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Abstract: We investigated the formation mechanism of thermoelectric [Ca,C003]0.6:[C00;] (CCO) on
p-Co(OH), templates with maintained orientations by identifying the intermediate phases and specifying
the relationship between their crystallographic orientations. We mixed (-Co(OH), templates with the
complementary reactant CaCO3; and prepared a compact by tape casting, with the developed (001) plane
of the templates aligned along the casting plane. High-temperature XRD of the compact revealed that
-Co(OH), decomposed into Co30,4 by 873 K, and Cos0, reacted with CaO to form CCO by 1193 K via the
formation of the newly detected intermediate phase -Na,CoO,-type Ca,Co0O; at 913—973 K. Pole figure
measurements and SEM and TEM observations revealed that the relationship between the crystallographic
planes was (001) 5-Co(OH),//{111} Co304//(001) CaxCo0,//(001) CCO. The crystal structures of the four
materials possess the common CoO; layer (or similar), which is composed of edge-sharing CoOg octahedra,
parallel to the planes. The cross-sectional HRTEM analysis of an incompletely reacted specimen showed
transient lattice images from Ca,CoO; into CCO, in which every other CoO, layer of Ca,CoO, was preserved.
Thus, it was demonstrated that a textured CCO ceramic is produced through a series of in situ topotactic
conversion reactions with a preserved CoO; layer of its template.

Introduction However, these methods are applicable to a limited number
of material systems because of the compositional limitation
|mposed by the synthesis of single-crystal particles. To overcome
“this disadvantage, we extended the fabrication strategy exploited
"in the topotactic synthesis of a textured Man ferrite ceramié
and proposed the reactive-templated grain growth (RTGG)
method? The basic concept is (1) to find a reactive template
materlal (a reactive seed) having a simple composition and
lattice matching with a target material, (2) to design a topotactic
reaction between the template and its complementary reactants,
and (3) to synthesize in situ the target material, which preserves
crystallographic orientation of the reactive template. The RTGG
method enables us to fabricate textured ceramics for various
substance¥.'® For instance, a textured ceramic of piezoelectric

Fabrication of textured ceramics is one of the effective means
for enhancing mechanical properties (e.g., fracture toughnes
and bending strength) and physical properties (e.g., therm
electric, piezoelectric, ferroelectric, and magnetic properties) of
functional ceramics. For instance, textured ceramics have been
widely prepared by the “oriented consolidation of anisotropic
particles (OCAP) method™® and templated grain growth
(TGGY" method, using single crystalline particles with aniso-
tropic (platelike or needlelike) shape. These textured ceramics
showed unique or enhanced properties when compared to
nontextured ceramics prepared by conventional sintering.
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Bio.s(Na,K)os5TiO3 (simple perovskite-type structure) was pre- ';,;;[;s'i's"i
pared by using BilizO12 (layered perovskite structure) as a
reactive templat@ In particular, even if a reactive template has
only a partial similarity in the crystal structure to a target
substance, the RTGG method is applicable to the production
of a textured ceramic: By usingCo(OH) template particle&®

we have prepared textured ceramtcg with enhanced ther-

Reactive template v .
particles (4-Co(OH),)—————»! SEM !

Mixing with complementary
reactant (CaCO;), binder and plasticizer

Tape-casting by a doctor-blade method

moelectric properties for various layered cobaltites, such as Starking , po---- - - e :
[Ca,C003]0.64C00,]23-25 (abbreviated to CCO), [GEC0y 65 acking [Breen compact ’:__"_?'_e_f['qli'_e__:
Clo.39204]0,624C00;], % and [BM2-,O4Jp[CoO,] (M = SE7:28 Dewaxing at 673 Kinair__ £joomes or™)
or C&9), where-Co(OH) is composed of an edge-sharing [Dewaxed compact]—— gE\1 Pole figure !
CoG; octahedra layer similar to the CeQublattice layerof (| 7777777 ] """
cobaltites. The degree of orientation of RTGG-processed layered ( During heating ] "XRD. TEM
. . . X ____’q L 1
cobaltite ceramics showed, however, considerable dependence [Heat-treated specimen] ! Pole figure |
- ; ; ; il W

on composition: the degree of orientation of fBib O4] [C0oOy] Sintering a1 1193 K in O, {Boie iurs

