders were mixed
with a molar ratio Ir:Ca = 1:1 and pressed into pellets and then
reacted at 1173-1323 K for 43.2-259.2 ks in air. The calcined
pellets were crushed and compacted again by SPS at 1273 K for
0.18 ks in a vacuum at 80 MPa. The compacted body was cut to
2 x 2 x 10 mm for the measurements of electrical conductivity
by a d.c. 4-probe method and Seebeck coefficient by a thermo-
electric power (AE)-temperature difference (AT) method. A disk-
shaped specimen 10 mm in diameter and 1 mm in thickness was
employed to measure thermal conductivity by a laser flash
method (ULVAC TC-7000). All measurements were conducted
from room temperature (RT) to 1023 K. The crystal phase was
examined by X-ray diffraction (XRD, Rigaku Geigerflex). The
composition was examined by electron probe micro-analysis
(EPMA). The microstructure was observed by scanning electron
microscopy (SEM). The density (d) was determined by an
Archimedes method.

3. Results and discussion

Figure 1 presents XRD patterns of the calcined powders at
various temperatures for 7.2 ks. At 1173 K, a mixture of pv-
CalrO;, Ca,lrO4 and a small amount of IrO, was formed (Fig.
1(a)). The ppv-CalrO; phase appeared at 1223 K (Fig. 1(b). The
content of ppv-CalrO; increased and that of CayIrO4 decreased
with increasing temperature to 1273 K (Figs. 1(b) and (c)).
CayIrO4 became to be a main phase at 1323 K with a small
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amount of IrO, and CalrO; (Fig. 1(d)).

Figure 2 shows XRD patterns of the calcined powders at 1273
K for various calcining times. In the early stage of the calcination
by 43.2 ks, pv-CalrO; with a small amount of ppv-CalrO; and
CayIrO4 was identified (Fig. 2(a)). pv-CalrO; was obtained as a
main phase at 1273 K for 43.2 ks. The content of pv-CalrO;
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Fig. 1. XRD patterns of powders calcined at 1173(a), 1223(b), 1273(c)
and 1323 K(d) for 7.2 ks.
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Fig. 2. XRD patterns of powders calcined at 1273 K for 43.2(a),
129.6(b), 216.0(c) and 259.2 ks(d).

decreased with increasing calcining time and disappeared after
259.2 ks (Fig. 2(d)), whereas ppv-CalrOs; became to a main
phase. This implied that the pv-CalrO; was transformed into the
stable phase by heat-treatment at 1273 K for 259.2 ks. A small
amount of Ca,IrO, co-existed, but decreased with increasing cal-
cining time. The lattice parameters of the pv-CalrO; were a =
0.5346, b = 0.7675 and ¢ = 0.5586 nm and those of the ppv-
CalrO; were a = 0.3148, b = 0.9866 and ¢ = 0.7300 nm, showing
almost the same values as those reported by McDaniel.” ppv-
CalrOj; almost in a single phase was obtained at 1273 K for 259.2
ks.

The powders of pv-CalrO; and ppv-CalrOs; as main phases
were compacted by SPS to make bulk specimens to measurement
thermoelectric properties. Figure 3 shows the XRD patterns of
ppv-CalrOs; and pv-CalrOj; bulk specimens compacted by SPS at
1273 K for 180 s. The crystal phases were almost the same as
that of the starting calcined powders. However, a small amount
of Ir metal phase was identified. This might have been resulted
from the decomposition in a vacuum and from the slight reduc-
tion by the surrounding graphite die. The Ir metal phase still
existed in an Ar gas atmosphere, while it disappeared in air after
heat-treatment at 1273 K.

Figure 4 shows the fracture microstructure of the compacted
bulk bodies. The ppv-CalrOs specimen consisted of rod-like
grains of about 10 #m in length (Fig. 4(a)), while the pv-CalrOs;
specimen contained rounded grains of 5 #m in diameter (Fig.
4(b)). The small grains of 1 y#m in diameter and the elongated
grains in Fig. 4(b) were identified as Ca,IrO4 and ppv-CalrOs,
respectively. The relative densities of pv- and ppv-CalrOs speci-
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Fig. 3. Powder XRD patterns of ppv-CalrO; (a) and pv-CalrO; (b)
specimen sintered at 1273 K.
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Fig. 4. SEM images of the fracture cross section of ppv-CalrO; (a) and pv-CalrOs specimens (b).

467



JCS-Japan

Keawprak et al.: Thermoelectricity of CalrO3s ceramics prepared by spark plasma sintering

mens were 62 and 66%, respectively. Although the SPS is com-
monly able to prepare dense bodies, highly dense CalrO; bodies
were not obtained mainly because of the low sintering tempe-
rature (1273 K) to avoid the decomposition and of signification
grain growth probably through a vapor phase transport. At higher
sintering temperature above 1273 K, a large amount of Ir metal
phase appeared in which the compacted bulk bodies become
denser.

