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Abstract

Polycrystalline (Na_,M,),C0,0, (M=Dy and Yb;y=0.01-0.05) samples were synthesized by the polymerized complex method. The
effects of partial substitution of rare-earth metals for a Na-site on the thermoelectric propertie€of®lavere investigated. Dy-substituted
samples withy=0.03 and 0.05 showed the decrease in the electrical resistivity compared to the non-substituted sample because of the
enhanced-axis orientation. The power factors of the Dy-substituted samples were higher than that of the non-substituted sample over the
entire temperature range investigated (400-1073K), and the maximum power factof, tBW/m/K?, was obtained at 1073 K for the
sample withy =0.05. The Yb-substitution caused the increase in the electrical resistivity and the Seebeck coefficient compared to the non-
substituted sample over the entire temperature range, which is considered to be due to the reduction in the carrier density resulted from the
Yb substitution for Na-site. The power factor of the sample witt0.03 was enhanced over the entire temperature range and the maximum
power factor, 1.5¢ 10~2 W/m/K? was obtained at 1073 K.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction metallic conductivity[6]. A single crystal ofy-Na,Co,O4

exhibits a crystallographic anisotropy in electrical resistivity,

With the rapidly worsening energy and environmen- and the out-of-plane electrical resistivity is about one order

tal problems, thermoelectric power generation, which can greater than the in-plane electrical resistivity. Consequently,
directly convert thermal energy into electrical energy, has the highc-axis orientation in the direction perpendicular to
been expected as a promising energy conversion tech-the pressed plane for the polycrystalline sample is effec-
nique. Recently, metal oxides such as ZnO, Ca—Co-0, andtive for the reduction in the electrical resistivity in the case
Na,Co,04 systemg1-5] have been recognized as encourag- of a measurement in the direction parallel to the pressed
ing thermoelectric materials because they have good stabilityplane.
at high temperature and a low toxicity. TheNa,C0,0O4 In order to improve the thermoelectric properties of
has a layered structure, where the Na layer, randomly occu-Na,Co,Q4, the effects of various metals substitution for Na-
pied by 50% Na ions in the regular sites, and the €oO site by the conventional solid-state reaction (SSR) method
layer of the edge-sharing Cg@ctahedra, are alternately have been reportd®,7-9] On the other hand, it was found
stacked along the-axis. Terasaki et al. reported that the that the rare-earth metals were hardly substituted for Na-site,
Na,Co,04 shows a large thermoelectric power in spite of its and their contents in the N@o,O4 phase were less than

1 at.%. These samples showed the lower Seebeck coeffi-
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phases, which are associated with the rare-earth metal atoms3. Results and discussion

such asrare-earth oxides. In this study, we used a polymerized

complex (PC) method to increase the rare-earth metal content  XRD analysis was performed on the sintered samples. All

in the matrix phase. The PC method was originally outlined the diffraction peaks of the non-substituted sample can be

by Pechini[10] in the 1960s and modified by Kakihana et al. assigned to the-Na,Co,04. There was no peak from G0,

[11]. The advantages are the elimination of a possible phasephase inthe XRD patterns of the Dy- and Yb-substituted sam-

segregation during the process of solvent removal and theples, indicating that the Dy and Yb do not substitute Co sites.

elimination of steps such as centrifugation, filtration, wash- In the case of the (N7Dy0.03),C0204, there was a small

ing, drying or fine control of the pH when fabricating the peak from the DyOs phase detected in the XRD pattern.

powder precursors. Consequently, it is expected that var-On the other hand, (Na&7Ybo.03),C0,04 was composed of

ious metals can be more easily substituted for Na-site by they-Na,Co,O4 phase without any impurity phase. However,

utilizing the PC method than the conventional SSR method when 5 at.% Yb was substituted, small peaks of®pphase

because PC method makes it possible to mix constituentwere appeared in the XRD patteffig. 1 shows the SEM

atoms at the atomic level. In this study, we have chosen Dy photographs of the cross-section of gN@Vlg.03),C0,04

and Yb, as a substitution rare-earth metal. The substitution (M = Dy and Yb) samples. Inthe case of M = Dy, smalliDy

of the rare-earth metal, which has a higher valence num- particles were widely dispersed in the }&@,O4 matrix

ber compared to Na, would have significant effects on the phase, which corresponded to the XRD results. EDX analysis

thermoelectric performance. Based on this consideration, theshowed that the Dy content in the M&o,O4 matrix phase

influence of the PC method on the rare-earth metal content incorresponded te =0.01-0.015, which was slightly higher

the matrix phase and the effects of partial substitutions for the than that in the case of the sample prepared by the conven-

