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ABSTRACT KEYWORDS
An oxide thermoelectric module has been designed and constructed for Thermoel ectric properties;
electrical power generation. The device composed of thirty-one pairsof p- Thermoelectric generators,
Ca,Co,0, and n-CaMnO, bulks, ceramic plates, and copper electrodes. Thermoel ectric module.

Dimensions of both oxide legs were 2.0 mm thick and high and 1.0 mm
wide, which were made from powder precursors, obtained from the solid
state reaction method. The ceramic plates possessing dimensions 24.5
mm wide and long and 1.0 mm thick were used as substrate. The copper
sheets 1.0 mm in width, 2.0 mm length, and 0.05 mm in thickness were
attached onto the ceramic plates using epoxy adhesiveto maintain achieve
electrical conduction. The p-n legs and copper sheets on the ceramic
plates were adhered by silver paint. For the measurements of thermoel ec-
tric properties at room temperature in air, both bulks showed the low
Seebeck coefficient, high electrical resistivity, and large thermal conduc-
tivity, which lead to alow power factor and figure of merit. For the prelimi-
nary test, the module was used for thermoel ectric power generation. The
result shows linear dependence between the thermoel ectric voltage and
temperature difference. This device could generate up to 50 mV of open
circuit voltage at hot-side temperature of 423 K and cold-side temperature
of 343 K. Theinternal resistance of the module reached a value of 968.45
kQ. However, the module built could be used to generatelow thermoel ec-
tric power. The doped metals have been expected to be one of the candi-
datesfor good thermoel ectric generators. Thiswill be further investigated.
© 2011 TradeSciencelnc. - INDIA

INTRODUCTION portanceinthefuture. However, theseenergy resources
arenon-renewabl eand cause problemsto the environ-

Upto now, fossil fuelshavebeenthemainenergy  ment. Thishasbeen adrivingforcetolook for dterna:
resource of theworld. About 80-90% of primary en-  tiveenergy resourceswhich areclean, safe, andinthe
ergy needs hasbeen supplied by oil, coal, natural gas, long-termreliable. Thermoel ectricity isoneof there-
and oil shale¥. Theseenergy resourcesremain of im-  newableenergy resourcesthat hasbeenwiddy investi-
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gated and isexpected to befeasiblein the near future.
Furthermore, itisaclean form of energy generation,
sinceit candirectly convert heat to e ectrica energy by
using non-polluting thermoel ectric devices. Theseare
reasonsfor thegrowing interest infurther research and
devel opment of thermoel ectrictechnol ogy.

Thermoel ectric materialsconvert heet into eectric-
ity, and it can changeelectrica energy tothecold. Good
thermoel ectric materia s depend on their thermoel ec-
tric properties such asthermoel ectric senditivity, elec-
trical characteristics, and thermal conductivity. Ther-
moe ectric sengitivity isthe charge carriersand Seebeck
coefficient (S), which was determined using the hot
probe method. Electrical characteristicswere assessed
fromtheelectrical resistivity (p), it wasmeasured by
the standard four-probe method. The steady Statetech-
niqueisused tofind thetherma conductivity (k). The
thermoel ectric efficiency can be examined from the
power factor (P = S/p) and figure of merit (Z= S/px).
Theperformanceof thethermod ectric materid sisusu-
aly characterized intermsof their dimensonlessfigure
of merit parameter (ZT = ST/pk, where T isthe abso-
lute temperature)?. The highest ZT ~ 1.0 has been
achieved from the state of theart thermoel ectric mate-
rial Bi,Te, and Sh,Te, at room temperature®4. Both
theoretical and experimental approaches have been
conducted to search for new materialsof higher ZT.
Thishasbeen animportant task in the devel opment of

thermoel ectric technol ogy.

Thesearchfor new thermoe ectric materidsisim-
portant that thetransition metal oxideswereinterested
such as p-type Ca,Co,0,[>*% and n-type CaMnO [+
3, They havebeen synthesi zed using different techniques
intheform of powder and bulk. Thethermod ectric prop-
ertiesand applicationswerefurther studied. However,
thedoped metals(Ag, Bi, Mo, La, etc.) have been ex-
pected the candidatesfor good thermoel ectric materi-
ds, induding thermod ectricmodule (TEM) consistsof
two or more materias of p-type and n-type618. Re-
cently, thesethermoel ectric devices(TED) ared so be-
ing used asthethermoel ectric generators, thermoel ec-
triccoolers, etc.[**2%, Thesearereasonsof interest for
the study and research. Inthiswork, the p-Ca,Co,O,
and n-CaMnQO, bulksweremadefrom powder precur-
sorsobtained from the conventiona solid statereaction
(SSR) method. A thermoel ectric modulewas designed
and congtructed. Thethermoel ectric propertiesand ef-
ficiency wereinvestigated.

