THERMOELECTRIC PROPERTIES OF LEAD TELLURIDE FILLED SILICONE
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ABSTRACT

Lead telluride filled silicone composite was prass$ into wires under high-voltage electric fieldings an
electrospinningfacility. It has been found that &lectric field helped to mix the PbTe powder wikie silicone
rubber matrix in liquid form and the final compesfiroduct is aligned into millimeter sized wiresellength of the
manufactured wire was about 50 mm in length andriimdiameter. Electrical resistance and SeebeeKicient

of the lead telluride filled silicon matrix comptesiwires were tested. The electrical property ef trermoelectric
lead telluride/silicone composite wire follows tf@hm's laws. Its resistivity, at the order of ®hm*m,is
determined by the intrinsic electron conductivedxedr. The material exhibits a relatively high Seek coefficient.
The figure of merit of the composite wire is estiethas 2.8x18 Further improvement on the energy conversion
efficiency is needed for the material to be usedafternative energy harvesting.

INTRODUCTION

About two-thirds of energy input of electricity gamation in the U.S is lost as useless thermal gndugng the
conversion process [1]. Thermoelectric materials affier promising breakthroughs due to their apiti recover
thermal energy and convert it into electricity. Thgentific discoveries of thermoelectricity were intg found
during two periods of history. From 1821 to 185andamentals of thermoelectric properties were wsided.
Intensive experiments were done to understand theleuntric materials microscopically since 1930s. [Rhe
properties of thermoelectric materials depend an Skeebeck, Peltier and Thomson coefficiemts S, I1, andr.
Thomas Johann Seebeck discovered the Seebeckiaffe823. In a circuit with two dissimilar conductpa and b,
each has different temperatures at junction W andf Xhose two conductors are p-type and n-typeenias,
voltage difference can be induced in the circultisTeffect is called Seebeckeffect [3]. The equafar Seebeck
coefficient isoa,=dV/dT under open circuit condition[2]. If the teerature at junction W is higher than junction X,
a takes a positive valuebecause a thermocouple ablvproduce a clockwise current. The electric piédthat is
induced depends on the material and the temperaftadient. Hence the equation to calculate the dedu
electromotive force is lg= SagAT. Sis is defined as the relative Seebeck coefficientvbeh the conductors, A and
B. If more than one pair of conductors are pregéer) the equation becomegcE Eag + Ezc = (Sag+Ssc) AT. Sae
is calculated by subtractingg &om S, [3].

The efficiency of thermoelectric materials is detared by the figure of merit. A figure of merit &quantity
that describes performance of the device. A largeedsionless figure of merit value, ZT, indicategg@od
thermoelectric property. The equation isZT=? ($*T)/k. S is the Seebeck coefficient is the electrical
conductivity. k is the total thermal conductivit¢]] The equation above shows that the figure ofitrsdrould
increase proportionally to the square of Seebedficeent. To ensure that the thermoelectric figafemerit is
maximized, a large thermopower which is an absokatue of the Seebeck coefficient S, high electrica
conductivity s, and low thermal conductivity k are required [5The electrical conductivity can be increased by
adding conductive fillers to form interconnectedwrks [6]. To confirm that the Seebeck coefficientarge, only
a single type carrier should be present. Both @thogrriers would move to the cold end and cangelte induced



Seebeck voltage if mixed n-type or p-type conductiopresent [5]. The thermoelectric power factbrPSc (with
the unit ofWm'K®) is another wayof determining thermoelectric propether than Seebeck coefficient. The
thermoelectric power factor is used for applicationenergy generation because it indicates thetigjearof electric
power [7].