Na-site on the thermoelectric properties of,8a,0O4 were tional SSR method. On the other hand, the Yb content in the

investigated. matrix phase from the EDX analysis mostly corresponded to
the nominal composition. In the case of the Yb-substituted
samples prepared by the SSR method, the lattice parameters,

2. Experimental procedure a and ¢, nearly remained constant with increasingThis
is considered to be due to the extremely small amount of
Polycrystalline samples of (Na,M,),Co,04 (M=Dy Yb content in the matrix phase regardless of the nominal Yb

and Yb; y=0.01-0.05) were prepared by the polymerized
complex method. Citric acid and ethylene glycol were added
in the proportion of 4 and 180 mol, respectively, for each mole
of metal cation. NaN@ Co(NQs)2-6H,0, Dy(NO3)3-6H,0

and Yb(NQ)3-4H,O according to the nominal composi-
tion of Na 7-,M,C0,0O4 were dissolved in ethylene glycol
by heating and stirring at 473 K. The solution was heated
at 473-573 K. During the heating process, the formation
of the polymer between ethylene glycol and the metal cit-
rate complexes was promoted. When the colloidal solution |
was condensed, it became highly viscous. Viscous polymeric §
product was decomposed to a fine powder at 573-723 K. The
powder precursor was calcined at 1073 K for 18 ks in air to
enhance the crystallization and eliminate the organic con- :
tents. The calcined powder was compacted at a pressure of |
5.6x 10° MPa and then sintered at 1153K for 72ks in air. 3

LY
The x value in NaC0,O4 obtained in this study was about
1.1. The crystal structures of the samples were examined 3=
by X-ray diffraction (XRD) analysis using Cu Kradia- i
tion. The lattice parameter was measured based on the result L;J

of powder XRD analysis. The electrical resistivigy, and
Seebeck coefficiens, were measured in the direction par-
allel to the pressed plane from 400 to 1073 K in air by a
conventional DC method, and then, the thermoelectric prop-
erties of the samples were evaluated by a power faétor,
(P=5%/p), in this study. The microstructure and composi-
tion of the samples were examined by scanning electron

microscopy (SEM) and energy dispersive X-ray Spectroscopy rig. 1. SEM photographs of the sintered §¥aVo.03):C0204 (M = (a) Dy
(EDX). and (b) Yb).
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content. On the other hand, in case of the Yb-substituted sam- E&
ples prepared by the PC methadindc decreased by 0.21%
and increased by 0.43%, respectivelyyat0.03. It can be
concluded that the Yb-substitution caused the change of the
lattice parameters. From these findings, it was found that the

metals for Na-site.

Judging from the increase in the lattice parameteby
the Yb-substitution, it is considered that the layered structure |
extended along the-axis, resulting in the change of the
axis orientation. The degrees©#bxis orientation of the Yb-
substituted samples were evaluated by Lotgering’s method
based on the results of the XRD analyiig]. The factorf,
which is called the Lotgering factor, is defined as:

Fig. 2. SEM photograph of the cross-section perpendicular to the pressed
plane of the sintered (NasDYo.05)xC0204.

_ 1

/ 1-Po ) Fig. 3shows the temperature dependence of (a) the elec-
trical resistivity, p, and (b) the Seebeck coefficiert, of

where P =3 1(00)/> 1(hkl), Po=) 10(000)/ the sintered Ne&Co,04 sample and the (Na,M,),C0,04

> Io(hkl) and 3 1(00]) and} I (hkl) are the sum of =Dy and Yh) samples. In the case of M= Dy, the elec-

the intensities of all th§00/) and (nk!) reflections for  ica| resistivity decreased with increasing The increase

the pressed plane, respectivel} is the P value for a jp the carrier density generally provides the reduction in the

non-oriented sample. In this studdy was calculated by the  glectrical resistivity; however, it is considered that the car-

intensities of the powder diffraction pattern from the JCPDS g, density decreased by the Dy substitution for Na-site. In

card, No. 27-682. Based on the definitiéwaries from 0 for addition, the impurity phase, D@3, which was observed

a randomly oriented sample to 1 for a completely oriented for gj| the Dy-substituted samples, is not a high conductor.
sample. In the case of the non-substitution sampleas

calculated to be 0.68, antiof the Yb-substituted samples 50
with y=0.03 was evaluated to be 0.89. Thus, it is considered
that the change of the lattice parameter influencetvatue:
c-axis orientation of the sintered bodies.

