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Abstract. Oxides of transition elements with a perovskite structure is of significant
interest due to their enhanced thermoelectric properties. Herein, we have synthesized
LaCoO3 (LCO) and prepared composites with carbon nanofibers (CNF) in an effort to
obtain increased power factor, thereby reducing lattice thermal conductivity (kL).
LaCoO3 was prepared by Sol-Gel method using La and Co nitrates as precursors. The
nanocomposites of LCO-CNF were prepared by traditional solid-state reaction. The
phase purity of the samples was confirmed through XRD. The morphological
characteristics of the pellets was studied through SEM analysis. Simultaneous electrical
conductivity and seebeck measurements were performed in room temperature.
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1 Introduction

One of the major problems that the world today is facing is that of energy crises. Only
one-third of the energy from nuclear power plants, thermal power plant, automobiles and
natural gas are consumed for various domestic and industrial activities. More than 60% of the
energy from the above sources are wasted in the form of heat. Thus, there is a need for an
alternative source of renewable and clean energy for the recovery of waste heat.
Thermoelectrics enables the direct and reversible conversion of waste heat to useful
electricity, thereby providing cleaner energy without any environmental impacts. Energy
conversion through thermoelectrics depends on two major effects: Seebeck and Peltier effect.

In 1821, Seebeck observed that when two dissimilar materials are joined together and the
junctions are held at different temperatures, a voltage difference developed that was
proportional to the temperature difference (the Seebeck effect), as illustrated in Fig. 1.2. The
ratio of the voltage developed in response to the temperature gradient is related to an intrinsic
property of the materials called the Seebeck coefficient (S) or the thermopower.
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Fig 1.2: Seebeckeffect'"

Later (in 1834), the Peltier effect was discovered, which states that when an electrical
current is passed through a junction of two dissimilar materials, heat is either absorbed or
given off at the junction, depending on the direction of the current, as shown in Fig. 1.3. This
effect is due to the difference in Fermi energies of the two materials.
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Fig 1.3: Peltier effect'

In the 1850s, William Thomson established the relationship between the Seebeck effect
and the Peltier effect and predicted a third thermoelectric effect-the Thomson effect. The
Seebeck effect provides the basic requirement for thermoelectric power devices and the Peltier
effect provides the basis for many modern-day thermoelectric refrigeration devices.

A thermoelectric (TE) couple consists of a p-type and n-type semiconducting material
connected through metallic pads. A thermoelectric module consists of array of these couples
arranged electrically ion series and thermally in parallel. TE energy conversion uses the Peltier
heat generated in the material to provide a temperature gradient with heat absorbed at the cold
side, transferred through the TE material and rejected at the sink. This provides a refrigeration
capability.

The TE performance of a material is given by the dimensionless thermoelectric figure of
merit (ZT)

S?g

ZT = - Toeeeiinne (1.1)

Where S is the Seebeckco-efficient in V/K, o is the electrical conductivity in S/m, « is the
thermal conductivity in W/mK and T is the absolute temperature in K. S$° is the electrical

power of the TE device which is termed as thermopower.To obtain a high figure of merit, it is
necessary to have high power factor (higher ¢ and relatively higher S) and lowered «.



The electrical conductivity is related to density of charge carriers (n) and mobility (1) by,

O =N€U...ccuu.... (1.2)

Where nis the density of charge carriers, e is the electron charge and p is the mobility of
charge carriers.

The mobility is given by,
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W= (1.3)

Where p is the mobility of charge carriers, m, is the effective mass and t is the mean
scattering time between collision of charge carriers. The thermal conductivity is very large for
metals. For semiconductors, the carriers must be excited thermally across the band gap for
conduction to occur.

o~a0, expkE— ........... (1.4)

B
The conductivity can occur due the contribution of electrons and holes given by,
0 =nel, +pelp........... (1.5)

where n and p are electron and hole concentration respectively, and u, and z,are electron
and hole concentration respectively.

Lowering the value of thermal conductivity can be achieved either by having a small gap
to excite across (Eg <kgT) or by having a very high carrier mobility.

The thermal conductivity is due to transfer of heat through the material by quantized
vibration of lattice called phonons.

K=K, + Kg..ooote0 (1.6)

where 1« andkgare lattice and electronic contributions of thermal conductivity
respectively.

The interdependency of thermal and electrical conductivity is established by the
Widemann- Franz law and is given by

Kg=L,oT........... 1.7

where L, is the Lorentz number. Increasing «, results in an increased . But, for a higher
ZT value, increasing ¢ and decreasing « is necessary. This is one of the reason researchers are
extensively working on materials and doping to obtain a higher value of ZT.

The conventional thermoelectric materials which include skutterides, tellurides and
selenides are easily oxidized at high temperatures. They also have drawbacks such as: poor
availability, high cost and toxicity. It is really challenging to obtain a thermoelectric material
which is of low cost, stable at elevated temperature and non-toxic. Oxide based thermoelectric
materials are of greater interest and being widely investigated by researchers. Among the
oxide-based materials, Na,C0,0,, Ca3;C0409 and doped ZnOare most widely studied. Owing to
their layered structure and multiple oxidation states, cobalt based oxides have relatively higher
seebeck co-efficient. Another perovskite structured oxide, LaCoO; (LCO) has been studied for
TE applications """, LaCoO; has a unique thermally induced spin transitions of Co. Also, it
shows a behavioural change depending on temperature from n-type to p-type, thereby making
it a widely studied thermoelectric material.