Lead telluride is a semiconductor that has afrthe best thermoelectric properties [9]. It hasigh melting
point, good chemical stability [8] [11]. PbTe iseorof the best solid-state thermoelectric materialsd its
temperature range is 323-900 K in energy gener@rt has a narrow band gap of 0.31 eV at 30f€e centered
cubic structure (FCC), and large exciton Bohr radad 46 nm which makes an ideal material to obséiwe
properties and behaviors under quantum confinemmemditions [9,10]. By utilizing this material, ttmeal energy
can be converted into electric energy. PbTe is dsedhermoelectric power thermo-generation for penature
range 500-900 Kelvin [11]. But PbTe is poisonous tluthe heavy metal of Pb. In order to encapsitiatdling it
into polymer matrix may be a way to reduce its daukepr the first time, the Seebeck effect of Philledf silicone
composite is tested in this work. Our experimemegatescorrelation between the electrical potemlifikrence
andthe test temperatures.The lead telluride fidle@shposite may have a wide arrange of uses. It earsbd to reuse
waste heat from refrigeration, power generation@gdtronics cooling.

The silicone/PbTecomposite is produced by mixiredléelluride with silicone rubber matrixin liquidrim.
Silicone is selected for its low thermal condudtiviow chemical reactivity and non-toxicity. Sitines are also very
good water repellent. Due to its flexibility andpermeability, lead telluridefilled into thesilicomaatrix withthe
flexibilitymay be applied on industrial heat pipts recover waste thermal energy. Silicone’s hydoijitity is
caused by low weight molecules in the bulk of thatenal that skim up to the surface because otuwifice in
diffusion density [12]. Under normal steam presssilcone rubber shows no signs of deterioratlarsolid form,
it is able to retain water repellency, dielectriogerties and thermal degradation resistance [£2%i-O);- chain
segments provide flexibility and Si-O bonds havghhstrength. Silicones have low heat release atd, this
property allows PbTe to absorb heat more efficjentl

It is expected that lead telluridemixed with sileo matrix can be manufactured into wire form using
electrospinning. As thePbTe powder-silicone liques extruded out, the electric field continuoulsBnds and
stretches the ejected fluid into very thin shape.efectrical field influences the liquid droplettilirit reaches a
critical voltage @y [13]. As results of electrospinning,theproductdave high surface to volume ratio and
enhanced strength [13]. Electrospinning is the lige@thod to produce continuous rods, wires orfilbdue to its
versatility. Electrospinning is easy to set up, dibér diameter is controllable. This process igdusvidely in
various fields. For the development of electronicafalytic and hydrogen storage systems, nanofilaees
manufactured by such process [14]. Nanofibers géeérby electrospinningare very fine with the sizasging
from less than 3 nm to ovemrh [15]. The process of electrospinning was firstedaback to the 17th century.
William Gilbert first discovered this technology 600 [16]. In 1745, Bose created aerosol by ukigh electric
potential to a liquid at the end of a glass capijllube[17]. Lord Rayleigh predicted the minimumadie thata
liquid could carry to overcome its surface tensibthe charge is unstably large, fission takes@éaand stabilizing
effect of surface tension is minimized [18]. Jomari€is filed the first electrospinning patent in00919]. In this
paper, for the first time, we generated fairly khigires containing the PbTe powder and the silicorarix. The
composite wire was tested in view of the thermdeilebehavior.

MATERIALS AND EXPERIMENTAL METHODS

0.8 g of silicone was weighed prior to mixing2 @ lead telluride powder with the diameter of 5i@nonas
supplied by Alfa Aesarwas mixed with the liquid fosilicone and transferred to a plastic syringee Vhlume of
the syringe was 10 mL. As illustrated in Figure)l@syringe pump was installed to push the licatidh constant
speed of 0.05 mL/min. A DC power supply was adjdistedeliver 10 kV of voltage to the syringe tihel'voltage
applied in the electrospinning process is usuahged from 10 kV to 30 kV [20]. The metal plateswesed as a
grounded collector for the lead telluride-contagnicomposite material. Due to theelectrostatic etiva, a
continuous uniform small rod was extruded towatl#sgrounded collector as the syringe pump puskduid from
the syringe as shown in Figure 1(b). In this expernit, the grounded collector was a flat rectangoiatal plate.
The grounded collector is also known as the couslemtrode. In addition, other types of possiblernter electrode
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are rotating cylinders, disks, two parallels, etc.[20]. The Seebeck coefficient of lead tellurifilledsilicone was
measured with a setfesigned instrumen