ceramic was clearly lower than those of other layered cobaltite

ceramics containing Ca in their crystal structudes.
. . - . Figure 1. Schematic flowchart of the RTGG process usfio(OH)
While the RTGG method is a powerful technique, it was templates for the fabrication of a textured CCO ceramic and analytical

reported’ that a metastable intermediate phase could disturb methods used for the clarification of the formation mechanism of a textured
the succession of texture from template to target material when CCO ceramic on #-Co(OH), template with maintained preferred orienta-
the intermediate phase does not share common crystallographidions-

features with the template and target material. Thus, the specimens during in situ formation reactions. We must design
formation mechanism of any target material must be investigated and fabricate layered cobaltite ceramics with optimum composi-
on different template for the achievement of the fabrication of tions as well as a highly preferred orientation because the
highly textured ceramics with desired compositions. In the case modulation of electronic structure of the CgpQayer, by

of the above-mentioned Bi(Na,K)o sTiOs ceramic, an electron  coordinating the composition and structure of the block layer
microscopic analysis indicated that a simple perovskite-type (CaCoQ; layer in CCO), would determine the intrinsic ther-
material was formed on the HiisO;. template with preserved  moelectric propertie®® Thus, we believe that investigating the
[DO1orientations®* On the other hand, the formation mecha-  conversion mechanism is extremely important for development
nism of textured cobaltite ceramics has not been fully investi- of bulk cobaltite ceramics with high thermoelectric properties.
gated. In previous report8?! we deduced that a textured _ _

ceramic is formed by the topotactic conversion of (001) EXPerimental Section

B-Co(OH) — {111} Co04 — (001) CCO since all three Figure 1 shows the standard processing flowchart for a textured CCO
materials possess edge-sharing octahedral ,Clagers (or ceramic?>?'We used precipitation-prepargeCo(OH), platelets (aver-
similar) parallel to the planes. In addition, our deduction was age diameter:~0.5um; thickness:~0.1um)" as reactive templates.
supported by the resdftthat the degree of preferred (001) The templgtes were mixed with _the cpmplementary rgactant (@aCoO
orientation of CCO ceramics increases with increasing degreeUbe Material Industries, Ltd.; particle size:0.2um), polyvinyl butyral

. - (binder, Sekisui Chemical Co. Ltd.), and mlbutyl phthalate (plasti-
of preferred (001.). orlt_antatlon of theCo(OH), templates before cizer, Wako Pure Chemical Industries Ltd.) in an ethafoluene
their decomposition into GQj.

. i ) . ) solution (ethanol/toluene 4:6, Wako Pure Chemical Industries). We

This article elucidates the formation mechanisms of a textured get the nominal composition to Ca/Ge 3.0:3.92 according to the
CCO ceramic by identifying the intermediate phases and the reported crystal structure of CC®The mixed slurry was tape-cast
relationships between their crystallographic orientations. We by a doctor-blade technique, and the obtained she&0Qum thick)
conducted thermal and structural analyses on RTGG-processeavas dried in air at room temperature, cut, and stacked to form a
monolithic plate (green compact) with3-mm thickness. The organic
compounds in the green compact were dewaxed at 673 K in air
(dewaxed compact) before the final heat treatment for in situ synthesis
and densification of CCO. Table 1 summarizes the specimen preparation
conditions and analytical methods used for investigating the formation
mechanism of a textured CCO ceramic that maintained the orientation
of its templates.

Transition of crystalline phases for the compounds in an RTGG-

Sintered ceramic] ———— »! SEM, TEM

______ pe———-
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processed specimen during heat treatment was determined by high-
temperature X-ray diffraction (XRD) (model Rint TTR II, Rigaku Co.,
Cu Ka radiation). The XRD measurement was carried out on a surface
parallel to the casting plane of the dewaxed compact (DWC) after
heating (10 K/min) up to 673, 913, 973, 1103, and 1163 K in air flow
of ~5 dn?/min. To determine the formation of an intermediate phase,
if any, we also measured powder XRD patterns for quenched and
crushed specimens after heat treatment at 973 K in flow