The XRD analysis of Dy-substituted samples exhibited
that the intensity of the (00 2) and (0 04) peaks correspond-
ing to theab-plane of the sintered N&0,O4 samples was
greater than that of the other peaks. This suggests that the
c-axis of the crystal grains is aligned in the direction per-
pendicular to the pressed plane. Thaxis orientation of the
Dy-substituted samples was also evaluated. fTvedues of
the samples witly=0.01, 0.03 and 0.05 were calculated to
be 0.84, 0.92 and 0.94, respectively. The degree-afis 250 L o ' ' ' ' ' !
orientation of the samples with= 0.03 and 0.05 was higher
than that of the Yb-substituted samples. The lattice parame-
ter measurement showed that Dy-substitution increased the
lattice parametet;, by up to 0.50%, as well as in the case of
the Yb-substitution. This result also supports that substitu-
tion of a rare-earth metal for Na-site is effective for obtaining
a high degree of-axis orientationFig. 2 shows the SEM
photograph of the cross-section perpendicular to the pressed
plane for the sintered (NasDYo.05)C0204, which has the
highestc-axis orientation. It was found that each crystal grain ,
of the Dy-substituted sample, which had a large aspect ratio, 100 : L : L : L
was highly oriented and elongated in the direction parallel to 400 600 800 1000
the pressed plane. From these findings, we considered that Temperature, T'(K)
the increase in the lattice parametelby the substitution for Fig. 3. Temperature dependence of (a) the electrical resistivétyd (b) the

Na-site led to the ar_1isot_ropic .crystal growth, resulting inthe seebeck coefficiens, for the NaCo,04 and (Na_,M,),C0,04 (M=Dy
enhancement in-axis orientation. and Yh).
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From these results, the reduction in the electrical resistivity the same value obtained for the Dy-substituted sample with
for the Dy-substituted sample is attributed to the enhance-y=0.05. As mentioned above, in the case of the conventional
ment in the degree af-axis orientation. On the other hand, SSR process, the substitution content in the matrix phase
the Seebeck coefficient of the sample with0.03 and 0.05  was remarkably fewer than that of the nominal composition.
showed the Seebeck coefficient almost the same as that ofThe power factor of these samples synthesized by the SSR
the non-substituted sample. The maximum Dy content in the process was significantly reduced because of the decrease in
matrix phase corresponded to abeuat0.015, and therefore, the Seebeck coefficient and increase in the electrical resis-
it is assumed that the impurity phase obstructed the increasdivity, which result from the existence of the impurity phase.

in the Seebeck coefficient caused by the reduction in the car-In this study, it was found that the PC method is useful for
rier density. In the case of M=Yb, the electrical resistivity the rare-earth metal substitution for Na-site, resulting in the
increased compared to the non-substituted sample over themprovement of the thermoelectric properties of.8eyO4.

entire temperature range, in spite of the fact that the Yb-

substitution enhanced the degree:@xis orientation of the

sintered body. This is considered to be caused by the reductiorft- Conclusion

in the carrier density due to Yb solution. On the other hand,
the Seebeck coefficient was enhanced by Yb-substitution.
The increase in the Seebeck coefficient was consistent with
the reduction in the carrier density.

The power factorP, was calculated using the Seebec
coefficient, S, and the electrical resistivity, in the equa-
tion P=5%/p. Fig. 4 shows the temperature dependence of
the power factor of the sintered N2o,0O, sample and the
(Na;—yM,),C004 (M=Dy and Yb) samples. In the case

of M =Dy, the power factor of all the substituted samples S .
was higher than that of the non-substituted sample over theresistivity remarkably decreased over the entire temperature
range compared to the non-substituted sample. This is due

entire temperature range because of its electrical resistivityt th h t of theaxis orientati d by th
smaller than that of the non-substituted sample. The sample 0 Ine enhancement o axis orientation caused by the