EXPERIMENTAL PROCEDURES

A thermoel ectric modulewasinitially designed at
thePhysicsDepartment, Loal Rgabhat University (LRU)
and constructed at the Thermoel ectric Research Cen-
ter (TRC), Sakon Nakhon Rgabhat Universty (SNRU),
Thailand. Thedetailsare described asfollows.

Calcium Carbonate Powder
(CaCOy)
+

Cobalt Oxide Powder

Calcium Carbonate Powder
(CaCOy)
+

Manganese Dioxide Powder
(MnO,)

(Co0,)
Crushed and Calcined
at 800°C for 12 hin air

Crushed and Calcined
at 850°C for 12 hin air

| Calcined Powder Precursor| | Calcined Powder Precursor|
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Heated at 400°C for 6 hin air

Crushed and Mixed with PVA
Heated at 400°C for 6 hiin air

| Calcined Powder
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Crushed and Pressed
at 250 MPain air
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at 1150°C for 36 hin air

Sintered Bulk
Ca;Co,O4

Sintered Bulk
CaMnO,
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Figurel: Fabrication flow chart for thesolid statereaction procedur esused to prepar ethe polycrystalline samplesof the

Ca,Co,0,and CaMnO, thermoelectric oxides
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Prepar ation of samples

The polycrystalline samples of Ca,Co,O, and
CaMnQ, thermoel ectric oxideswere made from pow-
der precursorsobtained from the solid state reaction
method assummarizedin Figure 1. These can beex-
plainedin Equation (1) and (2).

3(CaCo0,) +§(C0304) + %oz = Ca,C0,0,+3(CO,) (1)

CaCO,+MnO, = CaMnO,+CO, 2

In the SSR method, calcium carbonate powder
(CaCO, 100.09 g/mol, ~99% purity, Sigma-Aldrich
Co.) wereseparated and mixed with cobalt oxide pow-
der (Co,0, 240.80 g/moal, 99.9% purity, Sigma-Aldrich
Co.) and manganese dioxide (MnO, 86.94 g/mol,
99.9% purity, Ajax Finechem Pty Ltd.) inmolar ratios.
Each of themixed productswerethen crushed and cal-
cined at 800°C and 850°C for 12 hinair, respectively.
Both calcined powder precursorswere then crushed
and mixed with polyvinyl acohol (PVA)in1g:1mL
ratiosand heated at 400°C for 6 hinair. The calcined
powderswerethen pressed into the bulk precursorsat
the pressure of 250 MPain air before subjected to
sintering stage. The bulks of Ca,Co,O,and CaMnQO,
weresintered at 880°C for 24 hand 1150°C for 36 hin
air, respectively. Subsequently, the sintered bulkswere
cut and polished using the precision saw and grinder
(IsoMet Low Speed Saw and MetaServ 3000, Buehler
Ltd., USA) for determining thermoel ectric properties
and buildingmodule.

Deter mining ther moelectric properties

Thecross-sectional area, length, and density of the
Ca,Co,0,and CaMnO, bulksaregivenin TABLE 1.
Thedetermining thermoel ectric propertiesa room tem-
peraturein air included the thermoel ectric sengitivity,
electricd characterigtics, and therma conductivity. The
power factor and figure of merit werecalculated. The
thermoel ectric propertieswere measured at the TRC
using the built equipmentswhi ch wereaready checked
and compared with the calibration standard. The ex-
perimental setups can beelucidated asfollows.