Our ultimate aim is to decrease k and increase power factor. Higher x value in TE
materials is mainly due to higher lattice thermal conductivity (k). Certain ways to decrease «
without affecting o:

i Nano-structuring, doping, creating oxygen vacancies, thereby decreasing
ki through phonon scattering.
ii. Controlling the formation of double Schottky barrier and reducing the depletion

region at the grain boundaries. This can be done by adding a conducting material
to LCO.Carbon Nanofibers (CNF) has a unique o, high specific surface area,



great mechanical properties, zero bandgap, easy to disperse and can easily form
composites with other oxides and semiconducting materials.

Henceforth, the present work aims at synthesizing LCO through sol-gel route using
nitrates as precursors. The nanocomposite of LCO-CNF was prepared by traditional solid-state
reaction. The pure LCO and the nanocomposite powders were pelletized using a hydraulic
press to obtain circular pellets. The pellets were sintered at high temperature to obtain dense
ceramics. X-Ray Diffractometry was carried out to check the phase purity of the pellets. The
morphological study of the pellets was carried out using Scanning Electron Microscopy
(SEM). The thermoelectric properties which includes the electrical conductivity andSeebeck
co-efficient measurements were done.

2 Experimental procedure

Synthesis of LCO:

LCO was synthesized by sol-gel route using nitrates as precursors which is illustrated in
fig 2.1. Stoichiometric ratio of Lanthanum nitrate and cobalt nitrate were dissolved in 100mL
water and kept for constant heat and stirring. Citric acid and PEG were added as chelating
agents under constant stirring. The mixture was kept for stirring forl4 hours at 180°C. The
obtained gels were ground to fine powders and calcined at 900°C for 5 hours.

1a(NO,);.6H,0 +
Co[NO;),.6H,0 + H,0

Add Citric acid + 14 hours
Polyethylene Glycol =

RV,

l Calcined

at900°C for
3 hours

Precursor Solution Precursor Solution
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heat and stirring I - I

Calcined LCO powders

Fig 2.1: Synthesis of LCO through sol-gel route

The LCO-CNF nanocomposite was prepared by mechanical milling. An optimum amount
of LCO and different weight percentage of CNF were weighed and a homogenous mixture of
the same was achieved by the traditional solid-state reaction.The calcined pure LCO powders
and the nanocomposites obtained by mechanical milling were pressed into pellets by using a
hydraulic press at a pressure of 10MPa. Circular pellets of pure LCO and LCO-CNF
nanocomposite were obtained using hydraulic press which were further sintered at high
temperature for 6 hours. The sintered pellets were subjected to XRD to check phase purity,
SEM to study the morphological characteristics and simultaneous Seebeck co-efficient and
electrical conductivity measurements to understand the thermoelectric properties.



3 Results And Discussions

Combined Thermo-Gravimetry and Differential Scanning Calorimetry (TG-DSC)
analysis:
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Fig 3.1: TG-DSC plot for uncalcined LCO powders

Fig 3.1 gives the TG-DSC plot for uncalcined LCO powders. The first drop in the TG plot
at 350°C is due to the evolution of water from the sample. The second drop at 600°C is due to
the evolution of nitrates from the sample (Since, we used nitrates as precursors). After the
drop at 900°C, the graph is linear without any loss. Therefore, the calcination temperature is
determined to be 900°C. From the DSC plot, it is evident that the reaction is exothermic.

X-Ray Diffraction (XRD):

Fig 3.2 shows the XRD plot for pure LCO. The peaks in the XRD plot are distinct and
sharp indicating that the sample is highly crystalline. All the peaks were indexed by PCPDS
card no. 48-0123 of LaCoO; There are no secondary peaks in the XRD plot which indicated
the pellets are phase pure. However, no peaks corresponding to carbon was observed in
diffractograms taken from LCO-CNF nanocomposite. This is due to the very small
concentration of CNF present in the nanocomposite.
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Fig 3.2: XRD plot of the sintered pellet

Scanning Electron Microscopy (SEM):
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Fig 3.3: SEM image of pure LCO
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Fig 3.4: SEM image of LCO-CNF nanocomposite

Fig 3.3 and 3.4 gives theScanning Electron Micrographs of LCO and LCO-CNF
nanocomposite respectively. From the figure, it can be seen that the pellets are dense sintered
ceramics, indicating the effect of high temperature sintering. The pellets were also found to
have distinct grains and grain boundaries. Also, the pellets do not have any agglomeration
which indicates that CNF is completely dispersed and are well interacted with the LCO. The
distinct grain and grain boundaries greatly minimize phonon scattering thereby effectively
reducing thermal conductivity without significantly affecting electrical conductivity.

4 Conclusion

The LaCoO; powders obtained from sol-gel route were found be highly crystalline and
phase pure without any secondary phases after analysis using XRD. The LaCoO; — CNF
nanocomposites were prepared by traditional solid-state method and pelletized. From the SEM
images, it is evident that the pellets are dense sintered with distinct grain and grain boundaries
that would reduce the thermal conductivity without affecting electrical conductivity. The
presence of CNF was confirmed using HRTEM images. The LCO-CNF nanocomposite would
lead to a better thermoelectric property.
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