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ABSTRACT

Thethermoel ectric oxide Na Co,O, was synthesi zed by the polymerized com-
plex method and was characterized by XRD, TEM, FE-SEM, and EDS. It was
found that the calcined powder showed a y-Na Co,O, phase without any
impurity phase while the sintered pellet detected the Na,CO,, Na,O, and
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Co,0, phases. However, these products are the polycrystalline hexagonal,
the same average particle size and morphol ogy of the layer structure, several
samples are agglomerated and each particle is flaky, and the sodium con-
tents of the samplesare morethan 1.5. Moreover, the thermoel ectric proper-
ties show the high Seebeck coefficient, thelow electrical resistivity, and the

large power factor.

1.INTRODUCTION

Upto now, fossil fuels have been the main energy
resources of theworld. Morethan 80% of its primary
energy needs has been supplied by petroleum oil, natu-
ral gas, and coal. However, theseenergy resourcesare
non-renewableand cause problemsto the environment
asaresult of their relatively high amount of carbon di-
oxide (CQ,), carbon monoxide (CO), and other envi-
ronmentaly harmful emissions. Thishasbeenadriving
forceto look for alternative energy resources which
areclean, safe, andlong-termreliable. Thermoel ectric-
ity isoneof the renewabl e energy resourcesthat has
been widely investigated and isexpected to befeasible
inthenear future. Despitegiving low efficiency inen-
ergy conversion, thermoe ectrictechnol ogy holds prom-
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isefor clean energy generation, sinceit candirectly con-
vert heat to eectrica energy by using non-polluting ther-
moel ectric devices. Thetechnology isvery suitablefor
hot countrieslike Thailand where heat fromthesunis
availablethroughout theyear. Thermoel ectric devices
operate based on the thermoel ectric phenomenaoc-
curringinthermoel ectric material s subjected toatem-
perature gradient and, hence, contain no moving parts
and arehighly reliable. Thesearereasonsfor thegrow-
ing interest in further research and devel opment of the
technology.

The performance of athermoelectric deviceisde-
termined by the dimens onlessfigureof merit ZT given
by ZT = ST/px. Thethermoel ectric parameters S, p, k
arethe Seebeck coefficient, thedectrica resstivity, and
thethermal conductivity of thethermoe ectric materias
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used to fabricatethedevice, respectively. Tistheab-
solutetemperaturein K at which the device operates.
Higher ZT vaueslead to thermoel ectric devicesof im-
proved performance. In other words, good thermo-
eectricmaterids, which aredefined asmateria sof high
S, low p, andlow k, arecrucial for thefabrication of
high efficiency thermoel ectric devices. Thethermoe ec-
tric parameters S, p, k, and, hence, ZT are dependent
onmaterials and their properties. The highest ZT of
about 1.0 hasbeen achieved from the state of the art
thermoelectric materia Bi, Te,, at room temperature!*3.
Boththeoretical and experimentd gpproacheshavebeen
conducted to search for new materialsof higher ZT.
Thishas beentheimportant task in the devel opment of
thermoel ectric technol ogy.

Among those materialsinvestigated, atransition
metal oxideNa Co,O, has been expected to beone of
the candidatesfor good thermoel ectric materias. This
new thermoel ectric material has been reported to ex-
hibit alarge thermoel ectric power withalow resistiv-
ityt¥. Itsroom temperature ZT valueiscomparableto
that of Bi, Te,. Thisfinding hastriggered intensivestud-
iesonthethermod ectric propertiesof thematerid. Within
the past few years, there have been anumber of papers
reporting the preparation of powder and bulk Na Co,O,
by saverd methodsincduding theconventiond solid sate
reaction (SSR) method and the polymerized complex
(PC) method or citric acid complex (CAC) method. It
has been found that the thermoel ectric properties of
Na Co,0, are dependent on the preparation method
and types of metal added®. The Seebeck coefficient
of PC or CAC samplesissignificantly higher than that
of SSR samples. Themaximum ZT valueof 0.8 was
obtained for the PC sampleat 955 K, whichishigher
than ZT value of 0.5 for the SSR sampl€®”. Theim-
provement in ZT isbelieved to be dueto thefiner crys-
talinegrain sizesof the sample prepared through the
PC route. Doping with metalssuch asAg showsstrong
influence onthethermoel ectric propertiesof Na Co,O,.
For example, theZT of an Ag-doped samplewasfound
to be higher than that of the non-doped sample, and
reached ZT of 0.12 at 973 K®9, The roles of the
added metdsintheZT modificationarestill uncleart™,