TABLE 1: Cross-sectional area, length, and density of the
samples

Samples Cross-sectional area, A Length, | Density, p
Ca;Co0, 0.364cmx0.398cm 0.700 cm 3.218 g/em®
CaMnO; 0.356cmx 0.382cm 0.700 cm 2.862 glcm3

—== Py Paper

Firstly, thethermoe ectric sensitivity can beconsd-
ered from thetype of charge carrier and Seebeck co-
efficient, which were determined by the hot probe
method as shownin Figure 2. The hot and cold junc-
tions between the acrosstwo ends of sampleare con-
nected to the digital multimeter (Fluke 73I11). The hot
(T,) and cold (T ) temperatures are sensed by thetype
K thermocouples (chromel-dumdl). Theresistor of 10
W, 5Q was used to heat the hot junction T, by apply-
ing constant currentsto theresistor placed on the hot
sideusingthe DC power supply (Modd: GPS-3030D).
Seebeck coefficient (S) wasmeasured using therda
tion between thermoel ectric voltage (AV) and thetem-
perature difference (AT =T ~T.), given by S= AV/
ATA, Secondly, theelectrical characteristicswereas-
sessed fromthee ectricd resgtivity it was measured by
the four-probe method? as shown in Figure 3. All
contacts were made by high purity silver paste (SPI
Supplies and Structure Probe, Inc.), which showed
ohmic characteristics over awiderange of currents.
The DC power supply was used by applying the cur-
rentsto thesample. Thecurrent-voltage characteristics
for themeasurement of dectrica residtivity (p) aremea-
sured using thedigital multimeter (Hewlett-Packard
HP973A). The p of sample can be estimated by use of
theequation, p = RA/l, whereRistheresistance (R=
VI, Visthevoltage, | isthe current), Aisthe cross

Thermocouple fAr e Thermocouple
Type K Type K
i . Sample
Keyto Wiing AT=T —T,
| 1=Chromel AV
2 = Alumel 5= KT

Figure2: Experimental setup of thermoelectric sensitivity
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Figure3: Experimental setup of electrical characteristics
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1 =Chromel =
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- AdrdT 4 dT
Thermocouple —|||[«——Thermocouple

= 2
Sample

Figure4: Experimental setup of thermal conductivity

section, and | isthelength of sample. Thirdly, the steady
statetechniqueisused tofind thethermal conductivity
() asshownin Figure4. The heat flow rate between
two endsof thesolidscan begiven as. dQ/dt =—«<A(dT/
dx)i2*24, wheretherate of heat flow through ahomog-

enoussolid (dQ/dt =1V =1°R) isdirectly proportional
to the cross-sectiond surfacearea A, dT/dxisthetem-
peraturegradient aong the path of the heat flow. Thel
and V isthe voltage and current to the resistance R
which was used to heat the hot junction by applying

lesical CHEMISTRY  commm—

constant currentsto the resistor placed onthe hot side
using the DC power supply. Thetemperature differ-
ence (dT), the T, and T are sensed by the type K
thermocouples. Findly, thethermod ectric efficiency can
be examined from the power factor (P) and figure of
merit (Z). TheP wascal culated fromtheSandthepin
theequation, P = S/p. The performance of thethermo-
dectricmaeridsisusudly characterizedintermsof their
figureof merit parameter, Z= S/px.

Design and congtruction of athermoeectricmodule

A thermoed ectric modulefabricated inthisstudy are
composed of thirty-one p-n couplesweredesigned and
constructed using copper (Cu) e ectrodesand ceramic
plates. Dimensions of p-Ca,Co,0, and n-CaMnO,
bulkswere 2.0 mm thick and high and 1.0 mmwide.
Theceramicplaiespossessngdimensons24.5 mmwide
and long and 1.0 mm thick were used assubstrate. The
Cu sheets 1.0 mminwidth, 2.0 mmlength, and 0.05
mm inthicknesswere attached onto the ceramic plates
using epoxy adhesiveto maintain achievee ectrica con-
duction. The p-n legs and Cu sheets on the ceramic
plateswereadhered by silver paint. The designed and
constructed thermoel ectric moduleisshownin Figure
5. Theinternal resistance (R ) of the modulewas mea-
sured. Thepreliminary test, the built devicewasused
for thermoel ectric power generation. Themodulewas
placed on ahot plate (T,) to heat at 340-423 K. The

Hot Plate, 7

Figure5: Thedesigned and constructed ther moelectric
module
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other side of themodulewas surrounded by air a room
temperature(T,). Thetemperaturedifferences(T) and
open circuit voltages (V) were measured.

RESULTSAND DISCUSSION

The determining thermoel ectric properties of the
Ca,Co,0, and CaMnO, bulksand the preliminary test
on thethermoe ectric module are given bel ow.

