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The effects of Ga substitution on the Co-site on the high-temperature ther-
moelectric properties and microstructure are investigated for the misfit-lay-
ered CazCo40O9 and the complex perovskite-related SrsREC0401¢ 5 (RE = rare
earth) cobalt-based oxides. For both systems, substitution of Ga for Co results
in a simultaneous increase in the Seebeck coefficient (S) and the electrical
conductivity (¢), and the influence is more significant in the high temperature
region. The power factor (S%¢) is thereby remarkably improved by Ga sub-
stitution, particularly at high temperatures. Texture factor calculations using
x-ray diffraction pattern data for pressed and powder samples reveal that the
Ga-doped samples are highly textured. Microstructure observed by scanning
electron microscopy shows very well-crystallized grains for the samples with
Ga substitution for Co. Among the Ga-doped samples, CasCos95Gag o509
shows the best ZT value of 0.45 at 1200 K, which is about 87.5% higher than
the nondoped one, a considerable improvement.

Key words: Cobalt oxides, hot pressing, electrical conductivity, figure of
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INTRODUCTION

Cobalt oxides form a large family of compounds
with fascinating structural and physical properties.
The different possible oxidation states of cobalt
(divalent, trivalent, and tetravalent) together with
its various spin configurations (for example, low
spin, intermediate spin; and high spin) for Co ions
are responsible for various interesting phenomena
such as temperature-induced spin-state transitions
in oxides with perovskite-like structure such as
LaCoOs! and Sr;_,Y,CoO5_;,2 giant magnetoresis-
tance in La; ,Sr,Co03,? and unusual thermoelectric
properties’ (coexistence of large thermoelectric
power and low electrical resistivity) in the misfit-
layered cobalt oxides®® NaCos0, and CasCo4Os.
Many attempts have been made to optimize the

(Received May 11, 2010; accepted January 17, 2011)

thermoelectric performance of these compounds by
either ion doping or improving fabrication methods.
While most investigations have mainly concen-
trated on the effects of substitution on the A-site in
perovskite-related systems®® or Ca-site in misfit-
layered systems,”™® a few groups have performed
substitution on the Co-site.”*'® The peculiar
structural arrangement of the CoOg octahedra,
containing cobalt cations with mixed valence of 3+
and 4+, is the origin of the interesting properties of
those cobaltites. Ion doping on the Co-sites, espe-
cially Co ion in the CoOg octahedra isostructural to
the CoO; planes, possibly induces more notable ef-
fects on the transport and thermoelectric properties
of these materials as the charge-carrier transport
mostly occurs within these layers. Previous reports
have shown that substitutions at Co-site by Zr in
(La,Sr)Co05' and by Fe in misfit-layered Cas.
Co404"° are effective in improving the thermoelec-
tric properties of these materials.
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In this work, the Co-site of the complex perov-
skite-related SrsREC040:95 (RE =Y and Gd) and
the misfit-layered CasCo4Og cobalt oxides was
substituted with Ga. The effects of Ga doping on the
microstructure and the high-temperature thermo-
electric properties of these systems are systemati-
cally investigated and discussed.

EXPERIMENTAL PROCEDURES

Polycrystalline samples of CazCos_,Ga,Og9 (0 <
x <0.2) and SrsRECo4_,Ga, 0195 with RE =Y and
Gd (0<x<0.3) were synthesized by solid-state
reaction from CaCOj;, SrCO;3;, RE;O3, Co304, and
Gay03. Synthesized powders of SrsRECo4_,Ga, 0195
were pressed into pellets under cold isostatic pres-
sure of 250 MPa followed by a sintering process at
1423 K for 24 h after the mixed powders were
calcined at 1373 K for 24 h in air. As for the
CazCoy_,Ga,Og system, the samples after sintering
at 1173 K for 48 h with intermediate grinding were
reground then hot-pressed into pellets at 1123 K
under uniaxial pressure of 60 MPa for 2 h in air.
The phase purity was checked by powder x-ray dif-
fraction (XRD) measurements using a Bruker D8
diffractometer with Cu Ko radiation. Structure
refinements were analyzed using Jana2006 crys-
tallographic software for the powder XRD data.
Density of the samples was determined using the
Archimedes method. The microstructure of the
samples was observed by using a Hitachi scanning
electron microscopy (TM-1000) system. The electri-
cal resistivity and thermoelectric power were mea-
sured simultaneously from room temperature to
1200 K using an ULVAC-RIKO ZEMS3 thermoelec-
tric property measurement system in a low-pressure
helium atmosphere. The thermal conductivity was
determined from the thermal diffusivity and the
specific heat capacity measured from room temper-
ature to 1073 K using LFA-457 laser flash and DSC-
404C thermal analysis measurement systems. The
carrier concentrations and mobility of samples were
measured at room temperature by Hall measure-
ments with applied field of 0.55 T using the van der
Pauw method.