Inthisstudy, we haveinvestigated the sampleschar-
acterization and the thermoel ectric properties of the
Na Co,0, compound which was synthesized by the
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polymerized complex method.
2.EXPERIMENTAL

Polycrystalline samplesof Na Co,O, weresynthe-
sized from apowder precursor prepared by the Poly-
merized Complex (PC) process. In the PC method,
citricacid (CH,0,.H,0 210.14 g/mol, 99.7% purity,
AndaR®, VWR Internationd Ltd., England) wasfirsly
dissolvedin ethyleneglycol (HOCH,CH,OH 62.07 ¢/
mol, 99.5% purity, AndaR®, VWR Internationa Ltd.,
England). Subsequently, cobdlt (I1) nitrate (Co(NO,),.
6H,0291.03 g/mol, 98-102.0% purity, UNIVAR,APS
Chemicals Limited, Australia) and sodium nitrate
(NaNO, 84.99 g/moal, 99.5% purity, AnalaR®, VWR
Internationd Ltd., England) inamolar ratio were added
tothissolution. Themixture solution wasthen stirred
and heated at 573 K. During thisheating process, the
formation of the polymer between ethyleneglycol and
metal citrate complexesoccurred. Asthecolloida so-
|ution was condensed, it becameahighly viscous poly-
meric product which wasthen decomposed to adark
mass precursor at 723K for Lhinair. Thisdark mass
precursor was ground and calcined at 1073 K for 5h
inorder to obtainthey-Na Co,O, phase. Thecacined
powder precursor was compacted under apressure of
150 MPainto pelletsof 60 mm diameter and 2.5 mm
thick. Thepellet precursor wasthen subjectedtoasin-
tering processat 1173 K for 24 hinair. Since Natends
to evaporate during the heating processes, excessive
amountsof Na(20% extra) wereinitialy appliedinthe
PC processin order to obtainthenomina composition
of thesintered pellet to beNa Co,O, withx>1.5. The
synthesisof the polycrystalline samples of Ng Co,O,
thermoel ectric oxides by the PC method was summa-
rizedinfigurel.

Phaseidentification of theNa Co,O, Compounds
(decomposed dark mass, calcined powder, and sin-
tered pellet) wasexamined by X-ray diffraction (XRD,
PW3043 Philips X -ray diffractometer of The Nether-
lands) at room temperatureusing CuK o radiation, A =
0.15406 nm. Each samplewas measured in the data
anglerangeof 10°<20<70° with scanning rate 0.04 20/
sec. Thelattice parameter of the sampleswas cal cu-
lated fromthe XRD peatterns. Thecrysta structureswere
analyzed us ng the transmission € ectron microscopy
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Citric Acid CgHgO;*H,0 +
Ethylene Glycol HOCH,CH,0OH +
Cobalt (1) NitrateCo(NO3), 6H,0 +
Sodium Nitrate NaNO5

Stirred Heated 573 K, 24 hin air

Polymeric Product
ﬂDecompowd 723K, 1hin air

Dark Mass Precur sor
Calcined 1073K, 5h in air
Calcined Powder Precursor

Pressure 150 MPain air

Pellet Precursor
Sintered 1173 K, 24 hin air

Sintered Pellet NaxCo,Oy4, X > 1.5

Figurel: Fabrication flow chart for the polymerized com-

plex procedureused to prepar ethepolycrystalline samples
of theNa Co,0, thermoelectric oxides
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Figure2: XRD patternsof they-Na Co,O, compounds
TABLE 1: Characteristics of they-Na Co,0, compounds