(33) Sugiyama, J.; Brewer, J. H.; Ansaldo, E. J.; Itahara, H.; Tani, T.; Mikami,
M.; Mori, Y.; Sasaki, T.; Heert, S.; Maignan, APhys. Re. Lett 2004
92, 017602.
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Table 1. Descriptions and Preparation Conditions of the Specimens Used for the Analysis of the Formation Mechanism of a Textured CCO
([C32COO3]0,62[C002]) Ceramic

analysis specimen characteristics (preparation conditions)
high-temp XRD DwcC dewaxed compact (673 K, air)
powder XRD HTP-1 heat-treated powder (973 K, fl@w, 10 min, quenched)
HTP-2 heat-treated powder (973 Kz @ow, 30 min, quenched)
HTP-3 heat-treated powder (973 Kz @ow, 2 h, quenched)
pole figure GRN green body
DwC dewaxed compact (973 K,,@low, 10 min)
HTC-1 heat-treated compact (973 K; flow, 10 min)
STC-1 sintered ceramic (1193 Kp@ow, 8 h)
SEM [-Co(OH) -Co(OH), platelets
DwC dewaxed compact (673 K, air)
STC-2 sintered ceramic (1193 KpyQuniaxial pressing of 19.6 MPa, 20 h)
TEM HTC-2 heat-treated compact (1043 Ka, @niaxial pressing of 9.8 MPa, 15 min)
HTC-3 heat-treated compact (1073 Kz, @niaxial pressing of 9.8 MPa, 15 min)
STC-2 sintered ceramic (1193 KpQuniaxial pressing of 19.6 MPa, 20h)
(250 mL/min) for 10 min (the specimen, HTP-1), 30 min (HTP-2), N " : gco s
. . . =) a,C00,)
and 2 h (HTP-3). To determine the crystal structure of the intermediate g ° g | O caco,
phase, we performed Rietveld analysis using RIETAN-2000 the gls s 3 A Coz0,
XRD pattern obtained for HTP-1. | @ ° 2 g
We conducted pole figure (PF) measurements for a green compact l i l ; °
(GRN), a DWC, a heat-treated specimen, and a sintered ceramic A man (U]
specimen to determine the preferred orientations of Co-containing ®)
substances encountered during processing. Here, the specimens were 2 A
heat-treated and sintered, respectively, at 973 K in fOw % (@)
(250 mL/min) for 10 min (specimen HTC-1) and at 1193 K infOw Ele e | )
(250 mL/min) fa 8 h (STC-1). PF was obtained for the surface parallel 3
to the casting plane of the specimens in terms of the planes parallel to A
the common Co®layer in the crystal structures of the Co-containing 8
substances. In these measurements, azimygh@t (< § < 360°) scans oA ©
were carried out in a reflection geometry around the normal direction AA o 4
of the above plane at various polar angles @° < a < 75°) with = é‘ Antectrsmten—] (b)
constant incident#) and diffraction (®) angles corresponding to the A .S N

3]

plane. We evaluated the “preferred orientation function” for the normal e 2 pye s 55
direction of these plane$(p).* 26 (°) [CuKa]

Thg mo:phtology .ofﬂ-Co(OHézEt'ampla;esl S\Iyas o\t}sirl\(/edh_usl_lpdg Figure 2. Results of high-temperature XRD for a surface parallel to the
scanning electron microscopy ( » Model sigma-V, Akashl, )- casting plane of a DWC during heating in air flow. Measured at (a) 673,

The microstructural observations by SEM were performed for the (b) 913, (c) 973, (d) 1103, and (e) 1163 K. CCO representsG6@]o 6z
fracture surface of the DWC and sintered ceramic specimen (STC-2). [CoQy].