RESULTS AND DISCUSSION

XRD analysis at room temperature revealed that
nondoped and Ga-doped samples of the SrsRE-
Co4_,Ga, 0195 system are single phase for x <0.1.
However, a small impurity peak could be observed
for samples with higher Ga content, e.g., for x = 0.2
and 0.3 samples, and the intensity of this peak in-
creased with increasing Ga concentration. As for the
CazCos_,Ga,Og system, the structure refinement
was analyzed by using Jana2006 Rietveld software
with input parameters taken from Grebille et al.'”
using the superspace group X2/m(0, 9, 0)sO, which is
the standard setting of the superspace group C2/
m(1, 6, 0)s0. The calculated and the difference pro-
files (R, = 0.0573, R, = 0.0793) were found to be in
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Fig. 1. Observed (dotted line), calculated (solid line), and difference
powder XRD profiles (1 = 1.9604 A) for the final Rietveld refinement
of a typical polycrystalline sample for CazCo4_,Ga,Og with x = 0.05.

good agreement with previous report,'® confirming
the CazCo4-,Ga,0Og,s standard phase. Oxygen con-
tent (9 + §) was determined through iodometric
titration, the 6 value being about 0.3 and the dif-
ference between samples being less than 1%.
Figure 1 shows the result for a typical Ga-doped
sample with x = 0.05. The lattice constants for the
x = 0 sample were a = 4.8347(7) A, by = 4.5476(9) A,
by =2.819(1) A, ¢ = 10.8514(1) A, and 8 = 98.12(6)°.
The lattice constants determined for the x = 0.05
sample were a = 4.8230(7) A, by = 4.5467(6) A, by =
2.807(1) A, ¢ = 10.8125(3) A, and f = 98.06(2)°. The
structural parameters such as the misfit ratio b,/b,,
¢, and f as indicated by these results are slightly
distorted by the Ga doping.

Density of all the samples was measured using
the Archimedes method, and the relative densities
are listed in Table I. Under the same conditions of
pressing and sintering processes, the SrsREC0401¢ 5
sample with RE =Y exhibited a rather low relative
density (65.6%) in comparison with the RE = Gd
sample (88.8%). Notably, Ga doping results in a
significant increase of the relative density, and the
values tend to increase with increasing Ga concen-
tration for the complex perovskite system. As for the
layered cobaltite system, the densities of all nond-
oped and Ga-doped samples were greater than 95%,
and their difference was about <1.2%. The Cas.
Co4_,Ga,Og sample with x = 0.05 had the highest
relative density value of 96.5%.

Figure 2a—d shows scanning electron microscopy
(SEM) images from fractured surfaces for Sr3Y-
C040105, SrsYCos9Gag.1010.5, Sr3GdCos0195, and
Sr3GdCos 9Gag 10195 samples, respectively. Large
pores can be clearly observed in the SEM image
of Sr3YCo401¢ 5 (Fig. 2a), while the size of the pores
is much smaller for the Sr3GdCo 095 sample
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Table I. Relative densities and thermoelectric (TE) characteristics of nondoped and Ga-doped samples

Compositions Relative Density (%) o300k (S/cm) S300x (UV/K) 61200k (S/cm) S1200k (UV/K)
Sr3YCo40105 65.6 3.6 67.1 126.6 14.3
SI'3YCO3.9G3.0.1010_5 86.8 24.5 51.9 146.6 17.8
Sr3YCos sGagp 20105 87.3 18.1 23.0 125.4 23.7
ST3Y003.7G3.0.3010_5 88.7 12.6 40.5 113.7 27.1
Sr3GdCo4010 5 88.3 3.0 72.7 372.5 14.1
SI‘3GdCOg.9G30.1010.5 90.0 11.9 146.8 379.7 32.7
CazCos0yg 95.3 90.8 136.0 111.0 174.0
03300395(}30.0509 96.5 100.1 140.6 133.6 206.3
CazCos.9Gag 109 96.0 99.1 140.0 133.0 198.0
CazCosz 5Gag20g 95.8 95.2 155.0 131.0 180.0

10 ym

Fig. 2. SEM images from fractured surfaces of the samples for: (a) Sr3YC040195, (b) Sr3YCo039Gag 10105, (€) Sr3GdC040105, and (d)

Sr3GdCo3.9Gag.1010.5.