To implement the experiments,Talboy. (trade mark)electrical heating plate was used tegde temperatul
gradient. An infrared thermometevas used to measure the temperature. The two eihdseoPbTe/silicon:
composite rod/wire specimens were wrapped by alumiconducting foils to make sure the heat condgcts
good. The aluminum foil at each end serves as lgwrical conducting path for the electrical resistanod the
Seebeck coefficient measurements. For the Seebgekiment, one end was put on the Talboys hot pand the
other end was exposed at the ambient temperatur@5c°C. For both resistivity and ‘ebeck coefficient
measurement, @HI 600E Electrochemical Analyz was used to record the curreekectricalpotential data. The
recorded data were used to calculate the resistant the Seebeck coefficient of the composite riztd/Vhen
measuring thelectrical resistance of the sample, scan ratesetat 0.01 volt/second. Initial voltage was sdi %t
and final voltage was 0.1 V. For measuring Seelvedficient, the electrical potentirangewas adjusted betwet
0-1V and the runtime was set 80 seconc to prevent any overflow of data.

RESULTS AND DISCUSSION

In this section, the results related to the restgtimeasurement will be presented first. Then, 8ezbec
coefficient measurement data will be illustrateshalty, the estimation of the figure of merit wile given. Figure .
and 3 showed the relationship between voltage anemt. The CHI 600E Electrochemical Analyzer was usec
supply an increment volge of 0.001 from 0 to 0.1 V When current is zehe, Yoltage is relatively high. Hence, 1
material behaves like a circwiith high impedanc. As current increases, the electrical potentiatel@ses as shov
in Figure 3. In this caseh¢ material betves like a circuit with decreasing impedance.

Since silicone matrix has the potential to be uasdan insulator for the thermoelectric materialeduhte
measurements of electrical properties of such nadtare indispensable. The other reason forng electrical
resistance was that electrical resistivity was ohthe factors that determine the figure of meFie equation o
electrical resistivity is R *L/A. The length of the manufactured rod using &lespinning was measured as
mm and thediameter was measured as 1 mm. Due to the factthi@athighest electrical resistance of
thermoelectric Lead Telluride measured was 5.9'° ohms, the electrical resistivity was calculated®o9.31*1¢
ohm*m. One of the reasons for selecting silicortgbar is because of its hydrophobicHydrophobicity is relate:
directly with current leakage. Thus, silicone rubhections as an insulator for the Seebeck caefitcexperiment
In addition, insulairs generally have higreebeck coefficientsead telluride doped with silicone exhibits enhah
Seebeck coefficient and significant increase imstasce. This is due to Silicone’s low thermal cactd/ity and low
chemical reactivity. Electrons cannass through the lattice structure as easier as tpes of materials
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Figure 1: Experimental setup and materials processed. (a) schematic of a syringe connected to the power
supply which delivered 10 kV DC voltage;(b) thepicture of the PbTe/silicone composite rod.



Figure 2:
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Figure 3: CHI 600E Electrochemical Analyzer supplied a decrement voltage of 0.001V from 0.1to 0 V.
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Figure 4: The relationship between resistance and current



Resista

SISLANCT V5. Yoilage

0.00FA+0

Figure 5: The relationship between resistance and current

In order to calculate the resistance of the contpasaterial wire/rod, the 1~V data generated from potentia
scan tests are used in calculatioistng Ohm’s law. Figure 4 represents the resultsesiStance as obtained frc
Figure 2. The trend of change shows a monotoniclreasing in the resistance. Similarly, the I-€tadas show
in Figure 3 were used into resistance change. &bglted rend is given in Figure 5. Obviously, the generahds
are like the intrinsic electron conducting behas.