Here, the STC-2 was prepared by sintering at 1193 Kimai®hosphere
with uniaxial pressing at 19.6 MPa for 20 h. results of thermogravimetry and differential thermal (TG-DTA)
To confirm that CCO forms via an intermediate phase with preserved and powder XRD analyses (see Figures S1 and S2 in Supporting
crystallographic orientations, electron diffraction and chemical analysis |nformation). At 913-973 K, the CaO (a product of CaGO
of the heat-treated specimens were conducted using an e|ECtr°”decomposition) is considered to react withsOgto form an
microscope (JEM 4010,JEOL, Ltd.) operated at_400 kV, eq_uipped with intermediate phase (Figure 2b,c). The XRD pattern for the
S?esfrz d((;;fz:gch:rlficlzlzris:(jsifgm;'ngrs;?;?:gOPOET:OS\;\E’;;R e;'j i‘g’s_re intermediate phase is found to be similar to that of the layer-
milling, which is the final thinning step in making the specimen structu_red CﬁS[COQ]ZE'G’S? (he_reafter called G&0Q), which
electron-transparent using Afons excited at a voltage of 3 kev and ~ COMPrises alternating Ca cation and Gd&yers. C&o0, was
directed toward the specimen at an angle bffor the observations, ~ €xpected to react with residual CaO at 130363 K to form
RTGG-processed dewaxed specimens were heat-treated under condiCCO, where all the XRD peaks for the specimen heated at 1163
tions ensuring that the reaction would stop short of completion: heat K were assigned to CCO (Figure 2d,e).
treatment at 1043 K (specimen HTC-2) or 1073 K (HTC-3) in O To confirm CaCoO, formation prior to CCO formation, we
atmosphere with uniaxial pressing at 9.8 MPa for 15 min. In addition, measured powder XRD patterns (Figure 3) for isothermally
we studied TEM images of the sintered ceramic specimen (STC-2), in heated (at 973 K) and quenched specimens (HTP-1, HTP-2,
which the formation of CCO had proceeded to completion. and HTP-3). First, diffraction peaks assigned tq@z0, were
Results and Discussion detected in addition to those from Cagahd CaO, for HTP-1
(Figure 3a). After being heated for 30 min (HTP-2 specimen),

Figure 2 shows the high-temperature XRD results obtained diffraction peaks assigned to CCO appeared besides those from

for DWC, which was found to be a mixture of €@ and

CaCQ (Figure 2a). The decomposition ¢-Co(OH) (the (36) Miyazaki et al. Tohoku University, 2004; Private communication to be
i H submitted for publication: Yuzuru Miyazaki et al. have determined the
reactive template) into G@4 was corroborated also by the crystallographic data of G&o0O, bx using its single crystal; triclinic, with
a'= 4.924(2) A,b = 5.683(3) A, c = 5.685(3) A, a = 75.400(93,
(34) lzumi, F.; Ikeda, TMater. Sci. Forum2000 321—324, 198. S = 89.974(9), andy = 81.261(9).
(35) Hermans, P. H.; Platzek, Rolloid-Z. 1939 88, 68. (37) Cushing, B. L.; Wiley, J. BJ. Solid State Chen1998 141, 385.

J. AM. CHEM. SOC. = VOL. 127, NO. 17, 2005 6369
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Intensity [arbit. unit]

25 35
26 (°) [CuKa]

Figure 3. XRD patterns for crashed specimens after heat treatment at
973 K in O, flow for (a) 10 min (HTP-1 specimen), (b) 30 min (HTP-2),
and (c) 2 h (HTP-3). CCO represents pCaGs]0.64C00,].

L) L) T T T T T L) L)
g —obs.
Q
tc ® cal
(=]
(=]
(3]
RS < Coo,
o o <4 ca»
=
= o o
7]
c Ca,Co0,
-]
£
.
P T Y ) PN
T T A e delta
e e Ca,Co0,
Conrre o wEn i nnmn wm mu Caco,
1 Pt e e i 1)coe,0,
A L A L A L A L " L " L " L " L " L A
10 30 50 70 90 110

20 (°) [CuKa]

Figure 4. Comparison of the observed XRD pattern of the HTC-1 specimen
and the calculated XRD pattern by Rietveld analysis. Inset shows the
schematic representation of the model structure QC6&,. Delta shows

Frp—0.384

~Frp=0.311

Figure 5. Results of PF measurements for the (a) (001) plane of
p-Co(OH), templates in a GRN, (b) (111) plane of £» in a DWC,

(c) (001) plane of C&LoO; in a heat-treated compact (HTC-1), and
(d) (002) plane of CCO in a sintered ceramic (STCHyp represents the
value of the preferred orientation function evaluated in the normal diréetion
of the measured plane.

For both the peak positions and intensities of@#0,, the
calculated XRD pattern was in good agreement with the
measured XRD pattern. The reliability factors weRg, =
8.89%, Re 5.00%, s = 1.78, R(CaCo(,;) = 3.61%,
R(CaCQ) = 7.29%, andR(Co30,) = 4.28%. In addition, the
lattice parameters for G@oQO, derived from the analysis
(triclinic, a= 4.9072(4) Ab =5.6661(3) Ac = 5.6637(4) A,
o = 75.293(7), f = 89.981(9, y = 80.969(5}) were close
enough to those reported for a,Ca0, single crystaf® The
calculated mass percentages of the compounds were 50.96,
19.69, and 29.36 wt % for G800, C0;04, and CaCQ
respectively.