(Fig. 2¢). It is also very clear from Fig. 2b, d that the
SEM images of the Ga-doped samples show crys-
talline grains withwell-developed crystal faces.
This result provides evidence for the difference of
relative densities among the samples, as afore-
mentioned. It also suggests that the samples with
Ga substitution are highly textured. To elucidate
the crystallographic texture, XRD analysis was
carried out on a pressed-surface pellet and on free
powder. A textured coefficient (TC) for each (hkl);
reflection can be calculated using the following
equation:'?

L)1)

TC, = —="7=5-
Uny I/T0

where I; is the experimentally determined intensity
of the ith reflection for the textured sample, and I? is
the calculated or experimentally determined inten-
sity of the ith reflection from the randomly oriented
sample.

Figure 3 shows a comparison between the XRD
patterns taken at room temperature for both pow-
der and pressed pellet of a typical Sr3GdCos .
Gap 10105 sample and for a pressed pellet of
Sr3GdCo040195. Although the powders which were
ground from bulk samples have some degree of
crystallinity, the intensities of the XRD peaks of the
Sr3GdCos 9Gag 10195 sample are much stronger for
the pressed surface than for the powders, leading to
a textured coefficient of TC33 4o = 1.92. These results
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Fig. 3. X-ray diffraction patterns at room temperature for powders
and pressed pellets of CazCo,_xGaO195 samples with x = 0 and
0.1.

are consistent with the microstructure observations
above.

Figure 4a—d displays SEM images taken from
fractured cross-sections of the misfit-layered Cas.
Coy_,Ga,0Og system with x = 0, 0.05, 0.1, and 0.2,
respectively. The fractured -cross-sections were
taken roughly perpendicular to the pressure direction
applied during hot-pressing. A lamella-like struc-
ture can be observed in all nondoped and Ga-doped
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samples, but the grain alignment is more pro-
nounced and better oriented for the Ga-doped ones.
SEM images again confirm that all the samples with
Ga substitution are highly textured and highly
dense, with large crystallographic anisotropy.
Figure 5 shows the temperature dependence of
the electrical resistivity and the thermoelectric
power for CazCo,_,Ga,Og samples with x = 0, 0.05,
0.1, and 0.2. It can be seen from Fig. 5 that the p-T
curve shows metal-like behavior (dp/dT < 0) below
450 K but nonmetallic behavior (dp/dT > 0) above

x=0.05, (c) x=0.1, and (d) x=0.2.

LR UIA Y

/Al Pressure
L] ’ h o

Journal : 11664_JEM

-

o™

Article No.: 1524

Dispatch : 1-2-2011 Pages: 7
O LE O TYPESET
¥ CP ¥ DISK

200
201
202
203
204
205
206
207
208
209
210



Author Proof

211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244

High-Temperature Thermoelectric and Microstructural Characteristics of Cobalt-Based Oxides with Ga

Substituted on the Co-Site

700 @ B 160
a
) ._,0,_: ¢ Sr,YCo, Ga O,
! e®e 4140
—_ Gm) ] /’ /.’. \“\ l\ —i—= 0
by [ ] 1 ~—~
= ] é/ \ d —A—x=0.1 |
A 5004 / » \:\ | —v—x=0.2 = §
b | §A X x=0.3 1 o
2 A\ % {100 2
2 400 \a ° | Sr.GdCo, Ga O ko)
] dvy. A\ % 3 4x x0T 108 5
S i —e—x=0 1% €
g 300 R & 3¢ 8
g W+ v, A L \ —$—x =01 3]
v,
= ] ; \‘_ \‘ ||||I 460 ¢
S . 5 Dy, \A‘ \ ] 8
5 200 i B B S
oy W, A 8
3 %A 5 - 40
2 e Ay /5]
m L = 1 o
100 4 ' “ st ey
W";A\::x OQOOOI V“"’.'"I;‘ 420
\ ’ BV »
veeiaseEkieed i
0_ T T T T T T T 0

Temperature (K)

. . . —
200 400 600 800 1000 1200

— . . —
400 o600 800 1000 1200
Temperature (K)

Fig. 6. Temperature dependence of (a) the electrical conductivity, and (b) the thermoelectric power of SrsREC0,_,Ga, 0105 for 0 < x < 0.3 with

RE =Y and Gd.