Figure 5 presents the temperature dependence of electrical
conductivity (o) for the pv- and ppv-CalrO; specimens. The o
of the pv-CalrOsz specimen decreased with increasing tempera-
ture from RT to 1023 K, showing a metallic conduction. On the
other hand, the o of the ppv-CalrO; specimen increased with
increasing temperature, exhibiting a semiconducting conduction,
whose o was much lower than that of pv-CalrO; specimen. The
ppv-CalrO; specimen might have different conduction mecha-
nism depending on temperature. The activation energy at high
temperature regions was 0.15 eV.

Figure 6 shows the temperature dependence of the Seebeck
coefficient (S) for the pv- and ppv-CalrO; specimens. The S of
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Fig. 5. Temperature dependence of electrical conductivity (o) for pv-
CalrO; and ppv-CalrOs3 specimens.
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Fig. 6. Temperature dependence of seebeck coefficient (S) measured
for pv-CalrOs and ppv-CalrOs specimens.
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the pv-CalrO; specimen showed negative values around —44
MVK™" at RT and increased to positive values above 500 K with
the highest value of 40 #VK™'. The negative S might have been
affected by a small amount of secondary phase of CaxIrO4. Our
previous study reported that CaxIrO4 had a negative S of —100 to
—40 #VK™! from RT to 1023 K.? The S of the ppv-CalrOs spec-
imen decreased from 550 to 60 #VK™' with increasing tempera-
ture from RT to 600 K and then became an almost constant value
of around 60 VK™ above 600 K.

Figures 7(a) and (b) depict the crystal structures of pv- and
ppv-CalrOs. In the structure of ppv-CalrOs, Ir atom centered
oxygen octahedra share edges and form two dimensional IrO;
layers in the a—c plane. Each layer is separated by Ca atoms. The
edge-sharing IrOs octahedra layers separated by Ca atoms in
ppv-CalrOs; may be related to the non-metallic behavior because
of non-overlapping between Ir-5d and O-2p in the b-axis direc-
tion. In the orthorhombic perovskite-type structure of pv-CalrOs,
IrO¢ octahedra share all axes and form a three-dimensional net-
work which may cause strong overlap between Ir-5d and O-2p
leading metallic conduction similar to the case of CaRu0O;.”

Figure 8 presents the temperature dependence of thermal con-
ductivity (x) for the pv- and ppv-CalrOs specimens. The x of the
pv-CalrO3 and ppv-CalrOsz specimens at RT were 1.5 and 2.5
Wm™'K™!, respectively. The xof both specimens decreased to 1.0
Wm™'K™" with increasing temperature to 700 K and then slightly
increased at higher temperatures.

The ZT values of both samples increased with increasing tem-
perature as shown in Fig. 9. The highest ZT values of the pv- and
ppv-CalrOs specimens were 0.018 and 0.003 at 1023 K, respec-
tively. The pv-CalrOs; specimen showed higher ZT values than
those of the ppv-CalrO; specimen mainly due to higher o

Fig. 7. Crystal structure of pv-CalrOs (a) and ppv-CalrOs (b).
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Fig. 8. Temperature dependence of thermal conductivity (x) for pv-
CalrO; and ppv-CalrOs3 specimens.

4. Conclusions

Metastable perovskite (pv) and post-perovskite (ppv) CalrOs
bulk specimens were prepared by spark plasma sintering (SPS)
using CaCO; and Ir as starting powders. The o of the pv-CalrOs
specimen showed a metallic conduction whereas that of the ppv-
CalrO; specimen showed a semiconducting behavior. The S of
the pv-CalrO; specimen increased from —44 to 40 VK™ with
increasing temperature from RT to 1023 K, while that of the ppv-
CalrO; phase decreased from 550 to 60 #VK™' with increasing
temperature. The x of the ppv-CalrO; specimen decreased from
2.7 to 1.0 Wm™'K™' and that of the ppv-CalrOs specimen slightly
decreased from 1.5 to 1.0 Wm'K™! from RT to 600 K. The
highest ZT values of the pv- and ppv-CalrOs specimens were
0.018 and 0.003 at 1023 K.
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Fig. 9. Temperature dependence of dimensionless figure of merit (Z7')
for pv-CalrOs and ppv-CalrOj; specimens.

Acknowledgement The authors are grateful to global COE
program, JSPS Asian CORE program, Furuya Metal Co., Ltd. and
Lonmin Plc. for financial support.

References

1) C.L.McDaniel and S. J. Schneider, J. Solid State Chem., 4, 275
(1972).

2) H. Kojitani, A. Furukawa and M. Akaogi, Am. Mineral., 92,229
(2007).

3) T.B. Ballaran, R. G. Tronnes and D. J. Frost, Am. Mineral., 92,
1760 (2007).

4) K. Niwa, T. Tagi, K. Ohgushi, S. Merkel, N. Miyajima and T.
Kikegawa, Phys. Chem. Minerals, 34, 679 (2007).

5) R.F. Sarkozy, C. W. Moeller and B. L. Chamberland, J. Solid
State Chem., 9, 242 (1974).

6) N. Keawprak, R. Tu and T. Goto, Mat. Trans., 48, 1529 (2007).

469




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 350
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [596.000 795.000]
>> setpagedevice