Deter mining ther moelectric properties

Theresults of determining thermoel ectric proper-
tiesof bulk Ca,Co,O, and CaMnO, samplessuch as
thetypeof charge carrier, Seebeck coefficient, electri-
cal resistivity, thermal conductivity, power factor, and
figureof merit are presented and di scussed.

Frgtly, chargecarriersweredetermined by hot probe
method (see Figure 2.). Theresult of measurement on
Ca,Co,0, materid, thecold junction showshigher volt-
agethan the hot junction, indicating that the holes con-
duction dominated thetransport properties (p-type). For
CaMnO, ceramics, thenegative sign pointsto electrons
asmgority carriers(n-type). Namely, the hot junction
showshigher voltagethan thecoldjunction. Themea
surement resultsand rel i on between thethermod ectric

= Pyl Paper

voltageand temperaturedifferenceareshownin TABLE
2 and Figure 6, respectively. From Figure 6, the bulk
Ca,Co,0, and CaMnO, samplesindicatelinear depen-
dence between thethermod ectric voltageand tempera
ture difference, the S of 0.147+0.004 mV/K and
0.493+0.006 mV/K areobtained, respectively. Secondly,
electrical characteristicsweremeasured using thefour-
probetechnique (seeFigure3.). Theexperimental re-
sultsand current-voltage characteristicsare shownin
TABLE 3andFigure7, repectively. FromFigure 7, the
plotsexhibit thegood ohmic -V characteristics. Thep
values obtained from these |-V plotsare 0.099+0.002
mQ-m for Ca,Co,O, and 0.125+0.001 mQ-m for
CavinO,. Thirdly, therma conductivity can beestimated
fromthe steady statetechnique (seeFigure4.). There-
sultsand rel ation between the heet flux and temperature
gradient areshownin TABLE 4 and Figure 8, respec-
tively. These measurements give the k vaues of
10.21+1.35W/mK for Ca,Co,0,and 10.71+1.19W/
m-K for CaMnO,. Findly, the power factor andfigureof
meritwerecd culated and summarizedin TABLE 5. From
thistable, theresultsgivethe P valuesof 0.218+0.016
mW/m-K?for Ca,Co,O, and 1.944+0.063 mW/m:-K?
for CaMnO,. The Z values of bulk Ca,Co,O, and

TABLE 2: Resultsof determining ther moelectric sensitivity of Ca,Co,0,and CaM nO, at room temper aturein air

CazCo0,09 CaMnO3

Ta(K) Tc(K) AT(K) AV(MV) SMV/KK) Ty(K) To(K) AT(K) AV(mMV) S(mV/K)
306.25 301.75 450 0.65 0.144 305.65 301.55 4.10 1.98 0.483
309.65 302.85 6.80 1.02 0.150 31155 303.45 8.10 4.02 0.496
312.65 303.95 8.70 1.27 0.146 31835 30585 1250 6.13 0.490
316.45 305.65  10.80 153 0.142 32385 30815  15.70 7.81 0.497
32835 30955  18.80 2.87 0.153 325.15 308.75  16.40 8.15 0.497

;10 ’;14

E =& (Ca,;Co,0,; S = 0.147+0.004 mV/K £ | & Ca;C0,0q; R =0.048£0.001

S 3| — CaMnO;; § = 0.493£0.006 mV/K el P {RUOE0002) mOum

< 3 == CaMnO;: R = 0.064£0.001 Q

ED ol 5107 b = (0.125£0.001) mOm

S A g

£ ;

5 8 61

T) (]

£ 2 E’ 4

s 2|

E_. O T 1 T = 2 T T T T T T

0 5 10 15 20 60 8 100 120 140 160 180 200

Temperature Difference, AT (K)

Figure6: Thermoelectricvoltage of thebulk Ca,Co,0,and
CaMnO, samplesasafunction of temper atur edifference

Electric Current, 7 (mA)
Figure7: -V characterigticof thebulk Ca,Co,0,and CaMnO,
samplesfor themeasurement of electrical resistivity
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TABLE 3: Resultsof determining electrical characteristics 14000
of Ca,Co,0,and CaMnO, at room temperaturein air

== Ca;Co,0,; k= 10.21£1.35 W/m-K
—~ CaMnO; = 10.71£1.19 W/m-K_?