PF measurements (Figure 5) indicate that the (001), (111),
(001), and (002) planes, respectively,Co(OH), in GRN,

the difference of intensities between measured and calculated XRD patterns.C0304 in DWC, CaCoQ, in HTC-1, and CCO in STC-1 were

CaCQ and C@Oq (Figure 3b). Finally, both the number and
strength of the CCO peaks increased while the@qeaks
disappeared in HTP-3 specimen heated®fb (Figure 3c). Thus,

it was confirmed that CCO was formed via the formation of
the intermediate phase, L00,.

To determine the crystal structure of Ca0,, we performed
Rietveld analysis (Figure 4) on the XRD pattern of the heat-
treated specimen (HTP-1), which consisted of@#0,, C030s4,
and CaCQ The background was eliminated, and pseudo-Voight

aligned parallel to the casting plane: the contours of the
diffraction intensity from these planes were concentrated at the
pole, andFyp values were those for substantially oriented
specimensKnp = 0.0 for completely random anéhp = 1.0

for perfectly oriented). These results suggest that the crystal-
lographic planes were in the relationship of (0BiEo(OH)//
{111} Coz04//(001) CaCo0,//(001) CCO.

An SEM photograph of thg-Co(OH), templates (Figure 6a)
reveals them to be hexagonal platelets. According to oriented
particulate monolayer XRD measuremettthe developed
plane of the templates was the (001) pFrfehe inset of Figure

function was used for the analysis. We used the atomic positionsaa). The SEM photograph of the DWC (Figure 6b) indicates

in the space groupP(, triclinic) for CaCo0;,3® which were
determined by using single crystalline JCa0, particles, in
which CaCo0; is showri® to have 88-Na,CoO,-type structuré®
with CoG; layer (composed of edge-sharing Go@tahedra)

that C@O, particles maintained the hexagonal platelike mor-
phology of the templates and that the developed plane of the
Coz04 particles was along the casting plane. These results
suggest that the (001) plane®Co(OH), templates is converted

and Ca cations stacked alternately (see the inset in Figure 4).,i0 the {111} plane of CgO, particles, which is consistent

(38) Fouassier, C.; Matejka, G.; Reau, J.-M.; Hagenmuller). BSolid State
Chem 1973 6, 532.

6370 J. AM. CHEM. SOC. = VOL. 127, NO. 17, 2005

(39) Sugimoto, T.; Muramatsu, A.; Sakata, K.; Shindo, JDColloid Interface
Sci. 1993 158 420.
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Figure 7. Cross-sectional HRTEM image and SAED pattern of the sintered
ceramic (STC-2). The image and diffraction pattern were taken with the
incident beam parallel to the [110] direction in the unit cell for 2@z0;
block of CCO. The inset shows the simulated HRTEM infdgd CCO
containing alternating Cofand rock salt-type layers.

| 1—@) casting plane |

Figure 6. SEM photographs for (gJ-Co(OH), templates (inset shows the
oriented particulate monolayer XRPpattern obtained fof-Co(OH)2Y),

(b) a fracture surface perpendicular to the casting plane of a DWC, and
(c) a fracture surface perpendicular to the casting plane of a sintered ceramic
(STC-2).

with the PF results (Figure 5a,b). The conversion is in agreement
with the topotactic relationship between the crystal structures.
B-Co(OH), is composed of edge-sharing Co@rtahedra layers
along the (001) plane. In GO4, on the other hand, there are
two different layers along th€111} plane: one composed of  Figure 8. FFTs (designated as-11, 2-1, and 3-1) of the corresponding
the CoQ octahedra and the other is a mixed layer of G0O Lo et F T e he struetura ransiion @0
octahedra and CaoQtetrahedra. Finally, an SEM photograph -~ .

4 - (region designated as number 1) to,Ca0; (region designated as number
(Figure 6¢) and PF measurement of the (002) plane (Figure 5d)2). SAED (designated as-2) was taken from the middle part, wider region

of sintered ceramic specimens suggest that the developed planajﬁan for FFT filtering, and exhibited the crystallographic orientation relation
of CCO grains was (001) and parallel to the casting plane. ~ Petween CgO, and CaCo0;.