Lattice Absolute
Sample par ameter error
a(nm) c(nm (%)

Decomposed dark mass (723 K) 0.289321.13597 +0.00247
Calcined powder (1073 K) 0.282741.09448 +0.00033
Sintered pellet (1173 K) 0.284051.07909 +0.00016

(TEM, JEM-2010, Japan). Observationson thefrac-
ture surfaceswere carried out using afield emission
scanning el ectron microscope (FE-SEM, JSM-6335F,
Japan) and energy dispersive spectroscopy (EDS,
JSM-6335F, Japan).

Dengty (d) of thesamplewasdetermined from the
measured weight and dimensions. Thethermoelectric
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propertieswere measured in thetemperature range of
300-803 K. The Seebeck coefficient (S) and electri-
cd resgtivity (p) weremeasured by ULVAC ZEM-1in
helium amogpherewith dimensionsof 3.0mm x 3.0mm
x 20mm. The temperature gradients were about 20,
30, and 40 K.

3.RESULTSAND DISCUSSION

3.1 Samplescharacterization

The XRD patterns of they-Na Co,0, compounds
were acquired on aPhilips X Pert Plus as shown in
figure 2. Theintensity of (002) and (004) of peaks of
thesntered pellet and calcined powder wererel atively
large compared to the other peak. The small peaks of
the Na,CO,, Na,O, and Co,0, phases were detected
inthe pattern of the pellet sample, whilethe powder
samplewas composed of they-Na Co,O, phasewith-
out any impurity phase. Theresulting XRD peatterswere
likely toreport by Ito et d.1. The precipitation of these
Co,0, isconsidered to be dueto Naevaporation dur-
ing the sintering. For the decomposed dark mass pre-
cursor isnot thecompletely crystal. Thedegreeof crys-
tallographic orientation of these sampleswas eva uated
using the Lotgering factor™?, f = (P-P))/(1-P,), where
P=ZI1(00I)/ZI(hkl), and P, = Pfor acrystallographi-
cally isotropic sample. The P, wasca culated fromthe
peak data on the JCPDS card, no. 73-0133. The c-
axisdirectionsarecompletely dignedwhenf=1. The
sintered sampleshowed the highest degree of orienta-
tion and hasacomparatively largef value, 0.89. The
characteristics of theNg Co,0, compoundsareshown
INTABLE 1. Thehexagonal lattice parametersaand ¢
determined fromthe XRD patterns of they-Na Co,O,
phase. Theresultsshow that thelattice parameterswere
similar to datareported by Seetawan et al.[*Y. How-
ever, thelattice parameter cof thesintered pelletisless
than calcined powder, about 0.01539 nm, whilethe
decomposed dark massisgreater than cal cined pow-
der, about 0.04149 nm. The Sherrer calculator deter-
minethat the decomposed dark massand the calcined
powder have crystallite size and lattice strain
38.7250+10.1656 nm, 0.2545% and 38.5143+
22.3132 nm, 0.1447%, respectively.

The TEM imagesand corresponding selected area
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(a) Decomposed dark mass (723 K), L = 80 (b) Calcined powder (1073 K), L = 60 cm, (c) Sintered pellet (1173), L = 80 cm, A =

0.0253A, LA = 20.2530 mm-A

Figure3: TEM imagesand SAED patter nsof they-Na Co,0O, compounds

TABLE 2: Vector, d-spacing, and Miller index (hkl) of the
¥-Na Co,0, compounds

Sample Vector d-spacing (A) (hkl)
Decomposed dark mass (723 K) 291 ;(132;8 .
L =80cm, A = 0.0253A, RD2 116878
— D3 .
L2 =20.2530 mm-A Ros 16819 )
Calcined powder (1073 K) Res 24619 (100)
_ _ Rc2 2.4619  (100)
L = 60 cm, A = 0.0259A,
L4 = 15.5430 mm-A Recs 24671 (100)
: Rea 14249  (110)
Sintered pellet (1173 K) Ra 24609  (100)
_ _ Re 24609  (100)
L =80cm, A = 0.0253A,
LA = 20.2530 mm-A Rss 24699 (100
: Ry 1.4245  (110)