with y=0.05 showed the maximum power factor value of ani_sotropic crystal growth resulted from increase _in the
1.5x% 10-3 W/m/K2 at 1073K. In the case of M= Yb, the lattice parameter;._ The power factors of the Dy—subst|tu_ted
sample withy =0.03 showed the higher power factor over samples were hlghgr than those of the non-substituted
the entire temperature range compared to the non—substitute&;"’}mple over the entire tempera}ture range, and the sample
sample, which resulted from the increase in the SeebeckWlth y:0.0g showezd the maximum power factor value
coefficient. The maximum power factor, X510~ W/m/K? of 1.5x 107W/m/K” at 1073K. On the other hand, for
was obtained for the sampje=0.03 at 1073 K, which was the Yb-s_ubstltuted sample, the maximum Yb content in
the matrix phase correspondedyte 0.03 from the EDX
analysis. The value was remarkably higher than that of the
sample prepared by the SSR method. The Yb-substituted
samples withy <0.03 showed the enhancementdraxis
orientation with increasing the nominal Yb content in
conjunction with the rise in the lattice parameter,The
electrical resistivity and Seebeck coefficient increased
compared to the non-substituted sample over the entire
temperature range, which is ascribed to the decrease in the
carrier density caused by the Yb substitution for Na-site.
The power factor of the sample with=0.03 was enhanced
over the whole temperature range, and the maximum power
factor, 1.5x 10-3 W/m/K2, was also obtained at 1073 K.

Na,Co,04 thermoelectric oxides partially substituted by
the rare-earth metals (Dy and Yb) for Na-site were synthe-
sized by the polymerized complex method, and effects of
K Na-site partial substitutions on the thermoelectric properties
of Na,Co0O4 were investigated in the temperature range
400-1073 K. For M =Dy, the rare-earth metal content in the
matrix phase slightly increased compared to the samples
prepared by the conventional SSR method. In case of the

Dy-substituted samples with=0.03 and 0.05, the electrical

T T T T T
® y=0 O Dy :y=0.03
15 O Yb:y=0.03 A Dy :y=0.05

Power Factor, P (mW/m/Kz)
P

References

o
[

[1] M. Ohtaki, T. Tsubota, K. Eguchi, H. Arai, J. Appl. Phys. 79 (1996)
1816-1818.

1 I 1 1 1 n 1
400 600 800 1000

[2] S. Li, R. Funahashi, |. Matsubara, K. Ueno, H. Yamada, J. Mater.
Temperature, 7' (K) Chem. 9 (1999) 1659-1660.
[3] H. Yakabe, K. Kikuchi, I. Terasaki, Y. Sasago, K. Uchinokura, Pro-
Fig. 4. Temperature dependence of the power fagtofor the NaCo,O4 ceedings of the 16th International Conference on Thermoelectrics,

and (Na_,M,),C0,04 (M=Dy and Yb). Dresden, Germany, 1997, pp. 523-527.



M. Ito et al. / Journal of Alloys and Compounds 408—412 (2006) 1217-1221 1221

[4] M. Ito, T. Nagira, Y. Oda, S. Katsuyama, K. Majima, H. Nagai, [8] T. Kawata, Y. Iguchi, T. Itoh, K. Takahata, |. Terasaki, Phys. Rev.

Mater. Trans. vol. 43 (No. 3) (2002) 601-607. B60 (1999) 10584-10587.

[5] T. Nagira, M. Ito, S. Katsuyama, S. Hara, Mater. Trans. vol. 44 (No. [9] T. Nagira, M. lto, S. Katsuyama, K. Majima, H. Nagai, J. Alloy
9) (2003) 1866-1871. Compd. 348 (2002) 263-269.

[6] I. Terasaki, Y. Sasago, K. Uchinokura, Phys. Rev. B56 (1997) [10] M. Pechini, U.S. Patent No. 3, 330, 697 (11 July 1967).
R12685-R12687. [11] M. Kakihana, M. Yoshimura, H. Mazaki, H. Yasuoka, L. Borjesson,

[7] H. Yakabe, K. Fujita, K. Nakamura, K. Kikuchi, Proceedings of the J. Appl. Phys. 71 (1992) 3904-3910.

17th International Conference on Thermoelectrics, Nagoya, Japan, [12] F.K. Lotgering, J. Inorg. Nucl. Chem. 9 (1959) 113-123.
1998, pp. 551-558.



	Thermoelectric properties of NaxCo2O4 with rare-earth metals doping prepared by polymerized complex method
	Introduction
	Experimental procedure
	Results and discussion
	Conclusion
	References