)

‘= 12000
CazCo040, CaMnOj i

| \Y R p | \% R p
(mA) (mV) (@) (mQ-m) (MA) (MV) (Q) (mQ-m)
66.23 3.09 0.047 0.097 106.00 6.71 0.063 0.123
69.54 3.26 0.047 0.097 120.00 7.75 0.065 0.125
71.81 3.46 0.048 0.100 137.50 8.89 0.065 0.126

10000+

8000+

6000+

Heat Flux, (dQ/dt)/A (W/m

74.16 3.57 0.048 0.100 162.20 10.54 0.065 0.126 4000
76.60 3.78 0.049 0.102 189.00 12.34 0.065 0.127 20004
TABLE 4: Resultsof deter mining ther mal conductivity of 0 ‘ ‘ ‘ ‘ ‘
Ca,Co,0,and CaM nO, at room temper aturein air 0 200 400 600 800 1000 1200
Temperature Gradient, d7/dx (K/m)
CazCo,0q4 CaMnOg

Figure8: Heat flux of thebulk Ca,Co,O,and CaMnO,samples

dT/dx  (dQrdn/A K dT/dx K asafunction of temperaturegradient

Kim)  (Wim3) wimk) (Kim) GLIOA k)

250.26 2761.06 1065 25926 294135 1135  CaMnO, samples are (0.021+0.004)x107° K™ and
407.41 345132 847 407.41 367669  9.02 (0.182+0.026)x10 K-, respectively. However, both
51852 6212.38 11.98 55556 6618.04 1191  bulksshowedthelow S highp,andlargex, whichlesded
77778 724778 932  777.78 7721.04 9.93 tothelow P and Z, expecting that the sampleshavelow
1037.04 1104423 10.65 1037.04 1176540 11.35  dendtiesand non-metal doping.

TABLES: S p,,P,and ZT of Ca,Co,0,and CaM nO, at roomtemper aturein air

Samples S(mVIK) p (MQ-m) x (W/m-K) P (mW/m-K? Z (x10°K™)
CasC0,0 0.147+0.004 0.099+0.002 10.21+1.35 0.218+0.016 0.021+0.004
CaMnOs; 0.493+0.006 0.125+0.001 10.71+1.19 1.944+0.063 0.182+0.026

Preliminary test on thethermoelectric module 60

£ p-Ca;Co,Oy/n-CaMnO; Thermoelectric Module
Theresultof test onap-Ca,Co,0/n-CaMnO, ther- £ 5| V=50 mV at T,= 423 K, AT= 80 K

moel ectric modul eand rel ation between the open cir-
cuit voltage and temperaturedifferenceareshownin
TABLE 6 and Figure9, respectively. Theresult shows
linear dependence between the thermoel ectric voltage
andtemperaturedifference. TheV, vauesincreasewith
temperaturefrom20mV at T, = 340K and T_= 306
KtoS0mVat T, =423K and T_=343K inair. The
R of modulereached avaueof 968.45kQ2. o

TABLE6: T,, T, AT,and V, of thep-Ca,Co,0 /n-CaMnO, 0 90 o0 9 40 8 O
ther moelectric module Temperature Difference (K)

Figure9: Open circuit voltage of thep-Ca,Co,0/CaM nO,

Th (K) Tc (K) AT=Ty=Tc Vo (MV) thermoeectric moduleasafunction of temper atur edifference
340.15 306.65 33.50 20.00

342.15 308.15 34.00 22.00 CONCLUSIONS

352.15 309.65 42.50 27.00

363.15 314.15 49.00 29.00 Thepolycrystallinesamplesof p-Ca,Co,0, and n-
373.15 318.15 55.00 33.40 CaMInO, thermoel ectric oxides can besuccesstully pre-
393.15 324.15 69.00 44.00 pared using the solid state reaction method. Themea:
423.15 343.15 80.00 50.00 surement of thermoel ectric propertiesshowed thelow
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Seebeck coefficient, high dectricd resitivity, andlarge
therma conductivity, which lead tothelow power factor
andfigureof merit. The designed and constructed of an
oxidethermoel ectric device can be used for electrical
power generation. Thisdevice could generateup to 50
mV of open circuit voltage at hot-side temperature of
423K and cold-sdetemperatureof 343K. Theinternd
resistance of themodul ereached ava ue of 968.45 kQ.
However, the modul e built could be used to generate
low thermoe ectric power. The doped metd shave been
expected to be one of the candidatesfor good thermo-
electricgenerators. Thiswill befurther investigated.
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