450 K, indicating a metal to insulator (M-I) tran-
sition.'®'® Ga substitution for Co causes a decrease
of the electrical resistivity in the whole investigated
temperature range. Among the Ga-doped samples,
the electrical resistivity tends to increase with
increasing Ga concentration for x > 0.05. The See-
beck coefficient of all the samples shows positive
values over the measured temperature range, indi-
cating a hole conduction mechanism in these com-
pounds. It is also clear that substitution of Ga for Co
results in an increase in the thermoelectric power,
and the effect is more significant in the high tem-
perature region (T > 600 K). However, S decreases
with increasing Ga concentration for x > 0.05 in the
temperature region 7' > 1050 K.

Temperature dependence of the electrical con-
ductivity and the Seebeck coefficient of nondoped
and Ga-doped Srs3RECo,_,Ga,O95 with RE =Y
and Gd are shown in Fig. 6a, b, respectively. In
general, ¢—T curves of the samples increase with
increasing temperature, and they decrease rapidly
after reaching a maximum at around T,s, = 650 +
5 K and 810 + 5 K for the samples with RE =Y and
Gd, respectively. As is also clearly seen from Fig. 6a,
the o values of the Ga-doped samples are higher
than the nondoped one, particularly for the x = 0.1
samples, and the T.,s, tends to shift to lower tem-
perature. This would be related to the influence of
the Ga doping at the Co-site. Among the Ga-doped
samples, o tends to decrease with increasing Ga
concentration for x > 0.1. A possible reason may be
due to the fact that the samples with higher Ga
content (e.g., for x = 0.2 and 0.3) contain a second-
ary phase. In contrast to the electrical conductivity,

the Seebeck coefficient, which also shows p-type
conduction, dramatically decreases with increasing
temperature, and it takes a concave shape at tem-
perature that corresponding to the T, of the ¢-T
curves. It then increases gradually with further
increase of the temperature. The Seebeck coefficient
shows a larger value at higher concentration of Ga
substitution for Co in the temperature range of
T > 700 K. The ¢ and S values of all the nondoped
and Ga-doped samples from 300 K and 1200 K are
listed in Table I, showing that substitution of Ga for
Co for x < 0.1 results in an increase of both the
electrical conductivity and the Seebeck coefficient of
the samples at high temperatures. In general, the
increase in the electrical conductivity due to the
increase of the carrier concentration will also result
in a decrease of the thermoelectric power. The
simultaneous increase of the electrical conductivity
and the thermoelectric power for the Ga-doped
samples suggests that such a phenomenon cannot
be explained by the above-mentioned general rela-
tionship between S and ¢. However, the energy-
correlated carrier mobility u(E) may play a crucial
role in determining S. According to Ref. 20, the
Seebeck coefficient can be expressed by the follow-
ing formula:

ce KT {aln,u(E) , 1

S(T)=—+ E ]E_EF

n 3e
where ¢, = (n?k3T/3e)N(E), and n, c., kg, and N(E)
are the carrier concentration, specific heat, Boltz-
mann constant, and density of states, respectively.
Although the first term c./n of Eq. 1 is inversely
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proportional to the carrier concentration, the in-
crease of thermoelectric power at high temperature
for the Ga-doped samples suggests that the second
term may play a dominant role in determining S for
these materials at high temperatures. We could
assume that Ga doping for Co occurs at the Co-site
having mixed valence of Co®*/Co**, in which trans-
port properties are dominated by holes. This causes
a change in u(E), and this change affects the in-
crease of S. Unfortunately, we have not yet obtained
data for w(E) from Hall measurements at high
temperature. However, evidence from Hall mea-
surements for the Ga-doped Ca3zCo,,Ga,Og system
at room temperature revealed that the carrier con-
centration n and u increased from 1.97 x 10%° cm ™3
and 0.67 cm*V s for the nondoped sample to
2.34 x 10%° ecm 2 and 1.56 cm*/V s for the Ga-doped
sample with x = 0.05, respectively.” Moreover, a
possible reason for Why Ga substitutes for Co in the
aforementioned Co-site may also stem from their
different ionic radii. Considering the usual spln
states of these cations, the radius of Ga®* (0.62 A) is
close to that of Co®* (0.545 A/O 61 A low- sp1n/h1gh-
spln states) and Co** (0.53 A, low- spin state),?! so
Co3*/Co** ions can be substltuted by the Ga ion. The
larger ionic radius of Ga®* substitution for Co cau-
ses distortion of the structure and hence has a