TABLE 3: Reationship between atomicweight (%) for they-
Na Co,0, compounds

Atomic weight (%
Na Co ©)

26.68 30.53 42.79 Na1_73C0204

Element/Sample ) Na,C0,0,4

Decomposed dark mass
(723K)

Calcined powder
(1073K) 20.58 48.93 30.48 NaygsC0,0,

Sintered pellet (1173 K) 20.57 49.10 30.33 NayeC0,0,

eectrondiffraction (SAED) patternsof they-Na Co,O,
samplesare shown infigure 3. Theresults show the
spot patterns which can be cal cul ated the d-spacing
andindexed Miller index (hkl) asshownin TABLE 2.
Theserespondentsindicated that theca cined and sin-
tered samplesarethe polycrystalline hexagond struc-
turewhichwas closeto the standard indexed diffrac-
tion pattern for hcp crystal™. Thus, TEM results sug-
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Figure4: FE-SEM micrographsof they-Na Co,0O,

compounds

gested and confirmed that the Na Co,O, productsare
thepolycrystdlinehexagond.

The FE-SEM micrographs of the y-Na Co,O,
samples are shown in figure 4 at magnification of
x10000. Fromthisfigure, the ca cined powder and sin-
tered pdllet exhibited the same averageparticlesizeand
the same morphology of thelayer structure, severa
samples are agglomerated and each particleisflaky.
These results were the same as the micrographs of
Masudaet al.[*4,

The EDSandys sreveded that theatomic weights
(%) of Na, Co and O for the Na Co,0, samples as
showninfigure5and TABLE 3. The sodium content of
decomposed dark mass, cal cined powder and sintered
pellet samples were about 1.73, 1.88 and 1.89, re-
spectively. Thenomina compositions of the samples
indicated that the preparationsof Na Co,O, compounds
have been successfully synthes zed by the polymerized
complex (PC) route.

3.2 Thermoelectricproperties

Theéectrica resdtivity, p, and Seebeck coefficient,
S, of thesintered samplewas measured using therange
temperature from room temperatureto 803 K. Figures
6 and 7 show thelow p and high S. At 803 K, these
vauesareequa to 18.8 uQ-mand 178 uV/K, respec-
tively. Thissample showed that the good thermoel ec-
tricmaterid.
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Figure5: EDSimagesand spectrumsof they-Na Co,O, microstructures
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Figuré 7 Seebeck coefficient of they-Na,Co,0, asafunc- . The thermoel eCtr! coxide NaXCOZO“ was synthe-
tion of temperature sized by the polymerized complex method and was
characterized. The XRD identified that the calcined
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powder showed ay-Na Co,O, phasewithout any im-
purity phase while the sintered pellet detected the
Na,CO,, Na,0, and Co,O, phases. The TEM results
suggested and confirmed that they-Na Co,O, prod-
uctsarethepolycrystalline hexagonal. The FE-SEM
micrographs showed that the cal cined powder and Sn-
tered pellet exhibited thesameaverageparticleszeand
the same morphology of the layer structure, severa
samples are agglomerated and each particleisflaky.
The EDS andyzed that the sodium content of powder
and pellet samplesare morethan 1.5. Thethermoel ec-
tric propertiesshow thelow e ectrical resistivity, 18.8
uQ-m, and high Seebeck coefficient, 178 uV/K, at 803
K. The power factor shows the temperature depen-
denceof the power factor and thelarge Pvaueswere
attributable to the large Seebeck coefficient. There-
sultingindi cated that the preparation of Na Co,O, com-
pounds has been successfully synthesized.
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