From Figure 89, the temperature depeintSeebeckcoefficients of the lead tellufglicone composite shc
negative Seebeck coefficients, whitleans electrons are the dominant charge carriétslfZlectrons are diffuse
from the hot side to the cold side, then the makésir-type. In contrast, electrons tend to diffuse frdw ¢old side
to the hot for pype materials [22]. A large Seeck coefficient requires the material to be onlyirgke type of
carrier. Mixing n-type and pype will cause both charge carriers to be movethéocold end and cancel out !
induced voltage [23]. Seebeck coefficient is calted by the ratio betweehe voltage different induced by t
material and temperature gradient, S =AV/AT. Since Seebeck coefficient is temperature dependewgral run:
of measurements were performed. Figu-9 illustrated the Seebeck coefficient of the theslaotric mierial was
measuredvhen the hot end temperature wasat 319K, 321K, 325K and 331K, respectivelire material in this
experiment exhibits high absolute Seebeck coefficialuebecausat is about three times higher than that of
bulk PbTe. The Seekbeck effect mago berelated with the concentration of lead telluridethie silicone rubbe
matrix. IN the currently made composite wire, the rafid®bTe to silicone is about Zz However,if we increase the
addition of PbTe too mucthe flexibility of silicone will decrease. There is a trade4uff increasingthe lead
telluride content. Propaioncentration of lead telluride was consideredrpgndhe experimer
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Figure 6: Seebeckcoefficient measured at the hot end temperature of 319 K
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Figure 7: Seebeckcoefficient measured at the hot end temperature of 321 K
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Figure 8: Seebeckcoefficient measured at the hot end temperature of 325 K
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Figure 9: Seebeckcoefficient measured at the hot end temper ature of 331 K

In order to examine the energy conversion efficjertice figure of merit of the composite materialsestimated
Earlier study showed that the thermal conductisityhe PbTe is about 0.7 WK™ [24]. The silicone rubber has
lower band of thermal ewmluctivity of 02W/m*K™[25]. By Rule of Mixture for composite materials, thetmal
conductivity of the PbTe/silicone composite matewdh 20 wt% (or 0.04 vol %) PbTe made in this Wwas aboul
0.22 W/m'K™. The electrical resistivity as determifrom Figure 4 and 5 is about the 9.31° ohm*m. The
electrical conductivity should be 1/(9.31° ohm*m)=1.07*10° S/m.The Seebeck coefficient as determined fi
Figure 6 to 9 is around -07*F¥/K. Thus the ZT value is about 2.87*1@t the temperatumange of 320 K. Thi
value is considerably low which is compared to tadues of oxide ceramics and some conducting palgr
Therefore continued improvement on the thermoetegroperty of this composite material is needetbieethe
consideration foreal world energy conversion appliions.

CONCLUSIONS

In summary, this preliminary stucinvestigates the thermoelectrigroperty of lead telluride filled silicor
matrixcomposite material védectrospinning. The material exhibrelatively highSeebeckoefficien, but shows
large electrical resistanc&his is due to the fact thailicone rubber functions as an insulator. The migtahowec
high Seebeck coefficient valleecause of the strong thermoelectric behavior effitter, PbTe powde The results
showed significant increase in Seebeck coeffidemiause of silicone rubber’s hydrophobic abilityrtieibit current
leakage. The loss of hydrophobicity of siliconeb@bwill result in a conductive film being foed on the surface.
Leakage currents the inevitable loss of the current ur high voltage. Theexperiment testethe electrical
properties of this mixture. The highest electricasistance measured was 5.97'° ohms. Hence, the highe
electrical resistivity was calculated to be 9.20° ohm*m. Since majority of the energy in irstries are lost as
waste, lead telluride kaintrinsic propertieswhich can offer promising potentials in the developmerift
thermoelectric device®ut for the PbTe filled composite material, theufig of meit is only at the order of 2. A
significant improvement of the thermoelectric prdpés needed before its application for waste gpérarvesting
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