notable effect on carrier transport. However, since
the ionic radius of Ga®* is larger when compared
with Co®*/Co**, substitution of Ga for Co becomes
more difficult with increasing Ga content. This may
explain why the Ga-doped SrsRECo4_,Ga,O1¢5
system for x > 0.2 showed an impurity phase. As for
the Ca3Co4_,Ga,Og9 system, ¢ and S tended to

decrease with higher Ga concentratlon for x > 0.05,
e.g., x=0.1 and 0.2. In this case Ga®* might sub-
stitute for Co**, causing a decrease in the Co**/Co>*
ratio, leading to the decrease of hole concentration.

As a net result of the simultaneous increase of
thermoelectric power and electrical conductivity,
the power factor is significantly improved by Ga
substitution, as shown in Fig. 7a, b for the complex
perovskite and layered cobalt systems respectively.
The power factor is about 40 yW/mK? attained for
the SrngCo4 «Ga, 0105 with x = 0.1, compared
with 8 yW/mK? for the nondoped sample at 1200 K.
Note that, for the CazCo,_,Ga,Og system, the power
factor of the x = 0.05 sample at 1200 K is 570 uW/
mK?, which is about 1.7 times larger than that of
the nondoped sample. As for the compositions with
x = 0.1 and 0.2, the power factor seems to reach a
maximum value at a temperature of 1100 K, while
the maximum power factor of the x = 0.05 sample
has not yet been reached within this range of
temperatures.

To determine the figure of merit for the Ga-doped
layered-cobalt system, the thermal conductivity (i)
of the nondoped and Ga-doped, x = 0.05 samples
were measured and are presented in Fig. 8. For
both samples, x decreases with increasing temper-
ature, and the values are somewhat lower for
the Ga-doped sample than for the nondoped one,
particularly in the high temperature region
(T > 400 K). Thermal conductivity (xiya1) can be
expressed by the sum of a lattice component (i)
and an electronic component (k) as kiotal = Kph + Ke.
In this case, the contribution of k. to kiota1, €stimated
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Fig. 8. Electronic and phonon contributions (rx. and x,,) to the

thermal conductivity (kiotar) Of CazCo4_,Ga,Og with x = 0 and 0.05 as
a function of temperature.
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Fig. 9. The dimensionless figure of merit (ZT) of CazCo,_,Ga,Og
with x = 0 and 0.05 as a function of temperature.

indicating the major contribution of the phonon
term xph, as clearly shown in Fig. 8. The decrease in
Kiotal 18 therefore attributed to the reduction of lat-
tice component due to incorporation of heavier Ga®*
compared with Ca®" ions. Figure 9 presents the
dimensionless figure of merit, ZT, versus tempera-
ture for the x = 0 'and x = 0.05 samples, showing
that ZT is significantly improved, particularly in the
high temperature region. The ZT value of the
x = 0.05 samples could reach 0.45 at about 1200 K.

CONCLUSIONS

We have investigated the effects of Ga substitu-
tion on the Co-site on the high-temperature ther-
moelectric (TE) properties and microstructure of a

and the misfit-layered CaszCoy_,Ga,0Og (0 <x <0.2)
systems. Substitution of Ga resulted in simulta-
neously increase of the electrical conductivity and
the thermoelectric power. This effect is more sig-
nificant in the high temperature region. Observa-
tion of the microstructure indicated that Ga could
act as a sintering aid, which clearly enhanced
crystallographic texture, leading to higher density
of the samples. The thermoelectric power factor was
effectively improved by partial Ga substitution,
particularly for the Sr3GdCos9Gag 10105 and Cas.
Co3.95Gag 0509 samples. A maximum Z7T value of
about 0.45 could be obtained for CazCos 95Gag 0509
at 1200 K, suggesting a promising oxide material
for power generation from high-temperature waste
heat.
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