Figure 7 shows a high-resolution TEM (HRTEM) image and . .
the selected area electron diffraction (SAED) pattern for STC-2 (fegion marked 1) to G&0oC, (region marked 2) by SAED
in which the formation of CCO had proceeded to completion. Patterns and fast Fourier transform (FFT) images. The FFT of
It was found that the ED pattern corresponded to CCO crystal '€9ion 1 indicated the characteristic hexagonal network of
structure. According to the simulated HRTEM image of C0, reflection |nt_en3|t|es for th{slll} plane of CgO,. In addition,
the dark linear contrast is derived from the Gd@yer of CCO, EDS analysis revealed the ratio of Ca/Co (atom %) to be less

and the three arrays of the dark spots are due to the triplicateth@n 0-06 in the upper part of region 1. The FFT image of the
rock salt-type structure of CCO. selected region (i.e., region 2) exhibited a layered structure. The

. 0 .
Figure 8 represents the cross-sectional HRTEM image of Ca/Co ratio (atom %) was found to bed.4 by EDS analysis,

i - . which pointed toward the G&oG; structure as well. On the
HTC-2. The figure shows the structural transition fromsOp other hand, the crystallographic orientation relationship between

(40) Seo, W.-S.; Lee, S.; Lee, Y.; Lee, M.-H.; Masuda, Y.; KoumotoJK. CQ"Q“ and CgCo0; W_as Clearly identified in _the SAED
Electron Microsc.2004 53, 397. (designated as-32), which was taken from the middle part of
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9a, the image on the left-hand side is expected to correspond
to CaCo0;, judging by the intervals of the adjacent dark linear
contrasts that indicate the Ce@yer. On the other hand, the
image on the right-hand side presumably corresponds to a
CCO-like structure because of the similarity of the spacing of
the linear contrasts indicating the Cpfayer even though the
spots due to the rock salt-type layer between the linear contrasts
are less evident when compared to those of CCO shown in
Figure 7. Here, in the case of CCO, the projected potentials of
a column of Ca and Co atoms are represented by the dark spots,
which reflect the electrostatic potential maxima, because all Ca
and Co atoms in unit cells in the rock-salt type layer{Qz0;
blocks) are positioned exactly on top of each column in the
[110] direction. In addition, bright spots situated between the
dark spots correspond to electrostatic potential minima, that is,
empty channels between constituent atoms in the structure.
Therefore, the image with the unclear spots would be derived
-T' from the CCO-like structure, in which the formation of the rock-
salt type layer was nearly completed. The interpretation that
. the image is of a CCO-like structure is corroborated also by an
HRTEM image of a different section of the HTC-3 specimen
(b) CoO, layer ___ VJ @n I_:igure 9 (see Figure S4 in Supp(_)r?ing Information), which
indicates the presence of Ca-deficient CCO before CCO

a—— ———— f _
oo formation was completed. It was found that the linear arrays of
——— 1.08 the spots (indicating the rock salt-type layer of CCO) between
054 o o nm
nm
—— —————

~1.08 nm

the dark linear contrast (indicating Ceyer of CCO) were
evident in some part, while the spots were not distinctive in
Ca,Co0, [Ca,C00;]52[C00;] the other part. EDS analysis indicates that the amount of Ca in
the latter part (Ca/Ce= 0.5-0.65) was smaller than that of
Figure 9. (a) Cross-sectional HRTEM image of the heat-treated specimen nominal composition of CCO (Ca/Ce 3:3.92). On the other

(HTC-3). The image was taken with the incident beam parallel to the [110]
direction in the unit cell for a G&£oO; block of CCO. (b) Schematic ~ Nand, thedoo: value of the latter part was close enough to that

representation of the possible interpretation for the observed contrasts showrf CCO. Thus, the possible interpretation of Figure 9a is that
in the magnified view for a part of the TEM image. CaCoO, provided a part of Co@layers to form the Co@layer

) of CCO, while the other Cofayers reacted with Ca and O to

the image. The (001) plane of L&, was shown to be exactly  f5rm the rock salt-type layer of CCO (Figure 9b).
parallel to the{111]} plane of CgO,. The d spacings of the Figure 10 schematizes the crystal structures of,®dgle
(001) plane for C&00, and the (111) plane f_or GO, were B-Co(OH), spinel-type CgOs, f-NaCoOs-type CaCo0s, and
calculated to be 0.551 and 0.462 nm, respectively. The diffrac- {he mjsfit-layer-structured CCO, which are topotactically re-
tion pattern for CgO, overlapped with that of G&00; in the lated: There are Cofayers composed of edge-sharing GoO
FFT image (designated as-3). In addition to these patterns, ctahedra along the (001) plane in the case3Zo(OH),
the epitaxial relationship observed at the boundary of the Ca CaCo0,, and CCO and along thgl 11} plane in the case of
CoQ, and CqO4 phases (part 3) supports the crystallographic co,0, As described above, it is considered that a textured CCO
relationship {111} Cos04/(001) CaCoQ, revealed by PF  coramic is formed by in situ topotactic conversion of (001)
measurements (Figure 5b,c). It is considered that Ca and Oﬁ-Co(OH)2—>{11]} Cos0s — (001) CaCo0, — (001) CCO,
would diffuse into the CgD, structure without perturbing the  \yhere thef-Co(OH), template provides the CeQayer, the
frameworks of the Co@octahedra during the formation of  ¢ommon framework of the crystal structures. This formation
CaLo0; with preserved orientation. This is expected by the mechanism is also supported by the previous result that the
analogy to the following two phenomena: (1) Li cations are gegree of orientation of CCO increased with increasing degree
intercalated and deintercalated between &ddyers in the o grientation of the-Co(OH), templates2 The intermediate
LixCoQ;, cathode during the charge and discharge process,cyco0, phase might play a key role in the topotactic formation
respectively, and (2) Ca cations enter between Lla@ers of misfit-layered cobaltites containing Ca frof+Co(OH)
during the synthesis of Q@00 by the ion exchange of  tempjate since Ca-free [BBr,-«O4]p[C0O,] did not give highly
NaxQoOZ.37 ) ) textured ceramics by the RTGG method using the same

Figure 9a gives an HRTEM image of HTC-3 prepared by g.co(OH), template as the other layered cobalt#&She current

heat treatment at a temperature (1073 K) higher than that for 5,qy represented the first evidence that topotactic conversion
the HTC-2 (1043 K). Itis observed that three successive dark s essential for texture development on templates with main-

lines spaced-0.54 nm apart are gradually transformed into the t5ined orientations.

two dark lines aligned at1.08-nm intervals, with bright and )

dark contrasts between them. Here, the dark line correspondsconclusions

to the CoQ layer, according to the simulated HRTEM image We investigated the formation mechanism of a textured CCO
shown in the inset of Figure 7. In the magnified figure in Figure ceramic during the RTGG process using-&€o(OH), template
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(d)

W % LY I |rock salt-
"“_“,_,."‘__“!lf“u ype layer

<> // (001) <> I/ {111} <> // (001) <> //(001)

Figure 10. Schematic representations for the crystal structures of (a3t@gé 5-Co(OH), (b) spinel-type CgDa, (c) f-NaCoO,-type CaCo0,, and
(d) misfit-layer-structured CCO, with topotaxial relationship with one another.
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for Co304 particles with preferred 111} plane in a dewaxed Supporting Information Available: Figure S1: Results of
compact. (2) TEM observations of specimens subjected to anpowder XRD for (a) precipitation-prepared template particles
incomplete heat treatment revealed that adjacegt@@ and and (b) the particles obtained after the templates were heat-

Co30,4 particles have an epitaxial relationship and that the treated at 973 Kin air. Figure S2: Results of TG-DTA analysis
common CoQ layer is preserved in the transient lattice image (air flow, 10 K/min) for 5-Co(OH) templates. Figure S3:
from CaCo0, to CCO. Thus, it has been proven, for the first Results of TG-DTA analysis (air flow, 10 K/min) of a crashed
time, thatg-Co(OH), templates provide the CoQayer of CCO powder of a dewaxed compact (DWP) composed of@z@nd

via Co;04 and CaCoO, during the topotactic formation of a  CaCQ. Figure S4: Cross-sectional HRTEM image and SAED
textured CCO ceramic with maintained preferred orientation. pattern of the heat-treated specimen (HTC-3), showing (1) CCO
In general, the current article emphasizes the importance of aand (2) Ca-deficient CCO. The image and diffraction pattern
reaction design in which crystallographic similarities from the were taken with the incident beam parallel to the [110] direction
starting material all the way through the target substance mustin the unit cell for a Ca&Co0; block of CCO. This material is

be at least partially maintained during the fabrication scheme available free of charge via the Internet at http://pubs.acs.org.
of highly textured polycrystals with enhanced physical proper-

ties. JA0434883
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